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FOREWORD

O ver the  ages, h um an  com m unities have had  litt le  or no effect on the  E a r th ’s 
global clim ate. H um ans have accounted  for only a  sm all p a r t  of all of the  
species on th e  p lan e t, and  th e ir ac tiv ities  have been essentially  benign re la tive 
to  th e  global a tm osphere . H istorically, com m unities were sm all and  d is ta n t 
from  each o th er and  tran sp o r ta tio n  was slow and  difficult. Very little  energy 
w as consum ed, w ith  th e  burden  of work being carried  by hum ans and  th e ir 
d o m estica ted  an im als w ith  the  assistance of e lem en tary  m achinery.

Science and  technology paved th e  way for the  rap id  societal changes of the  
20th  cen tury . W ith  th e  developm ent of tra n sp o r ta tio n  and  com m unication  
system s plus th e  m achinery  for in d u stria l and  ag ricu ltu ra l p roduction , global 
energy consum ption  grew by m ore th an  10-fold from  770 m illion m etric  tons 
(10^^ g ram s) of coal equivalent (m m tce) in 1900 to  m ore th an  9000 m m tce in 
1984. M ost of th is  energy w as produced  by bu rn in g  fossil fuels. T he w orld ’s 
p o p u la tio n  increased  by threefold during  th e  sam e period  from  1 . 6  billion to  
4.8 billion. (T he  A m erican  billion, 10®, is th e  sam e as th e  B ritish  m illiard , 
10®.) U rb an iza tio n , w hich resu lted  in a  m ajo r increase in dem and for energy, 
recorded an a lm o st 20-fold increase in 84 years, as m easured by th e  num ber 
of u rb an  areas w ith  p opu la tions g rea te r th a n  1 m illion, expanding  from  13 
to  247 w orldw ide.

This im m ense increase in energy use is changing  th e  layer of gases th a t  
co n s titu te s  th e  E a r th ’s atm osphere , w hich in tu rn  con tro ls global clim ate. 
So, for th e  first tim e in the  p la n e t’s h istory , h um ans are tru ly  involved in a  
change of th e ir env ironm ent.

C arbon  dioxide (C O 2 ), a n a tu ra lly  occurring  co n stitu en t of th e  a tm o 
sphere, is also th e  p ro d u c t of hum an  ac tiv itie s— th e  burn ing  of fossil fuels 
for energy and  th e  clearing of land  for ag ricu ltu re  and  u rb an iza tio n . T ow ard 
th e  end of th e  19th cen tury , A rrhenius ca lcu la ted  th a t  a  doubling of th e  C O 2  

co n cen tra tio n  w ould raise the  average te m p e ra tu re  by 5 or 6 °C . C ham ber- 
la in  la te r  developed a  hypothesis th a t  re la ted  causes of glacial periods and  
th e  depletion  of th e  a tm ospheric  C O 2  co n cen tra tio n . T olm an, a  s tu d en t of 
C h am b erla in , described the  basic roles of th e  ocean in absorb ing  a tm ospheric  
C O 2  and  m oving and  sto ring  it globally.

A no ther im p o rta n t role of C O 2  w as also recognized m ore th an  a  cen tu ry  
ago. Von Liebig d em o n stra ted  th a t  p lan ts  get th e ir  carbon  for pho tosyn thesis  
an d  grow th  from  th e  a ir. By th is  process, a  re la tiv e  atm ospheric  constancy  
is m ain ta in ed  w here assim ila tion  by p lan ts  is roughly balanced  by C O 2  ex
h a la tio n  by an im als. T h is  no tion  of constancy  becam e dogm a u n til m odern  
m easu rem en ts clearly showed a  change in th e  a tm ospheric  co n cen tra tio n  of 
C O 2  due to  h u m an  in terv en tio n .

It is now know n th a t  the  a tm ospheric  C O 2  con cen tra tio n  in 1900 w as 
ap p ro x im ate ly  300 p a r ts  per m illion by volum e (ppm ) (ind ica ted  by recen t
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m easurem en ts of glacial ice cores by O eschger). However, it w asn ’t  u n til 
1938 th a t  C allen d ar p resen ted  th e  first su b stan tiv e  d a ta  show ing th a t  the  
co n cen tra tio n  of C O 2  in th e  a tm osphere  w as increasing and  suggested th a t  
th e  increase m igh t affect th e  E a r th ’s c lim ate . A fter an o th er 20 years Keeling 
began to  m o n ito r th e  a tm ospheric  C O 2  co n cen tra tio n  a t  th e  M au n a  Loa O b
servato ry  in H aw aii. T he m easurem ents of a tm ospheric  C O 2  in 1958 show ed 
the  an n u a l average co n cen tra tio n  was 316 ppm ; it w as app rox im ate ly  345 
ppm  in 1985. P lass ou tlined  theories to  explain  th e  re la tionsh ip  betw een 
a tm ospheric  C O 2  and  c lim ate  in 1956, an d , soon a fte r, Revelle and  Suess de
scribed th e  re la tio n sh ip  betw een C O 2  in th e  a tm osphere  and  in th e  oceans, 
and  K aplan  en larged  upon th e  role of C O 2  in th e  atm osphere  in te rm s of the  
g lobal h ea t balance.

In 1977 lead ing  scien tis ts  assem bled in M iam i B each, F lo rid a , to  dis
cuss th e  cu rren t u n d ers tan d in g  of th e  ca rbon  cycle, th a t  is, th e  dynam ics 
of carbon  exchanges w ith in  th e  E a r th ’s a tm osphere , land , and  oceans th a t  
determ ine th e  a tm o sp h eric  C O 2  co n cen tra tio n . T hey also review ed possible 
consequences of increases in a tm ospheric  C O 2 . In ad d itio n , they  identified 
significant gaps in th e  know ledge base and  m ade recom m endations for re
search .

Since th en , significant research has been carried  o u t by the  in te rn a tio n a l 
scientific com m unity . T he D ep artm en t of Energy (D O E ), the  lead U nited  
S ta te s  agency in th e  stu d y  of C O 2 , and  o th er agencies including th e  N ational 
Science F o u n d atio n , N ational O ceanic and  A tm ospheric  A d m in is tra tio n , Na
tional A eronau tics and  Space A d m in is tra tio n , U nited  S ta tes  G eological Sur
vey, U nited  S ta te  D e p artm en t of A gricu ltu re , and  E nv ironm en tal P ro tec tio n  
Agency, following th e  recom m endations of th e  science com m unity , have con
ducted  and  su p p o rted  research  ac tiv ities  in un iversities, n a tio n a l lab o ra to ries, 
industry , and  o th er in s titu tio n s .

Looking forw ard  to  th e  21st cen tu ry , th e  D O E  believed it was im p o rta n t 
to  “tak e  an  acco u n tin g ” to  see how far th is  considerable effort had  come 
in 8  years in answ ering  the  questions th a t  were previously posed an d  in 
d eterm in ing  fu tu re  research  d irections. A ccordingly, th e  C arbon  D ioxide 
R esearch D ivision, Office of Basic Energy Sciences, of th e  D O E  is publish ing  
th is  series of four S ta te -o f-th e -A rt (SOA) volum es:

•  Projecting the C limatic E ffects  o f  Increasing Carbon Dioxide— to  pro ject 
th e  m ag n itu d e  and  ra te  of th e  p o ten tia l c lim ate  changes th a t  could resu lt 
from  th e  increasing  a tm ospheric  C O 2  co n cen tra tio n .

•  Detecting the Climatic Effects o f  Increasing Carbon Dioxide— to  d e tec t 
th e  changes in c lim ate  resu lting  from  th e  increasing a tm ospheric  C O 2  

co n cen tra tio n  an d  to  iso late  th e  clim ate  changes from  those caused by 
o th er co n trib u tin g  fac to rs  (n a tu ra l or an th ropogen ic).

•  A tm ospheric  Carbon Dioxide and the Global Carbon Cycle— to  u nder
s tan d  th e  m echanics of and  quan tify  the  sources, sinks, and  exchanges 
of carbon betw een all e lem ents of th e  global carbon  system — th e  a tm o 
sphere, th e  b iosphere, th e  oceans— including  an th ropogen ic  effects.

•  Direct E ffects  o f  Increasing Carbon Dioxide on Vegetation— to  d eterm ine 
th e  p lan t response to  increased a tm ospheric  C O 2  and  develop th e  capa
b ility  to  p red ic t crop and  ecosystem  responses to  C O 2  enrichm ent.
An index and  cross-reference volum e accom panies th e  set of volum es. 

T w o com panion  re p o rts  are  also being published:
•  Characterization o f  In form ation  R equirem ents  for S tudies o f  CO 2  Effects:  

Water Resources, Agriculture, Fisheries, Forests, and H um an  Health.
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•  Glaciers, lee Sheets, and Sea Level: E ffects o f  a CO^-Induced Climatic
Change, from  th e  N atio n al R esearch C o u n c irs  (N R C ) C om m ittee  on
G laciology of th e  P o la r R esearch B oard .

These com plem entary  rep o rts  aid  in ensuring th a t  “th e  accoun ting” of C O 2  

research  ac tiv itie s  for th e  p a s t years encom passes th e  en tire  sp ec tru m  of 
research.

T he SOAs docum ent w h a t is know n, unknow n, and  un certa in  ab o u t C O 2  

d a ta , analyses, and m odeling capab ilities. They o u tline  p o ten tia l avenues 
of research  for reducing critica l unknow ns and  u n ce rta in tie s . M ore th a n  
70 sc ien tis ts  from  five n a tio n s  have p a rtic ip a te d  in th e  p rep ara tio n  of these 
volum es. E ach ch ap te r and  each com plete SOA volum e has gone th ro u g h  
ex tensive peer review by th e  A m erican  A ssociation  for th e  A dvancem ent of 
Science (AA AS); th is  review , how ever, does no t im ply th a t  AAAS endorses 
th e  s ta te m e n ts  or recom m endations p resen ted  in these  volum es.

T hese techn ical rep o rts  p rovide th e  basis for a  S ta tem en t-o f-F ind ings 
(SO F) rep o rt. W hile stud ies over th e  las t several years have clearly show n 
th a t  increasing  C O 2  co n cen tra tio n s have th e  p o ten tia l for significant im pacts 
on our physical env ironm en t, these stud ies have no t yet provided  an  ad eq u ate  
basis for addressing  questions a b o u t th e  fu n d am en ta l re la tionsh ips betw een 
th e  benefits and im pacts  of various energy system s on socie ty ’s activ ities . 
T he SO F will sum m arize w h a t we know and  do n o t know and  th e  degree 
of c e rta in ty  of our knowledge. It will also p resen t th e  ra tio n a le  for fu rth e r 
s tud ies. T hese stud ies will be needed to  provide an  accu ra te  scientific basis 
for assessm ents of th e  p o ten tia l im p ac ts  of energy-re lated  ac tiv ities.

T he citizens of to d a y ’s n a tio n s  have th e  responsib ility  for th e  s tew ard 
ship  of all th e  E a r th , including  th e ir  ac tions w hich m ay affect its  clim ate. 
E xercising th is  responsib ility  requires an  u n d erstan d in g  of a tm ospheric  C O 2  

an d  its  effects. Once u n d ers to o d , s tew ard sh ip  th en  becom es n u rtu rin g  ra th e r 
th a n  unrecognized neglect.

S cien tists have crea ted  th e  bu ild ing  blocks for th is  un d ers tan d in g , and  
th e  scientific com m unity  has recognized its  responsib ility  to  m ore fully un
d e rs tan d  C 0 2 -induced effects on our global env ironm en t. T hro u g h  research, 
as we look to w ard s th e  2 1 st cen tu ry , th e  app lica tion  of science will ensure 
th a t  th e  ad d itio n a l u n d ers tan d in g  required  for n u rtu rin g  our p lan et E a rth  
will be developed.

Sincere th an k s  go to  everyone who has p a rtic ip a te d  in developing the  
SO A s and  com panion rep o rts . Special th an k s  go to  th e  co o rd in a to r/ed ito rs , 
Jen n ife r D. C ure, Frederick M . L u th er, M ichael C. M acC racken , Boyd R. 
S tra in , Jo h n  R. T rabalka, M arg a re t R. W hite , and  the  NRC C om m ittee  
C h a irm an  M ark  M eier; th e ir respective ch ap te r au th o rs; and  to  th e  AAAS, 
R oger Revelle, C h airm an  of th e  C lim ate  C o m m ittee , and  D avid M. B urns of 
th e  AAAS staff.

We hope these defin itive, scientific s ta te m e n ts  will m o tiv a te  scien tis ts  to  
recom m end explicit app roaches for reducing  th e  critica l u n ce rta in tie s  th a t  
now ex ist in order to  p e rm it decision m aking  w ith in  th e  nex t decade th a t  is 
based on d a ta ,  learn ing , u n d erstan d in g , and  w isdom .

Frederick A. K oom anoff, D irecto r 
C arb o n  D ioxide R esearch D ivision 
Office of B asic Energy Sciences 
U.S. D ep a rtm en t of Energy
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PREFACE

T here is little  d o u b t th a t  th e  increasing co n cen tra tio n  of a tm ospheric  carbon  
dioxide (C O 2 ) has th e  p o ten tia l to  m odify the  E a r th ’s clim ate. Increased 
global surface tem p e ra tu re s , a ltered  p rec ip ita tio n  p a tte rn s , and  changes in 
o ther clim atic  variab les could have su b s tan tia l econom ic and  social conse
quences. T he final goal of th e  C O 2  research p ro g ram  of th e  U.S. D ep artm en t 
of Energy is to  identify  possible policy options for governm ent ac tion  in re
sponse to  these p o ten tia l effects of increased a tm ospheric  C O 2 . Some of the  
basic in fo rm ation  needed is th e  ra te  and  m ag n itu d e  of a  p o ten tia l clim ate 
change, th e  w eather cond itions th a t  m igh t be associa ted  w ith  such a  change, 
and  how such a  clim ate  change w ould differ from  region to  region.

T he objective of th is  S ta te -o f-th e-A rt volum e is to  p resen t th e  cu rren t 
know ns, unknow ns, and  u n ce rta in tie s  regard ing  the  projected  c lim ate  changes 
th a t  m igh t occur as a  resu lt of an  increasing a tm ospheric  C O 2  concen tra tion . 
F u rth e r, th e  volum e describes w h a t research is required  to  estim ate  th e  m ag
n itu d e  and ra te  of a  C 0 2 -induced clim ate  change w ith  regional and  seasonal 
reso lu tion .

Im p o rtan t progress has been m ade in the las t decade. T heoretical projec
tions of p o ten tia l c lim ate  changes are now m ade w ith  increasingly com plex 
m odels th a t  in co rp o ra te  m ore realistic  rep resen ta tio n s  of oceans, geography, 
and  th e  seasonal cycle. T here  also has been su b s tan tia l expansion of the  
d a ta  base th a t  is needed to  verify clim ate  p ro jections and to  im prove clim ate 
m odeling m ethodology.

V irtually  all s tud ies suggest th a t  th e  increasing  C O 2  co n cen tra tio n  will 
significantly  increase th e  global average te m p e ra tu re , b u t th e  p ro jec ted  re
gional and seasonal d e ta ils  vary considerably  betw een  m odels. A lthough  
th e  rep resen ta tio n  of oceans, geography, and  th e  seasonal cycle have im 
proved , ad d itio n a l research is required  to  fu r th e r d e ta il these fea tu res and 
o th er sm aller scale processes n o t explicitly  tre a te d  in th e  cu rren t m odels. As 
an  exam ple, a  m ore th o ro u g h  s tudy  is needed of th e  influences of changes in 
cloud d is trib u tio n  and  ch a rac te ris tic s  and  th e  assoc ia ted  feedbacks to  th e  ra 
d ia tiv e  balance. F u tu re  m odeling efforts m ust co n cen tra te  on u n d erstan d in g  
why th e  m odel resu lts  differ, w h a t d a ta  and  new m ethodologies a re  required  
to  im prove th e  m odels, and  how and  w hether m odel resu lts  can provide th e  
regional in fo rm ation  needed for fo rm u la tin g  policy op tions.
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Sincere th an k s  are due M ichael C. M acC racken  and  Frederick M. L u ther, 
Law rence L iverm ore N atio n al L ab o ra to ry , for th e ir co n trib u tio n s to  th is  doc
u m en t as ed ito rs , a u th o rs , and  researchers. T hey have p a r tic ip a te d  in m aking 
th is  volum e possib le from  its  incep tion  to  its  final p roduc tion . T he c o n trib u t
ing a u th o rs  are to  be com m ended for th e  ded ica tion  and  ex tensive w ork in 
volved in th e  w ritin g  of th is  volum e.

M ichael R. R iches, P ro g ram  M anager 
C arbon  D ioxide R esearch D ivision 
Office of Basic Energy Sciences 
Lf. S. D ep artm en t of Energy
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EDITORS’ PREFACE

T he S ta te -o f-th e-A rt (SOA) rep o rts  rep resen t th e  cu lm ination  of a  m ajor ef
fo rt to  review th e  s ta te  of scientific u n d ers tan d in g  concerning th e  p o ten tia l 
effects and  im p ac ts  of th e  increasing ca rbon  dioxide (C O 2 ) concen tra tion . 
P rep a ra tio n  of th e  ch ap te rs  included in these SOA rep o rts  has tak en  several 
years and  w ould n o t have been possible w ith o u t th e  coopera tion  and  sub
s tan tia l effort provided  by m any  p a r tic ip a n ts , b o th  w ith in  and  beyond the  
research p ro g ram  funded by th e  D ep artm en t of Energy (D O E ).

T he o u tlin e  for th is  SOA was in itia lly  proposed in th e  fall of 1982, w here 
suggestions w ere offered by those a tten d in g  a  D O E -sponsored C O 2  research 
conference a t  Berkeley Springs, W est V irginia. A fter considerable revision, 
ch ap te r a u th o rs  were selected in la te  1983 and  outlines and  early  d ra fts  of 
ch ap te rs  w ere p repared  for m ost ch ap te rs  by mid-1984. These in itia l m a te 
rials were review ed a t  a  m eeting  in W ash ing ton , D .C . a tten d e d  by au th o rs  
and  o ther sc ien tis ts  ac tive  in s tudy ing  th is  area.

To assure th e  au th o rita tiv en ess  of th e  reviews, th e  D O E  co n trac ted  w ith  
the  A m erican A ssociation for th e  A dvancem ent of Science (A A AS) to  arrange 
for ex tern a l peer review of th e  ind iv idual chap ters . T h is ex tensive review 
s ta r te d  du ring  th e  second half of 1984 and  con tinued  for m ore th a n  a  year. 
T he review ers selected by AAAS provided  m any im p o rta n t com m ents and  
suggestions th a t  have led to  significant im provem ent of th e  ch ap te rs . T heir 
assistance has been g reatly  app rec ia ted .

A fter receiving th e  review ers’ com m ents, ch ap te r a u th o rs  m odified and  
u p d a ted  th e ir ch ap te rs  to  assure th a t  th e  SOA rep o rt adeq u ate ly  covers th e  
m any advances being m ade in u n d ers tan d in g  the  p o ten tia l effects of th e  in
creasing C O 2  co n cen tra tio n . F ina l versions of th e  ch ap te rs  w ere su b m itted  
for ed ito ria l review and  a  final AAAS review th ro u g h o u t 1985.

T he ed ito rs  g ra te fu lly  acknow ledge the  ded ica ted  efforts of all of th e  chap
te r  au th o rs . T hey  responded  w ith  patience and  persistence to  up  to  tw elve 
A A A S-sponsored reviews for each ch ap te r, to  m any com m ents from  fellow 
au th o rs , to  ex tensive ed ito ria l suggestions in tended  to  help b e t te r  in teg ra te  
th e  various ch ap te rs , and  to  requests to  aid  in review an d  p rep a ra tio n  of 
sum m ary  an d  recom m endation  ch ap te rs . T h is  has been g reatly  app rec ia ted .

W hile these  ch ap te rs  have undergone extensive review , th e  views finally 
expressed are  those of the  a u th o rs  of each ch ap te r. As in all a reas w here ac tive 
research is u n d er way, th ere  a re  differences of in te rp re ta tio n  and  em phasis. 
In review ing these issues, th e  ed ito rs  have a tte m p te d  to  assure  th o rough  
p resen ta tio n  an d  w ell-reasoned s ta tem en ts , no t to  coerce un ifo rm ity  of view. 
W here differences are ev iden t or u n ce rta in tie s  are  p resen ted , fu r th e r s tudy  is 
recom m ended.
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We w an t to  express special g ra titu d e  to  th e  m any secretaries who have 
labored  on these ch ap te rs  a t  th e  various in s titu tio n s . A t LLNL, p a rtic u 
la r and  special th an k s  go to  Floy W orden, who has done every th ing  from  
ty p in g  ch ap te rs  from  h an d w ritte n  scribbles to  com m unicating  w ith  au th o rs  
and  p rep arin g  cam era-ready  copy. She has been aided extensively by Nancy 
B adal, P a m  D ru m tra , S an d ra  Eyre, L onnette  R obinson, and  Doris Sw an, 
each of w hom  has w illingly helped w ith  each succeeding u p d a tin g  of tex ts .

E d ito ria l an d  g raph ical su p p o rt and  hand ling  of th e  m an u scrip ts  for the  
AAAS review process have been d irec ted  by Jon  Findley, N ancy B row n, and 
co-w orkers of th e  M A X IM A  C o rp o ra tio n  in Rockville, M ary land . T he index 
w as p repared  quickly and  efficiently by Fred O ’H ara  th ro u g h  a  co n tra c t w ith  
th e  O ak R idge N ational L aborato ry .

M ichael C. M acC racken 
Frederick M. L u ther 
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T his volum e w as p repared  under th e  auspices of th e  C arbon  Dioxide 
R esearch D ivision of th e  Office of Basic Energy Sciences, U.S. D ep artm en t 
of Energy by th e  Law rence L iverm ore N ational L abora to ry  under co n trac t 
W -7405-EN G -48. M r. M ichael R. R iches served as D O E P ro jec t M anager.
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AAAS REVIEW

In com m issioning and  publishing a  sum m ary  of th e  s ta te  of cu rren t know ledge 
ab o u t th e  secu lar increase of a tm ospheric  carbon  dioxide and  its  effects, th e  
D ep artm en t of Energy has perform ed a valuable service. These volum es m ay 
prove to  be th e  m ost com prehensive assem bly to  d a te  of scientific resu lts  
ab o u t th is  issue.

T he C om m ittee  on C lim ate  of the  A m erican A ssocia tion  for th e  A d
vancem ent of Science was asked to  organize peer reviews of th e  com ponen t 
ch ap te rs  of th e  books. These reviews were conducted  in th e  trad itio n a l m an 
ner of refereeing scientific papers. We identified ex p erts  w hom  we knew to  
be well qualified, and  we inv ited  them  to  review anonym ously  an  ind iv idual 
ch ap te r in th e ir  field. In tra n sm ittin g  d ra ft m an u scrip ts  to  th e  review ers, we 
a lerted  th em  to  th e  am b itio u s n a tu re  of the  “s ta te -o f- th e -a r t” p ro jec t, and  
p articu la rly  to  th e  difficulties of adequate ly  tre a tin g  th e  m any uncerta in ties.

T he careful a t te n tio n  review ers devoted  to  th e ir  ta sk s  w as g ra tify ing  and  
ind ica tes th e  im p o rtan ce  of th is  issue to  th e  w orld  scientific com m unity . M ore 
th a n  300 specia lists from  23 coun tries gave th e  d ra ft pap ers  a  careful and  
th o rough  read ing  and  offered de ta iled  suggestions for revision and  im prove
m en t. T he au th o rs  and ed ito rs  th u s  had availab le a  significant in p u t from  
th e ir professional colleagues as they  sought to  im prove th e ir  d ra fts . B u t the  
decision as to  how to  use th e  review ers’ suggestions w as th e  responsibility  of 
th e  a u th o r(s )  of th e  p ap er and  th e  ed ito r(s) of th e  books.

T hese volum es m ake clear th a t  in vestiga ting  th e  causes and  effects of a l
te ra tio n s  to  th e  a tm o sp h ere  is an  exceedingly com plex un d ertak in g , touching  
a  w ide g am u t of scientific disciplines. It hard ly  is su rp rising  th a t  th e re  were 
(and  are) differences of in te rp re ta tio n .

I am  gra te fu l to  the  m any anonym ous review ers and  to  my colleagues on 
th e  C o m m ittee . I hope th a t  we have been helpful to  th e  au th o rs  and  ed ito rs 
in th e ir  very challenging task .

R oger Revelle, C h airm an  
C om m ittee  on C lim ate  
A m erican A ssocia tion  for the

A dvancem ent of Science (AAAS)
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EXECUTIVE SUMMARY

C oncern ab o u t the  p o ten tia l c lim atic  effects of the  increasing concen tra tion  
of a tm o sp h eric  carbon  dioxide (C O 2 ) w as first expressed over a century  ago, 
b u t it w as n o t un til th e  adven t of th e  com pu ter th a t  convincing q u an tita tiv e  
p ro jec tions of the  possible effects could be m ade. A lthough m aking up only 
a b o u t 0.03% of th e  a tm o sp h ere ’s volum e, C O 2  p lays an im p o rtan t role in 
m ain ta in in g  th e  E a r th ’s m odera te  c lim ate . M ank ind ’s ac tiv ities  have inad
verten tly  increased the  atm ospheric  co n cen tra tio n s of C O 2  and  o ther gases 
p resen t in trace  am oun ts (e.g., th e  C O 2  concen tra tion  has increased by ab o u t 
25% over ab o u t the  p as t 100 years), an d  fu rth e r su b s tan tia l increases are p ro 
jected  for the  fu tu re . E xperim en ts w ith  num erical c lim ate m odels ind icate  
th a t  increases in the  atm ospheric  co n cen tra tio n s of C O 2  and  trace  gases, by 
a lte rin g  th e  E a r th ’s hea t balance, will p roduce p o ten tia lly  significant changes 
in th e  clim ate.

T he objective of th is  volum e in th e  S ta te -o f-th e-A rt series of rep o rts  is 
to  docum en t w h a t is known ab o u t p ro jec tions of th e  clim atic  effects of the  
increasing  C O 2  co n cen tra tio n  and  to  describe th e  un ce rta in tie s  and  unknow ns 
assoc ia ted  w ith  such pro jections. T h is  sum m ary  follows the  sam e order in 
which m ate ria l is p resen ted  in th e  re s t of th is  volum e. T he changes in the 
rad ia tio n  balance caused by the  increasing  C O 2  con cen tra tio n  (the  rad ia tiv e  
forcing) a re  described. T he scientific basis for the  theo re tica l m odels used 
to  m ake clim ate pro jections is d iscussed, and  th e  la te s t m odel resu lts are 
review ed. C onsideration  also is given to  th e  p o ten tia l clim atic  effects of 
p e r tu rb a tio n s  o th e r th an  increasing C O 2  and to  the  lessons th a t  p ast clim ate 
changes can  teach  a b o u t w h a t lies ahead . R ecom m endations are m ade for 
research  task s  th a t  would co n trib u te  tow ard  reducing th e  u n ce rta in tie s  and 
im proving  th e  projections.

An increase in th e  a tm ospheric  C O 2  co n cen tra tio n  in th e  absence of an 
a tm o sp h eric  response affects th e  rad ia tio n  balance of th e  E a r th  by reduc
ing th e  am o u n t of longw ave (in frared) rad ia tio n  th a t  is em itted  to  space. 
T he C O 2  absorbs rad ia tio n  th a t  is em itted  upw ard  by th e  E a r th ’s surface 
and  by gases lower and  higher in th e  atm osphere ; C O 2  also em its energy 
upw ard  and  dow nw ard  a t  a ra te  th a t  depends on th e  tem p e ra tu re  a t  the 
a ltitu d e  of em ission. T h is trap p in g  of rad ia tio n  creates tem p e ra tu re  profiles 
th a t  force p rec ip ita tio n -in d u c in g  convection and  large-scale vertical o v e rtu rn 
ing in order to  tra n sp o r t upw ard  a  su b s ta n tia l fraction  of th e  solar energy 
abso rbed  a t  th e  surface. W hen th e  co n cen tra tio n  of C O 2  increases, th e  a tm o 
sphere absorbs m ore of the  longw ave rad ia tio n  th a t  is em itted  upw ard  by th e  
E a r th ’s surface and  em its m ore longw ave rad ia tio n  dow nw ard to  the  surface. 
B ecause of th e  tem p e ra tu re  s tru c tu re  of th e  a tm osphere  (i.e., tem p e ra tu re  
decreases w ith  a ltitu d e  th ro u g h  th e  tro p o sp h ere), th ere  is a  decrease in the
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upw ard  em itte d  rad ia tio n  th a t  escapes to  space when the  C O 2  co n cen tra
tion  increases. T he tra p p e d  longw ave rad ia tio n  forces increased convection 
and  ac ts  to  w arm  the  a tm osphere  and  surface u n til the  longw ave em ission 
to  space balances th e  n e t incom ing solar rad ia tio n . T his ra d ia tio n -trap p in g  
m echanism  is called th e  greenhouse effect. It is a capab ility  im plicit in the  
m ake-up of all gases th a t  a re  rad ia tiv e ly  ac tive  in th e  longw ave regim e.

P e rtu rb a tio n s  o th er th an  C O 2  m ay also affect the  c lim ate system . Such 
c lim ate -p e rtu rb in g  influences include changes in th e  con cen tra tio n s of w a te r 
vapor, trace  gases, volcanic aerosols, and  o th er n a tu ra l and an th ropogen ic  
aerosols as well as changes in th e  solar flux inciden t a t  the  to p  of th e  a tm o 
sphere. All of these forcing m echanism s can affect the  clim ate  by in itia lly  
p e r tu rb in g  th e  E a r th ’s rad ia tio n  budget. T he c lim ate system  th en  tends to  
respond in such a  way as to  resto re  a  balance in th e  net energy budget and  in 
th e  m ass bu d g ets  of th e  various a tm ospheric  co n stitu en ts . C oupling betw een 
physical, chem ical, rad ia tiv e , and  dynam ica l processes d is trib u te s  th e  effects 
of the  p e r tu rb a tio n  th ro u g h o u t th e  clim ate  system . These p e r tu rb a tio n s  can 
th en  resu lt in changes in te m p e ra tu re , p rec ip ita tio n , w ind p a tte rn s , ex ten t 
of sea ice, cloudiness, and  a tm ospheric  chem ical com position.

Because o f th e  com plex coupling betw een physical, chem ical, rad ia tiv e , 
and dynam ical processes in th e  clim ate  system , it is no t possible to  derive 
any sim ple re la tio n sh ip  describ ing how th e  c lim ate  p a ram ete rs  w ill change as 
the  com position  of th e  a tm o sp h ere  is changed. R a th er, th e  system  of nonlin
ear equa tions th a t  describes th e  clim ate  system  m ust be solved num erically .
T he resu lting  system  of equations and  so lu tion  techniques is called a  clim ate  
m odel. M odels vary g rea tly  in com plexity , depending  on th e ir in tended  ap 
p lication  and  th e  level of d e ta il included in describ ing th e  various processes 
and  m echanism s. O bservational d a ta  play an  im p o rta n t role in th e  verifica
tion  of th e  c lim ate  m odels and  as in p u t to  th e  m odel ca lcu lations. S tudy of 
p as t c lim ates is useful in illu s tra tin g  the  n a tu ra l variab ility  of the  clim ate  on 
several tem p o ra l and  sp a tia l scales.

In m aking  p ro jections in to  th e  fu tu re , i t  is essential to  recognize the  
d is tin c tio n  betw een clim ate  and  w eather. Weather  describes th e  s ta te  of th e  
global atm osphere-ocean-ice-Iand  system  (i.e., th e  clim ate  system ) a t  one 
in s ta n t in tim e. W eather can be forecast only a  few days in advance. N ot only 
are observations of p resen t cond itions in ad eq u a te  for m aking accu ra te , longer 
te rm  fo recasts, b u t th ere  are  also im p o rta n t theo re tica l lim its to  how far in 
advance specific w eath er cond itions can be accu ra te ly  pred ic ted . T he m odels 
described in th is  rep o rt can n o t forecast changes in th e  w eath er, a lthough  
such m odels in th e  fu tu re  m ay be able to  p red ic t possible changes in th e  
frequency of various w eather events.

Climate  is th e  aggregation  of th e  w eath er, usually  expressed in te rm s of 
th e  m ean (or average) cond itions and  v aria tio n s a b o u t th is  m ean, including 
such s ta tis tic s  as th e  frequency of ra infall and  of such ex trem e cond itions as 
flood and  d ro u g h t. T he norm al clim ate  is th e  collective resu lt of in te rac tio n s  
betw een th e  a tm osphere , oceans, sea and  lan d  ice, and  th e  land  surface, in 
cluding, especially, th e  biosphere. P ro jec ting  clim ate  in to  th e  fu tu re  requires 
p red ic ting  th e  evolu tion  of th e  m ean behav io r of th e  a tm osphere , for exam 
ple, the  average w in ter tem p era tu re . T hus, w hile th e  w eath er on a  p a rtic u la r  
Jan u a ry  day  can n o t be fo recast, we m ay be able to  p red ic t th a t  a  typ ical 
Jan u a ry  day in th e  21st cen tu ry  will be w arm er th a n  a  typ ical J a n u a ry  day 
th is  cen tu ry  or th a t  a  ty p ica l Jan u a ry  100 years from  now will have m ore m ild 
days th a n  a  p resen t Jan u a ry . To som e ex ten t, o th er forcing facto rs  (e.g., a 
change in so lar flux or in th e  com position  of th e  a tm osphere) also d eterm ine
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how fu tu re  c lim ate  will evolve. If th e  influences of these ex tern a l fac to rs were 
to  becom e large, accu ra te  c lim ate p ro jections for the  nex t cen tu ry  would also 
require  b e tte r  estim ates  of th e ir influence.

R A D IA T IV E  E F F E C T S  OF C A R B O N  D IO X ID E AND T R A C E  GASES

B ecause convective m ixing leads to  s tro n g  coupling betw een th e  u pper tro 
posphere (ab o u t 5 -10  km ) and  the  near surface layer as well as betw een th e  
a tm o sp h ere  and  the  E a r th ’s surface, th e  change in th e  net rad ia tiv e  flux a t  
th e  to p  of th e  tro p o sp h ere  (the  tropopause) is the  ap p ro p ria te  m easure to  
use in ca lcu la tin g  changes in tem p era tu res  th ro u g h o u t th e  troposphere  and 
a t  th e  surface. A doubling of the  C O 2  con cen tra tio n  w ith  no change in a tm o 
spheric te m p e ra tu re  or w ate r vapor am o u n t w ould increase th e  n e t dow nw ard 
rad ia tiv e  flux a t  th e  tro p o p au se  by ab o u t 4 W m “  ̂ averaged  hem ispherically . 
T hese changes w ould range from  nearly 5 W m “  ̂ a t  low la titu d e s  to  ab o u t 
2 W m “  ̂ a t  high la titu d e s  because of th e  d ifferent tem p era tu res  and  w ate r 
vapor m ixing ra tio s  in these regions. For com parison , th e  global average net 
incom ing so lar rad ia tio n  a t the  to p  of th e  atm osphere  is ab o u t 240 W m '^ .  
T he m axim um  change in flux due to  a  doubled C O 2  co n cen tra tio n  would 
occur in sum m er and  th e  m inim um  in w in ter. Various m odel calcu lations of 
these q u an titie s  agree to  w ith in  ab o u t ± 10-15% .

C hanges in ozone (O3 ), w ate r vapor, and  trace  gas am o u n ts  also can 
have significant effects on th e  rad ia tio n  balance and  te m p e ra tu re  s tru c tu re  
of th e  a tm osphere . A bsorp tion  of so lar rad ia tio n  by Os balances the  em is
sion of in frared  rad ia tio n  by C O 2  and  creates the  re la tively  w arm  and  stab le  
s tra to sp h e re  ex tend ing  upw ard  from  th e  tro p o p au se  to  a b o u t 55 km . T he a t 
m ospheric w a te r vapor co n cen tra ted  in th e  lower troposphere , to g e th er w ith  
the  clouds th a t  form , play th e  m ost im p o rta n t greenhouse role of all a tm o 
spheric co n stitu en ts . T he a tm ospheric  trace  gases th a t  cu rren tly  have the  
largest rad ia tiv e  effects (a lthough  still re la tive ly  sm all) are  m eth an e  (CH4 ), 
n itro u s oxide (N 2 O ), and  tw o ch lo rocarbons (C F C I 3  and  C F 2 CI2 ). M any of 
th e  trace  gases have band  s tren g th s  th a t  a re  g rea te r th a n  th e  ban d  s tren g th  
of th e  15-//m  C O 2  b an d , b u t because of th e ir sm all concen tra tions, these 
gases do n o t have ra d ia tiv e  effects as large as th a t  of C O 2 . A lthough  the  ra 
d ia tiv e  effect of trace  gases is cu rren tly  sm all, it could increase significantly 
in th e  fu tu re  because th e  co n cen tra tio n s of m any of th e  gases a re  pro jected  to  
increase a t  re la tive ly  high ra te s  as a  resu lt of an th ropogen ic  ac tiv ity . W ith in  
th e  nex t 50 years, th e  rad ia tiv e  effect o f the  trace  gases m ay exceed th a t  of 
th e  increasing  C O 2  concen tra tion .

Projections o f  the radiative effects o f  CO 2  and trace gases in to  the future  
are most uncertain because o f  uncerta inties in the projected concentrations  
o f  these gases.

Accurate methods exist for  computing the radiative effects o f  CO 2  and  
other radiatively active gases. Som e uncerta inty  is introduced because 
o f  l im ita tions in knowledge o f  the radiative characteristics o f  the a tm o
spheric gases, nam ely the spectral line data and their pressure and te m 
perature dependence. Lack o f  understanding about the radiative properties 
o f  water vapor (especially the absorption con tinuum  and line shape) and 
simplifications in im plem enting  radiative algorithms in climate models 
also contribute to the uncertain ty  in the overall calculations.
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P R O JE C T IN G  T H E  C LIM A TIC  R E SP O N SE  TO  
IN C R E A SIN G  C A R B O N  D IO X ID E

M ethods for determ in ing  th e  clim atic  response to  th e  increasing C O 2  concen
tra tio n  m ay be e ither em pirical (based on observations) or th eo re tica l (based 
on num erical m odels). It is n o t yet possible to  uniquely identify  th e  roles th a t  
various causal facto rs (such as volcanoes, C O 2 , and  so lar varia tions) have had  
in affecting c lim atic  v aria tio n s th a t  have occurred in th e  p ast. C onsequently , 
it is n o t possible to  p red ic t th e  fu tu re  clim ate  by sim ply ex trap o la tin g  tren d s 
from  th e  recen t p ast. A tte m p ts  have been m ade to  d eterm ine the  sensitiv ity  
of th e  clim ate system  em pirically  by exam ining  th e  changes in rad ia tiv e  fluxes 
and  tem p era tu res  th a t  occur during  th e  norm al cycle of seasonal change and  
as a  resu lt of sm all-scale p e r tu rb a tio n s . These approaches have no t proven 
successful because th e  tim e and  space dom ains of these analyses have not 
been com parab le  to  those of th e  C O 2  problem .

T h e  only applicable m ethod  for p ro jec ting  fu tu re  clim ates is the  construc
tion  of m ath em atica l m odels based on the  full set of fu n d am en ta l physical 
p rincip les governing th e  c lim ate  system . T he basic physical law s governing 
th e  behav io r of m any of th e  com ponen ts of the  clim ate  system  are re la tively  
well know n, a lthough  som e aspects  of the  physics of th e  various in te rac tiv e  
m echanism s and  processes serving to  link th e  com ponen ts to g e th er are still 
u n certa in . Some of these in te rac tiv e  processes, including especially changes 
in th e  am o u n ts  of a tm ospheric  w ate r vapor, cloud cover, and  sea ice, have 
been identified as im p o rta n t feedback processes th a t  can am plify or regu la te  
th e  responsiveness of th e  clim ate  system  to  p e rtu rb in g  influences such as in 
creasing C O 2  and  trace  gas concen tra tions. In clim ate  sensitiv ity  stud ies, 
lack of know ledge ab o u t p o ten tia l changes of cirrus clouds in low la titu d e s  
and  s tra tu s  clouds in high la titu d e s  co n trib u tes  m ost to  w idening th e  range 
of estim ates  from  different m odels.

C lim ate  m odels of m any types have proven useful in developing an im 
proved u n d e rstan d in g  of th e  clim ate  system . T he m ost com plex clim ate  
m odels are th ree-d im ensional general c ircu la tion  m odels, w hich rep resen t th e  
global atm osphere , land  surface, and  oceans. A tm ospheric  general c ircu la tion  
m odels are capable of s im u la tin g  a lm o st all of th e  observed large-scale fea
tu res  of th e  clim ate, and  they  reproduce th e  general ch a rac te r of day -to -day  
v aria tio n s  as well as seasonal changes of th e  circu la tion  from  w in ter to  sum 
m er. However, these m odels do no t yet adequate ly  rep resen t th e  observed 
regional fea tu res th a t  a re  needed for m aking  th e  de ta iled  clim ate  pro jections 
and  assessm ents of ecological, ag ricu ltu ra l, and  societa l im pacts.

T he C O 2  co n cen tra tio n  is ac tu a lly  increasing slowly; how ever, it is easier 
to  ca lcu la te  w h a t m igh t hap p en  if a  large increase in the  C O 2  co n cen tra
tio n  were to  occur. W ith  c lim atic  feedback processes tu rn ed  off, d ifferent 
c lim ate  m odels a re  in close ag reem en t in th e ir p red ic tion  of th e  change in 
global average surface a ir te m p e ra tu re  for th e  rad ia tiv e  p e rtu rb a tio n  caused 
by a  doubling of th e  C O 2  co n cen tra tio n ; th e  p ro jected  tem p e ra tu re  increase 
is in th e  range of 1.2 to  1.3°C. G lobal clim ate  m odels th a t  include feedback 
processes, how ever, a re  n o t in close agreem ent; a t  equ ilib rium , such m odels 
ind ica te  th a t  a  doubling of th e  C O 2  co n cen tra tio n  w ould increase th e  global 
average surface a ir te m p e ra tu re  by approx im ate ly  1.5 to  4 .5°C . T he th ree  
m ost recen t general c ircu la tio n  m odel resu lts, w hich include realistic  geog
rap h y  and  seasonal dependence, show a  C 0 2 -induced w arm ing  of th e  global 
average surface a ir  te m p e ra tu re  of ab o u t 3.5 to  4 .2°C  and  an increase in th e  
g lobal average p rec ip ita tio n  ra te  of a b o u t 7 to  11%. T he b e tte r  ag reem ent of
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th e  m odels on the  pro jected  global sensitiv ity  is encouraging, b u t th e ir p ro
jections of th e  regional p a tte rn s  of such changes vary su b stan tia lly  depending 
on location.

M odel resu lts  suggest th a t  equ ilib rium  changes in surface air tem p era tu re  
are likely to  be larger in h ig h -la titu d e  regions, near the  snow and  ice bound
aries, th an  in lo w -la titu d e  regions. As a  resu lt of reductions in the  ex ten t of 
sea ice and  snow cover, th e  p red ic ted  zonal m ean w arm ing  is a  m axim um  in 
w in ter and  a  m in im um  in sum m er in the  h ig h -la titu d e  regions. T his would 
ind icate  a  significant reduction  of th e  am p litu d e  of th e  an n u a l cycle of surface 
a ir tem p e ra tu re  a t  these la titu d es . Regions of positive and  negative changes 
in p rec ip ita tio n  ra te  are s im u la ted , w ith  th e  largest changes generally occur
ring betw een 30°S and  30°N. T he change in zonal m ean p rec ip ita tio n  ra te  
is ca lcu la ted  to  be positive in th e  eq u a to ria l region th ro u g h o u t the  year and 
negative in ad jacen t la titu d e s  for a t  least p a r t  of th e  year. T here are qual
ita tiv e  and  q u a n tita tiv e  differences am ong th e  sim u la tions of the  change in 
p rec ip ita tio n  ra te , reflecting th e  u n ce rta in ty  in these resu lts.

Because society is con tinually  ad a p tin g  to  th e  cu rren t c lim ate , a lbeit more 
or less slowly depending  on the  ac tiv ity , know ing th e  expected  ra te  of clim ate 
change can be a t  least as im p o rta n t as know ing w h a t the  u ltim a te  change 
m ay be. D e term in ing  th e  ra te  of c lim ate change requires tak in g  p roper ac
coun t no t only of the  ra te  a t  w hich th e  a tm ospheric  C O 2  concen tra tion  is 
changing and  will change, b u t also in considering the  various clim ate system  
m echanism s con tro lling  the  ra te  a t  w hich th e  c lim ate can (and  will) change. 
W hen p e r tu rb a tio n s  are g radual and  p ers is ten t, consideration  m ust include 
th e  oceans (w ith  th e ir very large hea t capacity  and  slow tra n sp o r t of hea t to  
g rea te r d ep th s), th e  ice sheets (w ith  th e ir very large h ea t requ irem ent to  be 
m elted ), an d , in som e cases, th e  b iosphere (w ith  its  p o ten tia l to  a lte r  sur
face ch a rac te ris tic s  and  a tm ospheric  com position). T he in te rac tiv e  dam ping  
factors ac t to  slow the  ra te  of clim ate change, b u t they  do no t change the 
even tua l c lim atic  equilibrium .

In th e  long te rm , w ell-tested , coupled atm osphere-ocean  general c ircu la
tion  m odels m ay be able to  serve as o p era tio n a l too ls for s im u la tin g  the  tra n 
sien t c lim ate  changes, b u t these are  no t now available . A h ierarchy  of clim ate 
m odels is u nder developm ent to  p red ic t the  tra n s ie n t c lim ate  response resu lt
ing from  increases in th e  C O 2  co n cen tra tio n . C om parison  of m odel results 
w ith  observed tem p e ra tu re  changes in various p a r ts  of th e  globe curren tly  
m ust rely on re la tively  sim plified and  ap p ro x im a te  approaches in com parison 
to  the  m odels now being developed.

E stim a tes  of the  rise in surface a ir tem p e ra tu re  betw een 1850 and  the  
p resen t due to  th e  increased C O 2  con cen tra tio n  alone range from  ab o u t 0.5°C  
to  m ore th an  1.0°C, reflecting differences in the  sensitiv ity  of th e  m odels and 
differences in th e  lag tim e of th e  ocean response as dep icted  in th e  m odels. 
As a  resu lt, th e  observed N orthern  H em isphere te m p e ra tu re  change of ab o u t 
0.5°C since 1850 can n o t yet be used to  provide m ore th a n  ap p ro x im a te  guid
ance on th e  ac tu a l equilibrium  sensitiv ity  of th e  clim ate to  th e  increasing 
C O 2  co n cen tra tio n . T im e-dependen t clim ate  m odel ca lcu la tions using s tan 
d ard  scenarios of fossil fuel C O 2  em issions ind ica te  th a t  a global w arm ing  
of ap p ro x im ate ly  1°C m ay occur by th e  year 2000 re la tiv e  to  th e  year 1850, 
and  an ad d itio n a l w arm ing  of a  few degrees Celsius m ay occur over th e  nex t 
cen tu ry  if C O 2  and  trace  gas em issions con tinue as pro jected .

Im portan t uncerta in ties in model calculations arise fro m  lim ita tions in
our understanding o f  climatic m echanism s and in our ability to represent
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the various processes in  computer models. Representations o f  clouds, the 
planetary boundary layer, precipitation, and surface hydrology and o f  the 
sensit iv ity  o f  these processes to changes in climatic parameters contribute 
m ost significantly to the uncertainties in the calculations o f  the potential  
change in the equilibrium climate.

U ncertainties concerning the climatic sensit iv i ty  and the response time  
o f  the oceans contribute m ost significantly to the uncertainties in the 
calculations o f  the transien t climate change due to the increasing CO^ 
concentration.

Uncertainty  about the causes o f  the climatic variations that have been 
observed over the past 100 years means that the climate record can only 
provide approximate guidance about the actual equilibrium sensitiv ity  o f  
the climate to the increasing CO 2  concentration.

C LIM A TIC  E F F E C T S  O F O T H E R  P E R T U R B IN G  FA C TO R S

T he ongoing increase in th e  C O 2  co n cen tra tio n  is no t the  only fac to r th a t  
scien tis ts  believe has already  affected or will a lte r  th e  clim ate. Geological 
evidence clearly  d em o n stra te s  th a t  c lim ate has varied su b stan tia lly  in the  
p a s t and  th a t  n a tu ra l causes of c lim ate change m u st be present. On m u lti
m illennia tim e scales, changes in th e  eccentric ity  of th e  E a r th ’s o rb it, the  
seasonal v a ria tio n  of perihelion , and  th e  ti l t  of its  axis are believed to  be 
very im p o rta n t. Some observations also ind icate  th a t  large n a tu ra l v aria
tions in th e  C O 2  co n cen tra tio n  m ay have occurred  during  glacial cycling.
On th e  tim e scale of cen tu ries, sm all v aria tio n s in so lar o u tp u t m ay play a 
role; on an n u a l to  decadal scales, in jections of volcanic aerosols and  solar 
flux v aria tio n s have p robab ly  induced m easurab le  c lim atic  p e r tu rb a tio n s . In 
ad d itio n , c lim ate  v aria tio n s  m ay arise as a  re su lt of nonsteady  in te rac tio n s  
of th e  various com ponen ts of th e  c lim ate  system , for exam ple, as a  resu lt 
of aperiod ic o v e rtu rn in g  of th e  oceans or long-term  in s tab ilities  in ice sheet 
th ickness and  ex ten t. Such oscillations in te rn a l to  th e  clim ate system  add  
to  th e  background n a tu ra l variab ility  th a t  m ay be p e rtu rb ed  by C O 2  and  
o th er facto rs tre a ted  as ex te rn a l to  th e  system . M odel stud ies e s tim ate  th a t  
varia tions in so lar forcing (m easured  to  be a b o u t 0 .2 %) m ay account for 
fluctua tions in surface a ir  te m p e ra tu re  of a  few te n th s  of a  degree Celsius.
S tra to sp h eric  aerosol loadings from  m ajor volcanic eru p tio n s  m ay cause a  
surface cooling of as m uch as a  few te n th s  of a  degree Celsius for periods of 
one to  a  few years. T hese e s tim a tes  ind icate  th a t  th e  clim atic  effects of solar 
v aria tio n s an d  volcanic aerosols are considerably  sm aller in m agn itude and  
sh o rte r in d u ra tio n  th a n  th e  w arm ing  pro jected  to  resu lt from  the  increasing 
C O 2  co n cen tra tio n .

M any gases being in jected  in to  th e  a tm o sp h ere  as a  resu lt of various so
c ie ta l ac tiv itie s  can ac t like C O 2  to  tra p  outgoing  infrared  rad ia tio n  and  to  
w arm  th e  c lim ate . For exam ple , CH4  releases th a t  occur as land is cleared, 
m ore c a ttle  a re  ra ised , an d  m ore rice is grow n are  ra ising  a tm ospheric  concen
tra tio n s  by a b o u t 10 to  15% per decade, and  em issions of C FC ls and  C F 2 CI2 , 
w hich can chem ically  reac t to  reduce s tra to sp h eric  ozone, a re  pro jected  to  rise 
by a b o u t 40 to  50% p er decade. Trace gases m ay affect th e  clim ate  d irectly  by 
th e ir  own ra d ia tiv e  p e r tu rb a tio n  or ind irectly  by in te rac tin g  chem ically or cli
m atically  w ith  species th a t  a re  rad ia tiv e ly  im p o rta n t. Conversely, changes in 
clim ate  can affect chem ical species co n cen tra tio n s  by changing tem p era tu re - 
dep en d en t chem ical reac tion  ra te s . C lim ate  m odel ca lcu la tions suggest th a t ,
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on th e  tim e scale of decades, the  com bined c lim atic  effects of concen tra tion  
increases of a tm ospheric  N 2 O, C H 4 , C F C I 3 , and  C F 2 CI2  and  th e ir induced 
changes in O 3  from  clim ate-chem istry  in te rac tio n s  could be as large as those 
e s tim ated  from  th e  expected  increase in th e  C O 2  con cen tra tio n  alone.

Model assessm ents are affected by uncerta inties concerning the feedback 
processes that involve coupling between atmospheric chemistry, dynamics,  
and radiation transfer.

E s t im a tes  o f  the future contribution o f  trace gases to the total projected  
change depend critically on the projected changes in species concentrations  
that are used in the calculations. In  this regard, a better understanding  
o f  the source and sink processes affecting trace gas concentrations and  
their global budgets is needed to reduce uncerta inties in the climate change 
projections.

T H E  ST U D Y  O F P A ST  CLIM A TES

T he stu d y  of c lim ates of th e  las t hundred  th o u san d  years can co n trib u te  in
fo rm atio n  th a t  m ay be used to  refine scenarios for possible fu tu re  clim ates 
and  th a t  can provide independen t d a ta  for te s tin g  the  resu lts  of global cli
m a te  m odels. In ad d itio n , such analyses can in v estig a te  th e  causes of p ast 
c lim ate  change and  possibly provide ind ications of th e  n a tu re  of fu tu re  cli
m a te  change. For exam ple, com parisons of w arm  and  cold years in long-term  
in s tru m en ta l records have ind icated  th a t  te m p e ra tu re  changes are larger in 
h igh la titu d e s  th a n  in low la titu d es . T his p a tte rn  is in general agreem ent 
w ith  m odel sim u la tions of th e  increasing C O 2  concen tra tion .

D a ta  from  th e  m id-H olocene (ab o u t 5000-7000 years ago) ind icate  th a t  
th e  global m ean te m p e ra tu re  m ay have been 1°C w arm er th an  a t  p resen t, b u t 
lim ited  d a ta  coverage m akes precise d e te rm in a tio n  of th e  global m ean tem 
p e ra tu re  change difficult. T he clim ate during  th is  period  w as significantly 
different from  to d ay ; m aps of Ju ly  tem p era tu res  show regions of higher as 
well as lower te m p e ra tu re  in th e  m iddle to  high la titu d e s  of th e  N orthern  
H em isphere. P a tte rn s  of p rec ip ita tio n  show larger changes th a n  do the  tem 
p e ra tu re  p a tte rn s , w ith  m ore p rec ip ita tio n  in th e  tro p ics  and  sub trop ics and 
less in th e  m idw estern  U nited  S ta tes.

T he analyses show th a t  for m ost areas, th e  m ean annual surface tem p era
tu re  has been rem arkab ly  stab le  during  th e  p as t 1 0 , 0 0 0  years, w ith  varia tions 
not exceeding 1 or 2°C. T h is s tab ility  did no t ex tend  to  p rec ip ita tio n  fields, 
w hich have exh ib ited  large and  ex tended  fluctua tions. If increased concen
tra tio n s  of C O 2  and  trace  gases raise the  global m ean surface tem p era tu re  
by 1.5°C or m ore, th e  re su lta n t average global c lim atic  cond itions will be 
beyond th e  range of c lim ates th a t  have ex isted  du rin g  th e  h isto rical p ast and 
du ring  recen t geological tim es.

The usefulness o f  past climates for projecting the character o f  po ten
tial CO-i-induced perturbations is affected by uncertainties  concerning the 
causes o f  past climate variations and the ex ten t to which past warm cli
m ates represent the climate conditions that would exist because o f  a CO 2 - 
induced warming.
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SUM M ARY O F C LIM A T E  P R O JE C T IO N  STU D IES

T he a tm ospheric  C O 2  co n cen tra tio n  has increased by ab o u t 25% since pre in 
d u stria l tim es, and  con tinued  use of fossil fuels is p rojected  to  lead to  sub
s tan tia l fu rth e r increases in th e  fu tu re . C on cen tra tio n s of trace  gases having  
rad ia tiv e  p ro p erties  s im ilar to  those of C O 2  a re  also rising. T he increas
ing co n cen tra tio n s of these greenhouse gases will a lte r a tm ospheric  rad ia tiv e  
fluxes and  w arm  th e  E a r th  by the  very sam e in terac tions and  processes th a t  
enable cu rren t co n cen tra tio n s of these gases to  m ake our clim ate  different 
th an  th a t  of th e  M oon. T heoretical p ro jections of the  p o ten tia l fu tu re  cli
m ate  changes using co m p u ter m odels whose resu lts have been verified by 
com parison w ith  th e  seasonal evolu tion  of the  n a tu ra l a tm o sp h ere  ind icate  
th a t  a  global w arm ing  by a  few degrees Celsius is possible du rin g  th e  next 
century . U ncerta in ties in these th eo re tica l estim ates arise in p a r t  as a  resu lt 
of th e  range of C O 2  and  trace  gas pro jections, b u t p rim arily  a t  th is  s tage 
they  are due to  lim ita tio n s  in our u n d erstan d in g  and  rep resen ta tio n  of cloud, 
ocean, cryospheric, and  o th er processes and  in teractions. As a  consequence, 
d ifferent m odels do no t now agree on m any of th e  im p o rta n t regional and  
seasonal d e ta ils  of expected  te m p e ra tu re  and  p rec ip ita tio n  changes, thereby  
co n trib u tin g  to  th e  difficulty of p rep arin g  assessm ents of ecological, agricu l
tu ra l, and  o th e r societa l im pacts.

P rogress in im proving  the  ab ility  to  m ake clim atic  pro jections will require 
continued  efforts to  im prove u n d ers tan d in g  th ro u g h  com puter m odeling and  
analysis and  th ro u g h  lab o ra to ry  observational studies. D etailed  m odel com 
parisons should help to  identify  and  resolve th e  causes of differences am ong 
m odels and  thereby  lead to  m ore accu ra te  pro jections. By m ore closely cou
pling these research  efforts w ith  d iagnostic  stud ies a tte m p tin g  to  reconcile 
th e  clim atic  record of th e  p as t 1 0 0  years w ith  possible causes of th e  observed 
changes and  fluc tua tions, th e  ra te  of advance of our know ledge should in
crease.

Theoretical understanding provides a f irm  basis for projecting that con
tinuing em issions o f  CO^ and trace gases will warm the global climate by 
a few  degrees Celsius during the next century. We are already com m itted  
to some o f  this warming as a result o f  em issions over the last several 
decades.

Im portan t uncertainties  concerning the regional and seasonal pa tterns  o f  
the temperature and precipitation changes can only be resolved by a broad- 
based im provem ent in understanding o f  climatic processes and m echa
n ism s and in our ability to s imulate the climate system.

TASKS F O R  T H E  F U T U R E

T he overall goal of th e  C O 2  research  p rog ram  of the  U.S. D e p artm en t of 
Energy is to  provide a  stro n g er scientific and  technical basis for p ro jec ting  
th e  clim atic  effects of increasing  C O 2  co ncen tra tions and  o th e r p e r tu rb a 
tions. Such in fo rm ation  is essen tial so th a t  useful assessm ents of th e  p o ten 
tia l ecological, ag ricu ltu ra l, and  societal im p acts  can be m ade. To achieve 
th e  goal of im proved  clim atic  p ro jec tions, im provem ents need to  be m ade in 
th e  m odels used to  e s tim a te  th e  equ ilib rium  clim ate sensitiv ity  and  th e  tim e- 
d ependen t clim ate  response. M uch can  be accom plished during  th e  nex t 10 
years. T he research  needed to  im prove capab ilities  for p ro jec ting  p o ten tia l
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fu tu re  c lim atic  conditions falls in to  th e  following five m ost im p o rtan t areas 
of ac tiv ity :

1. The ability o f  climate models to simulate observed climate behavior m ust  
be more thoroughly investigated.

•  T he resu lts  of clim ate  m odels m u st be m ore exhaustively  com pared  
w ith  observations of th e  p resen t c lim ate . Im provem ent of th e  ab il
ity  of c lim ate  m odels to  sim u la te  the  regional varia tions of c lim atic  
p a ram ete rs  is of special im portance .

•  W here possible, c lim ate m odels should be tes ted  to  determ ine if they  
can accu ra te ly  s im u la te  p a s t v a ria tio n s  in clim ate. T h is requires th a t  
the  causes of p ast c lim ate  changes be investigated .

2. D e term ina tion  o f  the time rate o f  climate change requires that oceans and  
ocean-atmosphere coupling be more accurately treated in climate models.

•  T he dynam ics of the  u pper ocean m ust be included in c lim ate m od
els so th a t  p o ten tia l changes in cu rren ts , m ixed layer dep ths, and  
upw elling and  b o tto m  w a te r fo rm atio n  ra te s  can be represen ted .

•  T he tra n sp o r t  of h ea t from  th e  m ixed layer to  deeper levels in th e  
ocean m ust be included explicitly  and  realistica lly  in clim ate  m od
els. F ield observations will be required  to  g a th er th e  d a ta  needed to  
achieve b e tte r  u n d e rstan d in g  of th is  process.

3. The adequacy o f  representations o f  im portant atmospheric feedback pro
cesses in climate models m ust be evaluated and im provem ents added.

•  T he p o ten tia l for clouds to  am plify  or m o d era te  clim ate  p e rtu rb a tio n s  
m u st be exhaustively  investigated .

•  M ore accu ra te  tre a tm e n ts  of th e  grow th  and  m elting  of sea ice and  
snow cover are required  in m odels so th a t  th e  h ig h -la titu d e  tem p er
a tu re  changes can be accu ra te ly  pro jected .

4 . The potential climatic effects o f  increasing trace gas concentrations require 
that they be considered as an integral part o f  the CO 2  climate effects 
research program.

•  A tm ospheric  m odels capable of tre a tin g  th e  rad ia tiv e , chem ical, and  
clim atic  in te rac tio n s of th e  m any trace  gases m ust be developed and  
tes ted .

•  M on ito ring  and  lab o ra to ry  p rog ram s are required  to  provide th e  d a ta  
needed to  determ ine th e  global fluxes, balances, and  tren d s of m any 
trace  gases.

5. Increased effort must be devoted to including consideration o f  potential  
changes in climatic variability and the frequency o f  extreme events in 
model and analog projections o f  fu ture  climate.

•  T he ab ility  of im proved o cean -a tm osphere  clim ate  m odels to  repre
sent th e  n a tu ra l variab ility  of th e  p resen t clim ate on regional and  
larger scales m ust be docum ented .

•  C onsideration  m ust be given to  developing a lte rn a tiv e  m ethods for 
p ro jec ting  changes in th e  frequency of ra re  events. S ta tis tica l or an a 
log m eth o d s m ay prove useful.
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1.1 IN T R O D U C T IO N

T he E a r th ’s re la tively  equable clim ate (as opposed 
to  th e  s ta rk  d ay -n ig h t c o n tra s ts  of M ars and  the  
M oon or th e  in tense  h ea t of Venus) is m ade possi
ble by th e  beneficial in te rac tio n s  of the  oceans, the 
b iosphere, and  th e  a tm osphere . T his th erm a l s ta 
bility  is achieved by a  balance of th e  shortw ave (so
lar) rad ia tio n  reaching  th e  E a r th  from  th e  Sun, and 
th e  longw ave (in frared) re rad ia tio n  from  th e  surface 
and  a tm o sp h ere  to  space. Some of th e  species in 
th e  a tm o sp h ere  p lay a  p articu la rly  im p o rta n t role 
in m ain ta in in g  th is  balance, especially w a te r vapor, 
carbon  dioxide (CO2 ), ozone (Os), and num erous 
o th er gases p resen t in sm all am o u n ts  (referred to  
as trace  gases) th a t  have rad ia tiv e  ch arac te ris tic s  
s im ilar to  C O 2 . W ate r vapor, C O 2 , O 3 , and  o ther 
trace  gases reduce the  ra te  of loss to  space of the  
th e rm a l energy em itted  by th e  surface and  lower 
a tm osphere , thereby  increasing  th e  global average 
surface te m p e ra tu re  by m ore th a n  30°C above the  
nom inal te m p e ra tu re  th a t  w ould occur in th e  ab 
sence of an  a tm osphere . As a  consequence, the  
clim atic  effects of th e  increasing  con cen tra tio n s of 
these trace  gases a re  of as m uch in te re st as those of 
C O 2 , and  m uch of w h a t is said ab o u t C O 2  in th is  
volum e also applies to  changes in co n cen tra tio n  of 
these o th er trace  gases.

A lthough  th ere  have been n a tu ra l fluctua tions 
and  a  long-term  evo lu tion  of th e  a tm o sp h ere ’s com 
position , no t u n til th e  19th cen tu ry  w ere th e  ac
tiv ities  of civ ilization  sufficient to  s ta r t  p laying a  
noticeable role. M echan ization  of ag ricu ltu re  and  
the  increased use of fossil fuel energy for in d u stri
a liza tion , how ever, have released to  the  a tm osphere  
large am o u n ts  of C O 2  th a t  n a tu re  had  previously 
held tra p p e d  in th e  soils, b io ta , and  as fossil fu
els. O ur society has com bined and  transfo rm ed  
chem ical substances in to  trace  gases th a t ,  when re
leased in to  th e  a tm o sp h ere , can significantly  a lte r 
its  chem ical and  rad ia tiv e  ch arac te ris tic s . Such a l
te ra tio n s  have th e  p o ten tia l to  p e r tu rb  th e  behavior 
of th e  coupled a tm osphere-ocean-land-ice-b iosphere 
c lim ate  system , thereb y  u p se ttin g  so c ie ty ’s a d a p ta 
tion  to  th e  p resen t global env ironm ent.

S tudy  of th e  p o ten tia l effects of a lte ra tio n s  in 
th e  a tm ospheric  com position  is especially im por
ta n t  because these a lte ra tio n s  m ay already  be sub 
tly  influencing societa l ac tiv itie s  and  they  are likely

to  do so m ore visibly w ith in  th e  nex t few genera
tions. T he induced effects will be w orldw ide and  are 
likely to  persist for cen tu ries and  to  be p ractically  
irreversib le, therefore requ iring  long-term  societal 
ad a p ta tio n  if no t p reven ted . T rabalka  (1985) re
views evidence ind icating  th a t  th e  a tm ospheric  con
cen tra tio n  of C O 2 , the  best un d ersto o d  of th e  vari
ous trace  gases, has risen by a b o u t 25% in th e  p as t 
150 years and  m ay m ore th a n  double its  p re indus
tria l level in th e  nex t 120 years or less. T he stud ies 
described in th is  volum e suggest th a t  a  doubling of 
th e  a tm ospheric  C O 2  co n cen tra tio n  m ay raise the  
global average te m p e ra tu re  to  a  level w arm er th a n  
during  any period  in the  las t 1 0 0 , 0 0 0  years or m ore.

T h is S ta te -o f-th e-A rt (SOA) volum e describes 
th e  p o ten tia l clim atic  effects of th e  increasing a t 
m ospheric C O 2  con cen tra tio n  and  briefly discusses 
th e  even less well un d ersto o d  effects of th e  release 
to  th e  a tm osphere  of o th er trace  gases. T his chap 
te r is designed to  in tro d u ce  the  ch ap te rs  in th is  
SOA  by p resen ting  a  fram ew ork of definitions and  
background  in form ation . In developing th is  back
g round , th e  definitions will be re la ted  to  th e  C O 2  

and  trace  gas issue via exam ples in tended  to  provide 
an  overview  of the  p o ten tia l clim atic  effects. The 
subsections will consider, respectively , th e  n a tu re  
of c lim ate , th e  m eans of p red ic ting  clim ate change, 
and  an  ou tline of the  rem ain ing  ch ap te rs  of th is  vol
um e.

1.2 T H E  N A T U R E  O F C LIM A T E

1.2.1 W eather and C lim ate

T he w eather and  c lim ate of a  region are im p o rta n t 
d e te rm in a n ts  of its  ch a rac te r. W h a t is happen ing  a t 
a  p a r tic u la r  in s ta n t can d eterm ine our h ea lth , how 
we dress, the  ra te  and  ty p e  of energy use, th e  grow th  
ra te  of p lan ts , our sense of safety and  w ell-being, 
and  m uch m ore. T he com bination  of such long-term  
indices as tem p e ra tu re  range and  m oistu re  avail
ab ility  determ ines w hether th e  n a tu ra l vegeta tion  
is fo rest, p ra irie , dese rt, or tu n d ra  and  th e  ease 
w ith  w hich society can a d a p t to  n a tu re ’s stresses. 
T he frequency of such ex trem e events as to rn ad o es 
and  d ro u g h t as well as the  d u ra tio n s  and in tensities  
of w in te r and  sum m er affect th e  investm en t in re
sources required  to  m o d era te  econom ic and  physical 
stresses created  by th e  w eath er and  clim ate.
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These m any societa l and  ecological com plexities 
m ake ex trem ely  difficult th e  developm ent of sa tis 
factory  defin itions of te rm s th a t  re la te  our percep
tion  of th e  w orld  to  a  m a th em atica l or physical de
scrip tion . Tw o com m on te rm s used to  describe our 
atm ospheric  en v iro n m en t are w eather and  clim ate  
(see N ational R esearch C ouncil 1975; W orld M ete
orological O rg an iza tio n  1979).

Weather is asso c ia ted  w ith  th e  com plete s ta te  of 
th e  a tm osphere  a t  a  p a r tic u la r  in s ta n t and  location  
and  w ith  th e  change of th is  s ta te  th ro u g h  th e  gener
a tio n , g row th , an d  decay of ind ividual a tm ospheric  
d istu rbances.

Climate  is th e  average of w eather over a  speci
fied period  of tim e long enough to  estab lish  its  s ta 
tis tica l p ro p e rtie s  (averages, variances, p robab ilities  
of ex trem e even ts, e tc .) . Such a  descrip tion  m ay be 
conveniently  called a  climatic state. T hus, we expe
rience and  are  affected by th e  w eather, b u t fu tu re  
ex p ecta tio n s an d  o u r cu ltu res  and  civ ilizations have 
ad ap ted  to  th e  c lim ate .

W eather an d , m ore so, c lim ate  also refer to  th e  
in te rac tio n s of th e  a tm o sp h ere  w ith  th e  oceans and  
land . For exam ple , th e  am o u n t of ra infall from  a  
th u n d ers to rm , th e  snow fall accum ulation  during  a  
b lizzard , and  th e  w in te rtim e  grow th  of sea ice a re  all 
encom passed in th e  percep tions raised  by th e  te rm s 
w eather and  c lim ate . Any a tte m p t to  p ro ject th e  
fu tu re  c lim ate , therefo re , requires consideration  of 
n o t ju s t  th e  p o te n tia l s ta te  of th e  a tm osphere , b u t 
th a t  of the  oceans, th e  land , and  th e  ice on sea and  
land.

W eather and  c lim ate  m ust also be un d ers to o d  
in te rm s of a  sp a tia l dom ain , the  size of w hich, in 
some senses, d e term in es th e  tem p o ra l sep a ra tio n  to  
be used to  d istin g u ish  betw een w eather and  clim ate. 
A tm ospheric  d is tu rb an ces  occur on m any tim e and  
space scales, from  d u st devils and  ra in  show ers, 
w hich are w ea th er, to  p lanetary -sca le  c ircu la tions, 
including th e  S o u th ern  O scillation  (a  several year 
fluctua tion  of p ressure , w ind, and  ra infall p a tte rn s) , 
w hich have asp ec ts  of b o th  w eather and  clim ate. 
T his w ide range of phenom ena m akes th e  d em arca
tion  of ap p ro p ria te  space scales very difficult. Ac
know ledging im plic itly  th e  bounds of p resen t scien
tific u n d erstan d in g  an d  th e  lim ited  ab ilities to  p re
d ict a  reg ion’s c lim ate , those  s tudy ing  changes in cli
m atic  cond itions usually  refer to  regions w ith  scales 
of tens to  h u ndreds of k ilom eters, w ith  each region

assum ed to  have re la tively  hom ogeneous cond itions 
(often in te rm s of som e p a ram e te r or p a ram e te rs  
re levant to  im p o rta n t societal ac tiv itie s). E xam ples 
m igh t include th e  corn or w in ter w heat regions of 
th e  M idw est, m ajo r river basins, or fo rests in th e  
so u th easte rn  U n ited  S ta tes.

O ver these regional scales, likely values for tem 
p e ra tu re  can be determ ined  w ith  reasonab le  confi
dence in som e regions from  m easu rem en ts lasting  
for only a  decade, w hereas in o th e r regions, es
pecially near m arg ins of c lim atic  zones, long -term  
fluctua tions m ay occur. For th e  la t te r  ty p e  of re
gion, very long records a re  required  to  d e term in e  a 
stab le  e s tim ate  for th e  “average” clim ate. Longer 
periods also a re  usually  required  to  d e term in e  a 
useful e s tim a te  of m ean p rec ip ita tio n ; th is  is a  re
su lt of th e  larger tem p o ra l and  sp a tia l variab ility  
of p rec ip ita tio n  th an  of tem p era tu re . For all re
gions, it takes m any decades to  estab lish  th e  h igher 
m om ents of th e  s ta tis tic a l d is trib u tio n  (e.g., h u r
ricane or d ro u g h t frequency, nu m b er of days per 
m o n th  w ith  tem p e ra tu re s  higher th a n  som e value). 
A lthough  these values are difficult to  acquire , such 
know ledge is needed to  properly  estab lish  th e  possi
ble ex trem e s itu a tio n s  th a t  typ ically  cause th e  m ost 
severe im p acts  on societal ac tiv ities  and  s tru c tu re s .

C onven tion  has a rb itra rily  chosen a  m oving tim e 
period  of 30 years to  define th e  norm al climate. 
T h is  special choice rep resen ts  an  a t te m p t to  bal
ance th e  p rac tica l lim ita tio n s  of d a ta  accum ulation  
and  analysis w ith  th e  s ta tis tic a l requ irem en ts for 
a  record to  be kep t over periods long enough to  
develop stab le  s ta tis tic a l m easures. B ecause m ost 
societal ac tiv itie s  are well ad ap ted  to  th e  norm al 
c lim ate , m ost in te re st focuses on d ev ia tions from  
th e  norm al m ean conditions. D ifferences betw een 
c lim atic  s ta te s  of th e  sam e kind over m onth ly , sea
sonal, an n u a l, or decadal tim e scales are  referred 
to  as a  climatic variation. A  c lim atic  v a ria tio n  will 
also include, in general, a  change in th e  s ta tis tic s , as 
well as a  change of th e  tim e m eans. In som e cases, 
a  change in th e  variance m ay in fac t be a  m ore im 
p o r ta n t asp ect of a  clim atic  varia tion  th a n  a  change 
of th e  average. We m ay also in tro d u ce  th e  concept 
of a  climatic anom aly  (defined as th e  d ep a rtu re  of a 
p a r tic u la r  clim atic  s ta te  from  th e  average of a  num 
b er of c lim atic  s ta te s , such as th e  c lim atic  anom aly  
of a  p a rtic u la r  J a n u a ry )  and  th e  concept of climatic
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variability (defined as the  variance am ong a  nu m 
ber of clim atic  s ta te s  of the  sam e kind , such as the  
variab ility  of J a n u a ry  clim ates) [N ational R esearch 
C ouncil 1975], C lim atic  variab ility  is usually  con
sidered to  occur as a  resu lt of causes th a t  a re  no t 
yet com pletely  u n d ers to o d . Climate change, how
ever, refers to  sh ifts  in th e  norm al c lim ate , usually  a 
consequence of p e r tu rb a tio n s  of som e know n (or po
ten tia lly  know able) fac to r, lasting  over m any years. 
T hus, y ea r-to -y ear events, such as several years of 
extrem ely  w et or dry  conditions, a re  c lim atic  v a ria 
tions if they  are  w ith in  th e  expected  s ta tis tic a l devi
a tions a ro u n d  th e  no rm al c lim ate , w hereas th e  g rad 
ual m elting  of sea ice due to  hem ispheric w arm ing  
m ay resu lt from  a  c lim ate  change.

W ith in  ra th e r  broad  lim its, we can develop n u 
m erical m odels th a t  can sim u la te  th e  norm al cli
m ate  assum ing  a  given a tm ospheric  com position , 
solar irrad ian ce , land-sea d is trib u tio n , topography , 
and  so fo rth . T he capab ility  does no t yet ex ist to  
p red ic t a  specific sequence w ith in  such a  no rm al cli
m ate , and  th e  cap ab ility  is only now developing to  
s im u la te  th e  level of c lim atic  variab ility  expected  
w ith in  such a  no rm al c lim atic  s ta te . T h u s, we can 
a tte m p t to  s im u la te  th e  clim ate  for different concen
tra tio n s  of C O 2 , b u t we can n o t yet accu ra te ly  p re
d ic t th e  clim atic  anom alies th a t  w ould be expected  
over a  period  of, say, th e  nex t few m on ths.

Being ce rta in  th a t  an  em erging anom aly  is a c tu 
ally a  clim ate  change in stead  of sim ply a  varia tion  
w ith in  th e  no rm al c lim ate  m ay require a  relatively  
long perio d — even well a fte r a  change has s ta r te d  
and  th e  p o te n tia l im p acts  have begun to  be felt. 
T he essential p o in t to  recognize is th e  need, in ev
ery p ro jection  th a t  is m ade, to  express any  p o ten tia l 
c lim ate  change in te rm s of know ledge of th e  past 
behav ior of th e  clim atic  p a ram e te r th a t  is being ex
am ined . U n fo rtu n ate ly , as will be seen, a conflict 
ex ists th a t  is n o t easily resolved, th a t  is, it has been 
easiest to  observe accu ra te ly  th e  c lim ate  s ta tis tic s  of 
re la tively  sm all regions, w hereas scientific a tte m p ts  
to  m ake p ro jec tions of clim ate  change are  m ost valid 
on large global scales over long periods of tim e. T his 
m ism atch  has also  carried  over to  th e  s tu d y  of the  
im pacts  of C 0 2 -induced c lim ate  changes; b io logists 
and  ecologists seek de ta iled  in fo rm ation  on th e  p ro 
jected  changes of th e  local c lim ate , w hereas clim a
to log ists can  m ost confidently  provide large-scale in
tegrals. T h is  re p o rt is a  review of th e  efforts being

m ade to  resolve th is  difficult problem  of pro jecting  
p o ten tia l c lim ate  changes in w ays and  w ith  an  accu
racy su itab le  for use in conducting  im p act studies.

1.2.2 T he C lim ate  System

T he clim ate of a  region is a  consequence of its la t
itude (which determ ines th e  an n u a l cycle of the  
am o u n t of solar rad ia tio n  reaching th e  to p  of the  
atm osphere); th e  reg ion’s location  w ith  respect to  
nearby  w ate r m asses, m o u n ta in s , and  land  areas; 
and  the  w eath er system s th a t  cross th e  region. T he 
com plex of w eather system s a  region experiences, 
how ever, is con tro lled  no t ju s t by local facto rs, b u t 
by th e  to ta lity  of the  global system . A recent ex
am ple of such in te rac tio n s  has been th e  w orldw ide 
anom alous w eather a ttr ib u te d  to  th e  few-degree rise 
in ocean tem p era tu res  in the  tro p ica l Pacific Ocean 
(the  El Nifio). In th is case the  in te rac tio n s ap p a r
ently  were assoc ia ted  w ith  an  unusually  w arm  1982- 
1983 w in ter in th e  easte rn  U nited  S ta te s  and  an  un 
usually  strong  in te rac tio n  of w arm  and  cold air over 
th e  so u th easte rn  U nited  S ta tes , resu lting  in ex ten
sive s to rm  dam age.

1.2.2.1 C lim ate  System  C om ponen ts 
and  Processes

F igure 1.1 is a  schem atic d iag ram  of th e  com po
nen ts of th e  climate system,  including th e  a tm o 
sphere, ocean, ice, biosphere, and  land  elem ents. 
T he tim e- and  space-dependent behav io r of these 
elem ents is influenced by the  collective behav io r of 
a  varie ty  of phenom ena, each dependen t on a num 
ber of m ore fu n d am en ta l processes. T hus, for ex
am ple, a tm ospheric  behav io r is influenced by rad ia 
tive processes, w hich are in tu rn  d ependen t on the  
am o u n t of so lar rad ia tio n  and  cloudiness, the  su r
face albedo (reflectiv ity ), and  th e  co ncen tra tions of 
rad ia tive ly  ac tiv e  gases (w ater vapor, CO2, O3, and  
o th er trace  gases such as m ethane  and  chlorocar- 
bons). O cean te m p e ra tu re  is dependen t, for exam 
ple, b o th  on in te rac tio n s  w ith  th e  a tm osphere  and 
on in te rn a l oceanic facto rs (e.g., ocean circu lation  
and  com position). T he in te rac tio n s  of these com 
ponen ts and  processes are  governed by fundam en
ta l physical law s th a t  drive th e  system  tow ard  a 
g lobal and local equilibrium  (or balance) of energy 
and  m om entum . E quilib rium , how ever, is never

Carbon Dioxide and Climate Change: Background and Overview



quite  achieved, because th e  daily, seasonal, annual, 
and longer te rm  changes of solar inso lation  and  fac
to rs  such as a tm ospheric  com position  are co n stan tly  
forcing th e  a tm o sp h ere  to  seek an  equ ilib rium  dif
feren t from  th a t  w hich it was seeking earlier.
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F ig u r e  1.1 . T he principal in te rac tio n s am ong the  com ponents 
of the  a tm osphere-ocean-ice-land  surface clim ate system  and  some 
exam ples of ex te rn a l changes th a t  may cause clim atic varia tions. 
Source: G ates (1979).

In a tte m p tin g  to  es tim a te  th e  p o ten tia l c lim atic  
effects of increasing  C O 2  and  o th er trace  gas con
cen tra tio n s  th ro u g h  th e  2 1 st cen tury , it  is essen tial 
to  consider th e  effects of all of those elem ents of the  
c lim ate system  th a t  m ay in te ra c t and  be changed 
during  the  period  over w hich th e  C O 2  con cen tra tio n  
changes and  over longer tim es as well (see fu rth e r 
discussion in C h ap te r  3 of th is  volum e). Because 
th is  tim e scale m ay be th o u san d s of years, th e  cli
m atic  aspects  of th e  C O 2  issue require consideration  
of all b u t th e  geological elem ents of the  c lim ate  sys
tem . (In teresting ly , how ever, stu d y  of th e  geologi
cal elem ents m ay provide ind ications of p as t a tm o 
spheric conditions th a t  m ay help us to  u n d erstan d  
how th e  clim ate system  has responded  in th e  p as t.)

T he h ea t capac ity  of th e  atm osphere  is re la tively  
sm all, equivalen t to  only ab o u t a 2.5 m  d ep th  of w a
ter; th u s , its  th e rm a l in e rtia , or resistance to  tem 
p era tu re  change, is re la tively  sm all com pared  w ith  
th a t  of th e  ocean, w hich is 4.5 km  deep. R esponse 
tim es of processes in th e  a tm osphere  can, therefore, 
be qu ite  sho rt. Ind iv idual clouds typ ically  exist for 
less th an  an  hour; s to rm  system s typ ically  d issipa te  
in several days, unless they  are susta ined  by nonat- 
m ospheric forcing facto rs (e.g., ocean-land  tem p er
a tu re  co n tra s ts ) .

T he lower atm osphere , in w hich rap id  vertical 
m ixing by convection can occur and  in which there  
are m any rad ia tiv e ly  ac tive gaseous co n stitu en ts , is 
called th e  troposphere, and  it ex tends from  th e  su r
face up to  8  to  12 km , depending  on la titu d e . T he 
capab ility  to  p red ic t fu tu re  a tm ospheric  s ta te s  is 
lim ited , because th e  trop o sp h ere  requires only a  few 
weeks to  app ro ach  a new therm odynam ic  and  dy 
nam ic equ ilib rium  in response to  a  forcing. A bove 
th e  tro p o sp h ere  is th e  stratosphere, w here th e  ap 
proach  to  equ ilib rium  is con tro lled  to  a  g rea te r ex
te n t by rad ia tiv e  and  chem ical processes (B lake and  
Lindzen 1973).

T he fluxes of energy w ith in  th e  atm osphere- 
surface system  can be illu s tra ted  using an  energy 
balance d iag ram . A lthough m any m easurem ents 
have been m ade a t  the  surface and  from  sa te llites , 
th ere  are still u n ce rta in tie s  of 1 0 - 2 0 % in th e  val
ues of som e of th e  fluxes because of th e  difficulty 
of m aking  rep resen ta tiv e  global m easurem ents. In 
som e cases m odel ca lcu la tions have been used to  
generate  es tim ates . T he values show n in th e  d ia
g ram  in F igure 1.2 are derived from  consideration  
of energy balances p repared  by G a tes  (1979), Liou
(1980), and  M acC racken  (1984), and  are only an  
ap p ro x im a tio n . T he a tm osphere  absorbs ap p ro x i
m ately  23% of th e  incom ing solar rad ia tio n , m ostly  
in th e  troposphere . T he a tm osphere  is d riven  p ri
m arily  by th e  energy tran sferred  to  it from  th e  land  
and  ocean v ia in frared  rad ia tio n  (equ ivalen t, som e
w hat surprising ly , to  ab o u t 115% of incom ing solar 
rad ia tio n ) , h ea t released w hen ev ap o ra ted  w a te r va
por condenses (ab o u t 24% of incom ing solar ra d ia 
tio n ), and  th e  d irec t tran sfe r of h ea t, often called 
sensible h ea t (ab o u t 7% of incom ing solar ra d ia 
tio n ). T he a tm o sp h ere  loses h ea t a lm o st exclusively 
by infrared  em ission to  space and  to  th e  surface 
(ab o u t 60% and  1 0 0 % of incom ing so lar rad ia tio n  
a t  th e  to p  of th e  atm osphere , respectively).

It m igh t seem  th a t  significantly  a lte rin g  th e  cli
m ate  w ould require  su b s tan tia l changes in these 
fluxes. T his tu rn s  o u t no t to  be th e  case. For exam 
ple, doubling th e  C O 2  co n cen tra tio n  w ith o u t allow 
ing th e  clim ate  system  to  read ju st leads to  reduction  
of th e  loss of in frared  energy to  space by less th an  
1 % of th e  incom ing solar rad ia tio n  (see discussion 
in C h ap te r 2 of th is  volum e). T h a t sm all am o u n t 
of h ea t, and  an  ad d itio n a l increm en t as a  resu lt of 
a  vertical re ad ju s tm en t of th e  in frared  flux, causes
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F ig u r e  1 .3 . Schem atic d iagram  of th e  global average com ponents of the  E a r th ’s energy balance.

th e  a tm osphere  to  w arm  enough to  again  ra d ia te  
to  space as m uch energy as was being rad ia ted  be
fore th e  C O 2  co n cen tra tio n  w as increased (assum ing 
no change in p lan e ta ry  reflectiv ity ). Because th e  in
frared  rad ia tio n  em itted  from  th e  a tm osphere  to  the  
surface is a  very large frac tio n  of th e  infrared ra d ia 
tio n  em itted  by th e  surface, a  doubling  of th e  C O 2  

co n cen tra tio n  can significantly  ra ise  th e  global av er
age surface tem p e ra tu re . As discussed la te r  in th is  
ch ap te r and  p a rticu la rly  in C h ap te rs  3 th ro u g h  6 
in th is  volum e, ca lcu la tin g  how m uch th is  w arm ing  
will be, how ever, requires in te rac tiv e  consideration  
of m any processes (e.g., clouds, sea ice, w a te r va- 
por.)

T he h ea t capacity  of th e  land  surface and  its  
v ege ta tion  also in tro d u ces a  varie ty  of tim e scales. 
For sh o rt- te rm  p e r tu rb a tio n s , th e  h ea t capacity  of 
th e  land  surface is sm aller th a n  th a t  of th e  a tm o 
sphere, involving only th e  equivalen t of a  few tens 
of cen tim eters , depending  on th e  p a rtic u la r  ch arac
te ris tic s  of th e  surface. For bare , d ry  land , a  th in  
layer of th e  surface responds w ith in  a  few hours to  
v aria tio n s in th e  inciden t so lar rad ia tio n  so th a t  the  
te m p e ra tu re  increases or decreases un til losses th a t  
a re  due to  the  em ission of in fra red  rad ia tio n  and  the  
convective hea ting  of th e  a tm o sp h ere  (and re la tively

sm all subsurface h ea t conduction) are equal to  the  
absorbed  solar rad ia tio n . For m oist land , solar en
ergy is used m ore for evaporation  th a n  for w arm 
ing, especially in the  presence of vege ta tion  w hich 
can increase th e  effectiveness of m oistu re  tra n sp o r t 
from  the g round to  th e  a tm osphere . T he evapora
tio n  of w a te r tra n sp o r ts  energy from  th e  surface to  
th e  a tm o sp h ere  (the  energy having  been used for va
p o riza tio n ), w here th e  condensation  process releases 
th e  energy and  h ea ts  th e  a tm osphere . O n an annual 
tim e scale, land  surface tem p era tu res  m ay change to  
d ep th s  of 1 m  or m ore as a resu lt of accum ula ted  
subsurface h ea t conduction ; th e  to ta l energy sto red , 
how ever, is re la tively  sm all. T he effect of changes in 
th e  ch a rac te ris tic s  of th e  vege ta tion  cover th ro u g h 
o u t the  year, how ever, m ay cause m ore su b s tan tia l 
changes in the  fluxes of energy. T he am o u n t of so
la r rad ia tio n  abso rbed  by th e  surface depends on 
its  reflectiv ity  (or a lbedo), w hich is p a rtia lly  con
tro lled  by veg e ta tio n . V egetation depends on avail
able m o istu re , and  m o istu re  loss (evapora tion ) de
pends on v eg e ta tio n , p rec ip ita tio n , and  th e  tem p er
a tu re ; te m p e ra tu re  and  p rec ip ita tio n  in tu rn  depend 
on surface and  a tm ospheric  m oistu re  and  surface 
albedo. As a  re su lt, in te rac tio n s  can be com plex 
and  involve m any tim e scales.
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T he average d ep th  of th e  oceans is ab o u t 4 km , 
and  if th ere  w ere processes th a t  closely coupled its  
various p a r ts , th e  oceans w ould have a  h ea t capac
ity  (and  thereby  provide a  thermal inertia  or buffer) 
ab o u t a  th o u san d  tim es th a t  of th e  a tm osphere  and  
th e  land . B ecause th e  density  of sea w a te r is a  func
tion  of te m p e ra tu re  and  sa lin ity , how ever, th e  ocean 
is usually  stra tified  and  is no t rap id ly  or deeply 
m ixed. T he ocean w a te r near th e  surface th a t  is 
w arm ed by th e  Sun is m ixed by th e  w ind only to  
dep th s of 2 0  to  2 0 0  m , depending  on season, tem p er
a tu re , la titu d e , and  o th er factors. T h is well-m ixed 
surface layer is, under m ost cond itions, v irtua lly  
disconnected from  th e  deep ocean (dep ths g rea te r 
th an  1  km ), except in near p o lar la titu d e s  in w in ter 
(w here cold surface w a te r can sink), in highly saline 
oceanic regions (e.g., th e  M ed ite rran ean ), and in 
equa to ria l and a  few coasta l regions (w here w inds 
create  a  divergence of the  w arm  surface w ate rs , a l
lowing upw elling of colder deep w a te r). Because of 
th is  layering  of th e  oceans, th e  w ell-m ixed surface 
layer can change te m p e ra tu re  w ith in  a  few years 
w hereas the  deeper ocean takes cen tu ries. T he ef
fects of these d ifferent ocean tim e co n s tan ts  on C O 2 - 
induced c lim ate changes are  discussed in C h ap te r  5.

T he cryospheric com ponen ts of th e  clim ate  sys
tem  also in tro d u ce  a  varie ty  of tim e co n stan ts . T he 
a ltitu d e  of p o lar co n tin en ts  and  th e  large oceanic 
h ea t capacity  below sea ice, for exam ple , m ake th e  
behav ior of p o la r co n tin en ts  and  an ice-covered po
lar sea q u ite  different. T he layer of snow on land  is 
usually shallow , b u t, desp ite  its  low h ea t capacity , 
its  h ea t of fusion gives it a  larger th e rm a l capac
ity  th an  bare  land . B ecause of its  high reflectivity , 
snow can d ram a tica lly  a lte r  th e  am o u n t of solar ra 
d ia tion  abso rbed  a t  th e  surface. Sea ice is typically  
a  few m eters  th ick ; th e  energy required  to  m elt sea 
ice is a b o u t equal to  th a t  necessary to  w arm  a  2 0 0 - 
m -deep, w ell-m ixed layer of w a te r u nder it by 1°C. 
Because sea ice is highly reflective and does no t al
low significant hea t tra n sp o r t  from  th e  underly ing 
ocean to  th e  a tm osphere , it can have an  im p o rtan t 
effect on energy fluxes. T he G reenland  and  A n ta rc 
tic ice caps are  a  few th o u san d  m eters  th ick , thereby  
in troducing  th e rm a l in ertias  (w hen th e ir volum es 
re la tive to  th e  deep ocean are considered) th a t  are 
app rox im ate ly  equivalen t to  th a t  of th e  deep oceans 
were they  to  undergo a  10°C te m p e ra tu re  change.

1.2.2.2 C lim ate  System  B ehavior

A lthough  F igures 1 . 1  and  1.2 p o rtra y  the  global cli
m ate  system  as a  re la tive ly  sim ple system  no t far 
from  equ ilib rium , th e  system  is con tinually  driven 
o u t of equ ilib rium  by changing  th e rm a l g rad ien ts. 
Energy (in th e  form  of b o th  h ea t and  w a te r vapor) 
is tra n sp o r te d  from  low la titu d e s , w here incom ing 
so lar rad ia tio n  is re la tively  in tense , to  high la titu d e s  
w here it is re la tive ly  low or ab sen t in w in ter. As 
ocean cu rren ts  m ove from  th e  eq u a to r to  th e  poles, 
they  tra n sp o r t  abso rbed  so lar energy from  w arm  to  
cold regions. In w in ter, energy is tran sp o rte d  from  
th e  oceans, w hich are slow to  cool, to  th e  a tm o 
sphere and  th en  over the  co n tin en ts , thereby  help
ing p rev en t even m ore ex trem e w in tertim e cooling 
of the  con tinen ts . These tra n sp o r ts  and  m otions are 
the  w eath er system s th a t ,  w hen accum ulated  over 
tim e , m ake up th e  clim ate.

T he long itud inally  averaged  n o rth -so u th  (m er
id ional) te m p e ra tu re  d is trib u tio n s  th a t  resu lt from  
these in te rac tio n s are show n in F igure 1.3 for w in
te r , sum m er, and  an n u a l periods. C hanges as a 
function  of b o th  season and  la titu d e  are  ev iden t, re
su lting  from  th e  changing  so lar inso lation  w ith  sea
son. A t each la titu d e , th e  te m p e ra tu re  varies w ith  
long itude , depending  p rim arily  on th e  land-ocean 
d is trib u tio n  and  th e  season (F igure  1.4). T em per
a tu re  p a tte rn s  vary even m ore on scales finer th a n  
those show n, w ith  societally  im p o rta n t varia tions 
occurring  on scales as sm all as a  few kilom eters. 
By considering tem p e ra tu re  p a tte rn s  in even g rea ter 
tem p o ra l de ta il, th e  difference betw een sum m er and  
w in ter average tem p e ra tu re s  also can be seen to  
vary considerably , as do such ad d itio n a l m easure
m en ts as daily  te m p e ra tu re  range, frequency of very 
h o t days, and  so fo rth .

F igure 1.5 show s th e  com plexities of th e  sea
sonal p rec ip ita tio n  p a tte rn s . B ecause p rec ip ita tio n  
is an  in te rm itte n t ra th e r  th a n  a  con tinuous phe
nom enon, p articu la rly  im p o rta n t consequences can 
arise when ex trem e cond itions occur. S im ilar re
su lts  could be shown for soil m o istu re , snow fall, and 
o th er variables.

T he a tm ospheric  w ind fields th a t  carry  h ea t and 
m oistu re  are  determ ined  by th e  in te rac tio n  of the  
E a r th ’s ro ta tio n  and  g rad ien ts  of pressure created  
by th e  variable p a tte rn s  of tem p e ra tu re  and  m ois
tu re , w hich in tu rn  have been determ ined  by the
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F ig u r e  1 .3 . Zonal average 1000 m b a ir tem p e ra tu res  for June- 
Ju ly -A ugust, for D ecem b er-Jan u ary -F eb ru ary , and  for th e  yearly  
average, based on d a ta  from  O ort (1983) (1000 m b =  100 k P a).

w ind fields. In low la titu d e s  th e re  is, on th e  aver
age, rising m otion  near th e  eq u a to r w here m erid 
ional w inds converge (th e  in te rtro p ica l convergence 
zone) and  descending m otion  in th e  sub trop ics (ex
tend ing  from  a b o u t 10° to  30° la titu d e ) . T his low- 
la titu d e  c ircu la tio n  is know n as th e  Hadley circu
lation  (or H adley cell). R ising a ir occurs p rim arily  
in ind iv idual convective cells (e.g., th u n d ers to rm s) 
th a t  release large am o u n ts  of ra in fall. T he h ea t re
leased from  th is  condensation  fu r th e r lifts th e  air, 
leading to  w arm ing  in th e  descending a ir  of th e  sub
trop ics as th e  a ir  is com pressed, thereby  d ry ing  th e  
a ir (i.e., reducing  re la tiv e  h u m id ity ) and  reducing 
p rec ip ita tio n .

In m iddle la titu d e s , th e  surface pressure p a t
te rn  is m ore com plicated . A t these la titu d es , en
ergy is m ost efficiently tra n sp o r te d  to w ard  th e  poles 
v ia large-scale w aves and  cyclones th a t  m ove w arm  
air tow ard  th e  pole and  cold a ir  to w ard  th e  equa
to r . T he resu ltin g  a ir  m ass c o n tra s ts , p a rticu la rly  
in w in ter and  spring  in th e  N o rth ern  H em isphere 
w hen th e  eq u a to r to  pole te m p e ra tu re  c o n tra s ts  are 
large, c rea te  th e  large- and  sm all-scale s to rm s th a t  
ten d  to  m ove from  w est to  eas t a ro u n d  th e  m iddle 
la titu d es , often  d ram a tica lly  changing  local w eather 
every few days. In sum m er, th e re  is less need to  
tra n sp o r t  energy polew ard  because of th e  day-long 
solar in p u t a t  high la titu d es . A t these  tim es of year, 
th e  m iddle la ti tu d e  w aves a re  less in tense , and  tem 
p era tu res  depend m ore on local cond itions th a n  on 
global g rad ien ts.

1.2.3 T he C lim ate  R ecord

D espite the  day-to -day  varia tions of w eather, the  
tim e-averaged  cond itions are , in m ost cases, re
m arkab ly  stab le  from  year to  year over th e  norm al 
h u m an  lifetim e. O ne w ay th is  is ind icated  is by 
th e  re la tiv e  s tab ility  of th e  ecosystem s th a t  have 
evolved in response to  local clim ates. T here have, 
how ever, been significant sh ifts  and  changes over 
long tim e scales (see discussion in C h ap te r 7 of th is  
volum e). D uring glacial tim es ice covered m uch of 
C an ad a  and the  n o rth e rn  U nited  S ta tes; beginning 
a b o u t 12,000 years ago and  especially from  5000 
to  9000 years ago, th e  region of th e  p resen t Sa
h a ra  D esert was q u ite  m oist. It is no t now clear 
w he ther large changes such as these occur g rad u 
ally (and so could be ad a p te d  to ) or in in te rm itte n t 
ju m p s over sh o rte r periods (w hich could be very dis
ru p tiv e  of societal ac tiv itie s). D eveloped societies 
ten d  to  devote significant resources to  build ing a 
resiliency to  th e  c lim atic  v aria tio n s th a t  they  ex
pec t to  experience. O ne of th e  m ost im p o rta n t b u t 
m ost difficult questions is w hether th e  frequency of 
c lim atic  extrem es m ay change (or even w hether it 
has changed) as a resu lt of th e  varying C O 2  con
cen tra tio n . For exam ple, d e te rm in a tio n  of w hether 
th e  frequency of d ro u g h t m igh t change w ould be es
pecially im p o rtan t in p lann ing  for w a te r resource 
developm ent in the  w estern  U nited  S ta tes; changes 
in th e  expected d a te s  of first and  las t frosts could 
a lte r  p lan tin g  schedules.

One m easure of th e  behav io r of recent c lim ate 
is th e  record of near-su rface air tem p era tu re . A 
N orthern  H em isphere record  from  land  s ta tio n s  for 
w hich d a ta  are  ava ilab le  over long periods of tim e 
and  records of N o rth ern  an d  Southern  H em isphere 
n ig h ttim e  m arine a ir tem p e ra tu re  assem bled from  
ship  observations are show n in F igure 1.6. These 
records and  those  of several o th er clim atic  ind ica
to rs  are discussed extensively  in C h ap te rs  3 to  7 
of th e  accom panying  SOA rep o rt (M acC racken and  
L u th er 1985).

O ver th e  la s t 100 years th e  large-scale hem i
spheric-average  near-su rface a ir tem p era tu re  has 
varied  over a  range of ab o u t 0.5°C, w ith  year-to- 
year fluctua tions th a t  a re  usually  less th an  th is  
am o u n t. If th e  increasing  C O 2  concen tra tion  were 
to  ra ise  global average tem p era tu res  by ab o u t 3°C, 
as suggested  by C harney  (1979) and  th e  N ational
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F ig u r e  1 .4 . G lobal d is tr ib u tio n  of m ean observed surface tem p era tu res  (°C ) for Ja n u a ry  (A) and  Ju ly  (B ), as p resen ted  by M anabe  
and Holloway (1975), based on d a ta  by C ru tch e r and M eserve (1970) and  T aljaa rd  e t al. (1969). A reas hav ing  tem p e ra tu res  above 24°C 
or betw een 0 and  -2 4 ° C  are  shaded.

R esearch C ouncil (1983), th e  change w ould be ev
iden t on th e  hem ispheric scale, causing average 
tem p e ra tu re s  to  reach levels n o t experienced over 
anom alous periods longer th a n  a b o u t a  m o n th  in 
th e  p a s t 1 0 0  years, nor, based on o th er ind ica to rs, 
in as m uch as 1 0 0 , 0 0 0  years.

A lthough  global average te m p e ra tu re  fluctua
tions a re  only te n th s  of degrees, m onth-long  and 
an n u a l v aria tio n s on sm aller scales, p articu la rly

in m iddle la titu d e , m id co n tin en ta l regions, can be 
larger, and  an n u a l average v aria tio n s can be several 
degrees in e ith er d irection . We can expect th a t  as 
th e  global average te m p e ra tu re  rises, such s tro n g  
local v aria tio n s will likely con tinue to  occur. Be
cause of these large local fluc tua tions, i t  will con
tin u e  to  be difficult to  identify  tem p e ra tu re  changes 
in local records. Such large v aria tions, how ever.
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F ig u r e  1 .5 . G lobal d is tr ib u tio n  of m ean ra te  of p rec ip ita tio n  for D ecem ber, Jan u ary , and F ebruary  (A) and  for June , July, and  A ugust 
(B), as p resen ted  by M an ab e  and  Holloway (1975) based on estim ated  d a ta  from  M oller (1951).

also m ean th a t  som e local regions (m ainly  in m id
dle ra th e r  th a n  high or low la titu d es) have expe
rienced ind iv idual m o n th s  p robab ly  no t unlike the  
average cond itions to  be expected  if th e  N R C  pro
jections a re  correc t. In ad d itio n , when people m ove 
from  place to  p lace, as Schelling (1983) p o in ts  ou t, 
they  m ay experience cond itions as d ifferent as m ight 
be expected  to  occur in th e  nex t 100 years. It is 
im p o rta n t to  recognize, how ever, th a t  th e  cu ltu ra l 
and  physical en v iro n m en t to  w hich they a re  accus
tom ed does n o t m ove w ith  th em , thereby  in tro d u c 
ing ad a p tiv e  stresses.

For several reasons, how ever, such experiences 
should n o t be viewed as com pletely reassuring . Be
cause an im als, trees, p lan ts , farm s, soils, dam s and  
flood con tro l p ro jec ts, an d  o th er s tru c tu re s  are n o t 
as easily m ovable as people, th e  norm al clim ate  for 
th em  m ay becom e m ore like conditions th a t  are now 
viewed as being re la tive ly  extrem e. T he con tin 
uing im p ac ts  of such a  s itu a tio n  also can be ex
pected  to  be m ore stressful th an  if th e  ex trem e is 
only sh o rt lived. In ad d itio n , a lth o u g h  n o t ind icated  
by p resen t ca lcu la tions, w h a t a re  now considered to  
be ex trem e cond itions could be m ore frequen t th an  
they are  a t  p re sen t, fu rth e r am plifying th e  im pacts 
of any clim atic  stresses crea ted  by changes in th e
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F ig u r e  1 .6 . C om parison of N orthern  and S outhern  H em isphere 
surface a ir te m p e ra tu re  fluctuations. D a ta  are from Jones et 
al. (1986) for th e  N o rth e rn  H em ishere land areas and  from  Folland 
et al. (1984) for N orthern  and  S ou thern  H em isphere n igh ttim e ma< 
rine a ir tem p era tu res . T he unpub lished  S outhern  H em isphere d a ta  
were supplied  by D. E. P a rk e r (personal com m unication). Sm ooth 
curves were o b ta ined  by using a 10>year G aussian  filter. Source: 
W igley et al. (1985),

average clim ate. O f as m uch, and  p erh ap s m ore, 
im p o rtan ce  will be th e  ra te  a t  w hich these changes 
m ay occur; if th e  changes a re  slow, th e  ad ap tiv e  
stress  will likely be m ore tem p ered  and  to lerab le  
th a n  if th e  changes are rap id .

It is th e  p o ten tia l for significant societal stresses 
from  th e  w arm ing  p ro jected  to  resu lt from  increas
ing C O 2  and  trace  gas co n cen tra tio n s th a t  accen tu 
a te s  th e  need for b e tte r  scientific estim ates and  th a t  
has, to  a  large ex ten t, p ro m p ted  th e  o rgan ization  of 
na tio n al an d  in te rn a tio n a l C O 2  research program s. 
T he follow ing sections of th is  ch ap te r and  th e  rest 
of th is  rep o rt describe recen t efforts th a t  have been 
m ade to  im prove th e  u n d ers tan d in g  of th is  issue and  
sum m arize cu rren t es tim ates  and  un certa in ties.

1.3 M EA N S F O R  P R O JE C T IN G  
T H E  F U T U R E  C LIM A TE

G iven th e  re la tiv e  s tab ility  of th e  clim ate, one 
m eans for e s tim atin g  fu tu re  c lim atic  conditions, if

clim atic system  ch a rac te ris tic s  w ere being stead ily  
p e rtu rb ed  over a  long period  of tim e , w ould  be 
to  ex tra p o la te  fo rw ard  from  p as t conditions. In 
th e  case of th e  increasing  C O 2  and  trace  gas con
cen tra tio n s, how ever, th e  basic rad ia tiv e  ch a rac
te ris tics  change nonlinearly , and  co n cen tra tio n s  of 
som e species a re  chang ing  a t  an  accelera ting  ra te . 
To m ake c lim atic  p ro jec tions, therefore , it w ould 
be necessary e ither to  find a  p as t s itu a tio n  d u r
ing w hich tim e sim ilar changes were tak in g  place 
(referred to  h ereafte r as climatic analogs), or to  
develop theo re tically  based  es tim ates , usually  by 
m eans of m a th em atica l m odels. Because of lim 
ita tio n s  in d a ta  bases, incom plete u n d ers tan d in g  
of th e  causes of p as t c lim ate  changes, and  an  u n 
precedented  ra te  of change of a tm ospheric  C O 2  an d  
trace  gas co n cen tra tio n s , no perfectly  su itab le  a n a 
log is availab le , and  theo re tically  based e s tim ates  
will have to  be th e  p rim ary  m eans for looking ah ead , 
even though  th e  th eo re tica l app roach  is also im p er
fect.

1.3.1 M ath em atica l M odels 
of th e  C lim ate  System

T he clim ate  system  is exceedingly com plex. W hen 
exam ined on a  very fine scale (e.g., m eters  or less), 
nearly  every process an d  a lte ra tio n  can be explained  
in te rm s of well-defined physical laws or s ta t is t i 
cally derived re la tio n sh ip s  governing sto ch astic  oc
currences on even finer sp a tia l scales. T he conserva
tion  laws for m ass (of a ir, w a te r, trace  gases, e tc .) , 
energy, and  m om en tum  are  th e  m ost im p o rta n t law s 
for th e  stu d y  of c lim ate. Some of th e  im p o rta n t p ro
cesses represen ting  tran sfe r for these q u an titie s  can 
be exam ined by lab o ra to ry  an d  field experim ents, 
and  th e  app licab ility  of rep resen ta tio n s  of th e  p ro 
cesses can be confirm ed. L im ita tio n s im posed by 
m ath em atica l so lu tion  techn iques and  by th e  capac
ity  and  speed of com pu ters  p reven t consideration  
of th e  global a tm o sp h ere  in enough deta il for these 
laws to  be app lied  d irec tly  w ith o u t m aking sim pli
fying app ro x im atio n s. To m ake th e  se t of equa tions 
m ore trac tab le , a  varie ty  of often  in te rd ep en d en t 
assum ptions and  ap p ro x im a tio n s (often referred  to  
as parameterizations)  m u st be m ade. T his is one 
source of im perfection  in th e  th eo re tica l app roach .
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T he choice of assu m p tio n s selected is usually  ta i
lored to  th e  ty p e  of p rob lem  and  th e  resources avail
able for so lu tion  and  analysis, as discussed m ore 
com pletely  in C h ap te rs  3 an d  4 and  in A ppendix  
A of th is  volum e. T he re su ltan t set of sim plified 
equa tions an d  p a ram ete riza tio n s  is referred  to  as a 
climate model.

O ne class of assum ptions concerns th e  com po
n en ts  of th e  c lim ate  system  included explicitly  in 
th e  m odel. In som e cases only th e  a tm osphere  is 
t re a te d , w ith  th e  ocean and  land  tem p e ra tu re s  p a 
ram eterized  in te rm s of th e  a tm ospheric  tem p era 
tu re  (or vice versa); in o th er cases, th e  atm osphere , 
ocean, lan d , sea ice, an d  co n tin en ta l snow are  all 
tre a te d  explicitly . T he b iosphere and  glacial ice are 
rarely  tre a te d  explicitly  in p resen t clim ate  m odels, 
a lth o u g h  on th e  tim e scales im p o rta n t for study ing  
th e  p o ten tia l effects of th e  increasing  C O 2  concen
tra tio n  on c lim ate , these dom ains m ay need to  be 
tre a ted .

A n o th er class of assum ptions concerns the  set 
of equa tions tre a te d  by th e  m odel. Energy balance 
models (E B M s) usually  base th e ir ca lcu la tions only 
on the  conservation  of energy, w ith  th e  sim plest 
EB M s tre a tin g  th e  en tire  E a r th  as hav ing  a  sin
gle te m p e ra tu re . M ore com plex EB M s rep resen t 
th e  land-ocean  la titu d in a l differences an d  p aram e
terize th e  tra n s p o r t  of energy by a tm ospheric  m o
tions. Radiative-convective models  (R C M s) tre a t  
th e  vertica l s tru c tu re  of th e  global average a tm o 
sphere, assum ing  b u o y an tly  stab le  s tra tifica tio n . 
T hese m odels a re  p a rticu la rly  well su ited  to  detailed  
stu d y  of th e  rad ia tiv e  effects of C O 2 , trace  gases, 
an d  aerosols an d  of chem ical in te rac tio n s  am ong 
species. General circulation models (G C M s) are 
th ree-d im ensional m odels th a t  explicitly  include the  
conservation  law s for m ass of a ir  (expressed in te rm s 
of surface p ressu re), m ass of w a te r vapor, energy, 
and  th e  zonal  an d  m eridional  com ponen ts of m o
m en tu m  (w est to  east an d  so u th  to  n o rth  w inds, 
respectively ). T here  is a  h ierarchy  o f m odels be
tw een E B M s and  G C M s, each m aking  d ifferent as
sum ptions a b o u t c lim ate  system  com ponen ts and  
p a ram ete riz a tio n s  needed to  rep resen t aspects  of 
th e  global system  th a t  a re  of p a r tic u la r  in te re st.

E ach  m odel also m akes choices concerning sp a
tia l reso lu tion . E B M s and  o th e r sim ple m odels tend  
to  t re a t  th e  E a r th  as a  single en tity  or to  divide 
it in to  la titu d in a l bands, b u t do no t t r e a t  vertical

v aria tions. R CM s divide th e  a tm o sp h ere  vertically  
in to  several layers b u t do n o t t r e a t  h o rizon ta l vari
a tio n s  or g rad ien ts, and  are  usually  used for equi
lib rium  ca lcu lations. T he G C M s necessarily  tre a t  
all th ree  d im ensions o f th e  a tm o sp h ere  o r oceans, 
typ ically  w ith  a  reso lu tion  of a  few degrees la titu d e  
and  long itude and  w ith , in th e  m odels discussed in 
th is  re p o rt, tw o to  n ine layers in th e  vertical. These 
m odels a re  also tim e dependen t.

F u rth erm o re , ap p ro x im a tio n s m u st be devel
oped by each m odel for each of th e  m any processes 
tak in g  place, ap p ro x im a tio n s th a t  a re  valid on the  
space scales and  over th e  tim e scales for w hich th e  
m odel will be applied . A n exam ple is th e  need 
to  rep resen t clouds and  cloud system s, w hich ty p 
ically have dim ensions of one to  ten s  of kilom e
ters , m uch less th a n  th e  500-km  grid  size typ ical 
of G C M s. M ajor difficulties arise  in p aram eteriz ing  
cloud am o u n ts  and  heigh ts in d ifferent a tm ospheric  
layers, because these q u an titie s  a re  below th e  res
o lu tion  of th e  m odel; they  m u st, therefore, be ex
pressed in term s of th e  large-scale G C M  variables 
th a t  can  be ca lcu la ted  using th e  conservation  equa
tions. B ecause clouds a re  im p o rta n t in ca lcu lating  
th e  d is trib u tio n  of rad ia tiv e  energy, th e  m anner in 
w hich th is  ap p ro x im a tio n  is m ade m ay be critica l. 
O th e r such difficulties arise in dealing  w ith  vertical 
convective m ixing, sea ice, to p o g rap h ic  effects, and  
o th er processes. In each case, an  a tte m p t has been 
m ade to  te s t th e  accuracy and  adequacy  of th e  rep
re sen ta tio n  of each process ag a in st field experim ent 
and  lab o ra to ry  d a ta , b u t th is  is no t alw ays easy or 
even possible.

T h e  num b er of conservation  equations, th e  sp a
tia l reso lu tion  of th e  m odel, and  th e  com plexity  of 
th e  ap p ro x im a tio n s de term ine  th e  size of th e  sys
tem  o f equa tions to  be solved. For a  sim ple EBM , 
th ere  m ay be only one equ a tio n  and  one sp a tia l 
box; for a tm ospheric  G C M s and  oceanic G C M s 
(O G C M s), or even for coupled atm osphere-ocean  
G C M s, th e re  m ay be five or m ore conservation  equa
tions an d  2 0 , 0 0 0  or m ore node p o in ts  for th e  a tm o 
sphere and  an  equal n u m b er for th e  ocean, m ak 
ing a  system  of up  to  p erh ap s 2 0 0 , 0 0 0  equations, 
w ith  each equation  having  te rm s th a t  require ex
tensive ca lcu lations. T he set of equations for an  
E B M  can be solved m ore rap id ly  (often by hand) 
th a n  can th e  set for an  a tm osphere-ocean  G C M , 
w hich requires advanced num erical techniques and
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th e  la rg est availab le  co m p u ters (hence th e  te rm s n u 
merical model  an d  com puter model). As desirab le 
as it is to  develop G C M s w ith  finer reso lu tion , com 
p u te r  requ irem en ts increase roughly by a  fac to r of 8  

each tim e th e  h o rizo n ta l grid  size is halved , so one 
can n o t, in p rac tice , develop a  m odel represen ting  
all of th e  scales of in te re st.

O ne m igh t im agine th a t  G C M s, w hich ad d  to 
ge ther all of these physical laws, assum ptions, and  
ap p ro x im atio n s, w ould be ab le  to  explain  all fu tu re  
clim atic  behavior. R ichardson  (1922) a tte m p te d  a 
sm all-scale w eath er ca lcu la tion  in th is  w ay before 
1920 and  even tua lly  envisioned a  large th e a te r  w ith  
the  galleries filled w ith  in te rac tiv e  com pu ters (a c tu 
ally m anually  o p era ted  ca lcu la to rs) ca lcu la ting  the  
w eath er th ro u g h o u t th e  w orld. Even if a t  som e in 
s ta n t ,  how ever, we knew th e  value of every im p o r
ta n t  variab le  in every eq u a tio n  for every location , 
the  num erous in tercoup lings of th e  equa tions and  
th e  lim ita tio n s  in co m p u te r and  observational accu
racy w ould m ake it  im possible to  carry  o u t an  exact 
p ro jection . T h eo re tica l analyses and  num erical cal
cu la tions have show n th a t  for nonlinearly  coupled 
system s such as th e  a tm o sp h ere , even very sm all 
differences (or erro rs) will grow  and  p ro p ag a te  over 
days and  weeks u n til th ey  noticeably  affect th e  so
lu tion  th ro u g h o u t th e  en tire  dom ain . T hus, in m ak 
ing w eath er forecasts, in w hich in h eren t diflferences 
in in itia l cond itions ex ist because of u n ce rta in tie s  
in th e  observed d a ta  (e.g., spa tia lly  u n rep resen ta 
tive m easu rem en ts, biases in th e  in s tru m en t) , it has 
been show n th a t  th e  theoretical lim it for locally ac
cu ra te  forecasts is a  few days, and  for th e  p red ic tion  
of m ajo r global fea tu res  it is only a  few weeks. T he 
d ay -to -day  (or s to ch astic ) v ariab ility  of th e  w eath er 
m akes p red ic tion  of th e  cond itions very difficult.

If th e  w eath er c an n o t be p red ic ted  m ore th a n  
a  few weeks in to  th e  fu tu re , even w ith  perfect 
G C M s, m uch less w ith  E B M s and  o th e r m odels 
th a t  do n o t even a t te m p t to  ca lcu la te  w inds or p re
c ip ita tio n , w h a t is it  th a t  can be p red ic ted? Al
th o u g h  th e  “w ea th e r” th a t  G C M s p red ic t m ay no t 
be iden tical to  th e  m an n er in w hich th e  a tm osphere  
w ould evolve from  th e  in itia l conditions used in th e  
m odel, m any asp ects  of th e  space and  tim e s ta tis 
tics of th e  m o d el’s a tm o sp h ere  com pare well w ith  
observed s ta tis tic s , if th e  m odel is p roperly  con
s tru c ted  and  su itab ly  com plete. T his com parison

process is called verification  and  can involve th e  in 
te rac tiv e  (and  som etim es a rb itra ry ) ad ju s tm en t of 
p a ram ete riza tio n s to  optim ize th e  ag reem en t w ith  
observed c lim ate  s ta tis tic s . Once ad ju s ted , th e  
G C M s can produce b o th  a  sequence of a tm ospheric  
s ta te s  th a t  m igh t be called synthetic weather an d , 
over tim e, a  se t of m odel clim ate s ta tis tic s  th a t  are 
rep resen ta tiv e  of th e  longer te rm  average m odeled 
c lim ate . If th e  m odel is accu ra te  and  w orking well, 
th e  resu lts  will be q u ite  sim ilar to  th e  com parab le  
observed q u an titie s . N ote, however, th a t  EB M s and  
o th e r c lim ate  m odels p aram eterize  tra n sp o r t  p ro 
cesses as well as o th e r processes and  sim ply p ro jec t 
only th e  longer te rm , low est m om ents of th e  cli
m a te  s ta tis tic s . T hey are , therefore, largely lim ited  
to  stud ies designed to  b e tte r  u n d erstan d  th e  re la 
tiv e  im p o rtan ce  of various processes and  to  develop
m en t of ap p ro x im a te  estim ates  of p o ten tia l c lim ate  
changes.

In s tud ies to  p ro jec t th e  clim atic  effects of C O 2  

and  trace  gas em issions, for exam ple, th e  m odel 
s im ula tions of th e  p resen t clim ate  are referred  to  
as th e  control s im u la tions. T he in itia l ap p ro ach  to  
study ing  c lim atic  effects is to  change a  p a ram ete r 
by an  a rb itra ry  am o u n t, for exam ple to  double th e  
a tm ospheric  C O 2  co n cen tra tio n , and  th en  to  d e te r
m ine the  new equilibrium  clim ate. T his is referred  
to  as th e  perturbed state. T he difference betw een th e  
p e rtu rb ed  and  con tro l sim u la tions is a  m easure of 
th e  climate sensit iv ity  to  th e  chosen p e rtu rb a tio n . 
T hese a rb itra ry  p e r tu rb a tio n s  a re  usually  chosen to  
be large enough so th a t  a  s ta tis tica lly  significant 
difference {signal) can be seen in the  m odel’s re
su lts , p articu la rly  in G C M s, w hich have an  in ternal  
or n o fu ra /c lim a tic  variab ility  (noise) in tro d u ced  by 
th e  w eath er th a t  is app rox im ate ly  equivalent to  th a t  
o f th e  real a tm osphere . (If a  G C M  tru ly  rep resen ted  
th e  real w orld in all its  com plexity , th e  v ariab ility  
of th e  m odel and  th e  observed clim ate  w ould  be 
equal. B ecause m odels necessarily sim plify th e  cli
m a te  system — for exam ple, by leaving o u t th e  ef
fects of changing  ocean tem p era tu res  an d  volcanic 
aerosol in jections— m odel variab ility  is usually  less 
th a n  th a t  of th e  real a tm osphere .) An im p o rta n t 
ad v an tag e  of sim pler m odels is th a t  because they  
do no t a t te m p t to  p red ic t th e  w eather, th e ir signal- 
to-noise ratio is su b s tan tia lly  higher th an  for s tu d 
ies w ith  G C M s, and  hence it is som ew hat easier to
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F ig u r e  1 .7 . Schem atic iliu stra tio n  of clim atic cause and  effect (feedback) linkages and  variab les th a t  are often included in num erical 
m odels of th e  c lim ate system . Source: R obock (1985).

identify  th e  effects of sm aller or sh o rte r te rm  per
tu rb a tio n s  in sim pler m odels, even th o u g h  clim atic  
processes m ay n o t be as accu ra te ly  represen ted .

B ecause G C M s require ex tensive co m p u te r tim e 
(typ ically  ten s  of hours of tim e on th e  la rg est com 
p u te rs  for each year o f s im u la ted  tim e), they  have 
been used p rim arily  for sensitiv ity  s tud ies involv
ing a rb itra ry , s tep  function  changes (i.e., discon
tin u o u s in tim e) in various p aram ete rs . In m aking 
these s im u la tio n s , th e  G C M s ca lcu la te  th e  tran s ien t 
changes in response to  step func tion  forcing. U n
less a  succession of very sm all increm en ts is tre a ted , 
how ever, th is  tra n s ie n t response does no t necessar
ily rep resen t th e  m an n er in w hich th e  real a tm o 
sphere w ould respond  to  a  con tinuously  changing 
co n cen tra tio n  because different clim ate  system  com 
p o n en ts  a re  respond ing  a t  d ifferen t ra te s  th a n  they  
norm ally  w ould , and  a d ju s tm en ts  (or ap p ro x im a
tions) a re  often  m ade in th e  m odels to  achieve a  
m ore rap id  ap p ro ach  to  clim atic  equ ilib rium  th an  
w ould ac tu a lly  be th e  case. H ow ever, som e EB M s, 
w hich requ ire  only seconds or m in u tes  of com pu ter 
tim e for each year s im u la ted , have been used to  
s tudy  th e  evo lu tion  of th e  m odel clim ate  to  realis
tic , t im e-dependent  (or secular) forcing induced by 
changes in ra d ia tiv e  p aram ete rs . For exam ple, such

m odels have a tte m p te d  to  sim u la te  th e  clim atic  re
sponse as the  a tm ospheric  C O 2  co n cen tra tio n  has 
g radually  increased over th e  las t 100 years (C hap
te r  5). In lieu of such ca lcu la tions w ith  G C M s, in 
te rp o la tio n s  of various ty p es  (typ ically  logarithm ic 
when dealing  w ith  C O 2  co n cen tra tio n ) are usually  
m ade. T he difficulty w ith  such in te rp o la tio n s , how 
ever, is th a t  the  c lim ate  system  has m any tim e con
s ta n ts , and  sim ple in te rp o la tio n s , especially of sea
sonally dependen t effects, m ay resu lt in m isleading 
estim ates.

A nalyses of th e  resu lts  of sensitiv ity  stud ies, 
p a rticu la rly  w ith  EB M s and  o th er sim ple m odels, 
have im proved th e  u n d ers tan d in g  of m any clim atic  
in te rre la tio n sh ip s  and  in te rac tio n s . F igu re  1.7 is a 
schem atic  d iag ram  of som e of th e  in te rac tio n s th a t  
need to  be tre a te d  in c lim ate  m odels; no m odels 
now tre a t  all of these process in sufficient detail. 
O ne of the  in te re stin g  resu lts  of m odel stud ies has 
been th e  iden tification  of im p o rta n t feedbacks, in 
w hich a  change in one variab le  changes an o th e r (or 
a  chain  of o ther) variab les, w hich in tu rn  e ith er am 
plifies or m odera tes the  change in th e  first p a ram 
e te r , thereby  causing e ith e r a  positive  or negative 
feedback.

T w o of th e  m ost im p o rta n t positive feedback 
processes a re  th e  tem p e ra tu re -w a te r vapor feedback
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and th e  snow and  sea ice albedo  feedback. In 
th e  tem p e ra tu re -w a te r vapor feedback, because the  
am o u n t of w a te r vapor in th e  a tm o sp h ere  is app rox i
m ately  exponen tia lly  re la ted  to  tem p e ra tu re , a  tem 
p e ra tu re  increase will allow th e  a ir to  hold  m ore w a
te r  if th e  re la tiv e  h u m id ity  rem ains co n stan t. T his 
added  w a te r will ab so rb  and  reem it m ore in frared  
ra d ia tio n , thereby  provid ing  m ore rad ia tio n  back to  
th e  surface, w hich in tu rn  can cause m ore w arm 
ing and  fu rth e r enhance th e  a tm ospheric  m oistu re  
co n ten t. In th e  case of snow and  sea ice albedo 
feedback, because snow and  sea ice b o th  have high 
reflectiv ities, a  decrease in snow  cover or sea ice ex
te n t will allow ad d itio n a l solar rad ia tio n  to  be ab 
sorbed a t  those la titu d e s  and  m elt ad d itio n al snow 
and  sea ice, allow ing even m ore ab so rp tio n  of solar 
rad ia tio n . Such am plify ing feedbacks can also work 
in reverse. W ith o u t these tw o positive feedbacks to  
am plify th e  re la tively  sm all d irec t rad ia tiv e  effect 
of C O 2 , th e re  w ould be m uch less concern w ith  the  
rise in the  C O 2  concen tra tion .

A t least tw o o th er feedback processes m ay also 
be very im p o rta n t, b u t are m uch less well u nder
stood . C loud feedbacks a re  ex trem ely  com plex, in
volving possible changes in cloud height (top  and  
b o tto m ), am o u n t, ty p e , and  o p tica l p roperties. In
creased low cloud am o u n t, for exam ple, can cool the  
E a r th  du rin g  th e  day  (by reflecting m ore solar en
ergy) an d  w arm  a t n ig h t (by trap p in g  m ore infrared 
energy). T he n e t effect of clouds is no t yet cer
ta in , nor is our know ledge of how cloud ex ten t and  
p ro p erties  m ay change. C onvective feedback an d , 
to  a  lesser ex ten t, th e  seasonal cycle can serve as 
negative feedbacks because w arm ing  (cooling) leads 
to  ad d itio n a l (lessened) transm ission  of energy to  
space. If these feedbacks are  large and  cloud feed
backs are  negative , th en  th e  c lim ate  w ould change 
very litt le  as th e  C O 2  co n cen tra tio n  increases. Such 
a  com bination , how ever, seem s unlikely.

A lthough  researchers have m ade progress in un 
d e rs tan d in g  how well m odels rep resen t th e  present 
c lim ate , im proving  u n d ers tan d in g  of th e  degree to  
w hich m odels a re  capable of accu ra te ly  pro jecting  
p e rtu rb ed  c lim ates poses m ore difficult questions 
and  m akes m odel verification b o th  im p o rta n t and  
difficult. To a  lim ited  ex ten t, com parison  of m odel 
s im u la tions of th e  evolu tion  of th e  seasons provides 
a  te s t in w hich clim ate  changes are  fa r in excess of

any expected from  an increase in the  C O 2  concen
tra tio n . Such te s ts  do indeed ca lib ra te  m odel rep- 
re sen ta tio n  of processes h av ing  ce rta in  tim e scales, 
b u t such te s ts  do no t ad eq u ate ly  ind icate  w he ther 
processes w ith  longer tim e scales are p roperly  rep 
resen ted  or w hether changes in c lim atic  v ariab ility  
(e.g., the  frequency of d ro u g h t) and  th e  v ariab ility  
and  ex trem es of th e  w eather (e.g., th e  frequency of 
very h o t days in sum m er) can be  represen ted  as th e  
average c lim atic  s ta te  changes.

To address th e  first of these difficulties, research  
is in progress to  de term ine  how well th e  m odels rep
resen t a  varie ty  of p as t c lim atic  conditions, includ
ing a  period  th a t  occurred  8000 to  4000 years B .P . 
(often referred  to  as the  H ypsitherm al) ,  w hich som e 
have viewed as a  possible w arm -period  analog  to  
a  C 0 2 -w arm ed w orld, and  th e  cold ice age condi
tions of 18,000 years B .P ., w hich m ay be an  inverse 
analog. Such different clim atic  conditions can be 
helpful in verifying th a t  m odels work properly  only 
if th e  causes of such changes are understood ; recen t 
efforts to  link such paleoc lim atic  changes to  v aria
tions in th e  E a r th ’s o rb it ( th e  M ilankov itch  h y p o th 
esis) are p articu la rly  im p o rta n t (B erger et al. 1984). 
As will be discussed in th e  nex t section, in fo rm ation  
on p as t c lim ates m ay also be helpful in o th er w ays 
in p ro jec ting  fu tu re  c lim atic  conditions.

For th e  purpose of verify ing th a t  th e  m odels 
can  properly  rep resen t changes in th e  frequency 
of w eather ex trem es an d  c lim atic  variab ility , our 
p resen t u n d ers tan d in g  of th e  causes for such fluc
tu a tio n s  an d  p resen t m odel developm ent an d  veri
fication techniques are deficient. A n im p o rta n t fu
tu re  focus for research  will be to  b e tte r  verify these 
aspects  of m odels and  to  develop a lte rn a tiv e  ap 
proaches for es tim atin g  such changes.

In sum m ary , because th e  c lim ate  system  is so 
com plex and th e  s itu a tio n  is unpreceden ted  in h is
to rica l records, carefully verified clim ate  m odels 
provide th e  only o p p o rtu n ity  to  p ro jec t th e  p o ten 
tia l c lim atic  effects of increasing C O 2  and  trace  gas 
con cen tra tio n s in to  the  fu tu re . B ecause such m od
els can never be com pletely verified, how ever, i t  is 
essen tial to  use our experience w ith  th e  observed 
clim ate  to  provide a  fram ew ork for the  eva lua tion  
of th e  resu lts  of p resen t c lim ate  m odels.
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1.3.2 L earn ing  from  P a s t C lim atic  B ehavior

Inform ation  on p a s t c lim ates offers tw o o p p o rtu n i
ties for im prov ing  our u n d erstan d in g  of p resen t and 
fu tu re  c lim ate: (1) to  verify th a t  c lim ate  m odels 
can accu ra te ly  rep resen t the  p resen t clim ate  and 
possible c lim ate  changes; (2) to  develop, if possi
ble, analogs of w h a t cond itions could be like in a 
w arm er w orld.

T he com bustion  of large am o u n ts  of fossil fuel 
and  em ission o f C O 2  in to  the  a tm o sp h ere  is an  un 
precedented  geophysical event. We can n o t expect 
th e  p as t record  to  provide an  exac t rep lication  of 
th e  recent and  p ro jec ted  clim ate  change. We can, 
how ever, s till learn  ab o u t w h a t m ay happen  from  
w h a t has happened  in th e  p a s t (see fu rth e r dis
cussion in C h ap te r  7). C lim ate  change has p layed 
an im p o rta n t role in h um an  m ig rations, crea tin g  
an  A sian-A laskan  land  bridge du rin g  glacial peri
ods and  p e rm ittin g  th e  Norse to  cross th e  N orth  
A tlan tic  d u rin g  a  w arm  period  alm ost 1000 years 
B .P. D uring  th e  L ittle  Ice Age, a  re la tive ly  cool pe
riod in E urope , ex tend ing  roughly from  th e  15th 
to  early  19th  cen tury , th ere  w as specu la tion  th a t  
the  Sun w as em ittin g  less energy as its  fuel sources 
ran  down and  th a t  fu r th e r cooling w as inevitab le . 
Such sp ecu la tio n , how ever, p ro m p ted  geologists to  
carefully exam ine p a s t evidence of m any types; they 
found evidence of b o th  w arm er and  colder periods 
back in to  th e  d is ta n t p ast. M ore th a n  65,000,000 
years ago, th e  d inosau rs ap p a ren tly  enjoyed a  re la
tively w arm  trop ica l w orld th a t  ap p a ren tly  had  v ir
tually  no year-round  snow or ice. Only 18,000 years 
B .P ., how ever, ice a  few k ilom eters th ick  covered 
m uch of C an ad a , th e  n o rth ern  U nited  S ta te s , and 
E urope an d  th is  ice lasted  in som e a reas  un til the 
H ypsitherm al.

W ith  such a  varie ty  of p a s t cond itions, it w ould 
seem  to  be a  s tra ig h tfo rw ard  task  to  develop analogs 
for a  w arm er w orld. T here  are , how ever, a  num ber 
of problem s (see, e.g., B ryson 1985). T he first is 
th a t ,  in general, th e  fa rth e r one goes back in tim e, 
the  less specific and  less ad eq u a te  a re  th e  d a ta . T he 
in s tru m en ta l record  for tem p e ra tu re  goes back only 
a  little  m ore th a n  1 0 0  years; te m p e ra tu re s  before 
th a t  tim e m u st be inferred  from  such in form ation  
as th e  leng th  of th e  grow ing season, ex ten t of sea 
ice, ty p e  of v eg e ta tio n  or fauna, and  o th e r a lte rn a 
tive ind ica to rs. In ad d itio n , in fo rm atio n  is available

only for p a r tic u la r  regions, so it becom es difficult to  
d istingu ish  a  regional from  a  global anom aly. As we 
go back in tim e, we also lose tem p o ra l reso lu tion , 
and so we have little  in fo rm ation  on the  ex trem es 
and  variances of tem p e ra tu re  or any o th er c lim atic  
p a ram ete r.

A second difficulty is th a t  we do n o t yet com 
pletely  u n d e rs tan d  th e  cause or causes of p as t cli
m ate  changes, nor do we have any  evidence th a t  
a clim atic  w arm ing  due, for exam ple , to  increased 
solar inso la tion  or a lte red  o rb ita l e lem ents w ould 
be sim ilar in p a tte rn  to  a  w arm ing  th a t  m ay occur 
because of an  increasing C O 2  co n cen tra tio n . An 
exciting  new finding is th a t  th e  C O 2  con cen tra tio n  
m ay have varied during  th e  p as t 1 0 0 , 0 0 0  years and  
th a t  p erh ap s som e of the  p a s t c lim atic  fluctua tions 
m ay have been due to  these n a tu ra l v aria tio n s in 
the  C O 2  co n cen tra tio n . If th is  is tru e , we m ay be 
b e tte r  able to  develop an analog to  a  C 0 2 -induced 
w arm ing.

U ntil a  com plete C 0 2 -re la ted  analog is devel
oped, how ever, the  d a ta  on th e  ch a rac te ris tic s  of 
p as t w arm  clim ates can only provide a  q u a lita tiv e  
ind ication  of w hether th e  m odel resu lts  are p lau 
sible. In those cases in which th e  causes of p as t 
c lim ate  changes can be identified , such records can 
also p rovide te s t cases to  be used in m odel verifi
ca tion  stud ies. In p u rsu it of these objectives, tw o 
periods seem m ost li.Kely to  be able to  provide help
ful in fo rm ation .

1.3.2.1 T he H ypsitherm al (8000 to  4000 B .P .)

In te rest in b o th  th e  early  developm ent of c iv ilization 
and  th e  causes of the  w arm ing  th a t  te rm in a ted  the  
ice age cond itions of 18,000 B .P. have, over th e  p ast 
1 0 0  years, p ro m p ted  extensive efforts to  reco n stru c t 
th e  evolving clim atic  conditions of th e  p as t 15,000 
years. A varie ty  of evidence has been developed 
th a t  ind ica tes th a t  th e  la s t 1 0 , 0 0 0  years, know n as 
the Holocene, has been re la tive ly  w arm , a lthough  
its  cond itions have n o t been co n stan t. T he Viking  
period  of a b o u t 1000 B .P. w as recognized as being 
w arm er th a n  th e  L ittle  Ice Age cond itions of 150 
to  400 B .P ., a t  least in th e  N orth  A tlan tic  sector. 
Such p re in s tru m en ta l d e te rm in a tio n s are  based on 
w h a t have becom e known as proxy data. P roxy  d a ta  
a re  in d irec t m easures of th e  c lim ate  th a t  sense its
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effect on e x ta n t biological or env ironm enta l condi
tions ra th e r  th a n  th e  c lim atic  variables them selves. 
M ath em atica l re la tio n s th a t  are based on observa
tions of p resen t-day  re la tionsh ips, know n as tran sfe r 
functions, a re  th en  used to  tran sfo rm  such biological 
or env ironm en ta l records in to  c lim ate records.

A w ide varie ty  of proxy d a ta  techniques have 
been developed, m uch as a  detec tive  develops tech 
niques to  carefully search  for and  analyze evidence. 
T he d a te  of flowering of p a r tic u la r  p lan t species, 
th e  pollen co u n ts in an n u a l sed im ent layers in lakes 
(varves), an d  th e  tim e  of year of th e  b reakup  of 
d rifting  sea ice near Iceland, for exam ple, provide 
evidence of y ear-to -y ear c lim atic  fluctua tions. T he 
m ix tu re  of pollen gra ins and  m acro-fossils from  var
ious p lan ts , as preserved  in th e  m iddens of various 
an im als (e.g., th e  pack ra t)  or in lake or sw am p sed
im ents, can ind ica te  th e  ty p e  and  m ix tu re  of vegeta
tio n  p resen t, w hich can in tu rn  be re la ted  to  m u lti
year average m easu rem en ts of tem p e ra tu re  and  p re
c ip ita tio n . A lthough  th e  re la tionsh ips are no t p e r
fect, taken  to g e th e r , they  do provide a consisten t 
p ic tu re  of th e  c lim ate  of th e  Holocene period.

P roxy d a ta , to g e th er w ith  geological evidence 
(e.g., ind ications of p as t lake levels, ex ten t of 
d ese rts), seem  to  in d ica te  th a t  th e  period  from  8000 
to  4000 B .P. w as significantly  d ifferent from  th e  
p resen t, as it  w as ap p a ren tly  w arm er in sum m ers 
and  th e  p rec ip ita tio n  zones were sh ifted  polew ard. 
T his period , referred  to  variously as th e  H ypsither
m al, th e  Altitherm al,  or th e  Climatic O ptim um ,  
has been th o u g h t to  have had  an average hem i
spheric te m p e ra tu re  as m uch as 2°C w arm er th a n  
th e  p resen t, b u t, as ind icated  in C h ap te r  7, th is 
value is likely too  large. If th is  w a rm th  were proven, 
th is  period  could p rovide im p o rta n t clues to  w ha t 
a  w arm er w orld m igh t be like, th e  ex ten t of w arm  
belts , the  sen sitiv ity  of sea ice to  w arm ing, and  so 
fo rth .

An im p o rta n t p rob lem , how ever, is th a t  we are 
no t yet ce rta in  a b o u t why p as t sum m er were ap 
p aren tly  w arm er th a n  p resen t sum m ers. T here are  
som e ind ications th a t  a  n a tu ra l varia tion  in C O 2  

con cen tra tio n  m ay have been a t  least a  co n tr ib u t
ing cause (T rabalka , 1985), an d  cyclic v aria tio n s in 
th e  E a r th ’s o rb ita l p a ram ete rs  m ay also have played 
a  role. We are  beginn ing  to  u n d ers tan d  th e  ex ten t 
and  tim ing  of th e  changes, b u t because th e  period  
is so far in th e  p a s t, it m ay be difficult to  develop

in form ation  a b o u t th e  n a tu ra l variab ility  of clim ate  
during  th is  period . T h is la t te r  difficulty is d isap 
p o in tin g  because th e  ex ten t of n a tu ra l v ariab ility  is 
one of the  societa lly  significant unknow ns in p resen t 
p ro jections of p o ten tia l C O 2  effects on th e  clim ate.

1.3.2.2 T he P a s t  100 Years

C om pilations of N orthern  H em isphere land  tem p er
a tu re  observations over th e  p as t 100 to  150 years 
ind icate  th a t  th ere  have been varia tions on th e  or
der of 0.5°C  in an n u a l average surface tem p e ra tu re  
and  of larger am o u n ts  in th e  records for p a r tic u 
la r m onths. It seem s n a tu ra l to  ask w he ther we 
can learn  ab o u t p o ten tia l C 0 2 -induced w arm ing  by 
co n tra stin g  w arm  and cold periods du ring  th is  tim e. 
An im p o rta n t ad v an tag e  of such stud ies is th a t  re la 
tively large am o u n ts  of d a ta  are available , a lth o u g h  
before 1900 th e  d a ta  cover only re la tively  lim ited  
areas. It is also im p o rta n t to  recognize th a t  tem 
p e ra tu re  is n o t an  easily determ ined  q u an tity , be
ing qu ite  d ifferent in th e  sunshine an d  in th e  shade, 
in the  w ind or in th e  calm , over grass or over a 
p ark ing  lo t. C onven tions have been developed on 
how to  ca lcu la te  th e  average tem p era tu re , w ith  th e  
m ost p o p u la r one a t  p resen t being to  average th e  
m axim um  and  m in im um  tem p era tu res  a t  a  s ta tio n  
over a  24-h period , often  ending a t  a  m ore conve
n ien t hour th a n  m idn igh t. O th er problem s include 
th e  sp arsity  of s ta tio n s  over th e  ocean, the  effect 
of u rb an iza tio n , and  so fo rth . D espite these dif
ficulties, several groups have struggled  to  develop 
hom ogeneous d a ta  sets as free of biases and  p itfalls  
as possible. A lthough  these efforts a re  no t en tire ly  
independen t, th e re  is general agreem ent ab o u t th e  
varia tions th a t  have occurred  (F igure 1.6).

To develop an  in sigh t in to  the  p o ten tia l p a tte rn s  
of C 0 2 -induced w arm ing , a  num ber of approaches 
have been pursued . All involve th e  co n tra s tin g  of 
w arm  and  cold periods; the  difference betw een ap 
proaches is th e  m anner in which each of these pe
riods is developed. O ne approach , for exam ple, is 
to  com pare th e  average of th e  several w arm est and  
coldest years of th e  en tire  period; an o th er approach  
is to  co n tra s t th e  w arm est sequence of years w ith  
the  coldest sequence. T he problem  w ith  the  form er 
approach  is th a t  th e  sh o rt tim e co n stan t of year- 
to -year v ariab ility  (w hich th e  observational record
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rep resen ts) does n o t allow for long tim e period  ad 
ju s tm e n ts  (e.g., of sea ice an d  ocean tem p era tu res) 
th a t  w ould develop w ith  th e  con tinued  presence of 
an  increased C O 2  co n cen tra tio n . T he problem  w ith  
co n tra s tin g  w arm  and  cold sequences is th a t  the  
te m p e ra tu re  changes are usually  ra th e r  sm all be
cause, for exam ple , a  w arm  decade often includes 
a t  least one cold year (and  vice versa). For ne ither 
m ethod  do we u n d ers ta n d  w h e th e r the  tem p era tu re  
differences were th e  resu lt of n a tu ra l fluctua tions or 
w he ther they  were caused by specific events such as 
in jections of volcanic aerosols or varia tions in solar 
irrad iance.

D espite these m any difficulties, and  therefore 
th e  lim ited  app licab ility  of such analogs, difference 
p a tte rn s  in th e  observations, a lth o u g h  m uch sm aller 
th a n  those expected  from  a  doubling of th e  C O 2  

co n cen tra tio n , have som e resem blance to  the  cli
m ate  changes p ro jec ted  by m odels. T hus, analysis 
of observations m ay be helpful in p ro jec ting  fu tu re  
changes, as well as being essen tia l in determ in ing  
w hether C 0 2 -induced changes a re  tak in g  place.

1.4 O V E R V IE W  O F  R EM A IN IN G  
C H A P T E R S

W hen increased am o u n ts  of C O 2  are in troduced  in to  
m ath em atica l m odels of th e  c lim ate , th e  in frared  
rad ia tio n  balance is p e r tu rb e d  and  the  tem p era tu re  
increases. A lthough  th e  p ro jec ted  w arm ing  associ
a ted  w ith  a  given increase in th e  C O 2  con cen tra
tion  is n o t th e  sam e in all of th e  sim u la tions m ade 
over th e  la s t 30 years, all of th e  sim u la tions th a t  
have been based on th e  law s governing a tm ospheric  
physics and  have been app lied  to  stu d y  th is  ques
tion  do p ro jec t such a  w arm ing . S tudy of p lane
ta ry  a tm o sp h eres ind ica tes th a t  the  con cen tra tio n s 
of C O 2  and  w a te r vapor a re  critica l d e te rm in an ts  of 
th e  E a r th ’s average te m p e ra tu re . For exam ple, the  
very w arm  clim ate  of Venus arises because its  a tm o 
sphere co n ta in s  a b o u t 2 0 0 , 0 0 0  tim es as m uch C O 2  

per u n it a rea  as in th e  E a r th ’s atm osphere , and  the  
cold c lim ate  of M ars occurs because its a tm osphere  
has only one th ir ty - th o u sa n d th  as m uch w a te r va
por as the  E a r th , a lth o u g h  having  a b o u t 40 tim es 
as m uch C O 2 .

C h ap te r 2 of th is  SOA re p o rt describes in de
ta il th e  role of C O 2  and  o th e r gases in th e  solar 
and  te rre s tr ia l ra d ia tio n  balance. T he theo re tica l

aspects are  largely und ersto o d , a lthough  there  are 
still shortcom ings in being able to  es tim ate  w ith  
sufficient accuracy th e  com bined rad ia tiv e  effects 
of m ix tu res of gases, particu la rly  w ate r vapor and  
C O 2 . R esu lts of deta iled  m ath em atica l m odels can 
be com pared  w ith  lab o ra to ry  m easurem ents, and  
ag reem ent has been qu ite  good. An in te rn a tio n a l 
in tercom parison  is now under way to  ensure th a t  
th e  re la tively  sim plified m odels th a t  m ust be used 
in s tudy ing  clim atic effects are sufficiently accu ra te  
and  in good agreem ent w ith  observations and  de
ta iled  rad ia tio n  tra n sp o r t m odels.

C h ap te r 3 and  A ppendix  A present a  m ore de
ta iled  descrip tion  of how clim ate m odels are con
s tru c ted  and  th e  processes th a t  determ ine clim ate 
sensitiv ity . Because the  ranges of a tm ospheric  and 
oceanic scales of m otion and  response tim e are so 
g re a t, p resen t clim ate m odels can only app rox i
m ately  represen t th e  im p o rta n t processes. A w ide 
varie ty  of sim plifications are  m ade, resu lting  in a 
h ierarchy  of clim ate  m odels, w ith  the  choice of as
sum ptions depending on facto rs such as problem  
ty p e  (i.e., tim e and  sp a tia l period  of in te re st) , com 
p u te r  and  personnel resource requ irem ents, level of 
un d erstan d in g  and re la tive  im portance of th e  p ro 
cess, and so on. T he best three-dim ensional G C M s 
now availab le are able to  represen t th e  existence 
of m ajor featu res of th e  global c ircu lation  p a tte rn s  
and  th e  seasonal shifts in average tem p era tu res  and  
p rec ip ita tio n  zones. These m odels are n o t, how 
ever, able to  adequate ly  represen t clim atic features 
a t  p a rtic u la r  grid p o in ts  and  th e  in tensities of som e 
of th e  m ajor dynam ical featu res of clim ate, and  can 
only begin to  be helpful to  those study ing  changes in 
subcon tinen ta l-scale  clim atic  p a tte rn s . To provide 
th e  necessary deta ils  for C O 2  im pact stud ies, some 
ad d itio n a l m odel im provem ents m ust be m ade and  
m ore extensive com parison of m odel resu lts w ith  ob
servations m ust be perform ed, including com parison 
on su b co n tin en ta l scales.

An ad d itio n a l approach  to  estim atin g  clim ate 
change has been to  develop em pirical approaches 
by ca lib ra tin g  re la tively  sim ple theo re tica l m odels 
ag a in st real or conceptual experim ents. A ppendix  B 
describes and  analyzes th is  app roach , w hich has led 
to  som e ra th e r highly publicized, b u t very m islead
ing, resu lts  because of assum ptions and  lim ita tio n s  
in th e  in te rp re ta tio n  of th e  experim ental resu lts.
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C h ap te r 4 describes the  resu lts  of m ajor m odel
ing stud ies designed to  in v estig a te  th e  equilibrium  
sensitiv ity  of th e  clim ate  to  re la tively  large changes 
in the  C O 2  co n cen tra tio n  (see also A ppendix  A). 
These ca lcu la tions do no t d irec tly  tell us w h a t the  
change in c lim ate  h as  been over th e  la s t 1 0 0  years or 
m ore. T he stu d y  of a rb itra rily  large step-function  
changes in C O 2  co n cen tra tio n  (e.g., doubling or 
quadrup ling  of cu rren t or p re in d u stria l levels) does, 
how ever, identify  th e  p o ten tia l differences in av er
age clim atic  cond itions th a t  m ay ex ist betw een some 
tim e a  cen tu ry  or m ore in the  fu tu re  and  th e  c lim ate 
of th e  recent p a s t and  help us to  identify  th e  m ost 
im p o rta n t physical processes. Such stud ies also p ro 
vide a  useful benchm ark  for com paring  the  resu lts  of 
m odels developed by different research groups. In
vestigating  th e  causes of differences betw een m odels 
and  of the  u n ce rta in ty  of m odel resu lts  is a  very dif
ficult b u t essential ta sk . A ppendix  C discusses som e 
of the  difficulties in pursu ing  such analyses.

To d a te , co m p u ter resource requ irem en ts and  
lim ita tio n s in our ab ility  to  fully rep resen t in te rac 
tive processes im p o rta n t on th e  m u ltiy ea r scale have 
lim ited  th e  use of G C M s to  th e  s tudy  of the  cli
m a te ’s sensitiv ity  to  large changes in th e  C O 2  con
cen tra tio n . It is im p o rta n t to  recognize th a t  these 
stud ies are th u s  exam ining  re la tively  large changes 
betw een tw o near-equ ilib rium  clim atic  s ta te s , an  as
sum ption  th a t  m ay no t be valid for e ith er th e  re
cent p ast or th e  fu tu re , because th e  C O 2  co n cen tra 
tion  con tinues to  change. Even so, in these G CM  
sensitiv ity  stud ies, s ta tis tica lly  significant identifi
ca tion  can usually  be m ade of changes in global 
and  hem ispheric p aram ete rs , a lth o u g h  not usually 
in regional- and  con tinen ta l-scale  p aram ete rs . Be
cause th e  real c lim ate  will be slowly changing ra th e r  
th a n  rem ain ing  in equilibrium , an d  because th e  tim e 
co n stan ts  of th e  various c lim ate system  com ponen ts 
are  different, conclusions draw n from  such sensitiv 
ity sim u la tions will co n ta in  an  in h eren t, b u t un- 
quan tifiab le , u n ce rta in ty  if used to  in te rp o la te  the  
tim e dependen t response.

C h ap te r 5 review s th e  efforts th a t  have been 
carried  o u t to  stu d y  d irectly  th e  c lim atic  response 
to  the  slowly increasing  C O 2  co n cen tra tio n . T he 
m ajor difficulties in th is  ty p e  of s tu d y  arise from  
th ree  factors. T he first is th a t  th e  C O 2  co n cen tra
tion  is increasing slowly (ab o u t 0.3%  per year), so 
th a t  th e  clim ate  changes tend  to  be sm all, and  long

sim u la tions (50 to  75 years) are required for the  
response to  be adequate ly  de tec tab le  in m odel re- 
su its, especially in G C M  sim ulations. Second, th is  
slow response is accen tu a ted  by th e  th erm al in e rtia  
provided by th e  large h ea t capacity  of the  oceans. 
A lthough th e  rep resen ta tio n  of th e  oceans can be 
g reatly  sim plified in equilib rium  sensitiv ity  calcu la
tions (as described  in C h ap te r 4), ca lcu la tions w ith  
tim e-dependen t forcing require an  accu ra te  t r e a t 
m en t of th e  oceans, sea ice, and  th e  a tm osphere . 
O ur know ledge ab o u t oceanic response m echanism s 
and  our ab ility  to  s im u la te  th e  ocean are, how ever, 
only now developing to  th e  necessary level. T he 
th ird  difficulty is th a t  if, indeed, we w an t to  a t 
tem p t to  verify th e  accuracy  of th e  response of th e  
m odel to  th e  tim e-dependen t forcing th a t  occurred 
over th e  p a s t 1 0 0  years (a  seem ingly sensible task  
to  u n d ertak e  before p ro jecting  th e  clim ate in to  th e  
fu tu re ), we m ust consider the  forcings caused by 
several fac to rs in ad d itio n  to  th e  increasing C O 2  

concen tra tion . T hese include changes in volcanic 
aerosol load ing , trace  gas concen tra tions, so lar ir
rad iance, and  th e  n a tu ra l fluctua tions of th e  cli
m ate  system  (th e  S ou thern  O scillation , e tc .). Al
though  these processes are  im p o rta n t, th e ir  effects 
are n o t well u n d ersto o d , and  th e  d a ta  bases avail
able are only barely ad eq u ate . T hese difficulties are 
only now s ta r tin g  to  be tackled in a  com prehensive 
way. As an  a lte rn a tiv e  to  ac tua lly  m odeling th e  re
sponse to  tim e-dependen t farcing, sim ple in te rp o la 
tions (e.g., logarithm ic in C O 2  concen tra tion ) of re
su lts from  equ ilib rium  sensitiv ity  stud ies have been 
used to  es tim a te  the  change in te m p e ra tu re  th a t  
m ay have occurred  over the  last 1 0 0  years. Fo^ p a
ram e ters  o th e r th an  tem p e ra tu re  (e.g., th e  d a te  of 
the  m elting  of sea ice), such in terp o la tio n s are likely 
to  fail. In recogn ition  of these num erous difficulties 
and  th e  im p o rtan ce  of im proving our capab ilities, 
stu d y  of th e  clim atic  response to  tim e-dependen t 
forcing is now a  m ajo r th ru s t  of research.

T he C O 2  con cen tra tio n  is n o t th e  only p o ten 
tially  p ertu rb in g  influence on th e  c lim ate . T here 
is recent recognition  th a t  increases in the  concen
tra tio n s  of o th e r trace  gases will also be im p o rtan t. 
Because th e  co n cen tra tio n s  of these gases are now 
so low, th e ir  ab so rp tio n  lines are no t yet sa tu ra te d , 
so th a t  on a  m olecule-for-m olecule basis these gases 
could have a  m uch g rea te r effect th an  C O 2 . Only 
because em issions of th e  trace  gases are m uch lower
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th an  those of C O 2  a re  th e  p o ten tia l c lim atic effects 
com parable. C h a p te r  6  describes stud ies of th e  sen
sitiv ity  of th e  c lim ate  to  b o th  trace  gases and  to  
varia tions in volcanic aerosol loading and  so lar ir ra 
diance. Verifying th a t  m odels can accurate ly  sim u
la te  th e  p resen t and  p as t c lim ate  and  assessing the  
p o ten tia l for fu tu re  c lim ate  change will require  con
sidera tion  of changes in C O 2  co n cen tra tio n , as well 
as these o th er facto rs. T his form idable task  is now 
s ta r tin g  to  receive increased a tten tio n .

C h ap te rs  2 th ro u g h  6  describe th e  th eo re tica l 
basis for clim ate  ca lcu la tions and  th e  re su lta n t es
tim a te s  of c lim ate  change. T he perspective  of p as t 
c lim ate changes as a  m eans for eva lua ting  th e  p ro b 
able valid ity  of th e  th eo re tica l m odels, and  in a  lim 
ited  sense of th e  p ro jec ted  clim ate  changes, is cov
ered in C h ap te r 7. By looking a t the  differences 
in c lim ate betw een  w arm er and  colder periods in 
th e  p as t, sim ilarities  can be sough t in a  com parison 
of m odeled and  observed anom alies. As ind icated  
in Section 1.3.2, deductions concerning th e  signif
icance or absence of sim ilarities  are lim ited  by a 
lack of know ledge ab o u t th e  sim ilarity  of causes of 
p as t and  p resen t changes, p roblem s of differing tim e 
scales, and  so fo rth . N onetheless, th e  p a s t clim atic  
s ta te  w as real, and  if d ra m a tic  differences betw een 
m odeled and  observed s ta te s  were to  be identified, 
there  w ould be serious cause for concern. F o rtu 
nately , th e re  ap p ea r to  be som e sim ilarities in the  
responses found by the  tw o approaches, which adds 
a m easure of confidence to  m odel resu lts.

In th e  co n tex t of our ab ility  to  u n d ers tan d  
and  rep resen t th e  c lim ate . C h ap te r 8  a t te m p ts  to  
sum m arize the  resu lts  of th e  various approaches 
(equilibrium  sensitiv ity  stud ies, stud ies w ith  tim e- 
dependen t forcing, observation-based  analogs) to  
identify  th e  p o in ts  of ag reem ent and  d isagreem ent 
and  th e  degree of ce rta in ty  and  u n ce rta in ty  and 
to  h igh ligh t th e  unresolved issues. A lthough  there  
ap p ears  to  be ra th e r  w idespread  ag reem ent th a t  a 
doubling of the  C O 2  co n cen tra tio n  could induce a 
global average surface air te m p e ra tu re  w arm ing  of 
a  few degrees C elsius, and  th a t  increases in trace  
gas co n cen tra tio n s could su b s tan tia lly  au g m en t th is  
w arm ing , th e re  is no ag reem en t yet on m any fu n d a
m en tal asp ec ts  of th e  issue th a t  seem ingly should be 
resolvable. For exam ple , a lth o u g h  num erical m od
els developed by d ifferent groups are in ap p ro x i
m ate  ag reem en t (w ith in  25 to  50%) on th e  pro jected

global average te m p e ra tu re  change to  be expected  
from  a  doubling of th e  C O 2  concen tra tion , th e ir  re 
su lts  differ significantly  (by g rea ter th a n  a  fac to r 
of 2 ) on expected  changes in bo th  low an d  high 
la titu d es; th a t  is, a lth o u g h  there  is som e agree
m ent th a t  po lar am plification  of the  tem p e ra tu re  
increase will occur, its  m ag n itu d e  is n o t well de
fined. T here is also su b s tan tia l d isagreem ent on th e  
re la tive im p o rtan ce  of d ifferent processes in am pli
fying the  w arm ing , w ith  p rim ary  a ttr ib u tio n  given 
to  cloud feedback (a highly u n certa in  area) by one 
g roup , to  sea ice feedback by an o th er, and  to  w a
te r vapor feedback by an o th er. As described m ore 
fully in W igley e t al. (1985), there  is also an  in
d ication  th a t  m odel-derived clim ate changes of the  
las t 1 0 0  years (based on logarithm ic  in te rp o la tio n  
techniques) m ay be la rger th an  the  observed change 
and  m ay exh ib it a  d ifferent tim e h istory , even when 
som e ra th e r  u n certa in  ad ju s tm en ts  are m ade to  
accoun t for possible volcanic and solar varia tions. 
T his ap p a ren t d isagreem ent depends to  a  large ex
te n t on how th e  m odels t r e a t  th e  h ea t cap ac ity  and  
c ircu la tion  of th e  oceans, w hich m ay delay th e  ex
pected  equ ilib rium  w arm ing  by several decades or 
m ore.

In a varie ty  of d irec t and  ind irec t w ays, in
creases in C O 2  and  trace  gas co n cen tra tio n s  could 
significantly  affect th e  env ironm en t in which we ex
ist. For th e  clim ate  research com m unity  to  p ro 
vide the  reasonably  defin itive in fo rm ation  neces
sary for th e  assessm ent of th e  im portance of p ro 
jected  clim ate  changes, considerably m ore research 
will be required , an  overview  of which is p resen ted  
in C h ap te r 9. T he m ajor research th ru s ts  id en ti
fied in th a t  ch ap te r are not unique to  th e  C O 2  is
sue b u t apply across th e  spec trum  of issues involv
ing global clim ate  stud ies. T hese include fu rth e r 
m odel developm ent (p a rticu la rly  th e  developm ent 
of coupled atm osphere-ocean  m odels), m ore ex ten 
sive evalua tion  of th e  adequacy of various p aram e
te riza tio n s  (p a rticu la rly  cloud processes), im proved 
and  m ore extensive m odel verification (especially 
of regional, su b co n tin en ta l, and  seasonal p a tte rn s) , 
m ore th o rough  analysis of C O 2  sensitiv ity  stud ies 
(p articu larly  to  u n d ers tan d  d isagreem ents am ong 
resu lts  from  different m odels), and  careful p lann ing  
of stud ies w ith  tim e-dependen t forcing, w hich m ust
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be done w ith  coupled ocean-a tm osphere  G C M s (fo
cusing on the  verification and  d e te rm in a tio n  of ap 
p ro p ria te  tim e co n s tan ts ) . Such a  list p resen ts  a  sig
nificant challenge for th e  nex t ten  years an d  m ore.

1.5 SUM M ARY

T he study  of th e  E a r th ’s clim ate  is being u n d er
taken  by m any groups th ro u g h o u t th e  w orld , each 
looking a t  a  varie ty  of aspects of th e  issue, and  
progress is con tinuous. It is difficult to  sum m arize 
all of these efforts and  in teg ra te  th em  in to  a  sin
gle volum e. T he ch ap te rs  in th is  SOA rep o rt have 
been p repared  by leading  researchers in th e ir fields, 
each a tte m p tin g  to  p o rtra y  a  p a r tic u la r  aspect of 
th e  C O 2  issue in th e  co n tex t of all of th e  o th e r as
pects, m any, b u t n o t all, of w hich are  tre a te d  in th is  
volum e.

C arbon  dioxide is essen tial to  life on E a r th , and 
changes in its  co n cen tra tio n  will set off a  chain  of re
sponses involving m any in te rac tin g  processes. T he 
clim ate  will surely respond in im p o rta n t w ays. T his 
SOA rep o rt a tte m p ts  to  define our cu rren t u n d er
s tan d in g  of how th is  will h ap p en , balancing  w h a t 
we know (and  th in k  we know) w ith  w h a t we do no t 
yet know (and  w h a t we can n o t know ).

C erta in ly , th e  c lim atic  aspects  of th e  p o ten tia l 
increase in th e  C O 2  co n cen tra tio n  m u st be stud ied  
fu rth e r so th a t  b e tte r  resolved and  m ore accu ra te  
estim ates of th e  fu tu re  clim ate  can be m ade avail
able for assessm ent s tud ies. A t w h a t s tage  these re
su lts  will be ce rta in  enough to  draw  firm  conclusions 
can n o t be defined by scien tis ts  alone; such questions 
necessarily involve th e  im p o rtan ce  of th e  decisions 
faced by public rep resen ta tiv es. T h is  volum e a t 
tem p ts  to  p resen t w here we are an d  w here we are 
going, leaving ju d g m en ts  of societa l significance to  
o th er forum s.
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2.1 IN T R O D U C T IO N

T his ch ap te r addresses th e  rad ia tiv e  forcing of the  
E a rth -a tm o sp h ere  system  caused  by an  increase in 
carbon  dioxide (C O 2 ) levels th a t  can lead to  clim ate  
change. T he im p o rtan ce  of th e  E a r th ’s rad ia tio n  
b udget is described , and  th e  rad ia tiv e  p ro p erties  of 
C O 2  and  o th er rad ia tiv e ly  im p o rta n t gases a re  p re
sen ted . M ethods of co m pu ting  gaseous ab so rp tio n  
and th e ir accuracy  are  discussed. C om ponen ts  of 
th e  rad ia tio n  b udget (so lar an d  longw ave) a re  de
scribed along w ith  th e  effect of v aria tio n s in C O 2  

co n cen tra tio n . B ecause aerosols and  clouds also 
have im p o rta n t ra d ia tiv e  p ro p e rtie s , th e  effects of 
changes in aerosol an d  cloud am o u n ts  are  also d is
cussed. T he purpose of th is  ch ap te r is to  p rovide an 
overview  of th e  rad ia tiv e  effects of C O 2  and  o th er 
a tm ospheric  c o n s titu en ts  th a t  a re  im p o rta n t in de
te rm in ing  th e  p o ten tia l c lim atic  effects of changes in 
a tm ospheric  com position  (discussed in the  following 
chap te rs).

T he global energy balance provides a  physical 
basis for re la tin g  energy tran sfe r processes to  the 
clim atic  s ta te  of th e  E a rth -a tm o sp h ere  system . P e r
tu rb a tio n s  to  th e  c lim ate  system  o rig ina te  as p e r
tu rb a tio n s  to  energy tran sfe r processes w ith in  the  
c lim ate  system . In th e  case of increasing C O 2  lev
els, th e  change in ra d ia tiv e  energy tran sfe r becom es 
the  forcing m echanism  leading  to  clim ate  change.

T he m oistu re  b u d g et for th e  a tm o sp h ere  is in ti
m ately  re la ted  to  th e  energy budget because evap
o ra tio n  a t  th e  surface depends on availab le  energy 
and  m oisture. T he release of la te n t h ea t in th e  a t 
m osphere is also an  im p o rta n t com ponen t of the  
energy budget. P e rtu rb a tio n s  to  th e  energy bal
ance can affect com ponen ts of th e  m o istu re  budget, 
thereby  leading  to  changes in th e  H 2 O co n ten t of 
th e  atm osphere , cloud am o u n ts , and  p rec ip ita tio n  
ra te s , in ad d itio n  to  changing  th e  tem p era tu re .

T he process by w hich changes in species com po
sition  affect tro p o sp h eric  tem p e ra tu re s  can be un 
dersto o d  by considering  th e  energy balance a t  th e  
to p  of th e  a tm o sp h ere . W hen th e  a tm o sp h ere  is 
in rad ia tiv e  balance (w hich is essentially  th e  case 
on an  annua l-average  basis), th e  outgoing  longw ave 
rad ia tio n  a t  th e  to p  of th e  a tm o sp h ere  balances the  
net incom ing so lar rad ia tio n  (dow nw ard  m inus up
w ard ). F igure 2 . 1  show s th e  sp ec tra l u pw ard  ra 
diance a t  th e  to p  of th e  a tm o sp h ere  as a  function

of w ave num ber, w hich is th e  inverse of w avelength. 
T he a rea  under th e  sp ec tra l rad iance curve in F igure
2.1 equals th e  ou tgo ing  longwave rad ia tio n . A bout 
90% of th e  ou tgo ing  longw ave rad ia tio n  orig inates 
from  th e  a tm osphere ; th e  rest o rig inates from  the  
E a r th ’s surface. W hen th e  a tm ospheric  concen tra
tion  of a  rad ia tiv e ly  ac tive  gas such as C O 2  is in
creased, th e  outgo ing  rad ia tio n  in th e  spec tra l re
gion w here th a t  gas absorbs longwave rad ia tio n  is 
reduced. To m a in ta in  a  balance w ith  the  net incom 
ing solar rad ia tio n , w hich is only slightly  affected 
by an increase in C O 2 , th is  decrease m ust be m ade 
up in som e o th er p a r t  of the  spec trum  so th a t  the 
area  under th e  rad iance  curve rem ains unchanged. 
T hrough  rad ia tiv e  exchange w ith  th e  E a r th ’s su r
face,^ th e  surface te m p e ra tu re  increases, leading to  
a larger em ission to  space in the  800-1200 c m ^  
region w here th e  a tm o sp h ere  is highly tran sp a ren t. 
As a tm ospheric  tem p e ra tu re s  increase, the  radiance 
is increased a t  o th e r w ave num bers as well. T he 
w arm ing  in response to  th e  in itia l increase in a t 
m ospheric opacity  because of C O 2  occurs until the  
rad ia tio n  balance w ith  incom ing solar rad ia tio n  a t 
the  top  of th e  a tm o sp h ere  is resto red . W arm ing a t 
the  E a r th ’s surface is expected  to  lead to  increased 
H 2 O abundance, w hich w ould fu rth e r enhance the  
w arm ing a t  th e  surface and  in the  lower a tm osphere .

From  the  a lte rn a tiv e  perspective of considering 
th e  energy balance a t  th e  E a r th ’s surface ra th e r 
th a n  a t  the  to p  of the  atm osphere , increasing the  
a tm ospheric  opac ity  leads to  increased dow nw ard 
em ission from  th e  a tm o sp h ere  to  th e  surface, w hich 
tends to  w arm  th e  surface. As th e  surface w arm s, 
m ore energy is tran sferred  from  th e  surface to  the  
atm osphere , resu ltin g  in h igher a tm ospheric  tem 
p era tu re  and  increased  back rad ia tio n  to  th e  su r
face. T he increase in a tm ospheric  opac ity  reduces 
th e  am o u n t of energy tra n sm itte d  from  th e  E a r th ’s 
surface to  space. T he p e r tu rb a tio n  to  th e  su r
face energy balance also changes th e  fluxes of sen
sible and  la te n t h ea t from  the  surface. As the 
E a r th ’s surface w arm s and  abso lu te  h um id ity  in
creases, m ore an d  m ore of th e  abso rbed  solar and  
back rad ia tio n  to  th e  surface is used to  evaporate

T he rad ia tiv e  exchange w ith th e  E a r th ’s surface provides th e  
in itia l forcing th a t  leads to  an increase in surface tem p era tu re . 
C hanges also occur in th e  fluxes of sensible and  la ten t h eat 
from the surface in response to  th is forcing.
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F ig u r e  2 .1 . T he te rre s tr ia l in frared  sp ec tra  and  various abso rp tio n  bands. Also shown is an  a c tu a l atm ospheric  emission spectrum  
taken  by th e  N im bus IV IRIS in stru m en t near G uam  a t 15.1°N and  215.3°W  on A pril 27, 1970. Source: Liou (1980).

w ate r from  th e  surface ra th e r  th a n  increasing su r
face tem p era tu res .

B oth  of these perspectives describe the  process 
by w hich increases in th e  a tm ospheric  abundance of 
greenhouse gases lead to  w arm ing  a t  th e  E a r th ’s su r
face. T he te rm  greenhouse gases refers to  gases th a t  
are  highly tra n sp a re n t to  so lar rad ia tio n  b u t a re  
re la tive ly  opaque to  longw ave rad ia tio n , s im ilar to  
glass in a  greenhouse. T he process by w hich w arm 
ing occurs in a  greenhouse is d ifferent from  th a t  de
scribed above. In th is  regard  th e  te rm s greenhouse  
gas and  greenhouse effect are m isnom ers.

2.2 R A D IA TIV ELY  IM P O R T A N T
A T M O S P H E R IC  C O N S T IT U E N T S

C O 2  is one of m any rad ia tiv e ly  ac tive a tm ospheric  
co n stitu en ts . A lthough  we consider here th a t  in
creases in C O 2  w ould p rovide th e  in itia l rad ia tiv e  
forcing, th e  resu lting  change in clim ate  depends on 
th e  ra d ia tiv e  p ro p e rtie s  of all th e  rad ia tive ly  ac tive  
a tm ospheric  co n stitu en ts . T he various a tm ospheric  
co n s titu en ts  a re  listed  in T able 2.1 along w ith  th e ir 
volum e m ixing ratios.'^ M any co n stitu en ts  have 
volum e m ixing ra tio s  th a t  vary  slowly in space

and  tim e. T he co n s titu en ts  C O 2 , m ethane  (CH4), 
and  n itro u s  oxide (N 2 O) are  exam ples of species 
in th is  category. T he C H 4  an d  N 2 O m ixing ra 
tio s a re  nearly  co n s tan t w ith  a ltitu d e  th ro u g h  th e  
tro p o sp h ere , declining in th e  u p p er s tra to sp h e re  as 
pho to lysis becom es m ore effective a t  high a ltitu d e . 
O th er species a re  highly variab le  in b o th  space and  
tim e. In ad d itio n  to  th e  species listed  in T able 2.1, 
clouds and  aerosols also  a re  im p o rta n t rad ia tive ly  
ac tiv e  a tm ospheric  co n stitu en ts .

T a b le  2.1
A tm ospheric C o n stitu en ts  w ith  Sm all S patia l and 

T em poral V ariation

C o n e titu en t P ercen t by Volume

N itrogen (N 2 ) 78.084
Oxygen (O 2 ) 20.984
A rgon (Ar) 0.934
C arbon  D ioxide (C O 2 ) 0.033
Neon (Ne) 18.18 X  1 0 -^
Helium  (He) 5.24 X 10“ *
K ry p to n  (Kr) 1.14 X  10~«
H ydrogen (H 2 ) 0.5 X  1 0 -*
Xenon (Xe) 0.089 X  10 -*
M ethane  (C H 4 ) 1.7 X  1 0 -*

(a t surface)
N itrous O xide (N 2 O) 0.3 X  1 0 -*

(a t surface)

Source: Liou (1980).

 ̂ Volume m ixing ra tio  is th e  n u m b er of molecules of th e  con
s ti tu e n t in a  un it volum e divided by th e  num ber of molecules 
of a ir in th a t  volum e.
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All of th e  gases as well as solid an d  liquid 
p artic le s  sc a tte r  sun ligh t. G as m olecules a re  very 
m uch  sm aller th an  th e  w aveleng th  of ligh t (i.e., 
th e  R ayleigh lim it), so th e ir  sca tte rin g  cross section 
varies inversely w ith  w aveleng th  to  th e  fo u rth  pow er 
(C h an d rasek h a r 1960; Liou 1980). T he sca tte rin g  of 
lig h t by spherical p artic les  is m uch m ore com plex, 
depend ing  on th e  p artic le  size d is trib u tio n  and  th e  
w avelen g th -d ep en d en t com plex index of re frac tion  
(M ie 1908; van de H ulst 1957).

T he a tm ospheric  co n s titu en ts  differ g reatly  in 
th e ir  ab so rp tiv e  p ro p erties . T he general ch a rac te r
istics of a tm ospheric  ab so rp tio n  are show n in F igure 
2.2. T he tw o  curves show  th e  energy d is tr ib u tio n  
ch a rac te ris tic  of b lackbody em ission a t  6000 K (the  
so lar te m p e ra tu re ) and  a t  255 K (the  average te rre s
tr ia l em ission tem p e ra tu re ) . T he frac tio n a l ab so rp 
tio n  betw een th e  to p  of th e  a tm o sp h ere  and  ground 
level also  is ind icated  as a  function  of w aveleng th  in 
th e  lower p a r t  of th e  figure.
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F ig u r e  3 .3 . (A) B lack-body  curves for 6000 K and  255 K, which 
ap p ro x im ate  th e  m ean em ittin g  tem p e ra tu res  of th e  sun and  the  
E a rth . (B) A tm ospheric  gaseous ab so rp tio n  for rad ia tio n  passing 
from  th e  to p  of th e  a tm osphere  to  ground  level.

T here  is very li tt le  gaseous ab so rp tio n  in th e  
v isible region (0 .4 -0 .7  p m ), a lth o u g h  weak ab so rp 
tio n  b ands of ozone (O3) (th e  C h ap p u is  b ands) and  
N O 2  occur in th is  region. O zone is th e  p rim ary  ab 
so rber of solar rad ia tio n  a t  u ltrav io le t (UV ) w ave
leng ths betw een  0.20 and  0.36 pm . In th e  so lar near- 
in fra red  (IR) region (0 .7 -4  p m ), w a te r vapor (H 2 O) 
is th e  m ost im p o rta n t abso rber. C arb o n  dioxide has 
several ab so rp tio n  b ands betw een  1.4 an d  5.2 pm .

w ith  th e  tw o s tro n g est b ands centered  a t  2.7 and
4.3 pm .

T he m ain  gases of th e  atm osphere , n itrogen  and  
oxygen, co n trib u te  only sligh tly  to  solar absorp tion . 
M onatom ic and  d ia to m ic  gases w here bo th  a tom s 
are th e  sam e elem ent (e.g., N 2 , O 2 , and H 2 ) do 
n o t have a  p erm an en t dipole m om en t, which m akes 
th em  ineffective abso rbers  of rad ia tio n  a t  m ost so
la r and  IR w avelengths. T he abso rp tion  bands for 
these co n stitu en ts  are p rim arily  due to  tran s itio n s  
in electron  energy levels, and  th is  leads to  ab so rp 
tion  in th e  UV region. T here  are  th ree  weak oxy
gen ab so rp tio n  b ands in th e  visible solar spec trum , 
centered  a t  w avelengths of 0.63, 0.69, and  0.76, pm  
respectively. O xygen also has several system s of ab 
so rp tion  bands in th e  fa r IR  w here there is little  so
lar energy. In the  UV region th e  strong  Schum ann- 
R unge bands are  located  in th e  region 0.175 to  0.203 
p m  and  th e  H erzberg b ands a re  in the  region from  
0.20 to  0.26 pm . T ria to m ic  m olecules, such as C O 2 , 
H2O, and  O3, have v ib ra tio n a l and  ro ta tio n a l en
ergy tran s itio n s  th a t  lead to  abso rp tion  in th e  IR 
region.

M any gases have ab so rp tio n  bands in the  long
w ave region (w avelength  > 4 p m ). A m ong these, 
C O 2 , H 2 O, and  O 3  a re  th e  m ost im p o rta n t ab 
sorbers. C O 2  has s tro n g  ab so rp tio n  bands in th e  
15-pm  region (600 to  800 cm “  ̂ in F igure 2.1). In ad 
d itio n , C O 2  has w eak ab so rp tio n  bands near 1 0  pm  
(1000 cm “ ^), w hich are n o t ind icated  in F igure 2.1. 
T he 15-pm  band  coincides w ith  th e  peak in th e  th e r
m al em ission from  th e  E a r th ’s surface, w hich has an  
em ittin g  tem p e ra tu re  of a b o u t 288 K. C O 2  absorbs 
upw ard  rad ia tio n  from  below  and  replaces it w ith  
rad ia tio n  em itted  a t  th e  a tm ospheric  tem p era tu re . 
T he tem p e ra tu re  corresponding  to  the  sp ec tra l ra 
diance shown in F igure 2.1 is the  effective em ittin g  
tem p e ra tu re  of th e  rad ia tio n  being em itted  to  space. 
Because tem p e ra tu re  decreases w ith  a ltitu d e  in th e  
troposphere , th e  low er th e  rad ia tio n  tem p era tu re , 
re la tiv e  to  the  surface te m p e ra tu re , the  higher th e  
a ltitu d e  in th e  a tm o sp h ere  from  w hich th e  ra d ia 
tio n  is em itted . T hus, th e  region of low rad ia tio n  
te m p e ra tu re  in F igure 2.1 show s th a t  the  rad ia tio n  
em itte d  near th e  cen te r of th e  15-pm  band  of C O 2  

o rig in a tes from  th e  s tra to sp h e re . As ab so rp tio n  be
com es w eaker fa rth e r from  th e  cen ter of th e  15-pm  
b an d , th e  a ltitu d e  from  w hich th e  rad ia tio n  is em it
ted  m oves lower. A t 900 cm “ ^, for exam ple, the
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atm o sp h ere  is re la tively  tra n sp a re n t and  th e  ra d ia 
tion  em itted  to  space is ch a rac te ris tic  of th e  surface 
tem p e ra tu re .

W ate r vapor ab so rp tio n  b ands span m ost of the  
longw ave region. T he 6.3 p m  ban d  (resu lting  from  
tran s itio n s  in m olecular v ib ra tio n a l energy) covers 
th e  region from  a b o u t 1200 to  2000 cm “ ^. Tw o 
o th er v ib ra tio n a l b ands are located  near 2.7 pm . 
T he ban d  resu lting  from  tran s itio n s  in ro ta tio n a l 
energy covers th e  region from  0 to  900 cm ~^. Be
tw een  800 and  1 2 0 0  cm “ *, th e re  is weak co n tin u 
ous ab so rp tio n  w hich is im p o rta n t in regions of high 
H 2 O co n cen tra tio n .

Ozone has tw o  narrow  v ib ra tio n a l bands cen
te red  near 9.6 pm  (1042 and  1103 cm “ ^) and  a  weak 
v ib ra tio n a l b an d  centered  a t  14.27 pm  th a t  over
laps th e  s tro n g  15-pm  ab so rp tio n  band  of C O 2 . A 
s tro n g  ab so rp tio n  ban d  a t  4.7 p m  is in a  p o rtio n  of 
th e  b lackbody em ission curve w here th ere  is little  
energy, so it does not co n trib u te  significantly  to  the  
longw ave energy budget.

T here  is re la tively  little  a tm ospheric  ab so rp tio n  
in th e  region betw een 800 an d  1 2 0 0  cm “  ̂ except 
for co n tin u u m  H 2 O ab so rp tio n  in th e  lower tro p ica l 
troposphere . B ecause th e  a tm o sp h ere  is essentially  
tra n sp a re n t in th is  p o rtio n  of th e  longw ave regim e, 
th is  region (centered  a t  1 0  p m ) is called th e  a tm o 
spheric window.

O th er rad ia tiv e ly  ac tive trace  gases a re  listed  
in T able 2.2 an d  th e  locations of th e  m ost effec
tive ab so rp tio n  b ands are in d ica ted  in F igure 2.2. 
M any of these gases have ab so rp tio n  b ands th a t  lie 
w ith in  th e  a tm o sp h eric  w indow . By no t overlap
ping s tro n g  ab so rp tio n  b ands o f o th e r co n stitu en ts , 
ab so rp tio n  b ands in th e  w indow  region can be very 
effective in decreasing  th e  longw ave rad ia tio n  em it
ted  to  space. M any of these gases have very s tro n g  
ab so rp tio n  bands. For exam ple , CFCI3 has a  band  
strength® of 1700 cm “  ̂ atm ~^ a t  s tan d a rd  tem p e r
a tu re  and  pressure (S T P ), w hereas th e  15-pm  band  
of C O 2  has a  b and  s tre n g th  of 213 cm “  ̂ a tm “  ̂ a t 
ST P . B ecause th e  co n cen tra tio n  of CFCI3 is sev
eral o rders of m ag n itu d e  less th a n  th a t  of C O 2 , the  
rad ia tiv e  effect of CFCI3 is less th a n  th a t  of C O 2 .

A lthough  th e  rad ia tiv e  effects of trace  gases are cur
ren tly  sm all, they  could increase significantly  in th e  
fu tu re  because th e  co n cen tra tio n s of m any of th e  
gases a re  p ro jected  to  increase because of a n th ro 
pogenic em issions (see C h ap te r 6  of th is  volum e).

T a b le  3.3
B and  C enters and  Volume M ixing R a tio s  of Trace Gases 

O th er T h an  C O j

Trace Gas B and  C en te r (cm *)

M ixing R atio  in 
Lower T roposphere 

(ppm )

N 2 O 589, 1168, 1285 0.3
C H 4 1306, 1534 1.7
O 3 1041, 1103 0 . 0 2 - 0 . 1

C FC I3  (C FC -11) 846, 1085, 2144 2 . 0  X  1 0 - *

C F 2 CI2  (CFC-12) 915, 1095, 1152 3.5 X  10-*
C F 4 632, 1241, 1261 6.0 X  10-®
C F 2 HCI (C FC -22) 1117, 1311 6.0 X  10-®
e c u 776 1.5 X  1 0-*
CHCI3 774, 1220 1.0 X  10-®
C H 2 CI2 714, 736, 1236 4.0 X  10-®
C H 3 CI 732, 1015, 1400 6.5 X  1 0 -*
C H 3 CCI3 707, 1084 1.3 X  1 0 -*
C2H4 949 1.0-20.0 X  1 0 -*
SO 2 518, 1151, 1361 1.0 X  10-*
NHs 950 1.0 X  10-®
HN O 3 1695, 1333, 850 1.0-10.0 X  1 0 -*

B and  s tre n g th  is th e  sum  of th e  s tre n g th s  of all lines in a 
band  and  is an  in d ica to r of th e  p o ten tia l abso rp tio n  due to 
th a t  ban d . For tw o gases, each w ith  th e  sam e colum n am oun t 
a t s ta n d a rd  te m p e ra tu re  and  pressure, th e  gas w ith the  larger 
b and  s tren g th  w ould have m ore abso rp tio n . E xcept for sm all 
abso rber am o u n ts, th e  ab so rp tio n  w ould no t be d irectly  p ro 
p o rtio n a l to  ban d  s tren g th .

T race gases th a t  a re  rad ia tiv e ly  ac tive predom 
in an tly  in th e  longw ave region, such as CH4, N 2 O, 
CFCI3, and CF2CI2, have behav io rs sim ilar to  th a t  
of C O 2 . These gases a re  essentially  tra n sp a re n t to  
so lar rad ia tio n  b u t are opaque to  longwave ra d i
a tio n  in specific sp ec tra l bands, and  they  behave 
sim ilarly  to  C O 2  in th a t  they  in itia lly  reduce th e  
ou tgo ing  longw ave rad ia tio n  to  space, which leads 
to  a  w arm ing of th e  surface and  troposphere  un til 
th e  ra d ia tio n  balance is resto red . Trace gases th a t  
a re  rad ia tiv e ly  ac tive  in b o th  th e  solar and  long
w ave regions, such as Os and  N O 2 , can lead to  ei
th e r w arm ing  or cooling a t  th e  surface depending 
on how they  are  d is tr ib u te d  vertically  (see C h ap te r 
6 ) and  on th e  re la tive  s tren g th s  of th e  bands in th e  
so lar and  longw ave sp ec tra l regions.

W ater vapor, C O 2 , and  Og are  th e  m ost im 
p o r ta n t rad ia tiv e ly  ac tiv e  gases in term s of th e ir 
co n trib u tio n  to  th e  te m p e ra tu re  s tru c tu re  of the  
atm osphere . F igure 2.3 show s th e  co n trib u tio n  of 
each of these gases to  th e  n e t rad ia tiv e  hea ting  ra te  
as a  function  of a ltitu d e , as com puted  by M anabe 
and  S trick ler (1964). T h is figure applies to  global 
annu a l-m ean  conditions. LHgO, LC O 2 , and  LOg
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refer to  th e  ind iv idual co n trib u tio n s  to  th e  ra te  of 
te m p e ra tu re  change th a t  is due to  longw ave rad i
a tio n  ab so rp tio n  an d  em ission. T he curve m arked 
SH 2 O +  SC O 2  +  SO 3  gives th e  ra te  of tem p e ra tu re  
change due to  ab so rp tio n  of solar ra d ia tio n  by H 2 O, 
C O 2 , an d  Os- Solar ab so rp tio n  by Os accoun ts for 
nearly  all th e  so lar ab so rp tio n  in th e  s tra to sp h e re  
( th e  region above ~ 1 3  km ), and  H 2 O is th e  m ajor 
source of so lar ab so rp tio n  by gases in th e  tro p o 
sphere (< 1 3  km ). C O 2  is a  very w eak ab so rb er of 
solar rad ia tio n , b u t it is very im p o rta n t in term s 
of th e  longw ave cooling ra te s , p a rtic u la rly  in the  
s tra to sp h ere .

2.3
(40)

(30)

H2O+SCO2+S 03. (20 )

100

( 10)

000
-4.0 -2.0 0.0 2.0 4.0 6.0

2.3 R A D IA T IV E  T R A N S F E R  TH EO R Y

T his section provides som ew hat sim plified descrip
tions of th e  rad ia tiv e ly  im p o rta n t q u an titie s  th a t  
m ust be ca lcu la ted  or param eterized  in a  clim ate 
m odel. B ecause nearly  99% of th e  rad ia tio n  inci
d en t from  th e  sun falls a t  w avelengths < 4  /zm and  
approx im ate ly  99% of the  energy therm ally  em it
ted  by th e  E a rth -a tm o sp h ere  system  is a t wave
leng ths > 4  f im  (see F igure 2.2), and  because the  
physical m echanism s dom in atin g  th e  tran sfe r of ra 
d ia tio n  differ in these tw o po rtions of th e  spec trum , 
it is convenien t th en  to  discuss a tm ospheric  rad ia 
tion  as e ith e r so lar shortw ave (w avelengths < 4  /zm) 
or as te rre s tr ia l longw ave rad ia tio n . T he theory  
of th e  tran sfe r of e lec trom agnetic  rad ia tio n  is well 
understood  for ho rizon ta lly  hom ogeneous stra tified  
a tm ospheres; th e  d e ta ils  concerning th e  basic equa
tions can be found in several different tex ts  (e.g.. 
G oody 1964; P a ltr id g e  and  P la t t  1976; H oughton 
1977; Liou 1980).

V o
T A J(mo)
( 1  - RA3 )

RATE OF TEMPERATURE CHANGE  
(°C/DAY)

F ig u r e  2 .3 . R ad ia tive-convective  m odel re su lts  for th e  longwave 
cooling and solar h ea tin g  ra te s . T he le tte rs  L an d  S den o te  long
w ave and solar, respectively . T he m odel resu lts  are tak en  from 
M anabe  and S trick ler (1964).

In th e  s tra to sp h e re , te m p e ra tu re  increases w ith  
a ltitu d e  reflecting th e  h ea tin g  due to  ab so rp tio n  of 
so lar rad ia tio n  by O s. O n an  an n u a l-av erag e  ba
sis, the  so lar h ea tin g  is com pensa ted  p rim arily  by 
longw ave cooling due to  C O 2 . T he te m p e ra tu re  pro
file in th e  tro p o sp h ere , w ith  te m p e ra tu re  decreasing 
w ith  a ltitu d e , is a  re su lt of in te rac tio n s  betw een  con
vection , large-scale dynam ics and  rad ia tio n . R ad ia 
tive  processes in th e  tro p o sp h ere  co n trib u te  to  the  
net energy balance of th e  troposphere-su rface  sys
tem . T he tro p o sp h ere  m u st ra d ia te  to  space not 
only th e  solar energy abso rbed  th e re  b u t also th e  
bulk of th a t  ab so rb ed  a t  th e  surface.

T o p  o f  
layer  '

c I

M ult ip le  sca t te r in g

T

Su rface
S.Tlpo)

I T(/Zo) R A 3 

( 1 - R A )

V 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 Z V 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 .
F ig u r e  2 .4 . D iagram  of solar flux com ponents for a  one-layer 
m odel.

For the  sake of illu s tra tio n , consider a  one-layer 
atm osphere  illu m in ated  a t  the  top  by a  m onochro
m atic  so lar irrad ian ce  S,, a t  local zen ith  angle 0o 
as show n in F igu re  2.4. T he m onochrom atic  up
w ard  and  dow nw ard  flux densities a t  th e  top  
and  b o tto m  of th e  a tm osphere  (subscrip t t and 6, 
respectively) m ay be w ritten  as

=  5^/Zo -R(Mo) +
T A .T j t i o )
{ l - R A . ) \

(2 . 1)
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— 'S'y/Zo'
Tiflo)

and

(2 .2 )

(2.3)

gases is ca lcu la ted . W hen abso rp tion  alone is con
sidered, th e  equ a tio n  for th e  to ta l  dow nw ard  solar 
flux density  fi a t  a lti tu d e  z  m ay be w ritten  as

w here is th e  frequency or wave n um ber, A ,  is 
th e  surface albedo , assum ed to  be L am bertian ,^  
/Zo =  cos 00^ B ,  T ,  i?(/Zo), and  T  (/Xq) a re  the  
spherical and  p lan a r reflectiv ities and  tran sm issiv i
ties, respectively. W ith  th e  exception of /Zq, all th e  
q u an titie s  a re  functions of iz b u t th is  su b scrip t has 
been d ropped  for convenience.

Physically , E q u a tio n  (2.1) s ta te s  th a t  th e  solar 
rad ia tio n  reflected to  space consists of a  p a r t  com ing 
from  th e  a tm o sp h ere  alone [jR(/Zo)], includ ing  the  
effects of ab so rp tio n  and  m ultip le  sca tte rin g  w ith in  
th e  a tm osphere , plus a  p a r t  resu lting  from  reflection 
from  th e  surface th a t  has been enhanced by m u lti
ple reflections betw een  th e  surface and  a tm osphere  
[the (1 -  R A ,)~ ^  te rm ]. S im ilarly, th e  rad ia tio n  
reaching th e  surface (E q u a tio n  2.2) is due to  th a t  
p o rtion  tra n sm itte d , T(/Zo)(direct +  diffuse), w hich 
has been enhanced by m u ltip le  reflections betw een 
the  surface and  atm osphere .

T he R s  and  T s  a re  functions of th e  ab so rp tio n  
and  sca tte rin g  p ro p e rtie s  of th e  rad ia tiv e ly  ac tive 
gases and  p a r tic u la te  m a tte r  in a  given sp ec tra l in 
terval (i.e., th e  shape, sizes, num b er d is trib u tio n , 
and  com plex index of re frac tion  of th e  p a rtic u la te  
m a tte r , and  th e  density  and  abso rp tion  and  sc a tte r
ing coefficients of th e  gases). D etailed  and  ap p ro x 
im ate  techniques for ca lcu la tin g  th e  R s  and  T s  for 
horizontally  hom ogeneous conditions are described 
in th e  previously m entioned  te x ts  and  in num er
ous papers (e.g., Lacis and  H ansen 1974; Joseph  et 
al. 1979; M eador and  W eaver 1980). T he techniques 
used to  accoun t for m u ltip le  sca tte rin g  in clim ate 
m odels cover a  w ide range of soph istica tion , and  th e  
un certa in ties  in these techn iques m ay be im p o rta n t 
as the  rad ia tiv e  p ro p e rtie s  of the  a tm o sp h ere  vary. 
A lthough th is  is a  p o ten tia lly  im p o rta n t problem , 
th is  ch ap te r focuses on th e  a tm ospheric  rad ia tio n  
budget and  the  effect of changes in C O 2 .

O f p a rtic u la r  concern  to  th e  C O 2  p rob lem  is 
th e  m anner by w hich ab so rp tio n  by th e  a tm ospheric

=  Mo /  S ^ T ^ { z ,z ^ - , f io )d v  , (2.4)
Jo

w here is th e  m onochrom atic  tran sm issiv ity  for 
th e  s lan t p a th  from  th e  to p  of th e  a tm o sp h ere  Zoo 
to  z along /Zq. T^,  for one absorb ing  gas w ith  den
sity  Pa, is re la ted  to  th e  m onochrom atic  ab so rp tio n  
coefficient k ,̂ for a  p lane parallel a tm o sp h ere  as

T ^{z,Zao\p) -  exp kyPa
dz"

Mo
(2.5)

T he dow nw ard  longw ave flux for a  p lane parallel 
ax isym m etric  a tm o sp h ere  in therm odynam ic  equi
lib rium  w ith  no sca tte rin g  is re la ted  to as

F,{z) = -  du  , (2.6)

w here is th e  P lanck  function  for th e  tem p e ra tu re  
a t  z' and  is th e  f lux  tran sm issiv ity  defined as

T F ^ { z ,z ' )  = 2 f  T ^ { z , z ' ] p ) p d p  . (2.7)
Jo

Physically , E q u a tio n  (2.4) s ta te s  th a t  th e  dow n
w ard  flux a t  2  is equal to  th a t  po rtio n  of th e  solar 
flux inciden t on th e  to p  of th e  atm osphere  tra n s 
m itted  to  2 , w hereas th e  longw ave flux a t  2  is due 
to  th e  sum  of th e  co n trib u tio n s  of each em ittin g  el
em ent betw een 2  and  the  to p  of th e  atm osphere , 
each a tte n u a te d  by th e  ap p ro p ria te  op tical p a th . 
T he equa tions for th e  upw ard  sho rt- and  longw ave 
fluxes have te rm s sim ilar to  those in E quations (2.4) 
and  (2.6).

Because of th e  nearly  d iscontinuous v aria tio n  of 
the  ab so rp tio n  coefficient w ith  iz, only th e  in te 
g ra tio n  over zz poses significant p ractical p roblem s 
in th e  co m p u ta tio n  of clear-sky-rad iation  q u a n ti
ties. T he nex t section  sum m arizes th e  techniques 
com m only used to  ap p ro x im a te  th e  frequency in te 
g ra tion .

 ̂ R ad ia tion  sc a tte re d  by th e  E a r th ’s surface is assum ed to  be 
uniform  in all d irec tions ( th a t is, isotropic).
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2.4 C O M P U T A T IO N A L  M E T H O D S F O R  
G A SEO U S A B S O R P T IO N

2.4.1 T ransm issiv ities  for Ind iv idual Gases

2.4.1.1 L ine-by-Line T echnique

T he m ost s tra ig h tfo rw ard  techn ique for th e  in teg ra 
tion  over u  is to  perform  a  num erical in teg ra tio n  af
te r  hav ing  specified a t  sufficiently sm all in tervals 
(10“  ̂ to  10“  ̂ cm ~^). T h is  is no sm all task  be
cause depends on th e  locations, s tren g th s , and 
shapes of th e  sp ec tra l lines th ro u g h o u t th e  spec
tru m . Specifically, ki, can  be w ritten  as

K{ T, p )  =  Y ^ S j {T) f j{T,p,Uoj,i^) , (2.8)
j

w here S j  is th e  in teg ra te d  line in ten sity  for th e  J th  
line, f j  is th e  line shape  fac to r for th e  line cen
te red  a t  i/qj for te m p e ra tu re  T  an d  pressure p. Be
cause th is  techn ique involves sum m ing th e  co n tri
bu tio n  of each line, it is usually  called th e  line-by- 
line (LBL) technique. D eta ils  concerning varia tions 
of th is  techn ique m ay be found in D rayson (1967), 
Pels an d  Schw arzkopf (1981), and  S co tt and  C hedin
(1981).

Use of th e  LBL techn ique has becom e m ore 
w idespread  w ith  th e  ava ilab ility  of docum ented  
sp ec tra l line d a ta  (e.g., M cC latchey  et al. 1973) 
and w ith  th e  av a ilab ility  of high-speed com puters. 
C om parisons of labo ra to ry -o b serv ed  tran sm itta n ces  
w ith  L B L -calculated  tra n sm itta n c e s  have generally 
shown ag reem en t to  w ith in  5-10%  tran sm itta n ce  
over narrow  sp ec tra l in te rv a ls  (e.g., M cC latchey 
1976) and  to  w ith in  several te n th s  of a  percen t 
for to ta l ban d  ab so rp tio n  for C O 2  (e.g.. Pels and 
S chw arzkopf 1981). B ecause th e  p rincipal uncer
ta in tie s  of th is  techn ique involve basic spectroscopic 
q u an titie s  { S j  an d  f j )  com m on to  all techniques, 
ra th e r  th a n  th e  in teg ra tio n s , m any  investigato rs  
use LBL ca lcu la tions as a  reference to  check m ore 
ap p ro x im a te  techniques. H ow ever, because of the  
large nu m b er of lines in th e  sp ec tru m  ( ~ 1 0 ®), the  
LBL techn ique consum es copious am o u n ts  of com 
p u te r  tim e on th e  fa s te s t co m p u ters when applied 
to  flux and  h ea tin g  ra te  ca lcu la tions. As a  resu lt, it 
is n o t a  techn ique useful for ro u tin e  ca lcu la tions in 
clim ate  m odels.

2.4.1.2 N arrow  B and M odels

A com m on appro x im atio n  for perform ing th e  fre
quency in teg ra tio n  consists of dividing th e  spec trum  
in to  a  finite num ber of sp ec tra l in terva ls th a t  are 
sm all enough to  regard  or as co n stan t across 
th e  in terva l, yet wide enough to  sm ooth  ou t the  
de ta iled  spec tra l featu res. T h is  technique, usually 
called th e  narrow  band  m odel (NBM ) technique, 
requires th e  calcu lation  of th e  frequency-averaged 
tran sm issiv ity  w hich, for a  hom ogeneous p a th  
w ith  abso rb er am oun t u,  m ay be w ritten  as

Tdu,P,T)=-^J^  e - M r . ) . , , , (2.9)

w here typ ically  A l> < 50 cm “  ̂ and t is an  index for 
th e  frequency or wave nu m b er in terval.

In p ractice , tw o different approaches are used 
to  de term ine  the  functional dependence of on u, 
p, and  T . One approach  involves m aking assum p
tions concerning th e  d is trib u tio n s  of the  line p a ram 
ete rs  S j  and f j ,  w hich will allow Tj to  be expressed 
in te rm s of analy tica l functions w ith  ad ju stab le  p a
ram eters . T he p aram ete rs  for a  given sp ec tra l in
terva l a re  specified from  lab o ra to ry  observations or 
by forcing agreem ent w ith  spectroscopic theo ry  in 
a sy m p to tic  lim its. T he resu lting  function is ap 
plied to  a tm ospheric  problem s w ith  th e  use of th e  
C urtis-G odson  appro x im atio n  (G oody 1964), which 
defines a  tem pera tu re-sca led  am oun t of abso rber a t  
a  definable m ean pressure. Several d ifferent band  
m odels a re  discussed in G oody (1964) and applica
tions to  flux calcu lations have been num erous (e.g., 
R odgers and  W alshaw  1966; H aurw itz and  K uhn 
1974; Ellingson and G ille 1978).

A som ew hat different NBM  approach  tra n s 
form s E quation  (2.9) to  an  in tegra l over k^ in A u ,  
and  th e  d is trib u tio n  of k ,̂ is determ ined from  LBL 
ca lcu la tions (e.g., C hou and  A rking 1980). T his so- 
called A:-distribution techn ique is applied to  a tm o 
spheric problem s w ith  th e  use of a  one-param eter 
scaling approx im ation . Closely re la ted  to  th is  tech
nique is th e  sum  of exponen tia ls technique as dis
cussed by Lacis and  H ansen (1974) am ong others. 
T he advan tages of th e  A:-distribution technique over 
th e  an a ly tica l band  m odels are  th a t  the ac tu a l dis
trib u tio n s  of k^ are em ployed, the  frequency in teg ra 
tion  is accura te ly  perform ed for hom ogeneous p a th s.
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and  the  form  of th e  expression for T< allows a  ra 
d ia tion  m odel to  be ex tended  to  include m ultip le  
sca tte rin g .

A n o th er ty p e  of NBM  uses em pirical functions 
fit to  a  sm all range of observations or calcu lations 
(e.g., L O W T R A N , Selby et al. 1976). A lthough 
useful to  som e app lica tions, th is  ty p e  o f approach  
leaves large u n ce rta in tie s  when th e  em pirical func
tions are used beyond th e  range of variab les for 
w hich they  were in tended .

T he an a ly tica l m odels suffer from  th e  fac t th a t  
one function  can n o t even reasonably  be applied  to  
one gas, let alone all gases in all sp ec tra l in tervals. 
However, th e  associa ted  erro rs m ay be reduced by 
a  jud icious ca lcu la tion  of th e  ad ju s tab le  p aram e
ters , and  th e  ap p lica tio n  of th e  an a ly tica l m odels 
to  a tm ospheric  ca lcu la tions has firm er theo re tica l 
foundations th a n  do th e  o n e-p aram ete r scaling ap 
prox im ations. In e ith e r case, th e  NBM  calcu lations 
overcom e th e  co m p u ter tim e lim ita tio n s  of th e  LBL 
technique w hen applied  to  som e clim ate  m odel ap 
p lica tions (e.g., frequen t one-dim ensional calcu la
tions). How ever, th e  NBM s generally  still require 
too  m uch com puter tim e for p rac tica l app lica tions 
in tw o- and  th ree-d im ensional c lim ate  m odels.

2.4.1.3 W ide B and M odels

T he th ird  general app ro ach  to  th e  transm ission- 
abso rp tion  problem  is th e  use of observations, LBL 
ca lcu la tions or NBM  calcu la tions to  co n stru c t m od
els of th e  ab so rp tio n  over large ban d  w id ths, or 
even th e  en tire  spec trum . These approaches are 
denoted  here as w ide band  m odels (W B M ). One 
exam ple of th is  app roach  is th e  so-called em issiv- 
ity  ap p ro x im a tio n , w hich is an  a t te m p t to  perform  
th e  en tire  sp ec tra l in teg ra tio n  sep a ra te ly  for each 
absorber. An h isto rical accoun t of em issivities is 
given by H o tte l and  Sarofim  (1967), w ho p o in t ou t 
th a t  Schack (1924) was perh ap s th e  first to  show 
how d a ta  could be used to  p red ic t th e  em issivity. 
A tm ospheric  ap p lica tio n s of th is  app roach  d a te  a t  
least to  E lsasser (1942), and  m odifications and  im 
provem ents are discussed by R am an a th a n  (1976). 
T his app ro ach  is appealing  to  c lim ate  s tud ies be
cause th e  in teg ra ted  ab so rp tio n  for th e  ac tive  gases 
m ay be m easured  over a  w ide range of variables in 
th e  lab o ra to ry , and  because th e  ca lcu la tions m ay 
be perform ed very rap id ly  on th e  com puter. For

exam ple, R am an a th a n  (1976) and  Kiehl and  R a
m an a th a n  (1983) show good ag reem en t of m odel- 
p red ic ted  and  labo ra to ry -observed  in teg ra ted  C O 2  

ab so rp tiv itie s  for th e  15-/Lim band  system . T he p ri
m ary  difficulties w ith  th is  app ro ach  are  accura te ly  
accoun ting  for the  nonhom ogeneous p a th  and  for 
overlap  w ith  o th er ac tive  gases.

A m ore recen t W BM  approach  m igh t be called 
th e  p e r tu rb a tio n  technique. As p o in ted  o u t by C u r
tis  (1956) and  applied  by R odgers (1967), it  is use
ful to  p recom pute  th e  tran sm issiv ity  for those con
s titu e n ts  th a t  do n o t change and  th a t  are weakly 
d ep en d en t on tem p e ra tu re  v aria tio n s along th e  a t 
m ospheric p a th . R ecently , Pels and  Schw arzkopf
(1981) ex tended  th is  idea by com puting  th e  in te 
g ra ted  ab so rp tiv itie s  for th e  15-/im  band  of C O 2  

w ith  an  LBL in teg ra tio n  for a  s tan d a rd  pressure 
grid. F u rth erm o re , they  give th e  necessary m a tr i
ces for ex tend ing  the  ca lcu la tions to  o th er pressures 
and  tem p era tu res . T he m ajo r lim ita tio n s  of th is  ap 
proach  include th e  necessity  of large com pu ter s to r
age, as com pared  w ith  th e  em issiv ity  app roach , the  
difficulty in accura te ly  accoun ting  for overlap  w ith  
o th er abso rb ers , and  th e  difficulty in accounting  for 
a  vary ing  ab so rb er concen tra tion .

A techn ique re la ted  to  th e  p e r tu rb a tio n  tech 
nique is th e  tab le  look-up technique. In th is  ap 
proach , th e  pressure increm en ts of a tm ospheric  lay
ers a re  fixed, except for th e  b o tto m  layer. T he H 2 O, 
C O 2 , an d  Os tran sm issiv ities  are p recom puted  for 
a  w ide range of te m p e ra tu re  and  abso rb er am o u n ts  
in each layer. W hen an  ac tu a l sounding is used, the  
d a ta  a re  in te rp o la ted  to  th e  m odel grid , th e  neces
sary  ab so rb er am o u n ts  a re  ca lcu la ted , and  th e  in
teg ra ls  are  ca lcu la ted  th ro u g h  in te rp o la tio n  of the  
p recom puted  d a ta . T h is  is very sim ilar to  a  com p u t
erized version of th e  various rad ia tio n  ch a rts . Chou 
and  Arking® have developed such a  technique from  
th e  d a ta  p resen ted  in C hou and  A rking (1980).

2.4.2 T re a tm en t of O verlapp ing  A bsorp tion

P erh ap s th e  m ost overlooked problem  in a tm o 
spheric ab so rp tio n  is th a t  of s im ultaneous abso rp 
tion  by tw o  or m ore co n s titu en ts  across th e  sam e 
sp ec tra l in te rv a l (i.e., overlapp ing  ab so rp tio n ). T his 
is a  p a rticu la rly  im p o rta n t problem  for H 2 O and

M .-D. Chou and  A. A rking, personal com m unication , 1982.
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C O 2  ab so rp tio n  in th e  2.7-, 10-, and  15-/im  regions; 
for H 2 O and O 3  ab so rp tio n  in th e  9 .6-pm  region; 
and  for H 2 O, C H 4 , and  N 2 O in th e  7-pm  region. In 
general, th e  frequency-averaged  tran sm issiv ity  for 
tw o gases abso rb ing  in A u ,  T n 2 , m ay be w ritten  as

T ii 2  =  —  f  T^,[ul) X T^{ u 2 )di> , (2.10)

w here Ui and  1x2  are th e  abso rber am o u n ts  for the 
tw o gases. For a  narrow  spec tra l in te rva l for which 
there  is li tt le  co rre la tion  betw een th e  ind iv idual 
lines or for w hich th e re  is no wave nu m b er v aria 
tion  in e ith er or b o th  gases. E quation  (2.10) m ay 
be w ritten  as

T i i 2  =  T i ( t t i )  X T i { u 2 )  . ( 2 . 1 1 )

E x p erim en ta l stud ies of the  ap p ro p ria ten ess  of 
E quation  (2.11) have been rep o rted  by B urch et 
al. (1956), H oover e t al. (1967), an d  T ubbs et 
al. (1967) for overlapp ing  bands of several d ifferent 
gases. T hese stud ies have shown th a t  if a  spec tra l 
in terva l is b road  enough to  con ta in  several lines, 
if the  line cen te rs  are n o t com m ensura te  and  if 
the  p a r tia l p ressure of th e  b roadening  gas is m uch 
g rea ter th a n  th e  p a r tia l p ressures of th e  absorb ing  
gases, th en  th e  average erro r of E q u a tio n  (2.10) is 
of the  order of a  few percent.

W hen th e  in teg ra tio n  in E quation  (2.10) ex
tends over an  en tire  band  area , the  m u ltip lica tio n  
p roperty  expressed by E quation  (2.11) holds only if 
th e  corre la tion  betw een th e  ab so rp tio n  featu res of 
th e  tw o gases is sm all. T he W BM  calcu la tions gen
erally express th e ir  versions of E q u atio n  (2.10) in 
term s of th e  ab so rp tiv itie s  of the  ind iv idual gases 
and  an overlap  te rm  in th e  form  of E q u atio n  (2.11) 
for a  large ban d  area . B urch  e t al. (1956) have 
shown ex p erim en ta l resu lts  th a t  verify th is  ty p e  of 
approach  for som e overlapping , a tm ospherically  ac
tive bands. H ow ever, th e  overlap  correction  term  
is no t necessarily  linear in the  band  ab so rp tan ce  
as is assum ed in clim ate  m odel ca lcu la tions. O ver
all, little  evidence has been show n concerning the 
accuracy of these overlap  ap p ro x im atio n s for all of 
th e  ac tive a tm o sp h eric  gases for e ither hom ogeneous 
p a th  or a tm o sp h eric  calcu lations.

T he issue of overlapping  ab so rp tio n  is im p o rta n t 
to  c lim ate assessm ents, p articu la rly  w hen one or 
b o th  of th e  overlapp ing  bands have s tro n g  ab so rp 
tion  lines. C onsider th e  tw o extrem e cases w here

( 1 ) th ere  is nearly  com plete alignm en t of line po
sitions for th e  bands of th e  tw o gases, and  ( 2 ) the 
lines of one gas fall betw een th e  lines of th e  o ther 
gas. W ith  a lignm en t th e  ab so rp tio n  is m inim ized 
because once m ost of th e  energy near line centers is 
dep leted  by th e  one gas, th ere  is little  energy left to  
be absorbed  by th e  second gas, an d  th e  tran sm is
sion a t w aveleng ths betw een th e  lines is n o t signifi
can tly  reduced. C onsequently , th ere  m ay be signif
ican t transm ission  even though  th ere  is sa tu ra tio n  
near line centers.

On th e  o th e r hand , ab so rp tio n  is m axim ized 
when the  lines of the  second band  fall betw een 
th e  line positions of the  first band . In th is case, 
th e  ab so rp tio n  by th e  tw o b ands is nearly  add itive 
(i.e., th e  sum  of th e  tw o ab so rp tio n s eva lua ted  sepa
ra te ly ). T he band m odels m ust m ake som e assum p
tion  regard ing  the  degree of random ness of th e  line 
positions in th e  tw o bands over sp ec tra l in tervals. 
T hese assum ptions are being eva lua ted  a t  th is  tim e.

As an illu s tra tio n  of th e  effect of overlap , con
sider th e  overlap  betw een the  15-/xm bands of C O 2  

and th e  ro ta tio n a l band  of H 2 O in th e  12-18 pm  
spec tra l region. Kiehl and  R am an a th a n  (1982) 
stud ied  the  effect of th is  overlap  on th e  rad ia tiv e  
h ea tin g  resu ltin g  from  increased C O 2 , and  th e ir re
su lts  are show n in F igure 2.5. T he change in dow n
w ard  longw ave flux a t  the  surface because of a  dou
bling of C O 2  is ca lcu la ted  as a  function  of la titu d e  
for annua l-average conditions. T he flux change is 
th a t  resu lting  from  a doubling of C O 2  before th e  a t 
m osphere and  surface respond to  th is  forcing. C urve 
1  is the  case w ith  no overlap  betw een th e  C O 2  and 
H 2 O ab so rp tio n  bands, and  curve 2  is th e  case w ith  
overlap. T here  is a su b s tan tia l reduction  in the 
m agn itude  of th e  increase in dow nw ard  flux to  the 
surface w hen th e  overlap  is included. T he g reatest 
difference occurs a t  trop ica l la titu d es  w here there  is 
a  larger am o u n t of H 2 O. W hen th e  overlap  w ith  the 
H 2 O co n tinuum  in the  12-18 pm  region is added, 
there  is very little  increase in dow nw ard  flux to  the 
surface from  doubled C O 2  because th e  lower tro p i
cal a tm osphere  is already essentially  opaque.

W hen band  overlap  is included, th ere  is a  sub
s ta n tia l increase in the  tropospheric  hea ting  ra tes , 
w hich tends to  com pensate  for the  reduction  in the 
dow nw ard flux a t  the  surface. As a  consequence, 
th ere  is n o t a large change in th e  rad ia tiv e  forcing of 
th e  su rface-troposphere system . T he change in net
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flux a t  th e  tro p o p au se  rep resen ts  th e  rad ia tiv e  forc
ing of th e  su rface-troposphere  system . For a  dou
bling of C O 2 , th e  change in hem ispheric-average net 
u p w ard  flux ca lcu la ted  by K iehl and  R am an a th a n
(1982) was -4 .6 9  W  m “  ̂ w ith  no overlap , w as 
—4.18 W m “  ̂ w ith  ro ta tio n a l ban d  overlap , and  
w as —3.99 W m ~^  w hen overlap  w ith  th e  co n tinuum  
w as included. T h u s, th e  degree o f overlap  affects 
th e  w ay th e  n e t w arm ing  is p a r titio n ed  betw een the  
surface and  th e  tro p o sp h ere , b u t it has only a  weak 
effect on th e  to ta l  hea ting . As em phasized by sev
eral a u th o rs  (R am an a th an  e t al. 1979; M anabe and  
W etherald  1980; K iehl and  R am an a th a n  1982), it  is 
th e  su rface-troposphere  h ea tin g  ra th e r  th a n  surface 
hea tin g  th a t  d o m in a tes  th e  surface te m p e ra tu re  re 
sponse.
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F ig u r e  2 .5 . Increase  in surface rad ia tiv e  b eatin g  because of d o u 
bled CO 2  for a n n u a l average case w ith  average cloudiness: (1) 
w ith o u t H 2 O overlap; (2) ro ta tio n a l ban d  overlap; (3) sam e as 
(2) b u t w ith th e  con tinuum  ban d  overlap . Source: K iehl and  R a 
m an a th an  (1982).

2.4.3 Sum m ary  of M odel A pproaches

E ach of the  approaches (line-by-line, narrow  b an d , 
an d  W BM s) has som e usefulness to  clim ate m od
eling. T he LBL ca lcu la tions are  very useful for 
checking th e  accuracy of NBM  and  W BM  frequency 
in teg ra tio n s  for hom ogeneous p a th s  re la tive  to  th e  
basic spectroscopic d a ta . In add ition , they  allow  
for checks on th e  ap p ro x im a tio n s m ade for th e  in te 
g ra tio n s over a tm ospheric  p a th s . T he NBM  calcu
la tio n s  are p articu la rly  useful for one-dim ensional 
s tud ies requ iring  high re la tiv e  accuracy. F u rth e r
m ore, th e  abso lu te  accuracy  of these ca lcu la tions 
m ay be checked by com paring  calcu lations w ith  ob
servations in narrow  sp ec tra l in tervals such as those 
th a t  a re  availab le  from  space p la tfo rm s or in s tru 
m en ted  a irc ra ft. Also, th e  NBM  calcu lations m ay 
be used to  ca lib ra te  th e  W BM  calcu lations over 
a  larger range of variab les th a n  m igh t easily be 
checked w ith  LBL ca lcu lations. T he W BM  calcu la
tions are best su ited  for th e  rap id  ca lcu la tions nec
essary for m any clim ate stud ies, p articu la rly  those  
involving general c ircu la tio n  m odels.

2.5 A C C U R A C Y  O F LONG W AV E
R A D IA T IV E  T R A N S F E R  M OD ELS

To determ ine  th e  accuracy  of rad ia tiv e  tran sfe r 
m odels, a  reference is needed w ith  w hich to  com pare 
th e  m odel resu lts. L ab o ra to ry  and  a tm ospheric  
m easu rem en ts serve as an  ab so lu te  reference for de
te rm in in g  m odel accuracy. T he LBL m odel calcu la
tions also provide a  p o in t of reference for eva lua ting  
th e  effects of sim plifying assum ptions used in less 
de ta iled  m odels. T he in tercom parison  of rad ia tiv e  
tran sfe r m odels and  th e  com parison  of m odel calcu
la tio n s w ith  observations have bo th  proven valuable 
in assessing th e  accuracy  of rad ia tiv e  tran sfe r m od
els. E ach of these tw o approaches has its  advan tages 
an d  d isadvan tages.

2.5.1 In tercom parison  o f R ad ia tio n  
T ransfer M odels

In tercom parison  of rad ia tiv e  tran sfe r m odels has 
been used m any tim es to  d em o n stra te  th e  accuracy 
of a  new m odeling ap p ro ach  or to  evaluate  th e  ef
fects of assum ptions o r num erical m ethods used in 
th e  m odels. T he effects of using different sp ec tra l
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or vertical reso lu tion , using d ifferen t ban d  m odel as
sum ptions, or using d ifferent sp ec tra l line d a ta  are 
exam ples of s itu a tio n s  w here th e  in tercom parison  of 
m odel resu lts  can  be very valuable.

W alshaw  and  R odgers (1963) com pared  cool
ing ra te s  ca lcu la ted  w ith  and  w ith o u t th e  C urtis- 
G odson ap p ro x im a tio n . T hey concluded th a t  no 
significant erro r w ould be in tro d u ced  by using the  
C u rtis-G odson  ap p ro x im a tio n  for th e  15-//m  band  
of C O 2 , b u t considerable erro rs could arise  in the  
9.6-/zm O 3  band  in th e  stra to sp h ere .

R odgers and  W alshaw  (1966) presen ted  a  num 
ber of m odel in tercom parisons. C ases included com 
parison  of ca lcu la tions of th e  15-/^m C O 2  cooling to  
space w ith  and  w ith o u t D oppler b roaden ing , calcu
la tio n s w ith  d ifferen t num bers of sp ec tra l in terva ls , 
different m eth o d s of com pu ting  th e  diffuse tran sm is
sion function , d ifferent vertical reso lu tion , ca lcu la
tions w ith  an d  w ith o u t te m p e ra tu re  dependence of 
ab so rp tio n , and  com parison  of different m eth o d s of 
ca lcu la ting  cooling ra te s  developed by various au 
thors.

S tone and  M anabe (1968) rep o rted  th e  resu lts  of 
a  com parison am ong several num erical m odels used 
to  com pute longw ave cooling ra te s . T he com parison  
included th e  R odgers and  W alshaw  (1966) m odel, 
th e  M anabe an d  S trick ler (1964) m odel, th e  P lass 
(1956a, 1956b) C O 2  an d  O 3  m odels, th e  H itchfeld 
and  H oughton  (1961) O 3  m odel, and  th e  K ap lan  
(1959) m odel. T he m odels w ere show n to  agree rea
sonably  well for C O 2  cooling ra te s , b u t th e re  were 
som e discrepancies for O 3  cooling ra tes.

K iehl and  R am an a th a n  (1983) co n tra s ted  a 
W B M  for C O 2  w ith  tw o  N BM s and  w ith  lab o ra 
to ry  d a ta . T hey  show ed th a t  using sp ec tra l in te r
vals g rea te r th a n  10 cm~^ for C O 2  in N BM s can 
lead to  significant errors.

LBL m odel ca lcu la tions are  considered to  be the  
b est reference for m odel com parisons, so these  cal
cu la tions should  be included w herever possible. For 
exam ple, Liou and  O u (1983) com pared  H 2 O cool
ing ra te s  from  tw o  b and  m odels w ith  LBL ca lcu la
tions ob ta in ed  using a  schem e developed by C hou 
and  A rking (1980).

R ecently , an  in te rn a tio n a l m odel in te rco m p ar
ison study  w as organized  th a t  inco rpora tes m any 
longw ave m odels. T he stu d y  is term ed  In terco m 
parison  of R ad ia tio n  C odes used in C lim ate  M od
els (IC R C C M ), an d  it is cosponsored by th e  W orld

M eteorological O rg an iza tio n  (W M O ), th e  U.S. De
p a r tm e n t of Energy (D O E ), and  th e  In te rn a tio n a l 
R ad ia tio n  C om m ission of lA M A P (W M O  1985). A 
to ta l  of 39 sets of longw ave ca lcu la tions have been 
com pared , including  LBL m odels, NBM s, W BM s, 
and  general c ircu la tio n  m odel algo rithm s. T he IC R 
C C M  study  in co rp o ra tes  com parison w ith  observa
tions as well as m odel in tercom parison . In itia l sets 
of ca lcu la tions w ere com pared  a t  a  w orkshop held 
in A ugust 1984 (W M O  1985), w hich led to  th e  fol
lowing findings.

T he LBL m odels were in very good agreem ent 
w ith  each o th er (to  w ith in  a  few W m~^ or usually 
w ith in  1%). D ifferences in spec tra l in terva ls covered 
by each m odel can lead to  differences g rea te r th an  
1%, however. T he rad ia tiv e  tre a tm e n t of C O 2  seems 
satisfac to ry . U n certa in ties  in th e  H 2 O line shape 
cause th e  fluxes to  be m ore un ce rta in  for H 2 O, a l
though  th e  ag reem en t is very good when th e  sam e 
line shape assu m p tio n s a re  m ade. T he e-type con
tin u u m , th e  p -ty p e  co n tin u u m , an d  th e  tem p e ra tu re  
dependence of H 2 O line w id ths are still sources of 
significant u n ce rta in ty  in these calcu lations.

T he NBM s show ed a  spread  of 10-15%  in the  
ca lcu la tions of th e  dow nw ard flux a t  the  surface for 
five reference a tm ospheres. For exam ple, th e  range 
was 35 W m “  ̂ for a  m id la titu d e  sum m er a tm o 
sphere w ith o u t clouds. C alcu la tions of th e  change 
in net flux a t  th e  tro p o p au se  w hen C O 2  is dou
bled ranged from  —4.3 to  —7.4 W m “  ̂ for cloud- 
free conditions. T he re su lts  for H 2 O alone showed 
large varia tions betw een  m odels for ca lcu la tions of 
the  surface flux and  th e  change in flux w hen H 2 O is 
varied.

T he W BM  resu lts  w ere very sim ilar to  th e  NBM  
resu lts  desp ite  th e  fac t th a t  th e  W B M s are de
signed to  achieve high co m p u ta tio n a l efficiency. T he 
reason for th e  general s im ilarity  betw een th e  tw o 
g roups is p robab ly  due to  th e  fac t th a t  th e  W BM s 
have been validated  ag a in s t NBM  and LBL m odel 
resu lts.

T he m ajo r v a ria tio n  betw een m odel resu lts  was 
a ttr ib u te d  to  using d ifferent w id ths of th e  spec tra l 
in terva ls , d ifferent tre a tm e n ts  of th e  H 2 O co n tin 
uum , erro rs in ca lcu la ting  th e  tem p e ra tu re  depen
dence of sp ec tra l lines, erro rs in th e  num erical tech 
niques used for th e  in teg ra tio n  over a ltitu d e , dif
feren t sources of sp ec tra l line d a ta , and  differences 
in th e  way band  p a ram ete rs  are derived from  the
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sp ec tra l d a ta . Differences in th e  tre a tm e n t of in 
d iv idual gases can lead to  significant v aria tio n  in 
m odel re su lts  for one gas alone, b u t w hen all gases 
are included th e  effect of overlap  reduces th e  range 
of varia tio n . For exam ple, w hether or n o t th e  10 /^m 
b and  of C O 2  is included affects th e  resu lts  for C O 2  

alone, b u t it does n o t m ake a  significant difference 
com pared  w ith  o th e r sources of u n ce rta in ty  for all 
gases to g e th er.

T he in tercom parison  of m odels can be very use
ful for addressing  a  w ide range of questions and  is
sues, b u t it has th e  d isad v an tag e  th a t  it does no t 
provide an  ab so lu te  assessm ent of accuracy (only 
a  re la tive  assessm en t). O bservations or lab o ra to ry  
m easu rem en ts are  needed as ab so lu te  references for 
assessing m odel accuracy.

2.5.2 C om parison  of M odels w ith  O bservations

C om parisons of vertical profiles of observed flux 
densities and  h ea tin g  ra te s  w ith  ca lcu la tions have 
been perform ed for cloudless and  for hom ogeneous 
cloud cond itions by m any different investigato rs. 
M ost of these com parisons, how ever, have involved 
th e  use of N BM s ra th e r  th an  th e  W BM s used in 
clim ate  stud ies. T he com parisons are  often  difficult 
to  m ake and  to  in te rp re t because of u n ce rta in tie s  
in th e  observations and  because of th e  lack of si
m u ltaneous m easu rem en ts of all of th e  q u an titie s  
necessary for th e  ca lcu la tions. C loudy conditions 
p resen t th e  largest difficulties because th e  theory  
requires th e  m easu rem en t of m ore p a ram ete rs  th a n  
for clear sky cond itions and  it is m ore difficult to  
find quasi-horizon tally  hom ogeneous cloudy condi
tions. B ecause of th e  m ore un ce rta in  n a tu re  of the 
cloudy sky com parisons, th is  section will a t te m p t to  
sum m arize w h a t com parisons w ith  observations in 
cloudless sky cond itions have concluded ab o u t the  
accuracy of th e  ca lcu lations.

T he g rea te s t q u an tity  of clear sky flux d a ta  
m easured from  w ith in  th e  a tm o sp h ere  has been 
ob ta ined  du rin g  large-scale experim en ts designed 
to  in v estig a te  th e  effects of aerosols on rad ia tio n . 
These stud ies include th e  C om plex A tm ospheric  
E nergetics E x p erim en t (C A E N E X ) discussed by 
K ondra tyev  et al. (1974), th e  G lobal A tm ospheric  
Aerosol and  R ad ia tio n  S tudy  (G A A R S) described 
by DeLuisi e t al. (1976), a  s tudy  of S ah aran  aerosol 
advected  over th e  trop ica l A tlan tic  O cean described

by C arlson  an d  C averly  (1977), and  stud ies of 
aerosol effects over S audia A rab ia  and the  a d ja 
cent A rab ian  Sea as p a r t of th e  M onsoon E xperi
m ent (M O N E X ) discussed by A ckerm an and  Cox
(1982) and  E llingson and  Serafino (1984). In each 
of these stu d ies , ca lcu lations based on th e  gaseous 
co n stitu en ts  agreed w ith  py ran o m eter observations 
in th e  0 .3 -2 . 8  //m  region to  w ith in  or to  near th e  
m easu rem en t u n ce rta in ty  when th e  aerosol co n ten t 
was low (i.e., of th e  order of ± 5 %  for th e  dow nw ard 
flux). T he observed and  calcu lated  dow nw ard flux 
divergences generally  agree to  o rder ± 1 0 % for th ick  
(150 m b) tro p o sp h eric  layers in low aerosol condi
tions (A ckerm an and  Cox 1982). A lthough these 
differences a re  g rea te r th an  th e  assum ed re la tiv e  ac
curacy of th e  observations (± 5%  or b e tte r ) , these 
differences are  usually  a ttr ib u te d  to  aerosols or to  
u n ce rta in tie s  in th e  m easured H 2 O.

Several s tud ies have shown com parisons of ra- 
d iom etersonde or pyrgeom eter observations w ith  
m odel-calcu lated  longw ave fluxes th a t  a re  in agree
m en t to  w ith in  ±5%  or b e tte r , p articu la rly  for 
th e  upw ard  fluxes (e.g., see K uhn and  Johnson 
1966; P ilipow skij e t al. 1968; A ckerm an and  Cox 
1982; E llingson and  Serafino 1984). However, m uch 
larger observed th a n  calcu lated  dow nw ard fluxes 
have been n o ted  in th e  lower s tra to sp h e re  and  u pper 
tro p o sp h ere  in m any stud ies em ploying radiom e- 
tersondes (e.g., P ilipow skij e t al. 1968; E llingson 
and  G ille 1978). These discrepancies have been a t 
tr ib u te d  to  invisible cirrus, s tra to sp h e ric  aerosols, 
H 2 O u n ce rta in tie s , or m easu rem en t errors. R ecent 
dow nw ard  flux com parisons em ploying pyrgeom e
te r  d a ta  have had  m ixed resu lts  a t  m iddle an d  high 
tropospheric  levels (e.g., A ckerm an and  Cox 1982; 
E llingson an d  Serafino 1984). In sh o rt, th e  dow n
w ard  flux differences have no t been adequate ly  ex
plained.

D espite th e  differences betw een  th e  observed 
and  ca lcu la ted  dow nw ard fluxes, m ost com parisons 
betw een observed and  ca lcu la ted  longw ave h ea tin g  
ra te s  have agreed to  the  order of ± 1 0 % for 1 0 0 -m b 
layers. T he b est ag reem ent usually  occurs below 
500 m b w here th e  H 2 O co n ten t is m easured  m ost 
accurate ly . It should be no ted , how ever, th a t  the  
num b er of cases s tud ied  is sm all, and  there  is li t
tle  in fo rm ation  concerning th e  geographical d is tr i
bu tion  of ag reem en t betw een observations an d  cal
cu lations.
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M ost of th e  published  longw ave com parisons 
have involved only a  few differen t w ide and  NBM s. 
As p a r t  of th e  IC R C C M , all of th e  p a r tic ip a n ts  were 
requested  to  perfo rm  ca lcu la tions of th e  upw ard  and  
dow nw ard  fluxes for clear and  cloudy soundings for 
w hich observations w ere availab le  (see W M O  1985). 
O f th e  e ig h t resp o n d en ts , all of the  m odel ca lcu la
tions agreed w ith  th e  flux observations below 400 
m b for b o th  th e  clear and  cloudy case to  w ith in  
th e  assum ed ± 5 %  m easu rem en t accuracy. Also, th e  
m odels all rep roduced  th e  flux divergence below 500 
m b to  w ith in  th e  ± 1 0 % range of accuracy of th e  ob
servations.

T here is som e lite ra tu re  concerning com parisons 
of sa te llite  observations w ith  m odel-calcu lated  ra 
d iances for th e  longw ave sp ec tru m  betw een 7 and 
25 /xm (e.g., LBL ca lcu la tio n s— K unde e t al. 1974; 
NBM  ca lcu la tio n s— Ellingson and  G ille 1978). For 
th e  few com parisons show n, th e  m odel-calcu lated  
rad iances agree w ith  those  observed to  near or to  
w ith in  th e  know n erro rs of th e  observations and  
calcu lations. E llingson and  G ille (1978) used these 
com parisons to  e s tim a te  th e  u n ce rta in ty  of th e  cal
cu la tion  of th e  flux leaving th e  tro p ica l a tm osphere  
to  be ± 3% . H ow ever, th is  e s tim a te  is based on only 
five com parisons, and  th e re  w ere com pensa ting  er
rors in d ifferent w aveleng th  regions.

M any observations of sp ec tra l rad iance have 
been m easured  from  in s tru m en ted  a irc ra f t in n a r
row sp ec tra l in terva ls  used for rem ote  sensing p u r
poses (e.g.. S m ith  et al. 1977). C om parisons o f these 
observations w ith  m odel ca lcu la tions have generally  
show n good ag reem en t (± 5 %  or b e tte r ) . A lthough 
these re su lts  give us confidence, th is  ty p e  of agree
m en t can n o t be assum ed for all narrow  sp ec tra l in
terva ls  (say 5 cm “ ^), because th e  accuracy  of th e  ra 
d iance ca lcu la tions across th e  sp ec tru m  and  w ith in  
th e  a tm o sp h ere  has n o t been determ ined .

C om parisons of observed w ith  ca lcu la ted  fluxes 
and  rad iances have generally  been re s tr ic ted  to  
th e  tro p o sp h ere  except for re la tive ly  few high a lti
tu d e  balloon  observations. O f possible im p o rtan ce  
for C O 2  s tu d ies  are th e  resu lts  of experim en ts  by 
M cC latchey (1976) and  M cC latchey  and  D ’A gati 
(1979). C om parisons of LBL ca lcu la tions w ith  ra 
d iom eter observations of dow nw ard  rad iance  in 2 0 - 
cm~^ in terv a ls  across th e  15-/xm C O 2  b an d  showed

system atica lly  lower observed th a n  calcu lated  rad i
ance (10% less) from  250 to  10 m b. These com 
parisons ind ica te  g rea te r a tm ospheric  opacity  th an  
is ca lcu la ted . How ever, M cC latchey and  D ’A gati 
(1979) ten ta tiv e ly  identified th e  problem  as being 
due to  th e  assum ption  of the  P lanck  function® as 
the  source function. However, th is  problem  appears 
to  be unresolved, and  th e  im p o rtan ce  of these dif
ferences to  e s tim ates  of s tra to sp h eric  hea ting  ra te s  
and  to  p lan e ta ry  rad ia tio n  b udgets  has n o t been 
stud ied .

In sum m ary , the  com parisons of calcu lations 
w ith  flux observations from  w ith in  th e  a tm osphere  
have generally  shown agreem ent of th e  order of ± 5%  
for cloudless, low aerosol co n ten t conditions. Al
th ough  th is  sounds encouraging, in reality  the  u n 
ce rta in ty  in th e  flux observations is so large th a t  
ne ith er th e  reasons for th e  differences nor th e  sig
nificance of the  in term odel differences can be es
tab lished  from  th e  a tm ospheric  observations alone. 
A lthough  th e  com parisons of sa te llite- and airc raft- 
m easured  rad iances w ith  LBL and  NBM  calcu la
tions have given us confidence in th e  various app rox 
im atio n s m ade in th e  ca lcu lations, th e  validation  of 
th e  flux ca lcu la tions rem ains incom plete.

2.6 T H E  R A D IA T IV E  E N E R G Y  B U D G E T
O F T H E  U N P E R T U R B E D  A T M O S P H E R E

To b e tte r  u n d ers tan d  how increases in C O 2  p e r tu rb  
th e  rad ia tio n  balance of th e  a tm osphere , it is im 
p o r ta n t to  u n d e rs tan d  the  rad ia tiv e  energy budget 
of th e  u n p e rtu rb ed  atm osphere . In considering the  
so lar and  longw ave com ponen ts of th e  rad ia tiv e  en
ergy bud g et, th e re  are th ree  regions of in terest: the  
s tra to sp h e re , th e  troposphere , and  th e  E a r th ’s su r
face. C om p o n en ts of th e  solar end  longw ave rad ia 
tive bu d g ets  are show n in F igures 2 .6 -2 . 8  for th e  
s tra to sp h e re , th e  troposphere , and  th e  E a r th ’s su r
face, respectively .

T he longw ave rad ia tiv e  budget was com puted  
using E llingson and  G ille’s (1978) longw ave ra d ia 
tive tran sfe r m odel. T he global an n u a l m ean values 
of th e  flux com ponen ts were ca lcu la ted  by perform 
ing a  ca lcu la tion  a t  each 1 0 ° of la titu d e  and  area

Carbon Dioxide and the Radiation Budget

® T he P lanck  function  describes th e  emissive power of a  b lack 
body as a  function  of w aveleng th  a t a given tem p era tu re . T he 
function  describes th e  shape  of the  curves shown in F igure 2.1.
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w eighting th e  re su lt. T he a tm o sp h eric  profiles of 
tem p e ra tu re , H 2 O, and  Og a t  each la titu d e  were 
tak en  from  O o rt and  R asm usson (1971). T he com 
ponen ts of th e  so lar ra d ia tiv e  b udget w ere based on 
ca lcu la tions using a  tw o-dim ensional c lim ate  m odel 
(P o tte r  e t al. 1979; E llingson and  M acC racken  1981) 
w ith  th e  sam e in p u t cond itions as th e  longw ave 
m odel.

F igure 2.6 show s th e  com ponen ts o f th e  annual- 
m ean rad ia tiv e  energy b udget for th e  s tra to sp h ere . 
T he values of th e  com ponen ts of th e  s tra to sp h eric

rad ia tiv e  b udget a re  in good ag reem en t w ith  those 
of R am an a th a n  and  D ickinson (1979). Solar and  
longw ave ab so rp tio n  alm ost exactly  balance long
wave em ission, th e  difference resu lting  from  n e t dy 
nam ical t ra n s p o r t  of energy from  th e  trop o sp h ere  
to  th e  s tra to sp h e re . B ecause rad ia tiv e  ab so rp tio n  
and  em ission are  nearly  equal, th e  s tra to sp h e re  is 
very nearly  in rad ia tiv e  equilibrium .

Solar ab so rp tio n  by Og co n trib u tes  ab o u t 94% 
of th e  to ta l  so lar ab so rp tio n  in th e  s tra to sp h ere , 
w ith  H 2 O an d  C O 2  co n trib u tin g  th e  rem ain ing  6 %. 
Longw ave ab so rp tio n  is m ore th a n  tw ice th e  to 
ta l so lar ab so rp tio n . B ecause th e  tem p e ra tu re  in 
creases w ith  a ltitu d e  in th e  s tra to sp h ere , th e  long
w ave em ission from  th e  s tra to sp h e re  to  space is 
sligh tly  g re a te r  th a n  th e  dow nw ard  em ission to  the  
tro p o sp h ere  and  E a r th ’s surface. T he troposphere  
is highly opaque to  longw ave rad ia tio n , so only 
a b o u t 3% o f th e  dow nw ard  em ission reaches the  
E a r th ’s surface. S im ilarly, m ost of th e  absorbed  
longw ave rad ia tio n  in th e  s tra to sp h e re  com es from  
tro p o sp h eric  em ission ra th e r  th an  from  th e  E a r th ’s 
surface.

T he rad ia tiv e  b udget for th e  troposphere  is 
shown in F igure 2.7. Solar ab so rp tio n  in th e  tro 
posphere equals a b o u t 18% of th e  solar rad ia tio n  
inciden t a t  th e  top  of th e  a tm o sp h ere  (w hich is 342 
W m “ ^). Longw ave ab so rp tio n  (prim arily  resu lting  
from  em ission from  th e  surface) am o u n ts  to  m ore 
th a n  1 0 0 % of th e  so lar flux inciden t a t  th e  to p  of 
th e  a tm osphere . Longw ave em ission is significantly 
g rea te r th a n  th e  to ta l ab so rp tio n . T he net excess of 
ab so rp tio n  over em ission of 109 W m “  ̂ is balanced  
by th e  convective flux of la te n t h ea t and  sensible 
hea t from  th e  E a r th ’s surface to  th e  troposphere.

T he rad ia tiv e  b udget for th e  E a r th ’s surface is 
show n in F igure 2.8. Longw ave ab so rp tio n  is ap 
p rox im ate ly  tw ice th e  so lar ab so rp tio n . Longwave 
em ission from  th e  surface is app rox im ate ly  118% 
of th e  incom ing so lar flux a t  th e  to p  of th e  a tm o 
sphere. T h e  n e t longw ave exchange betw een the  
surface and  th e  a tm o sp h ere  is a  cooling of ab o u t 
53 W T he so lar ab so rp tio n  is signiflcantly
g rea te r th a n  th e  net longw ave em ission, w ith  the  
excess energy being tra n sp o r te d  to  th e  troposphere 
as sensible and  la te n t h ea t.

T he ca lcu la ted  g lobal annual-m ean  solar and  
longw ave flux com ponen ts a re  show n in F igure 2.9. 
B ecause convective m ixing leads to  s trong  coupling
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betw een th e  u p p er and  lower tro p o sp h ere , as well 
as betw een th e  tro p o sp h ere  and  E a r th ’s surface, 
changes in th e  n e t flux a t  th e  tro p o p au se  affect tem 
p e ra tu res  th ro u g h o u t th e  tro p o sp h ere  and  a t  the 
surface. A frequen t basis for e s tim a tin g  th e  clim ate 
change resu lting  from  a  p e r tu rb a tio n  to  th e  a tm o 
spheric com position  is th e  efifect th e  p e rtu rb a tio n  
has on th e  net flux a t  th e  tropopause .

Top of 
atm osphere

ab so rp tio n  cases fall som ew here betw een the  linear 
and  squ are-ro o t lim its.
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F ig u r e  2 .9 . Solar and longwave rad ia tiv e  fluxes (W m “ ^) calcu
lated  for th e  global annual-m ean  energy balance of th e  atm osphere  
and E a r th ’s surface.

2.7 T H E  R A D IA T IV E  E F F E C T  O F 
V A RIA TIO N S IN C A R B O N  
D IO X ID E  C O N C E N T R A T IO N

T he ab so rp tio n  bands of C O 2  near 15 pm  consist of 
a  com bination  of s tro n g  and  weak lines. T he effect 
of a  change in abso rb er am o u n t (in th is  case C O 2 ) 
depends on th e  s tren g th  of th e  line. T he abso rp 
tio n  versus w ave nu m b er is show n in F igure 2.10 
for w eak, in te rm ed ia te , and  s tro n g  ab so rp tio n . T he 
curve labeled tt =  0 . 1  refers to  th e  case of weak 
abso rp tio n . In th e  lim iting  case of very weak ab 
so rp tio n , th e  ab so rp tio n  by a  single iso la ted  line is 
p ro p o rtio n a l to  th e  abso rb er am o u n t. As th e  ab 
sorber am o u n t increases (or equ ivalen tly  as th e  line 
s tren g th  increases), th e  largest increase in ab so rp 
tiv ity  occurs a t  th e  line cen te r w ith  sm aller abso lu te  
increases in th e  line wings. E ven tua lly , th e re  is com 
p le te  ab so rp tio n  near th e  line cen te r (referred  to  as 
sa tu ra tio n )  a fte r w hich th e  increased  ab so rp tio n  oc
curs in th e  line w ings. In th e  s tro n g  line lim it, the  
ab so rp tio n  by a  single line is p ro p o rtio n a l to  the 
square ro o t of th e  ab so rb er am o u n t. In te rm ed ia te
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F ig u r e  2 .10 . Single line ab so rp tion  for various abso rber p a th
leng ths. Source: Liou (1980).

T race gases have sm all absorber am oun ts. T hus, 
they  fall w ith in  th e  weak line lim it. T heir rad ia tive  
effect is, therefore , p ro p o rtio n a l to  th e  am oun t of 
th e  trace  gas. Several stud ies have shown th a t  the  
clim atic  effect of several m inor trace  gases, when 
com bined, can be com parab le  to  th a t  resu lting  from  
a  C O 2  increase (F lohn  1978; R am an a th an  1980; 
Lacis et al. 1981).

T here  are m any s tro n g  lines near th e  center of 
th e  15-pm  C O 2  band . C onsequently , th ere  is alm ost 
com plete  abso rp tion  in th is po rtion  of th e  band , 
w ith  rad ia tio n  em itted  from  th e  surface being ab 
sorbed w ith in  th e  low est few kilom eters of the  a tm o 
sphere in th e  15-pm  w avelength  region. Likewise, 
m ost of th e  dow nw ard em ission by C O 2  to  the su r
face com es from  th e  cen tra l po rtion  of th e  15-pm 
band . Because of sa tu ra tio n  of s trong  lines, m ost of 
th e  change  in longw ave abso rp tion  and  em ission re
su lting  from  an increase in C O 2  occurs in the  weak 
lines and  wings of s tro n g  lines. C onsequently , the  
sp ec tra l regions of th e  C O 2  band  co n trib u tin g  m ost 
to  th e  change in longw ave fluxes are the  w eaker ab 
so rp tion  regions on e ith e r side of th e  15-pm  band 
center.

T he co n trib u tio n  of the  weak abso rp tion  bands 
to  th e  change in surface tem p e ra tu re  resu lting  from  
increased C O 2  is significant, even though  th e ir con
tr ib u tio n  to  am b ien t abso lu te  longw ave fluxes is 
sm all. T he co n trib u tio n  to  th e  increase in surface 
te m p e ra tu re  by th e  stro n g er 15-pm  bands and  by 
th e  weak bands of C O 2  have been calcu lated  by Au- 
g ustsson  and  R am an a th a n  (1977) and  is shown in
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Figure 2.11. T he 15-/zm b ands include th e  fu n d a
m en ta l b an d s of and  th ree  o th er iso topes of
C O 2  p lus th e  six stro n g est h o t bands of w ith
band  cen ters in th e  15-/zm region (see R am an a th a n  
1976 for a  list of ban d  cen ters  and  band s tren g th s). 
H ot b ands are those bands th a t  have excited  v ib ra
tional levels for th e ir  lower level. T he weak bands 
include four h o t b ands in th e  12-18 f im  region, tw o 
ho t bands in th e  1 0- / i m  region, and  a  weak pressure- 
induced fu n d am en ta l band  in th e  7.6-/xm region.

6

I 5 | im  Bands

4

</>
H
<3

Weak Bands
2

g6 7 80 3 4 51 2
SCO 2

F ig u r e  2 . 1 1 . Ind iv idual c o n trib u tio n  to  th e  increase in surface 
tem p era tu re  by th e  15-pm bands and  th e  weak bands. T he re 
su lts are for the  co n stan t cloud to p  a lt i tu d e  m odel. fC O j =  [CO 2  

(p e r tu rb e d j-C O j (a m b ie n t)] /C 0 2  (am bien t). A m bien t C O 2  =  
320 ppm  (by volum e); T ,  =  surface tem p era tu re . T he n u m b er of 
bands and th e ir  band  cen ters included in th e  category  of th e  weak 
bands is given in the  tex t. Source: A ugustsson and R am an a th an  
(1977).

F igure 2.11 show s th a t  th e  change in surface 
te m p e ra tu re  th a t  is due to  th e  weak bands in
creases alm ost linearly  w ith  th e  increase in C O 2 . 
O n th e  o th er h an d , a lth o u g h  th e  15-/im bands m ake 
a  larger co n trib u tio n  to  th e  change in tem p era tu re , 
th e  change in te m p e ra tu re  is m uch less th a n  lin 
ear w ith  th e  C O 2  increase. Because th e  15-/im 
bands are  optically  th ick , th e  te m p e ra tu re  change 
due to  those  bands increases logarithm ically  w ith  
C O 2 . T he change in te m p e ra tu re  due to  th e  weak 
bands is a  significant frac tio n  of th a t  due to  the  
15-/im  bands, even though  th e  to ta l  band  s tren g th  
for th e  w eak b ands is m ore th a n  an  order of m agni
tu d e  less th a n  th e  to ta l  b and  s tren g th  for th e  15-/im 
bands.

T he co n trib u tio n  of th e  fu n d am en ta l b an d  and  
th e  h o t bands of C O 2  in th e  15-/xm region to  long
w ave cooling ra te s  is show n in F igure 2.12. T he

first ho t bands refer to  tran s itio n s  th a t  have the  
first excited  v ib ra tio n a l s ta te  as th e  low est energy 
level. T he s tren g th s  of the  fun d am en ta l and  first 
h o t bands are  considerably  g rea te r th an  th e  o th er 
b ands, so th e  fu n d am en ta l and  first ho t bands m ake 
th e  g rea test co n trib u tio n  to  th e  cooling ra te . T he 
15-//m  bands referred  to  in F igure 2.11 include th e  
fu n d am en ta l bands, th e  iso tope bands, th e  first ho t 
bands, and  tw o of th e  second h o t bands show n in 
F igure 2.12.

#
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50

40
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3.02.00 1.0

COOLING (Deg/Day)
F ig u r e  2 . 1 3 . Longwave C O 2  cooling ra tes  show ing th e  co n trib u 
tions from fu n d am en ta l, ho t, and  isotopic bands. Source: D ickin
son (1973).

T he tem p e ra tu re  dependence of th e  b and  ab 
so rp tan ce  of th e  15-/xm band has an  im p o rta n t ef
fect on th e  rad ia tiv e  forcing because of a  change in 
C 0 2 - A ugustsson  and  R am an a th an  (1977) showed 
th a t  neglecting th e  tem p e ra tu re  dependence of the  
band  ab so rp tan ce  could resu lt in an  u n d erestim a te  
of a b o u t 25% in th e  value of th e  change in surface 
te m p e ra tu re  resu lting  from  a  doubling of C O 2 .

T here  have been several recent m odel s tud ies of 
th e  effect of increased C O 2  con cen tra tio n s on th e  
a tm ospheric  rad ia tio n  budget (A ugustsson and  R a
m a n a th a n  1977; R am an a th a n  et al. 1979; H ansen et 
al. 1981; R am an a th a n  1981; K iehl and  R am an a th a n
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1982; W ang an d  R yan 1983). All these m odel s tu d 
ies show th a t  increased C O 2  w ould reduce th e  long
w ave rad ia tiv e  loss by th e  troposphere-surface sys
tem , w hich w ould resu lt in an  increase in tem p era 
tu re .

T he d irec t rad ia tiv e  forcing due to  a  doubling 
of C O 2  is th e  change in ra d ia tiv e  flux densities th a t  
w ould occur w hile ho lding all o th e r p a ram eters  fixed 
(no change in a tm o sp h eric  tem p e ra tu re , m oistu re 
co n ten t, e tc .). T he increase in dow nw ard longw ave 
flux a t  th e  surface w hen C O 2  is doubled has been 
ca lcu la ted  to  be 1 . 1 - 1 . 8  W m “  ̂ (R am an a th an  et 
al. 1979; H ansen et al. 1981; R am an a th an  1981). 
T he m ag n itu d e  varies w ith  la titu d e , being sm all
est a t  low la titu d e s  and  la rg est a t  high la titu d es. 
T h is  la t i tu d e  v aria tio n  re su lts  from  the  varia tion  
in w a te r vapor abundance. T he overlap  of H 2 O 
and  C O 2  b ands w ith in  th e  12-18 f im  region d im in
ishes th e  effect of an  increase of C O 2  w here H 2 O is 
m ost a b u n d a n t. These ranges of values w ere calcu
la ted  w ith o u t including th e  effect of overlap  of the 
H 2 O co n tin u u m  ab so rp tio n  in th e  12-18 /zm region. 
W hen th is  overlap  was included in ca lcu la tions by 
K iehl and  R am an a th a n  (1983), th e  hem ispherically  
averaged  increase in dow nw ard  longw ave flux a t  the  
surface th a t  is due to  C O 2  changed from  1.56 W 
m “  ̂ w ith o u t th e  overlap  to  0.55 W m ”  ̂ w ith  the  
overlap . C onsequently , th e  d irec t longw ave forcing 
due to  increased  C O 2  varies significantly , depending 
on th e  degree of overlap  assum ed  betw een the  ro ta 
tio n al lines an d  co n tin u u m  of H 2 O and th e  15-/zm 
b and  of C O 2 . T h is overlap  is no t sufficiently un 
d ersto o d  a t  p resen t to  de term ine  w hich values are 
correct.

T he d irec t rad ia tiv e  h ea tin g  of th e  surface- 
tro p o sp h ere  system  because of doubled C O 2  w ith  
no change in a tm ospheric  tem p era tu res  or H 2 O 
am o u n ts  is a b o u t 4 W m “  ̂ averaged hem ispheri
cally, rang ing  from  nearly  5 W m~^ a t  low la titu d es  
to  ab o u t 2 W m “  ̂ a t  high la titu d es . T h is  forc
ing also has a  seasonal dependence (R am an a th an  et 
al. 1979), w ith  little  seasonal v aria tio n  a t  low la ti
tudes and  a  range (m ax im um  to  m in im um ) of ab o u t 
1  W m “  ̂ a t  high la titu d es . T h e  m axim um  h ea t
ing occurs in sum m er and  th e  m in im um  in w in ter. 
T hese seasonal v aria tio n s a re  caused by th e  tem 
p e ra tu re  dependence of th e  opac ity  of th e  C O 2  hot 
bands and  th e  P lanck  function  in th e  15-/zm region.

In th e  stra to sp h ere , increased C O 2  concen tra
tions resu lt in enhanced longw ave em ission to  space 
and  an  increase in dow nw ard em ission to  the  tro p o 
sphere. T he dow nw ard em ission to  th e  troposphere  
increases by 1-2 W m “ ^, th e  sm allest value occur
ring a t  low la titu d es  an d  th e  largest a t high la ti
tudes. T he increased em ission to  the  troposphere  is 
included in th e  ca lcu la ted  change in net flux a t  th e  
tro p o p au se  given above. T he increased em ission to  
space com pensates in p a r t for the  reduced upw ard  
em ission a t  the  tropopause . T he calcu lated  decrease 
in th e  upw ard  longw ave flux a t  the  to p  of th e  a tm o 
sphere ranges from  1.6 to  2.4 W m “  ̂ (R am an a th an  
and  C oakley 1978; H ansen et al. 1981).

An increase in C O 2  con cen tra tio n  also affects 
solar ab so rp tio n  in th e  atm osphere . T he increased 
solar ab so rp tio n  by C O 2  is ab o u t 0.4 W m “  ̂ for 
a  doubling of C O 2  levels. By absorbing m ore so
lar rad ia tio n , C O 2  allow s less rad ia tio n  to  reach the  
E a r th ’s surface. T he reduction  in solar rad ia tio n  a b 
sorbed by th e  E a r th ’s surface is ab o u t 0.3 W m “ ^, 
th u s  th e  net change for th e  atm osphere-surface sys
tem  is an  increase of only ab o u t 0.1 W m “  ̂ in so
lar abso rp tio n . C onsequently , increased C O 2  does 
no t have a  significant d irec t effect on th e  net solar 
h ea tin g  of th e  atm osphere , b u t it  does affect th e  
p a r titio n in g  betw een a tm ospheric  and  surface ab 
sorp tion .

Following th e  in itia l rad ia tiv e  forcing when C O 2  

is doubled , there  is an  increase in dow nw ard flux to  
th e  surface as th e  a tm o sp h ere  w arm s. T he increased 
tropospheric  tem p era tu res  lead to  enhanced long
wave em ission by all of th e  rad ia tive ly  active con
s titu e n ts , nam ely C O 2 , H 2 O, O j, clouds, and  trace  
gases. As th e  surface and  troposphere  w arm , in
creased evaporation  leads to  increases in abso lu te  
hum id ity  which ac ts  to  reduce longwave em ission 
from  th e  surface to  space (leading to  fu rth e r hea ting  
of th e  troposphere) and  enhances longw ave em ission 
from  th e  a tm osphere  to  th e  surface. R am an a th an  
(1981) has evaluated  th e  effect of each of these p ro 
cesses on th e  dow nw ard flux a t  th e  surface. In his 
s tu d y  these processes were evaluated  in sequence to  
illu s tra te  th e  im p o rtan ce  of each process. In th e  
real env ironm ent they  w ould occur sim ultaneously  
as C O 2  increases gradually .
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W hen C O 2  w as doubled w ith  tem p era tu res  re
m ain ing  fixed, th e  increase in net dow nw ard ra d ia 
tive flux a t  th e  surface w as 1.2 W m “ ^. W hen tro p o 
spheric tem p e ra tu re s  (b u t n o t surface tem p era tu re ) 
w ere allow ed to  respond to  th e  enhanced rad ia tiv e  
hea tin g , the  dow nw ard  flux a t  th e  surface increased 
by an ad d itio n a l 2.3 W m~^.  F inally , when th e  sys
tem  w as allow ed to  com e to  a  new equilibrium  s ta te , 
including increased H 2 O, th ere  w as an  ad d itio n a l in
crease of 12.0 W m “  ̂ in th e  net dow nw ard flux a t  
th e  surface. T hus, th e  in itia l increase of 1.2 W m “  ̂
grew to  15.5 W m~^ as th e  various feedback p ro 
cesses were added . A sim ilar calcu lation  by H ansen 
et al. (1981) show ed an  in itia l rad ia tiv e  forcing a t 
th e  surface of 0.8 W m “  ̂ w hich increased to  15.3 
W m “  ̂ a t equilibrium .

2.8 R A D IA T IV E  E F F E C T  O F AERO SOLS

Aerosols affect th e  c lim ate  d irectly  by m odifying 
th e  solar and  longw ave rad ia tio n  b udgets  of th e  a t 
m osphere and  ind irec tly  by th e ir  effect on clouds. 
Aerosols d irectly  in h ib it th e  transm ission  of solar 
rad ia tio n  to  the  surface an d  can sca tte r  a  fraction  
of th e  incident rad ia tio n  back to  space. T he so
la r rad ia tiv e  effect depends no t only on the  local 
con cen tra tio n  and op tica l p ro p erties  of th e  aerosols 
b u t also on th e  surface albedo  and  solar zenith  an 
gle. Aerosols suspended  over a  d a rk er underly ing 
surface (such as the  ocean) ten d  to  increase p lane
ta ry  albedo, w hereas th e  sam e aerosols suspended 
over land w ith  a  higher surface albedo (such as 
snow or deserts) generally  ten d  to  decrease p lan 
e ta ry  albedo.

T he longw ave effects of aerosols are sim ilar to  
those of th e  greenhouse gases in th a t  they reduce 
th e  upw ard  longw ave flux a t  th e  to p  of th e  a tm o 
sphere and increase th e  dow nw ard  longw ave flux a t 
th e  E a r th ’s surface. T he aerosols differ from  gases, 
how ever, in th a t  they  can abso rb  and  em it ra d ia 
tio n  over the  en tire  longw ave sp ec tru m , including 
th e  8 - 1 2  pm  window  region, w ith  th e  op tical p ro p 
erties depending p rim arily  on com position , partic le  
shape, and  p artic le  size d is trib u tio n .

Aerosols affect the  op tical p roperties  of clouds 
by ac ting  as condensation  and  freezing nuclei. T hus, 
aerosols affect th e  nu m b er and  size of cloud d rop le ts  
and  ice cry sta ls , w hich de term ine  th e  cloud o p ti
cal p roperties. T he presence of aerosols w ith in  and

betw een cloud d rop le ts  also affects the  a lbedo  of 
the  cloud. C hanges in solar and  longwave h e a t
ing ra te s  caused by aerosols can induce changes in 
a tm ospheric  s tab ility , w hich in tu rn  can affect th e  
am o u n t of clouds form ed. Twom ey (1977) showed 
th a t  an  increase in th e  num ber of condensation  n u 
clei tends to  increase th e  op tical thickness and  th e  
backw ard  sca tte rin g  of clouds, th u s increasing th e  
cloud albedo. Im bedding  absorb ing  aerosols inside 
and  betw een cloud d rop le ts  tends to  decrease th e  
cloud albedo. T he ind irec t effects of aerosols a re  
poorly u n d ers to o d , and  m uch m ore theo re tical and  
experim en tal research is needed in order to  quan tify  
these effects.

T he com position , size, and  spatia l and tem p o 
ral d is trib u tio n s  of aerosols vary according to  th e  
source of th e  aerosols. T he basic aerosol com po
nents include soo t, d u st, m aritim e, sulfate, and  vol
canic ash aerosols. Soot is found prim arily  in u rb an  
and in d u stria l se ttin g s, and  it has also been shown 
to  be p resen t in A rctic haze. Unlike th e  o th er com 
ponen ts, soo t is highly absorb ing  a t  visible w ave
lengths. T he presence of carbonaceous m ate ria l in 
aerosol sam ples accoun ts for m ost of the  ab so rp 
tive p ro p e rty  of th e  aerosols (A ckerm an and  Toon 
1981). D ust consists of w ind-blow n soil and  sand. 
M aritim e aerosols consist generally of w a te r solu
ble su lfates and  larger sea sa lt partic les o rig in a t
ing from  sea spray. S tra to sp h eric  aerosols consist 
p rim arily  of 75% H 2 SO 4  d rop le ts  and  volcanic ash. 
T he background s tra to sp h e ric  aerosol layer consists 
of H 2 SO 4  d rop le ts. E nergetic volcanic in jections of 
su lfur-contain ing  gases (such as A gung in 1963 and  
El C hichon in 1982) can signiflcantly enhance th e  
am oun t of H 2 SO 4  in th e  s tra to sp h ere  in ad d itio n  
to  in jecting  volcanic ash. M ore deta il ab o u t each of 
these aerosol com ponen ts is con tained  in C h ap te r 6 .

T he aerosol size d is trib u tio n  is typ ically  rep re
sen ted  by e ith e r a  log-norm al d istrib u tio n

d N { r )
exp

(lo g r -  lo g i? ) '

^(log»‘) V ^ l o g t r  

or th e  m odified gam m a function 

d N { r )

2  (log a ) '

dr
A r“ e x p ( - 6 r^)

( 2 . 12 )

(2.13)

where N { r )  is th e  num ber of partic les having rad ii 
less th a n  r; n  is th e  to ta l num ber of partic les; R
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is th e  geom etric m ean  rad ius; a  is th e  geom etric 
s ta n d a rd  dev iation ; and  A,  a ,  b, and  7  are con
s ta n ts . In som e cases, th e  size d is tr ib u tio n  m ay be 
th e  com b in atio n  of tw o  or m ore sep a ra te  aerosol dis
trib u tio n s , in w hich case th e  to ta l  size d is trib u tio n  
m ay be described by su p erposition  of th e  ind iv idual 
com ponen ts (e.g., see S h e ttle  an d  Fenn 1979).

A ssum ing th a t  th e  p artic le  size d is tr ib u tio n  can 
be charac te rized  by a  log-norm al d is tr ib u tio n , val
ues of R  and  have been o b ta in ed  for th e  vari
ous aerosol com ponen ts (W M O  1983). T h e  resu lts 
a re  show n in T able 2.3. T he geom etric  m ean  rad ius 
varies g reatly , depending  on th e  aerosol com ponen t. 
D esert d u s t s to rm  and  sea sa lt aerosols have the  
largest m ean  rad ii. Soot, w a te r soluble, and  H 2 SO 4  

aerosols have very sm all m ean rad ii. T he geom et
ric m ean  s ta n d a rd  dev ia tion  is usually  in th e  range 
1.8- 2.2 .

T a b le  2.3
P artic le  Size D istrib u tio n  P a ram e te rs  for 

Log-Norm al Size D istrib u tio n

P a ra m e te r

Aerosol T ype R (m">) a

Soot 0 . 0 1 2 2 . 0 0

Oceanic
1 0.05 2.03
2 0.40 2.03
3 3.3 2.03

D ustlike 0.47 2.51
H 2 SO 4  (75%) 0.070 1 . 8 6

Volcanic Ash 0 . 2 2 1.77

O ptical p roperties  for various aerosol com po
n en ts  a re  shown in T able 2.4. T he single sc a tte r
ing albedo  ind icates th e  ab so rp tiv e  n a tu re  of th e  
aerosols; a  sm all value in d ica tin g  a  highly absorb
ing aerosol. Soot is a  very s tro n g  abso rb er of visi
ble ra d ia tio n , and  d u st and  u rb an  aerosols are also 
effective absorbers. T he o th er aerosols prim arily  
sc a tte r  ra th e r  th an  abso rb  visible rad ia tio n . W hen 
th e  aerosol partic les a re  large, th e  ex tinc tion  coef
ficient in th e  longw ave region <re( 1 0  /im ) m ay be as 
large as th e  ex tinction  coefficient in th e  visible re
gion <Te(0.55 /zm). N orm ally, how ever, th e  ra tio  of 
longw ave ex tinction  to  visible ex tinc tion  is in the  
range 0 .03-0 .1 .

T a b le  2.4 
M ean Aerosol R ad ia tiv e  P ro p ertie s

Aerosol T ype

R ad ia tive  P ro p ertie s

wq (0.55 pm) g uo  ( 1 0  pni)
Oe ( 1 0  pm ) 

<7e (0.55 pm )

Soot 0.209 0.34 0 . 0.038
Oceanic 1 . 0 0.78 0.692 0.250
D ustlike 0.653 0 . 8 8 0.558 1.08
H 2 SO 4  (75%) 1 . 0 0.73 0 . 0 1 0 0.050
Volcanic Ash 0.947 0.70 0.130 0.035
W ater Soluble 0.957 0.63 0.209 0.109

Source: W M O (1983).

T he aerosol op tica l p ro p e rtie s  are  charac terized  
by th e  volum e ex tin c tio n  coefficient ffe, th e  volum n 
sca tte rin g  coefficient a, ,  and  th e  asy m m etry  facto r 
g,  w hich is th e  average cosine of th e  sca tte rin g  an 
gle. For iso tropic sca tte rin g  w here h a lf  o f th e  sca t
tered  energy goes in th e  fo rw ard -sca tte rin g  hem i
sphere an d  h a lf in th e  b ack w ard -sca tte rin g  hem i
sphere, th e  value of g is zero. Values of g g rea ter 
th a n  zero im ply larger forw ard  sca tte rin g  th a n  back
w ard  sca tte rin g .

O th er o p tica l p ro p erties  include th e  volum e 
ab so rp tio n  coefficient and  s ing le-sca tte ring  albedo. 
T he ab so rp tio n  coefficient is th e  difference betw een 
th e  ex tin c tio n  and  sca tte rin g  coefficients ((7 ^ = (t  ̂— 
a ,) ,  and  th e  sing le-sca tte ring  a lbedo  is th e  ra tio  
W o  =  C r , / < T e -

Note: Wo sing le-scattering  a lbedo, g is asym m etry  factor, and  o .  
is ex tinc tion  coefficient.
Source: W M O (1983).

O ptical d ep th  r  is a  un itless m easure of th e  ver
tica l loading and  rad ia tiv e  effectiveness o f aerosol 
m ate ria l. T he op tical d ep th  is defined by

/
O O

<Tc(A)u[z ) d z  , (2-14)

w here u  is th e  aerosol nu m b er density  and  is th e
m onochrom atic  ex tinc tion  cross section. T he visible 
op tica l d ep th  usually  refers to  th e  optical d ep th  a t 
0.55 /im , w hich corresponds to  th e  peak in th e  solar 
irrad iance.

T he visible op tical d ep th  of s tra to sp h eric  aero
sols is ab o u t 0.005 for u n p ertu rb ed  cond itions (Toon 
and  Pollack 1976). T he s tra to sp h eric  op tica l d ep th  
is variable, and  values of 0 .02-0 .03  occur frequently. 
S tra to sp h eric  op tical d ep th s  g rea te r th an  0.1 are
possible a fte r large volcanic in jections (Pollack et
al. 1976).
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T ropospheric  aerosol op tical dep ths vary greatly  
w ith  season and  geographical location . O n p a r
ticu larly  clear days, th e  aerosol op tica l d ep th  is 
ab o u t 0.05. A nnual m ean co n tin en ta l aerosol o p ti
cal dep th s vary from  a b o u t 0.25 a t  low la titu d e s  to  
ab o u t 0.1 a t  high la titu d es  (Toon and  Pollack 1976). 
Seasonal v aria tio n s are  a  significant frac tion  of th e  
annual m ean value (e.g., they can be ±50% ) w ith  
the  largest op tical d ep th s  usually  occurring  in sum 
m er. In u rb an  areas th e  annual m ean optical d ep th  
can range from  0.125 to  0.75. Because of th e  large 
tem p o ra l and  sp a tia l varia tions of aerosol com posi
tion  and  m ass loading, it is difficult to  ch a rac te r
ize typ ical tropospheric  aerosol op tical p roperties. 
M odels th a t  are often  used to  ch arac terize  s tra to 
spheric and  tropospheric  aerosols have been devel
oped by E lte rm an  (1968), Toon and  Pollack (1976), 
and  S h ettle  and  Fenn (1979).

T here have been m any stud ies of th e  effect of 
tropospheric  and  s tra to sp h eric  aerosols on th e  so lar 
and longw ave rad ia tio n  budgets. Such assessm ents 
are  a  necessary step  in th e  process of e s tim atin g  
th e  effect of aerosols on clim ate. In th is  section , the  
discussion is lim ited  to  th e  effect of aerosols on the  
rad ia tio n  budget. T he clim atic  effect of aerosols is 
discussed in C h ap te r 6 .

M cC orm ick and  Ludwig (1967) were th e  first 
to  suggest th a t  increased aerosol loading resu lting  
from  po llu tion  w ould increase th e  fraction  of incom 
ing solar rad ia tio n  sca tte red  back to  space, th u s  
tend ing  to  cool th e  surface. C harlson  and  P ila t 
(1969) show ed th a t  an  aerosol layer could lead to  
e ither w arm ing or cooling, depending on th e  re la
tive m agn itudes of th e  abso rp tion  and  b ack sca tte r 
coefficients.

A tw a te r (1970) calcu lated  the  change in p lan e
ta ry  a lbedo  as a  function  of surface albedo and  the  
ra tio  of ab so rp tio n  to  backscattering . He developed 
an expression for the  critica l ra tio  of sca tte rin g  to  
b ack sca tte r for w hich there  is no net change in solar 
hea ting  of th e  E a rth -a tm o sp h ere  system . M itchell 
(1971) did a  m ore deta iled  analysis of th e  effect of 
aerosols on th e  energy budget of th e  a tm osphere , 
and  he included te rm s th a t  were neglected by A tw a
te r  (1970) in deriv ing an  expression for th e  c ritica l 
ra tio  of ab so rp tio n  to  b ack sca tte r for op tically  th in  
aerosol layers:

^abt
2a

(2 . 15 )

w here is the  ab so rp tio n  coefficient, 6 b, is th e  
b acksca tte ring  coefficient, and  a is th e  albedo of th e  
underly ing surface.

Chylek and  C oakley (1974) used a tw o -stream  
m odel to  stu d y  th e  effect of aerosols on p lane
ta ry  albedo, and  they  showed th a t  the  expres
sion derived by M itchell (1971) for op tically  th in  
aeosol layers also applies to  optically  thick layers. 
Chylek and  C oakley (1974) showed how th e  p lan 
e tary  a lbedo  m ay e ither increase or decrease, de
pending on th e  o p tical p roperties  of th e  aerosols, 
th e ir op tical d ep th , and  th e  albedo of the  underly 
ing surface.

R asool and  Schneider (1971) considered th e  ef
fect of aerosols on b o th  th e  longw ave and  so lar ra 
d ia tive  fluxes a t  the  to p  of th e  a tm osphere . An 
increase in tropospheric  aerosol am o u n t decreases 
th e  am o u n t of longw ave rad ia tio n  em itted  to  space 
(holding tem p era tu res  fixed), w hich tends to  w arm  
the  E arth -a tm o sp h ere  system , b u t the  longwave ef
fect was found to  be m uch sm aller th an  th e  solar 
effect.

Following these early  s tud ies, there  have been 
m any m ore assessm ents of the  effects of tro p o 
spheric and s tra to sp h eric  aerosols on solar and  long
wave rad ia tiv e  fluxes. Solar rad ia tio n  calcu lations 
included m ore deta iled  tre a tm e n t of m ultip le  sca t
tering  (Y am am oto  and  T anaka 1972; B raslau  and  
Dave 1 9 7 3 a ,1 9 7 3 b ,1975; Reck 1974a, 1974b, 1975 
W ang and  D om oto  1974; Y am am oto et al. 1974 
H erm an and  B row ning 1975; Liou and Sasam ori 
1975; K onyukh et al. 1979; B lanchet and Leighton 
1981). These stud ies showed th e  effect of aerosols 
on p lan e ta ry  albedo and  solar hea ting  ra te s  as 
a  function  of so lar zen ith  angle, surface albedo, 
and  aerosol rad ia tiv e  p roperties. Solar abso rp tion  
w ith in  th e  aerosol layer typ ically  leads to  hea ting  
ra te s  in th e  range 1-9°C  per day.

S tudies of th e  longw ave effects of aerosols ind i
ca te  th a t  these effects can be im p o rtan t in term s 
of th e ir effect on cooling ra te s  and  surface tem 
p era tu re . Increased upw ard  em ission of longw ave 
rad ia tio n  by th e  aerosols tends to  cool th e  layer 
(G rassl 1973; W ang and  D om oto 1974; A ckerm an 
et al. 1976; H arshvardhan  and  Cess 1978). T he 
longwave cooling ra te  can be enhanced due to  the 
aerosols by up  to  several degrees Celsius per day. 
T he m agn itude  of th e  change in upw ard longwave 
flux a t  th e  to p  of th e  a tm osphere  depends on the
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te m p e ra tu re  c o n tra s t betw een  th e  surface and  th e  
aerosol layer; th e  g re a te r  th e  te m p e ra tu re  differ
ence, th e  g rea te r is th e  red u ctio n  in outgoing  long
w ave rad ia tio n . B ecause aerosols in th e  u pper tro 
posphere an d  low er s tra to sp h e re  have a  large tem 
p e ra tu re  difference com pared  w ith  the  surface, they  
are  very effective in reducing  longw ave em ission to  
space.

M any s tud ies have focused on th e  so lar and  
longw ave effects of s tra to sp h e ric  aerosols (R em sberg 
1973; Cess 1976; C oakley and  G ram s 1976; H arsh
v ardhan  and  Cess 1976; H erm an et al. 1976; L u ther 
1976; Pollack et al. 1976; H arsh v ard h an  1979; Leno- 
ble et al. 1982). T hese s tud ies have show n th a t  en
hanced b ack sca tte rin g  o f so lar rad ia tio n  is th e  dom 
in an t effect except in th e  case of high surface albedo. 
Longw ave eflFects can be significant, b u t generally  
are n o t d o m in an t.

F igure 2.13 shows th e  change in spherical (or 
globally averaged) a lbedo , A op , because of th e  ad d i
tio n  of tro p o sp h eric  aeroso ls as ca lcu la ted  by C oak
ley e t al. (1983) for th e  th ree  aerosol m odels of S het
tle  and  Fenn (1979) using a  visible op tica l d ep th  of 
0.1. T here  is an  increase in spherical a lbedo  for 
sm all surface albedos, resu ltin g  in a  decrease in net 
so lar h ea tin g  (i.e., cooling) o f th e  E a rth -a tm o sp h e re  
system . T here  is a  reversal to  h ea tin g  a t  high su r
face albedos. A lthough  th e  im p act of aerosols over 
high albedo  surfaces such as snow and  ice is an  in
crease in so lar h ea tin g , th is  does n o t necessarily 
m ean  th a t  surface te m p e ra tu re  will increase. Re
gions of high surface a lbedo  occur m ostly  a t  high 
la titu d e s  w here so lar zen ith  angles are large. Large 
solar zen ith  angles lead to  increased b ack sca tte rin g , 
w hich tends to  increase p lan e ta ry  a lbedo , p a rtia lly  
com pensa ting  for th e  increased  aerosol ab so rp tio n  
over a  high a lbedo  surface.

C oakley e t al. (1983) have ca lcu la ted  th e  annual- 
m ean change in p lan e ta ry  albedo  due to  th e  pres
ence of a  tro p o sp h eric  aerosol w ith  a  real refrac
tive  index of 1.5 and  im ag inary  re frac tive  index of 
0.005. T h eir re su lts  a re  show n as a  function  of la ti
tu d e  in T able 2.5. T h e  aerosol o p tical d ep th  is 0.16 
a t  low la titu d e s  (0 -3 0 °N ), 0.12 a t  m iddle la titu d e s  
(30-60°N ), an d  0.07 a t  high la titu d e s  (> 6 0 °N ).

T he aerosol p roduces cooling (i.e., increase in 
p lan e ta ry  albedo) a t  all la titu d e s  except near the  
pole w here th e re  is s lig h t hea tin g . T he te m p e ra tu re  
change ca lcu la ted  for th is  rad ia tiv e  forcing show ed

0.20
T ro p o sp h « ric  M odel —  

R ural M odel —  

M dritlm e M odel —

0.15

0.10w
I*

0.05act
<3

-0.05

- 0 .10
0.60.2 0.80 0 .4

SURFACE ALBEDO
F ig u r e  2 .1 3 . C hange in spherical a lbedo  A op calcu lated  for th e  
th ree  aerosol m odels of S h ettle  and  Fenn (1979) and for Tvi, =  0.1. 
Source: Coakley et al. (1983).

T a b le  3.5
A erosol-Induced C hanges in A lbedo, A a ,

Because of th e  P resence of an Aerosol 
W ith  R eal R efractive  Index of 1.5 

and Im aginary  R efractive  Index  of 0.005

L a titu d e A a  (clear) A a  (overcast)

5 0.0073 0.0028
15 0.0083 0.0023
25 0.0091 0.0021
35 0.0072 0.0018
45 0.0065 0.0019
55 0.0062 0.0018
65 0.0062 0.0007
75 0.0033 -0.0001
85 -0.0007 -0.0006

Average 0.0073 0.0021
Source: Coakley e t al. (1983).

a  cooling a t  all la titu d e s , w ith  th e  m axim um  cool
ing occurring  a t  high la titu d es . Because of feed
back processes and  coupling betw een la titu d es , th e  
change in tem p e ra tu re  is n o t d irectly  p ro p o rtio n a l 
to  th e  in itia l rad ia tiv e  forcing from  th e  presence of 
aerosols a t  th a t  la titu d e .

T he longw ave effect of tropospheric  aerosols 
ten d s  to  com pensa te  p a rtia lly  for th e  solar effect. 
E s tim a te s  of th e  m ag n itu d e  of th e  longwave effect 
range from  negligible (C oakley e t al. 1983) to  ab o u t 
25% o f th e  solar effect (H ansen e t al. 1980; C h ar
lock an d  Sellers 1980) depending  on th e  rad ia tiv e  
p ro p e rtie s  chosen for th e  aerosol.

T he effect of a  s tra to sp h e ric  aerosol layer on th e  
E a r th ’s rad ia tio n  b udget is show n in F igure 2.14. 
T he change in n e t ou tgo ing  rad ia tio n  (solar p lus 
longw ave) a t  th e  to p  of th e  a tm osphere  has been 
ca lcu la ted  for 75% H 2 SO 4  aerosol w ith  an  op tical
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d ep th  of 0.1 in th e  visible (H arshvardhan  1979). 
T he s tra to sp h e ric  aerosol layer leads to  a  net energy 
loss for th e  E a rth -a tm o sp h ere  system  a t  all la titu d es  
an d  seasons except th e  p o la r w in ter. T he energy 
gain  in th e  p o la r w in te r occurs due to  th e  green
house effect of th e  aerosols w ith  no solar rad ia tio n  
p resen t. T he largest p e r tu rb a tio n  to  th e  rad ia tio n  
balance (8 -9  W m “ ^) occurs a t  high la titu d es  in 
th e  sp ring  and  fall. E q u a to rw ard  of 60° la titu d e , 
th e  p e r tu rb a tio n  is in  th e  range 2 .5 -5 .0  W

90 N
9.0

60 50.- 0 - 5 .6 . 0 ' - 0  5

60

3.5
50 -  \

3.0

20
LU
Q
Z>

I -<
—I

- 2 5

30 3.0
■4.0

S O
2.5

80 - 0 .5

7 ,0 |

90 S

M O N T H
F ig u r e  2 .1 4 . R eduction  in th e  zonal rad ia tio n  balance (W m ~^) 
w ith  ad d itio n  of aerosol layer of Tvis =  0.1. Source: H arshvardhan
(1979).

It h as  been show n, therefo re , th a t  th e  p e r tu r
b a tio n s  to  th e  E a r th ’s ra d ia tio n  b udget because of 
increased  aerosol load ing  can  be com parab le  in m ag
n itu d e  to  th a t  due to  a  doub ling  of C O 2 . T he ra d ia 
tive  effects of aerosols depend  on th e ir  com position 
an d  sp a tia l d is tr ib u tio n  as well as th e  albedo  of th e  
underly ing  surface. It is n o t know n w hether or how 
aerosol am o u n ts  w ould change in  response to  a  C O 2 - 
induced  c lim ate  change. C hanges to  th e  hydrologic 
cycle m igh t affect th e  am o u n t of d u s t con ta ined  in 
th e  a tm o sp h ere , an d  changes in  soil m o istu re  and

w ind speeds m igh t a lte r  th e  am o u n t of w ind-blow n 
d u st on a  regional basis, b u t such changes a re  only 
speculative .

2.9 R A D IA T IV E  E F F E C T S  O F CLOU DS

C overing  a b o u t half th e  E a r th ’s a rea , clouds have 
a  m ajo r im p act on th e  so lar an d  longw ave rad ia tiv e  
bu d g ets  of th e  a tm osphere . C loud albedo  varies 
w ith  cloud ty p e  and  solar zen ith  angle, w ith  th e  
average albedo  being 0 .45 -0 .50  (R am an a th an  and  
C oakley 1978). T he average cloud albedo is consid
erab ly  g rea te r th a n  the  a lbedo  in th e  p o rtio n  of th e  
a tm o sp h ere  th a t  is cloud free (albedo typ ically  in 
th e  range 0 .14-0 .18). C onsequently , clouds reduce 
th e  so lar energy th a t  w ould be absorbed  by th e  a t 
m osphere and  surface if clouds were n o t p resen t.

C louds are generally  opaque to  longw ave rad i
a tion ; th u s , they  reduce th e  outgoing  rad ia tio n  to  
space by absorb ing  rad ia tio n  em itted  by th e  w arm er 
surface and  a tm osphere  below and  replacing it w ith  
ra d ia tio n  th a t  is em itted  a t  th e  colder c loud-top  
tem p e ra tu re . T he dow nw ard longw ave em ission by 
clouds increases th e  flux inciden t a t  th e  E a r th ’s 
surface. B ecause th e  longw ave effect of clouds on 
outgo ing  longw ave rad ia tio n  a t  th e  to p  of th e  a t 
m osphere depends on th e  te m p e ra tu re  co n tra s t be
tw een th e  cloud-top  te m p e ra tu re  and  th e  tem p era 
tu re  of th e  underly ing  a tm o sp h ere  and  E a r th ’s su r
face, th e  longw ave effect depends strongly  on cloud 
a ltitu d e  an d  thickness.

O f course, cloud e lem ents have finite sizes and  
th ey  are  d is trib u ted  nonuniform ly in th e  horizon
ta l  and  in th e  vertical. B ecause th e  cloud partic les 
sc a tte r  rad ia tio n  w ith in  an d  am ong th e  cloud ele
m en ts, because th e  finite cloud elem ents shade each 
o th e r, and  because th e  cloud elem ents have no fixed 
shape , th e  ca lcu la tion  of th e  tran sfe r of ra d ia tio n  in 
a  real cloud field is com plicated , and  th is  consti
tu te s  th e  largest unsolved prob lem  in a tm ospheric  
ra d ia tio n . As a  resu lt of these com plications, m ost 
of our know ledge of th e  ra d ia tiv e  effects of clouds 
has arisen  from  ca lcu la tions based on re la tive ly  sim 
ple m odels of clouds. T he effects of cloud cover are  
usually  e s tim ated  for a  single cloud layer by tak in g  
th e  cloud am o u n t w eighted  average of ca lcu la tions 
for clear and  com plete cloud cover conditions. T he 
effects of overlapping  of cloud layers are usually  ac
coun ted  for by assum ing m ax im um , m in im um , or
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random  overlap  of th e  ind iv idual layers (e.g., K uhn 
1978).

T he ca lcu la tions for com plete horizon ta lly  ho
m ogeneous cloud cover m ay be readily  perform ed 
by a  varie ty  of techn iques (e.g., tw o -stream — Lacis 
and  H ansen 1974; M on te-C arlo — D avies e t al. 1984) 
if th e  cloud p artic les  are assum ed to  be pure w ater 
spheres. If the  phase of th e  partic les and  the  v erti
cal d is trib u tio n  of the  partic le  size d is trib u tio n  are 
know n, th e  M ie (1908) theo ry  m ay be used to  cal
cu la te  the  p a ram ete rs  necessary for the  m odel cal
cu lations (for de ta ils , see Liou 1980; P a ltrid g e  and 
P la t t  1976). It should be no ted , how ever, th a t  the  
rad ia tiv e  tran sfe r theory  is n o t as advanced for non- 
spherical p artic les, such as cirrus partic les, and  dis
solved nuclei m ay change th e  ab so rp tio n  p roperties  
of th e  d rop lets.

In recent years th ere  has been a  significant im 
p rovem ent in th e  u n d erstan d in g  of th e  effects of the 
finite sizes of clouds as a resu lt of b e tte r  th eo re t
ical and  co m p u ter m odels (e.g., M cKee and  Cox 
1974; D avies 1978; H arshvardhan  and  W einm an 
1982; E llingson 1982). These s tud ies have shown 
th a t ,  in ad d itio n  to  the  cloud fraction  and  optical 
d ep th  of th e  cloud elem ents, it is im p o rta n t to  know 
a t  least the geom etrical th ickness, th e  aspect ra tio , 
and  th e  m an n er by which th e  cloud elem ents are 
d is trib u ted  in th e  ho rizon ta l. A lthough  som e sim 
plifications of th e  detailed  ca lcu la tions have been 
developed for including th e  effects of th e  finite sizes 
in ro u tin e  ca lcu la tions (e.g., H arshvardhan  1982; 
Ellingson 1982), these p aram ete riza tio n s have no t 
been ad ap ted  to  clim ate  ca lcu la tions because the 
geographical d is trib u tio n  of th e  required  cloud p a
ram e ters  is largely unknow n, and  because the  var
ious clim ate m odels are generally incapab le of es
tim a tin g  m ore th an  the  cloud fraction  of different 
cloud types (if those).

T heoretical and  em pirical stud ies have show n, 
how ever, th a t  th e  solar and  longw ave effects of 
clouds have opposing influences on th e  surface 
tem p era tu re . S tudies by M anabe and  W etherald  
(1967), Schneider (1972), and  Ellis (1977) ind icate  
th a t  clouds have a  net cooling effect on the  su r
face tem p era tu re . M anabe and  W etherald  (1967) 
showed th a t  th e  s tro n g est cooling effect of clouds 
occurs w ith  low clouds. T he m ag n itu d e  of the  cool
ing effect decreases w ith  increasing cloud a ltitu d e  
and  can reverse sign (leading to  w arm ing) for high

clouds. They ob ta ined  th e  following resu lts using a 
rad ia tiv e  convective m odel (w ith  a  co n stan t cloud 
albedo  for each cloud type);

Low clouds 

M iddle clouds 

High clouds

dT.
d A ,
dT,
dAc
dT,
d A ,

=  - 8 2  K

=  - 3 9  K

=  38 K (black)

=  4 K (ha lf -  black)

w here T,  is the  surface tem p e ra tu re  and  Ac is the  
cloud fraction .

S tephens and  W ebster (1981) reexam ined and 
co rro b o ra ted  m any aspects of th e  stu d y  of M anabe 
and  W etherald  (1967). M ost im p o rtan tly , however, 
th is  s tudy  estab lished  the  w a te r p a th  of a  cloud a t  
a  given height to  be th e  critica l p a ram ete r in de
te rm in ing  th e  m agn itude  of d T , / d A c  in ad d ition  to  
th e  cloud am o u n t and  a ltitu d e . T his p a ram ete r is 
im p o rta n t because it determ ines b o th  th e  longwave 
and  shortw ave rad ia tiv e  p ro p erties  of th e  cloud (i.e., 
a lbedo  and em issiv ity ). Because of th e  sensitiv ity  
of th e  surface tem p e ra tu re  to  th e  cloud fraction , 
S tephens and  W ebster (1981) urge care in the  rad i
a tio n  p aram eteriza tio n  of the  cloud am o u n t.

One m easure of th e  re la tiv e  m agn itudes of the  
com peting  cloud feedback process is th e  cloud sen
s itiv ity  p a ram ete r, 6 , defined by Schneider (1972) 
as

S =  , (2.16)
dAc  d A ,   ̂ ’

w here Qab, is the  solar flux absorbed  by the  E arth - 
a tm o sp h ere  system , and  F  is th e  outgoing  longwave 
rad ia tio n . Qab, m ay be w ritte n  as

Q ab, — Qo(l ~ o) (2.17)

w here Qq is the  availab le solar ra d ia tio n , and  a  is 
th e  p lan e ta ry  albedo. If 6  < 0 , the  albedo effects 
d om inate , w hereas th e  a lbedo  and longw ave effects 
com pensate  w hen ^ =  0. M any different m odel 
s tud ies have found negative values of 8 . However, 
Cess and  R am an a th a n  (1978) p o in t ou t th a t  8  m ay 
no t be evaluated  by a  m odel unless th e  m odel can 
p red ic t th e  cloud am o u n ts  of th e  ind iv idual layers 
in re la tion  to  changes of th e  to ta l cloud am oun t.

R ecently , Cess e t al. (1982) com pared  four dif
fe ren t em pirical stud ies w hich have a tte m p te d  to
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determ ine  th e  re la tiv e  m ag n itu d e  of th e  a lbedo  ver
sus th e  longw ave effects of th e  cloud am o u n t feed
back (e.g., Cess 1976; O hring  an d  C lapp  1980; H a rt
m ann  and  S hort 1980). Cess e t al. (1982) discuss 
a  num ber of u n ce rta in tie s  assoc ia ted  w ith  th e  vari
ous d a ta  sets, and  they  cau tion  ab o u t m aking  con
clusions concerning th e  re la tiv e  roles of th e  a lbedo  
and  longw ave com ponents of th e  cloudiness feed
back. H arshvardhan  (1982), in a  theo re tica l s tu d y  
using finite-sized cloud elem ents, has solidified th is  
conclusion by show ing th a t  sa te llite  m easurem ents 
of th e  outgoing  longw ave and  reflected solar ra d ia 
tion  alone can n o t be used to  deduce the  cloud feed
back te rm  accurate ly . In stead , it is necessary to  also 
know th e  cloud frac tio n , th e  degree of brokenness of 
th e  cloud field, and  th e  asp ect ra tio  of th e  broken  
cloud elem ents.

In ad d itio n  to  th e  u n ce rta in tie s  in th e  cloud ra 
d ia tio n  ca lcu la tions, th e  m an n er by w hich clouds 
a re  assum ed to  respond  to  a  clim ate  p e r tu rb a tio n  
can have a  significant im pact on th e  re su lta n t tem 
p e ra tu re  change. In one-dim ensional c lim ate  m od
els, cloud fraction  and  c loud-top  and  c lo u d -b o tto m  
a ltitu d e s  are  specified as well as cloud o p tical p ro p 
erties. The in itia l cloud tem p e ra tu re  is determ ined  
by th e  te m p e ra tu re  profile. As th e  m odel responds 
to  th e  p e r tu rb a tio n , th e  cloud-top  a ltitu d e  m ust 
be assum ed. It is com m only assum ed e ith er th a t  
th e  c loud-top  a ltitu d e  rem ains co n stan t (and  th e  
cloud tem p e ra tu re  is varied) or th a t  th e  cloud tem 
p e ra tu re  rem ains co n s tan t (and  th e  cloud a ltitu d e  
varies). A ssum ing th a t  th e  cloud fraction  rem ains 
co n stan t, th e  assum ption  of fixed cloud-top  tem 
p e ra tu re  resu lts  in a  change in surface tem p e ra 
tu re  th a t  is 60-85%  g rea te r th an  th a t  ca lcu la ted  
assum ing  co n stan t cloud-top  a ltitu d e  (Cess 1974; 
R am an a th a n  1976).

In general c ircu la tio n  m odels cloud am o u n ts  are 
generally  ca lcu la ted  a t  each pressure level ra th e r  
th a n  being specified. These ca lcu la tions are based 
on one or m ore independen t variab les, usually  rel
a tiv e  hum id ity , a ltitu d e , and  vertical w ind speed. 
However, th e  verification of th e  forecast cloud 
am o u n ts  and  th e  p ro p er inclusion of the  cloudiness 
in th e  ra d ia tiv e  p a ram ete riza tio n s  co n s titu te  m ajo r 
challenges to  a tm ospheric  sc ien tists. T he In te rn a 
tio n al S a te llite  C loud C lim ato logy  P ro jec t (ISC C P) 
(see W M O 1984) should  provide th e  d a ta  necessary 
to  check m any of th e  o u ts tan d in g  u n ce rta in tie s .

2.10 F U T U R E  R E SE A R C H

T he rad ia tiv e  p ro p e rtie s  of C O 2  have been s tu d 
ied extensively and  are well understood . Differences 
betw een m odel ca lcu la tions involving abso rp tion  or 
em ission by C O 2  alone can be traced  to  m odeling 
approach  (i.e., m odel assum ptions and  num erical 
m ethods). LBL m odels, w hich require the  least 
num ber of assum ptions, are in good agreem ent w ith  
each o th er and  w ith  lab o ra to ry  m easurem ents. T he 
m ajor a rea  of u n ce rta in ty  concerning C O 2  is th e  line 
shape, w hich is know n to  have w eaker abso rp tion  in 
the  line wings th an  th a t  of L orentzian  lines, b u t 
an  accu ra te  m odel for th e  line wings has yet to  be 
developed.

A g rea t deal of work is needed on w a te r vapor 
to  resolve th e  ra th e r  large discrepancies betw een 
various m odel resu lts , p a rticu la rly  in the  8 - 1 2  /rm 
window region. T he H 2 O co n tinuum  is an  im por
ta n t  facto r affecting transm ission  in th is  spectral 
region, and  a  th eo re tica l m odel needs to  be devel
oped for th is  con tinuum . In th e  absence of such a 
m odel, an  em pirically  derived tre a tm e n t of the  con
tin u u m  w ould be an  accep tab le  approach . M uch of 
th e  difficulty lies in try in g  to  d istingu ish  betw een 
abso rp tion  in th e  w indow  region from  th e  ta ils  of 
s tro n g  lines ou tside  th is  region and  abso rp tion  from  
th e  con tinuum  itse lf (assum ing th a t  w a te r d im ers or 
clusters a re  responsible for som e of th e  abso rp tion ).

Because m uch of th e  rad ia tiv e  feedback process 
leading to  enhanced  longw ave rad ia tio n  from  the  
a tm osphere  to  th e  surface w hen C O 2  is doubled in
volves em ission by H 2 O, th e  rad ia tiv e  p roperties  of 
H 2 O m ust be b e tte r  understood . M ore labo ra to ry  
m easurem ents of H 2 O ab so rp tan ce  over th e  range of 
tem p e ra tu re  and  pressure in th e  atm osphere  w here 
th e  bulk of th e  H 2 O is con tained  w ould help to  
evaluate  th e  m odel resu lts. Because H 2 O increases, 
along w ith  C O 2  doubling , ad d  a  m ajor po rtio n  to  
th e  estim ates  of th e  tem p e ra tu re  change, under
stan d in g  th e  hydrologic cycle is critica l for fu tu re  
estim ates  of C O 2  im pact.

M ost lab o ra to ry  m easurem ents involve m easur
ing th e  ab so rp tan ce  of one gas a t  a  tim e. M ore 
m easurem ents a re  needed of m ix tu res of gases over 
ranges of te m p e ra tu re , pressure, and  gas m ixing ra 
tios. These m easu rem en ts w ould enable th e  accu
racy of th e  t re a tm e n t of overlap  betw een the  bands 
of d ifferent gases in  b an d  m odels to  be evaluated .

50 Projecting the Climatic Effects o f Increasing Carbon Dioxide



N orm ally, one w ould expect th a t  LBL m odels could 
p rovide a  reference in lieu of lab o ra to ry  m easure
m en ts, b u t th e  u n ce rta in ty  a b o u t line shape and  th e  
H 2 O co n tin u u m  m akes it  p re m a tu re  and  unreliab le 
to  perform  these ca lcu la tions w ith o u t first develop
ing a  b e tte r  u n d erstan d in g  of th e  H 2 O co n tin u u m  
ab so rp tio n  and  line shape.

M odel resu lts  for th e  longw ave rad ia tiv e  effects 
of O 3  a re  in good ag reem en t. U nd erstan d in g  of th e  
te m p e ra tu re  and  pressure dependence of O 3  ab so rp 
tion  is n o t com plete, b u t O 3  m akes such a  sm all con
tr ib u tio n  to  to ta l  longw ave fluxes in th e  troposphere  
and  to  changes in these fluxes w hen tem p era tu res  
a re  p e r tu rb ed  th a t  these shortcom ings do not have a 
significant im p act on C O 2  assessm ent calcu lations.

M odel estim ates  of th e  rad ia tiv e  effects of in
creases in C H 4  co n cen tra tio n s  differ by as m uch as 
30%, an d  th e  d isagreem ent is worse for N 2 O. W ork 
is progressing to  d eterm ine th e  cause of these dif
ferences. A  b e tte r  u n d erstan d in g  of m ost of th e  ra- 
d ia tively  im p o rta n t trace  gases will be needed if the  
rad ia tiv e  an d  clim atic  effects of these gases a re  to  be 
identified and  iso la ted  from  those of C O 2  and  H 2 O. 
B ecause of th e  im p o rtan ce  of H 2 O, th e  h igher p rio r
ity  should be placed on im proving  th e  u n d e rs ta n d 
ing for H 2 O ra th e r  th a n  trace  gases. U ltim ately , 
b o th  sets of issues should  and  will be addressed.

M ost of our  know ledge on th e  accuracy  of the  
clear-sky rad ia tio n  ca lcu la tions is based on com p ar
isons of ca lcu la tions w ith  hom ogeneous p a th  lab o 
ra to ry  observations. H ow ever, to  verify th e  a tm o 
spheric ca lcu la tions spec tra lly , as well as for to ta l 
fluxes, it is necessary to  com pare th e  ca lcu la tions 
w ith  observations w hen all of th e  rad ia tiv e ly  ac tive 
co n stitu en ts  are m easured  sim ultaneously . Such 
a  com prehensive a tm o sp h eric  rad ia tio n  experim ent 
has n o t been perform ed. H ow ever, d a ta  from  such 
an  experim ent a re  necessary to  place m ore precise 
estim ates  on th e  erro rs in th e  rad ia tio n  ca lcu la tions 
app licab le to  ap p ro x im ate ly  50% of th e  a tm osphere , 
th e  clear-sky regions.

T he m ain  question  of concern is w h a t im p ac t th e  
differences in rad ia tiv e  tran sfe r m odel approaches 
have on clim ate m odel sensitiv ity  and  accuracy. 
As m ore a tm ospheric  co n s titu en ts  a re  added  to  
th e  longw ave m odels (e.g., s ta r t in g  w ith  C O 2  only, 
th en  add ing  H2O and O3), th e  d iscrepancy  betw een 
m odel resu lts  is reduced. T he m odels do well in the  
lim its  of s tro n g  or w eak ab so rp tio n ; th e  g rea tes t

p o ten tia l for erro r occurs a t  the  in term ed ia te  levels 
of ab so rp tio n . W ith  m ore a tm ospheric  co n stitu en ts , 
the  effect is to  m ove m ore tow ard  the  strong  ab so rp 
tion  lim it in m any sp ec tra l in tervals. In te rp re ta tio n  
o f m odel resu lts  in te rm s of accuracy and  sensitiv ity  
w ould be im proved if we had  a  b e tte r  u n d e rs ta n d 
ing of th e  im p ac t of sim plifying assum ptions used in 
th e  m odeling approach ; w ork is progressing in th is 
area.

In te rm s of overall c lim ate  m odel perform ance, 
th ere  is less d iscrepancy betw een calcu lated  ra d ia 
tion  budgets  and  flux p e r tu rb a tio n s  th an  th e re  is 
betw een elem ents of th e  hydrologic cycle, including 
th e  flux of la te n t h ea t from  th e  E a r th ’s surface, cal
cu la ted  h u m id ity  fields and  cloud am oun ts, and  sp a
tia l d is trib u tio n . Im provem ents to  clim ate m odel 
perform ance will require th a t  a tte n tio n  be given to  
coupled processes, n o t ju s t to  th e  rad ia tiv e  tran sfe r 
calcu lations.
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3.1 IN T R O D U C T IO N

T he po p u lar no tion  of clim ate  is th e  average of 
w eather in a  p a r tic u la r  location  or region. T he cli
m ate  scien tis t also uses th is  concept, along w ith  a  
varie ty  of o th er s ta tis tic s  th a t  describe th e  s tru c tu re  
and  v aria tio n  of c lim ate , b u t is requ ired  to  be m ore 
precise a b o u t th e  perio d  of averag ing . In th e  scien
tific stu d y  of c lim ate , i t  is useful to  regard  sh o rte r 
te rm  averages of th e  order of one m o n th  as p a r tic u 
lar exam ples of c lim ate  an d  to  s tu d y  th e ir re la tio n 
ship to  clim ate  s ta tis tic s  over o th e r tim e scales.

F rom  th e  s tu d y  of p a s t c lim ates, i t  is know n th a t  
m any regions o f th e  E a r th  have w itnessed a  long 
and  com plex series of varied  c lim ates, b u t how th is  
evidence fits to g e th e r rem ains an  unsolved puzzle. 
B o th  clim ate  an d  c lim ate  change are  p resum ably  
governed by basic physical laws; th e  form  these laws 
tak e  in specific ap p lica tio n  to  th e  E a r th ’s clim ate 
system  is a  goal of m odern  c lim ate  research. T h a t 
th is  research  is n o t yet com plete  is show n by the  
fact th a t  th e re  is no unifying general theo ry  of cli
m ate , and  it  is therefo re  n o t su rp rising  th a t  th e re  is 
u n ce rta in ty  over th e  p red ic tion  of clim ate  changes.

C lim ate  p resen ts  th e  sc ien tis t w ith  an  ex trao r
d inarily  com plex problem . A tte m p ts  to  u n d ers tan d  
th e  inner w orkings of clim ate  have been m ade by th e  
study  of sequences of observed even ts  an d  th e  exam 
ina tion  of geological records. B o th  approaches have 
show n th a t  th e  n a tu ra l  c lim ate  can undergo  wide 
varia tions. S ta tis tic a l ana lysis of geological records 
during  th e  p a s t few decades has identified  a  series 
of cyclic advances an d  re tre a ts  of th e  co n tin en ta l ice 
sheets over th e  p a s t m illion years (th e  ice ages). Al
though  th e  tim in g  of these even ts  som etim es p o in ts  
to  a  possible cause, th e  d e ta ils  an d  confirm ation  of 
th e  physical processes a t  w ork can n o t com e from  
diagnostic  s tud ies alone. As discussed by W igley et 
al. (1985), s im ilar d iagnostic  analyses of th e  c lim ate 
of th e  p a s t h u n d red  years in d ica te  th e  presence of 
b o th  sh o rt- te rm  v aria tio n s and  longer te rm  trends. 
Unique iden tification  of th e  possible role of vari
ous causal facto rs [e.g., volcanoes, ca rbon  dioxide 
(C O 2 ), so lar variations] can n o t be m ade, how ever, 
by such analyses alone.

Ju s t  as we can n o t com pletely  u n d ers tan d  th e  
causes of p a s t c lim ate  change by looking a t  w h a t 
happened , diagnosis of p a s t changes ind icates th a t

we can n o t p red ic t th e  fu tu re  clim ate  by sim ply ex
tra p o la tin g  tren d s for th e  recen t or d is ta n t p as t. As 
discussed in C h ap te r 7 of th is  volum e, a lth o u g h  we 
can learn  a  g rea t deal from  th e  p a s t a b o u t th e  ch ar
ac te ris tic s  of a  possible fu tu re  w arm  clim ate , th e  in
crease in C O 2  co n cen tra tio n  th a t  is now occurring 
is qu ite  likely unique in th e  E a r th ’s h istory .

A tte m p ts  have also been m ade to  determ ine the  
sensitiv ity  of th e  clim ate  system  em pirically  by ex
am ining  th e  changes in rad ia tiv e  fluxes an d  tem p er
a tu re  th a t  occur du ring  th e  no rm al change of sea
son an d  as th e  re su lt of sm all-scale p e rtu rb a tio n s . 
W hile such em pirical approaches have som e m erit, 
i t  is difficult to  find observed s itu a tio n s  th a t  exhib it 
tim e an d  space dom ains com parab le  to  those of the  
C O 2  p roblem . M oreover, th e  in te rp re ta tio n  of ob
servations in  te rm s of clim ate  sensitiv ity  requires, a t  
th e  least, th e  use of a  concep tual m odel of how the  
c lim ate system  w orks. As explained m ore fully in 
A ppendix  B, these difficulties have led to  m islead
ing resu lts  in  som e a tte m p ts  to  develop em pirical 
e stim ates of fu tu re  clim ate  change.

As a  re su lt, th e  only w ay know n to  stu d y  th e  de
ta ils  of th e  m any physical processes responsible for 
th e  s tru c tu re  and  v aria tio n  of clim ate , and  to  de
velop a  reliable capab ility  for p ro jec ting  fu tu re  cli
m ates , is to  co n stru c t m a th em atica l m odels based 
on th e  full set of fu n d am en ta l physical principles 
governing th e  clim ate  system . Such m odels repre
sen t q u an tita tiv e ly  th e  various in te ra c tin g  elem ents. 
In ad d itio n  to  th e  a tm osphere , th e  scientific defini
tion  of clim ate also includes th e  average behavior 
of th e  w orld ’s oceans an d  ice m asses and  th e  condi
tion  of th e  lan d  surface an d  its  assoc ia ted  biom ass. 
In com prehensive clim ate  m odels these elem ents are  
linked to g e th er in  a  w orldw ide system , w ith  changes 
in one p a r t  affecting th e  behav io r of th e  o thers, se t
ting  in m otion  a  chain  of effects th a t  m ay e ither 
reinforce or cancel each o ther.

T here  are a  large nu m b er of possible m echa
nism s th a t  cause clim ate  changes, an d  th e  observed 
v aria tio n s of p a s t c lim ate  rep resen t th e  a tte m p ts  of 
th e  system  to  reach  a  balance. B ecause th e  oceans, 
how ever, change m uch m ore slowly th a n  th e  a tm o 
sphere, and  th e  ice m asses an d  th e  lan d  surface w ith  
its  vege ta tion  change even m ore slowly, th e  s ta tis 
tics of c lim ate  also undergo  slow changes. T he spec
tru m  of clim ate  change is m ade even b roader by 
th e  influence of facto rs beyond th e  a tm osphere  and

Modeling as a M eans o f Studying the Climate System 59



ocean, such as changes in  rad ia tio n  from  th e  Sun, 
com position of th e  a tm osphere , an d  th e  d is trib u 
tion  of th e  E a r th ’s oceans an d  co n tin en ts  over geo
logical tim e. B ecause clim ate  is th e  resu lt of such 
processes, i t  m ay change in different w ays an d  a t  
d ifferent ra te s  in  various p a r ts  of th e  w orld. U n
ravelling th e  course of these changes and  organiz
ing th e ir  ch a rac te ris tic s  in  te rm s of physical causes 
and  effects is th e  scientific goal of cu rren t clim ate 
research p rog ram s (G lobal A tm ospheric  R esearch 
P rog ram m e 1974; N a tio n al R esearch C ouncil 1983; 
H oughton 1984).

3.2 T H E  C L IM A T E  SY ST E M  AND 
C L IM A T E  C H A N C E

3.2.1 C om ponen ts of th e  C lim ate  System

Once it is n o ted  th a t  c lim ate  involves th e  E a r th ’s 
oceans, o th e r surface w a te rs , ice m asses, and  surface 
soil and  v eg e ta tio n  as well as th e  a ir, these physical 
en titie s  m ay be convenien tly  g rouped  in to  th e  com 
ponen ts of th e  c lim ate  system  (C a tes  1979a). T his 
system  consists of th e  a tm o sp h ere  (com prising th e  
E a r th ’s gaseous envelope an d  its  aerosols), th e  hy
drosphere (com prising th e  liquid  w a te r d is trib u ted  
on or b en ea th  th e  E a r th ’s surface), th e  cryosphere 
(com prising th e  snow an d  ice on or b en ea th  th e  su r
face), th e  surface lithosphere  (com prising th e  rock, 
soil, an d  sed im ent of th e  E a r th ’s surface), an d  the  
biom ass (com prising th e  E a r th ’s p lan t and  an im al 
life, including hu m an s). E ach  of these com ponents 
has d ifferent physical ch a rac te ris tic s , an d  th ey  are 
linked to  each o th er an d  to  conditions ex tern a l to  
the  system  by a  varie ty  of physical processes (F igure
3.1).

T he m ost im p o rta n t com ponent of th e  clim ate 
system  (as fa r as society is concerned) is th e  at
mosphere,  w hich d isp lays a  sp ec tru m  of conditions 
ranging  from  th e  m icroclim ates of local sites to  the  
clim ate of th e  en tire  p lan e t. For m any h um an  ac
tiv ities , th e  m ost im p o rta n t elem ents of th e  a tm o 
spheric c lim ate  a re  th e  seasonal regim es of tem p er
a tu re  an d  p rec ip ita tio n . I t is on th is  basis th a t  
th e  c lim ates of th e  w orld  have trad itio n a lly  been 
classified. T he d e ta iled  geographical d is trib u tio n  of 
(a tm ospheric) c lim atic  ty p es  reveals th e  m o d era t
ing influence of th e  oceans on seasonal tem p era tu re
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F ig u r e  3 .1 . T he p rincipal in te rac tio n s am ong th e  com ponents 
of th e  atm osphere-ocean-ice-land  surface c lim ate  system  and  some 
exam ples of ex te rn a l changes th a t  m ay cause clim atic  varia tions. 
Source: G ates (1979a).

changes and  show s th e  ex trem es of b o th  tem p era 
tu re  and  p rec ip ita tio n  in tro d u ced  by th e  co n tinen ts  
an d  th e ir  m o un ta ins. T he s ta tis tic s  of o th e r a tm o 
spheric variab les, such as sunshine, cloudiness, hu 
m idity , and  w ind, a re  also p a r t  of th e  a tm ospheric  
clim ate  an d  are  im p o rta n t in  such ac tiv itie s  as en
ergy generation  an d  th e  m anagem en t of w a te r sup 
plies.

T he a tm osphere  m ay generally  be expected  to  
respond to  an  im posed change m ore rap id ly  th a n  
th e  o th er com ponen ts of th e  clim ate  system . T his 
is due to  th e  ease w ith  w hich th e  a tm osphere  can 
be hea ted  and  set in  m o tion . T h e  tim e scales of the  
a tm o sp h ere ’s response range from  a  few m in u tes  or 
hours for local convective m otions, to  a  few days for 
large-scale tran s ien t cyclones of m iddle la titu d e s , to  
a  few m on ths for seasonal changes in  so lar rad ia tio n . 
Such phenom ena play an  im p o rta n t role in  c lim ate 
and  are  in tu rn  reg u la ted  by th e  s tru c tu re  an d  cir
cu la tion  of th e  a tm osphere  on o th e r scales. Because 
these phenom ena d isplay  g rea te r am p litu d e  in  the  
a tm osphere  th a n  th e ir  co u n te rp a rts  in  o th er com po
n en ts  of th e  clim ate  system , th e  a tm osphere  is ch ar
ac terized  by re la tive ly  large d iu rn a l, synop tic , and  
seasonal fluctua tions. T h e  a tm o sp h ere ’s response 
also m ay be charac te rized  in  te rm s of th e  tim e re
quired  to  generate  (or d issipa te) a tm ospheric  tem 
p era tu re  and  m otion  p a tte rn s  in  response to  h ea t
ing and  fric tiona l forces. T h is tim e is es tim ated  
to  be ab o u t one m o n th , w hich is longer th a n  th e  
lifetim e of an  ind iv idual a tm ospheric  cyclone b u t 
sh o rte r th a n  a  season.
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T he hydrosphere  is a  close second to  th e  a tm o 
sphere in  te rm s of overall im p o rtan ce  in th e  clim ate 
system . T h e  w o rld ’s oceans supply  th e  global hy
drological cycle of ev ap o ra tio n , condensation , p re
c ip ita tio n , an d  runoff. Once in th e  atm osphere , w a
te r substance , in  e ith er vapor, liqu id , or solid form , 
plays an  im p o rta n t role in  clim ate  th ro u g h  its  se
lective ab so rp tio n  of ra d ia tio n  and  its  reflection of 
b o th  so lar and  te rre s tr ia l ra d ia tio n .

T he c lim ate  of th e  hydrosphere consists of the  
s ta tis tic a l d is tr ib u tio n  of th e  te m p e ra tu re , salin ity , 
and  velocity  of th e  oceans an d  th e  d is trib u tio n  and  
am o u n t of lan d  surface an d  w a te r. In com parison 
w ith  th e  a tm o sp h ere , th e  liquid  p o rtio n  of th e  cli
m ate  system  is re la tive ly  unexplored , a lth o u g h  the  
oceans p lay  a  m ajo r (if n o t a  d o m in an t) role in m any 
clim ate changes. B ecause th e  oceans cover app rox
im ately  tw o -th ird s  of th e  E a r th , m ost of th e  solar 
rad ia tio n  reach ing  th e  surface strik es th e  oceans, 
w here it  is abso rbed  by th e  u p p erm o st few m eters 
of w a te r. B ecause of th e  high specific h ea t of w a te r, 
th is  abso rbed  ra d ia tio n  re su lts  in  a  re la tive ly  sm all 
change in  ocean te m p e ra tu re  as  com pared  w ith  th a t  
w hich w ould occur over land . T he oceans, th e re 
fore, ac t as a  h ea t reservoir an d  slowly tra n sp o r t 
th e ir h ea t by ocean cu rren ts  from  th e  tro p ica l re
gions to w ard  th e  generally  colder m iddle la titu d e  
and  p o lar regions. T h is oceanic advection  process 
is m uch slower th a n  th e  correspond ing  h ea t tra n s 
p o rt b ro u g h t ab o u t by th e  a tm osphere , b u t th e  to ta l  
am o u n t of h ea t tra n sp o r te d  polew ard  by th e  oceans 
is com parab le to  th e  tra n s p o r t  in  th e  a tm osphere .

A lthough  a  p o rtio n  of th e  h ea t s to red  in  th e  su r
face w ate rs  of th e  oceans is tran sfe rred  to  th e  a tm o 
sphere th ro u g h  conduction  an d  convection in those 
regions in  w hich th e  ocean is w arm er th a n  th e  over- 
lying a ir, a  la rger p o rtio n  is used to  ev ap o ra te  w a te r 
in to  th e  a tm osphere . T h is  so-called la te n t h ea t or 
energy is la te r  released upon  th e  condensation  of 
w a te r vapor in to  clouds an d  p rec ip ita tio n  an d  is a  
m ajor h ea t source for th e  a tm ospheric  circu la tion  on 
b o th  sm all an d  large scales. T he oceans a re  also free 
to  m ove in  response to  h ea tin g , b u t unlike th e  a t 
m osphere, th ey  are  p rim arily  h ea ted  or cooled a t  or 
near th e  surface. T h is surface h ea t exchange m ay 
in itia te  convective m otions or v e rtica l o vertu rn ing  
in  th e  oceans to  a  d ep th  th a t  depends on th e  m ag
n itude  of th e  surface cooling an d  th e  local vertical 
density  s tra tif ic a tio n  of th e  oceans. T hese facto rs

determ ine th e  tim e scales on w hich ocean w a te r a t  
various dep th s is in  effective com m unication  w ith  
th e  surface. T he surface m ixed layer, w hich is 
p resen t over m ost of th e  w o rld ’s oceans in th e  to p  
50 m  or so, responds to  changes of surface hea ting  
on tim e scales of days an d  weeks, w hereas th e  th er- 
m ocline, w hich is found a t  several h u n d red  m eters 
below th e  surface, responds to  seasonal changes in 
th e  surface h ea t budget. T h e  deeper w a te r, w hich 
com prises th e  bulk of th e  ocean, responds even m ore 
slowly because of its  re la tive ly  large th e rm a l and  
m echanical in e rtia  an d  reac ts  to  changes of surface 
conditions on tim e scales of decades and  centuries 
(F igure 3.2).

T he cryosphere,  like th e  hydrosphere, consists of 
a  p o rtio n  th a t  is closely assoc ia ted  w ith  th e  sea (sea 
ice) an d  p o rtio n s  th a t  a re  assoc ia ted  w ith  th e  land  
(snow, glaciers, and  ice sheets). T he im p o rtan ce  of 
th e  cryosphere to  th e  clim ate  system  is re la ted  to  
th e  high reflectiv ity  (or albedo) an d  th e  low th erm a l 
conductiv ity  of snow  and  ice. T h e  surface albedo  is 
g reatly  increased w hen snow covers a  lan d  surface or 
w hen a  layer of sea ice form s on th e  ocean; because 
snow an d  ice a re  good in su la to rs , th e  exchange of 
h ea t w ith  th e  underly ing  lan d  or ocean is thereby  
reduced. T hese effects ten d  to  lower th e  n e t surface 
h ea tin g  an d , therefore , favor a  colder local c lim ate 
in regions w ith  snow  or ice cover. In th e  N orthern  
H em isphere, a  considerable p o rtio n  of th e  lan d  is 
covered by snow an d  ice each w in te r, w hereas th e  ice 
pack su rround ing  A n ta rc tic a  undergoes a  d ram a tic  
w in te rtim e  expansion from  th e  coast to  nearly  60° S 
la titu d e .

S ignificant v aria tio n s in  th e  cryosphere also oc
cur over m uch longer tim e periods. In response to  
g rav ity , th e  ice in a  m o u n ta in  glacier m oves slowly 
dow nw ard  an d  o u tw ard  an d , over th e  period  of a  
cen tu ry  or so, m ay e ith e r g rea tly  expand  its  a rea  or 
d isappear a lto g e th er, depend ing  on th e  local snow 
accum ulation  an d  tem p e ra tu re . G lac ia tion  also oc
curs on d im ensions of co n tin en ts  in  th e  form  of ice 
sheets, an d  those  ice sheets now covering m uch of 
G reen land  an d  A n ta rc tic a  (an d  those th a t  have cov
ered p a r ts  of E urope  an d  N o rth  A m erica in  th e  p ast) 
have lifetim es of ten s  of th o u san d s to  m illions of 
years, depending  on w he ther th e  clim ate  (w hich the  
ice sheets them selves help to  determ ine) is favorable 
or unfavorab le for th e ir  m ain tenance. Ice m ay also 
have an  ind irec t influence on clim ate  by low ering
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Figure 3.3. Characteristic time scales of climatic events and processes. Source: Gates (1979a).
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th e  level (and  thereby  reducing  th e  area) of th e  sea 
during  periods of ex tensive g lacia tion .

T he surface l i thosphere,  in co n tra s t to  th e  a t 
m osphere, hydrosphere, an d  cryosphere, is a  rel
a tively  passive com ponen t of th e  clim ate  system . 
Even th o u g h  th e  d iu rn a l, synop tic , and  seeisonal 
v aria tio n s of te m p e ra tu re  over lan d  are g rea te r th a n  
those over w a te r, th e  physical ch a rac te ris tic s  of su r
face soil an d  rock are  usually  tak en  as fixed ele
m ents in  th e  d e te rm in a tio n  of c lim ate . O ne excep
tion  is th e  am o u n t of m o istu re  in  th e  surface, w hich 
is closely re la ted  to  th e  local surface and  ground 
hydrology. Such soil m o istu re  exerts  a  m arked  in
fluence on th e  local surface balance of m o istu re  and  
h ea t th ro u g h  its  influence on th e  surface evapora
tion  ra te  an d  on th e  a lbedo  an d  th e rm a l conductiv 
ity  of th e  soil.

T he rem ain ing  com ponen t of th e  clim ate  sys
tem , th e  surface biomass,  in te ra c ts  w ith  th e  o th er 
com ponents on tim e scales th a t  a re  ch a rac te ris tic  of 
th e  life cycles of th e  E a r th ’s veg e ta tiv e  cover. M ost 
p rom inen t am ong these is th e  seasonal cycle of p lan t 
g row th  in  response to  th e  v aria tio n s  of so lar ra d ia 
tion , te m p e ra tu re , an d  ra in fall. T he trees, p lan ts .

an d  ground  cover in  tu rn  m odify th e  surface ra d ia 
tio n  balance an d  surface h ea t flux an d  play  a  m ajor 
role in  th e  seasonal v a ria tio n s of local surface hy
drology. T hese b iospheric effects a re  a t  a  m in im um  
in desert regions, a lth o u g h  th ere  is evidence th a t  th e  
s tab ility  and  la te ra l ex ten t of th e  dese rts  them selves 
are  influenced by th e  v eg e ta tio n  in th e  su rro u n d 
ing areas. O ver tim e scales of h u ndreds to  th o u 
sands of years, th e  surface b iom ass is closely linked 
w ith  th e  prevailing  a tm ospheric  an d  hydrospheric  
clim ate. T h e  record  of fossil species, as preserved  
in soils and  sed im ents, an d  th e  record  represen ted  
by th e  varying w id th s an d  com position  of tree  rings 
a re  im p o rta n t sources o f biological evidence of th e  
v aria tio n  of an c ien t clim ates.

A lthough  som etim es n o t considered to  be a  
p a r t  of th e  c lim ate  system , m any  h u m an  ac tiv i
ties have significantly  a lte red  th e  E a r th ’s vegeta tive  
cover an d , therefore , have in terfered  w ith  th e  n a t
u ra l b iospheric com ponen t of c lim ate . O ver tim e 
scales of hundreds to  th o u san d s of years, agricu l
tu ra l  an d  grazing p ractices have changed th e  ch arac
te r  of large p o rtio n s of th e  E a r th ’s surface an d  m ay 
have h ad  a  g rea te r effect on local c lim ates th a n  have
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th e  m ore recen t (an d  m ore publicized) increases in 
u rb an iza tio n  an d  a tm o sp h eric  C O 2  concen tra tions.

3.2.2 P hysical P rocesses of C lim ate

T he response tim e of each com ponent of th e  cli
m ate  system  is th e  re su lt of th e  physical processes 
th a t  do m in a te  th e  b ehav io r of th a t  com ponen t. In 
th e  case o f th e  a tm o sp h ere  an d  ocean— th e  m ore 
m obile com ponen ts of th e  system — these physical 
processes include th e  tran sfe r of fluid p ro p e rtie s , 
such as m o m en tu m  an d  te m p e ra tu re , by large-scale 
organized m otions (advection ), sm all-scale tu rb u 
len t m otions (diffusion), vertica l o v e rtu rn in g  as a  
resu lt of h y d ro s ta tic  in s tab ility  (convection), th e  se
lective ab so rp tio n  an d  em ission of ra d ia tio n , and  
(in th e  case of th e  a tm osphere ) th e  release of la
te n t h ea t accom panying  condensation . T he occur
rence of these  processes is reg u la ted  by th e  vari
ous dynam ica l regim es ch a rac te ris tic  of th e  a tm o 
sphere and  ocean, such as local convective circu
lations, in e rtia -g rav ity  w aves, an d  large-scale syn
op tic  an d  p lan e ta ry  w aves. T hese m otions a re  th e  
n a tu ra l responses of th e  E a r th ’s fluids to  th e  forcing 
represen ted  by th e  sources an d  sinks of m om en tum  
and h ea t, th e  am p litu d es  of w hich are  con tro lled  by 
th e  d im ensions an d  physical p ro p e rtie s  of th e  sys
tem . T ogether w ith  th e  ro ta tio n  of th e  E a r th , these 
p roperties  de term ine  w h eth er clim ate  is dom inated  
by convective c ircu la tions (as in  low er la titu d e s) or 
by tran s ien t baroclin ic  d is tu rb an ces (as in m iddle 
and  higher la titu d e s). In th is  sense th e  d is tr ib u 
tion  of th e  oceans an d  w a te r sources (hydrosphere), 
land  ice an d  sea ice (cryosphere), an d  surface vege
ta tio n  (b iom ass) com bines w ith  th e  a tm o sp h ere  to  
determ ine th e  general c ircu la tio n  or clim ate  on con
tin en ta l an d  reg ional scales.

T he physical processes th a t  d eterm ine c lim ate 
also m ay be viewed in  te rm s of those  th a t  ac t am ong 
th e  various com ponen ts  of th e  c lim ate  system . O f 
p a rtic u la r  im p o rtan ce  am ong such coupling or feed
back processes a re  those  involving th e  exchange of 
h ea t and  m o m en tu m  betw een  th e  a tm osphere  and  
oceans (F igure  3.3). As n o ted  above, th e  surface 
layer of th e  oceans abso rbs m ost of th e  so lar ra d ia 
tio n  th a t  reaches th e  E a r th ’s surface, an d  m uch of 
th is  h ea t is, in  tu rn , tran sfe rred  to  th e  atm osphere  
v ia evapora tion . T h is m o istu re  flux is effected by 
tu rb u len t m o tions in  th e  lower a tm o sp h ere  and  is

dependen t on th e  h u m id ity  of th e  surface a ir (or 
low-level vertical m o is tu re  g rad ien t) an d  th e  su r
face w ind speed. D epending on th e  tem p e ra tu re  
of th e  surface a ir  re la tiv e  to  th a t  of th e  surface i t 
self ( th a t  is, th e  low-level vertica l te m p e ra tu re  g ra 
d ien t), these sam e tu rb u le n t m otions also cause a 
tran sfe r of sensible h ea t betw een  th e  ocean surface 
and  th e  overlying a ir. T here  are sim ilar transfers  
of h ea t and  m oistu re  betw een  th e  a tm o sp h ere  and  
land  surfaces as a  function  of th e  lan d  surface ch ar
ac te r, roughness, and  veg e ta tiv e  cover and  betw een 
th e  a tm osphere  and  snow- and  ice-covered surfaces 
as well (F igure 3.1).

H EA TIN G
I C LO UDS

FRIC TIO NTE M P E R A TU R E W IN D S

EVAP O R A TIO N P R EC IP ITATIO N
A T M O S P H E R E

S N O W  LA N DICEO C EAN
S A LIN IT Y

CU R R EN TS FR IC TIO NTE M P ER ATU R E

F ig u r e  3 .3 . M ajor com ponents of a tm osphere-ocean  feedback 
processes. Source: G ates (1979a).

T he tran sfe r of m o m en tu m  betw een  th e  a tm o 
sphere and  oceans consists p rim arily  of a  tu rb u len t 
flux from  th e  m ore rap id ly  m oving a tm osphere  to  
th e  underly ing  ocean. T h is surface d rag  represen ts 
a  p rincipal m echanism  for th e  d issipa tion  of a tm o 
spheric k inetic  energy; for th e  ocean it  rep resen ts 
th e  m ajor driv ing force for th e  system  of large-scale 
cu rren ts  th a t  a re  them selves reg u la ted  by fric tional 
processes w ith in  th e  ocean. O cean cu rren ts  also 
m ay be p roduced  by v aria tio n s of te m p e ra tu re  and  
salin ity , w hich are in tu rn  tied  to  a tm ospheric  p ro 
cesses (F igure 3.3).

B ecause th e  a tm o sp h ere  an d  ocean are th e  only 
com ponen ts of th e  clim ate  system  th a t  m ay m ove 
freely, th e ir  in te rac tio n  is of fu n d am en ta l im por
tan ce  to  th e  dynam ica l behav io r of th e  system . 
A lthough  th e  oceans an d  a tm o sp h ere  to g e th er ac
com plish th e  po lew ard  tra n sp o r ts  of h ea t an d  m o
m en tu m  required  for g lobal balance, a  significant 
p o rtio n  of th is  tra n sp o r t  is due to  th e  oceans. From  
th is  p o in t of view, th e  oceans m ay p lay  a  g rea te r 
role th a n  th e  a tm o sp h ere  in  determ in ing  clim ate
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varia tion , an d  a tm osphere-ocean  in te rac tio n s  m ay 
produce c lim ate  changes over tim e scales of decades 
or cen tu ries even w hen ex te rn a l cond itions a re  un
changed.

3.2.3 E x te rn a l Influences an d  C lim ate  H istory

T he com plete c lim ate  system  m ay be regarded  aa a  
single physical system  w hose b ehav io r is sub ject to  
a  set of im posed geophysical conditions. F rom  th is  
v iew poin t, th e  ex te rn a l or bou n d ary  conditions of 
th e  system  are  th e  v aria tio n s o f so lar rad ia tio n  a t  
th e  to p  of th e  atm osphere ; th e  chem ical com posi
tion  of th e  a tm o sp h ere  an d  oceans; th e  size, m ass, 
and  ro ta tio n  ra te  of th e  E a r th ; an d  th e  topo g rap h y  
of th e  E a r th ’s c ru s t, including  th e  d is trib u tio n  of 
m o u n ta in s an d  th e  geom etry  o f ocean basins (F ig
ure 3.1). T hese ex te rn a l cond itions them selves have 
changed m arked ly  over th e  course of geological tim e 
and  have h ad  a  profound  influence on th e  evolu tion  
of c lim ate  du rin g  th e  h is to ry  o f th e  E a r th  (F igure
3.2). W ith o u t th e  E a r th ’s oceans an d  biom ass, th e  
a tm osphere  w ould n o t have evolved in to  its  p resen t 
oxygen-rich s ta te  an d  w ould  n o t co n ta in  th e  w a te r 
vapor necessary to  p rovide nourish ing  am o u n ts  of 
rainfall.

B ecause of th e  com plexity  of th e  clim ate  sys
tem  an d  th e  varie ty  of tim e  scales over w hich it 
changes, i t  h as  proven  convenient to  focus on one 
p o rtio n  of th e  system  a t  a  tim e. T h is p o rtio n  m ay 
th en  be regarded  as th e  in te rn a l com ponen t, w ith  
all o th e r com ponen ts  considered to  be ex tern a l w ith  
know n behav io r. T h u s, over tim e scales of m onths 
and  seasons, th e  a tm o sp h ere  is com m only consid
ered as th e  sole com ponen t of th e  (in te rn a l) c lim ate 
system , w ith  th e  ocean, ice, an d  land  tre a te d  as 
boundary  cond itions. W hen th e  tim e scales of in
te re s t ex tend  over years to  decades, how ever, th e  a t 
m osphere an d  oceans shou ld  be considered to g e th er 
as in te rn a l com ponen ts, w hereas for even longer pe
riods of tim e , th e  ice, lan d  surface, an d  biom ass 
m ust also be tre a te d  as variab le  ra th e r  th a n  fixed 
po rtions of th e  system . A side from  sim plifying th e  
m a th em atica l descrip tion  of c lim ate , th is  procedure 
helps to  iden tify  th e  cond itions or processes th a t  in
fluence th e  c lim ate  an d , therefore , th a t  m ay ac t as 
causes of c lim ate  change (F igure  3.2).

T he clim atic  h is to ry  o f th e  E a r th  is revealed 
by a  varie ty  of chem ical, biological, an d  geological

records 2 is p reserved in  n a tu ra l layered  deposits , th e  
fo rm ation  of w hich is sensitive to  one o r m ore ele- 
m en ts of th e  c lim ate . W hen ca lib ra ted  ag a in s t m od- 
ern  conditions, th e  m arine  fossil co n cen tra tio n  in 
deep-sea sed im ents, th e  isotopic com position  of ice 
layers, an d  th e  density  an d  com position  of anc ien t 
soil, for exam ple, can  be m ade to  yield estim ates  
of tem p e ra tu re  an d  p rec ip ita tio n  in  th e  p as t. Such 
ind irec t or “p roxy” sources of clim ate  d a ta  com bine 
to  yield a  p ic tu re  of clim ate  v a ria tio n  over th e  p as t 
m illion years th a t  is d o m in ated  by th e  occurrence 
of ice ages ab o u t every 100,000 years.

3.2.4 C h arac te ris tics  of C lim ate  C hange 
an d  Feedback Processes

T he physical processes th a t  a re  responsible for cli
m a te  change are  th e  sam e as those  responsible for 
th e  m ain tenance  of th e  clim ate  itself. How ever, we 
have only a  lim ited  u n d ers tan d in g  of how o r w hy 
these processes in te ra c t to  produce a  v aria tio n  in 
clim ate. T he em pirical m eth o d  of s tudy ing  clim ate 
change th ro u g h  th e  assem bly an d  analysis of obser
v a tional d a ta  h as  p rovided  a  know ledge of th e  dis
tr ib u tio n  of p resen t an d  p a s t c lim ates of th e  E a rth . 
T hese d a ta  also m ay be used to  es tim a te  th e  s ta 
tis tica l likelihood or p ro b ab ility  of fu tu re  clim ate 
changes on th e  tim e  scales of th e  d a ta  them selves. 
Such an  ac tu a ria l ap p ro ach  to  c lim ate , how ever, as
sum es th a t  th e  s ta tis tic s  of fu tu re  clim ates will re
sem ble those of th e  p ast.

T he large n u m b er of in te rre la ted  physical p ro 
cesses ac tin g  a t  different ra te s  w ith in  and  betw een 
th e  com ponen ts of th e  clim ate  system  m akes th e  
iden tification  of th e  “cause” of c lim ate  change a  
difficult ta sk . I t seem s likely th a t  th e re  is no sin
gle cause in  m ost instances an d  th a t  th e  re la tive  
im p o rtan ce  of d ifferent effects s trong ly  depends on 
th e  tim e an d  space scale of th e  c lim atic  s ta te s  be
ing considered. For exam ple, in te ran n u a l differences 
in  sea surface te m p e ra tu re  m ay be re la ted  to  the  
varia tio n s of local and  regional a tm ospheric  c ircu la
tio n , w hereas in te ran n u a l differences in  th e  ex ten t 
of m o u n ta in  glaciers a re  p robab ly  n o t. O n th e  o th er 
h an d , changes of co n tin en ta l g lacia tion  are  re la ted  
to  v aria tio n s in  th e  E a r th ’s o rb ita l p a ram ete rs  over 
periods of ten s  to  h u ndreds of th o u san d s of years 
and  are , therefore , p robab ly  re la ted  to  changes of
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global sea surface te m p e ra tu re  over s im ilar tim e pe
riods. C lim ate  v aria tio n s , how ever, also m ay occur 
£is th e  resu lt of changes in  th e  effective in te rn a l d riv 
ing m echanism s (th e  “au to v a ria tio n s” show n in F ig
ure 3 .2), w ith  no change in  th e  ex tern a l conditions. 
T he in h eren t irreg u la rity  of w eath er is sufficient to  
ensure th a t  these d riv ing  m echanism s will n o t op
e ra te  in  a  perfectly  sm oo th  or cyclic way, and  th e  
resu lt is th e  ty p ica l irreg u la rity  of th e  c lim ate  record  
seen on all tim e  scales.

I t is ch a rac te ris tic  of clim ate  change th a t  tw o 
(or m ore) processes in  th e  system  com pensa te  each 
o ther. Such in te rac tio n s  or feedback m echanism s 
m ay ac t e ith e r to  am plify  th e  value or anom aly  of 
one of th e  in te ra c tin g  variab les (positive feedback) 
or to  d am p  it  (negative  feedback). For exam ple, th e  
snow cover a lb ed o -tem p era tu re  in te ra c tio n  is a  pos
itive feedback process, in  w hich an  increase in  the  
ex ten t of snow  (or ice) increases th e  surface albedo, 
thereby  co n trib u tin g  to  a  low ering of th e  surface 
tem p era tu re . In tu rn , w ith  all else being  equal, th is  
m ay lead to  a  fu r th e r increase in  th e  ex ten t of snow 
or ice, reinforcing th e  in itia l snow  cover anom aly. 
A no ther fam ilia r exam ple of a  positive feedback p ro
cess is th e  w a te r v ap o r-tem p era tu re  feedback, in 
w hich an  increase of th e  am o u n t of w a te r vapor (or 
abso lu te  h u m id ity ) increases th e  ab so rp tio n  of long
wave rad ia tio n , th e reb y  co n trib u tin g  to  a  w arm ing  
of th e  a tm osphere . T h is  w arm ing  in  tu rn  m ay re
su lt in increased ev ap o ra tio n  an d  an  au g m en ta tio n  
of th e  in itia l h u m id ity  anom aly . T h is feedback op
era tes v irtu a lly  continuously  in  th e  a tm osphere  and  
(along w ith  C O 2 ) is responsible for th e  greenhouse 
effect w hereby th e  lower a tm o sp h ere  is w arm er th a n  
it w ould otherw ise be.

W hile we know  of m any  such feedbacks in  the  
c lim ate system , only a  few are  u n d ers to o d  in a  qu an 
ti ta tiv e  f£ishion. A ll such feedback processes, how
ever, rep resen t a  considerable sim plification of the  
ac tu a l sequences of even ts, and  th e  key ph rase  in 
th is  descrip tion  is “all else being equa l.” In a  system  
as com plex as c lim ate , th is  is usually  n o t th e  case, 
and  an  anom aly  in  one p a r t  of th e  system  m ay be 
expected  to  se t off a  series of ad ju s tm en ts  th ro u g h 
o u t th e  rem ainder of th e  clim ate  system , depend
ing on th e  n a tu re , location , an d  size of th e  in itia l 
d istu rbance . T h e  difficulty of trac in g  such ad ju s t
m en ts m akes th e  n e t effect of ind iv idual processes 
difficult to  d e tec t in  m ost cases, a lth o u g h  they  can

serve as th e  basis of d iagnostic  an d  m odeling stud ies 
(H ansen e t al. 1984). We should  also recognize th a t  
any positive feedback m u st even tua lly  be checked a t  
som e level by th e  in te rv en tio n  of o th er processes, or 
c lim ate  w ould exh ib it a  runaw ay  behavior.

C lim ate  change m ay therefore be viewed as the  
resu lt of th e  ad ju s tm en t am ong com pensa ting  feed
back processes, each of w hich behaves in a  ch ar
ac te ris tica lly  non linear fashion. T he fac t th a t  the  
c lim ate  of th e  E a r th  has h isto rically  varied  betw een 
ra th e r  narrow  lim its  is testim o n y  to  th e  efficiency 
and  robustness of these feedbacks. T h is  fea tu re  also 
p erm its  th e  system  to  satisfy  th e  global balances of 
h ea t, m om en tum , and  m o istu re  th ro u g h  th e  co n tri
b u tions of several, som etim es com peting , processes. 
D iagnostic s tud ies of th e  d is tr ib u tio n  or p a rtitio n in g  
of these fluxes am ong th e  various m odes and  com 
p onen ts  of th e  system  reveal m uch ab o u t how  the  
c lim ate is m ain ta in ed  in a  near-equ ilib rium  s ta te , 
and  w hen such stud ies a re  m ade for a  succession of 
clim atic  s ta te s , they  provide im p o rta n t clues to  the  
m echanics of clim ate  change.

O ne of th e  m ore basic physical processes of the  
c lim ate  system  is th e  global balance of h ea t (see F ig 
ure 1.2). O n th e  average, as m uch energy leaves th e  
to p  of th e  a tm o sp h ere  in  th e  form  of longw ave rad i
a tio n  as en ters it in th e  form  of sh o rte r w avelength  
solar rad ia tio n . If th e  absorb ing  or sca tte rin g  p rop 
erties of th e  a tm osphere  w ere to  change (as, for ex
am ple, by th e  ad d itio n  of large am o u n ts  of volcanic 
du st or C O 2 ), th e  re la tiv e  roles of these p roperties  
in th e  h ea t balance w ould change, w ith  a  conse
qu en t ad ju s tm en t in  o th er p a r tic ip a tin g  processes. 
T h is d e te rm in a tio n  of th e  possible w ays in  w hich 
th e  enhancem ent (or rem oval) of one or m ore p ro 
cesses w ould change o th er processes, an d  therefore 
th e  c lim ate , illu s tra te s  th e  need for clim ate  m odels.

3.3 T H E  PH Y SIC A L  BASIS 
O F C L IM A T E  M O D ELS

K nowledge of th e  physical basis of clim ate  and  cli
m ate  v aria tio n  is m ost usefully and  com prehensively 
organized in te rm s of m odels, w hich are  m a th e m a t
ical rep resen ta tio n s  of th e  physical law s governing 
th e  behav io r of th e  clim ate  system . F rom  such m od
els, th e  s tru c tu re  of a  c lim atic  s ta te  m ay, in  p rinci
ple, be determ ined , an d  in th is  sense clim ate  m odels 
represen t a  ra tio n a l physical basis for s tudy ing  the
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clim ate. C lim ate  m odels have show n considerable 
skill in reproducing  th e  p resen t clim ate  of th e  E a r th  
and  th e  clim ate  a t  selected  tim es in  th e  p a s t, and  
th e ir use in th e  p red ic tion  o f fu tu re  clim ate  is th e  
subject of in tensive research  (G ates 1979b). T he 
m ost difficult p rob lem  in clim ate  m odeling is the  
p roper rep resen ta tio n  o f effects on unresolved scales, 
and  progress in  th is  an d  o th e r a reas of clim ate  m od
eling has been period ically  review ed (Sm agorinsky 
1974; Schneider an d  D ickinson 1974; G a tes  1975; 
Berger an d  Nicolis 1984; P eixo to  an d  O o rt 1984; 
H oughton 1984).

3.3.1 Basic D ynam ical E q u atio n s  
an d  B oundary  C onditions

T he basic physical law s governing th e  tim e-depen
den t behav io r of m ost of th e  com ponents of th e  cli
m ate  system , an d  on w hich a  c lim ate  m odel m ay 
therefore be based , a re  re la tive ly  well know n, as are 
th e  physics of th e  various in te rac tiv e  processes serv
ing to  link th e  com ponen ts to g e th er. In th e  a tm o 
sphere these law s are  expressed by th e  equations for 
the  conservation  of m o m en tu m , h ea t, an d  m oistu re, 
th e  so-called a tm o sp h eric  p rim itiv e  equations. Be
cause som e of th e  variab les in  these equations will 
be referred  to  la te r , i t  is useful to  p resen t th em  here 
in th e  isobaric (or co n s tan t p ressure) coo rd ina te  sys
tem  as follows:

w ind change:

dvH
dt

=  — f k  X Vji — H (3.1)
B u r t h *  • 

r o t a t i o n  f o r c o
p r o a i u r o

f o r c o

te m p e ra tu re  change:

d T =  ^  ^  9.
d t  Cfy Cfy

(3.2)

p r o a a u r o  
c h a n f 0

h o a t l n f
r o t a

w ate r vapor or m o istu re  change:

dq
dt

E - C
O T a p o r a t i o n  — 
c o n d o n a a t l o n

(3.3) i;,

Here Vh  =  ut + v j  is th e  vec to r horizon ta l veloc
ity , w ith  u  and  v  being th e  eastw ard  an d  n o rth w ard  
velocity com ponen ts, respectively , and  t, j ,  and  k

th e  corresponding  eastw ard , n o rth w ard , an d  v e rti
cal u n it vectors; /  =  2Q sin <f> is th e  C oriolis p a ram 
e ter, w here D is th e  E a r th ’s an g u la r ro ta tio n  ra te  
and  <f> is th e  la titu d e ; V p $  is th e  isobaric  g rad ien t 
of th e  g eopo ten tia l $ ,  w hich is a  m easure of th e  po
te n tia l energy; Fh  is th e  h o rizon ta l fric tiona l force 
per u n it m ass; T  is th e  tem p era tu re ; a? =  d p / d t  is 
th e  vertica l velocity  w ith  p  rep resen ting  pressure; a  
is th e  specific volum e; Cp is th e  specific h ea t a t  con
s ta n t  pressure; Q  is th e  ex tern a l h ea tin g  ra te  per 
u n it m ass; q is th e  w a te r  vapor m ixing ra tio ; and  
E  — C  is th e  n e t ra te  of ad d itio n  of w a te r vapor by 
evaporation  {E)  an d  condensation  (C ).

W hen w ritte n  in  th is  form . E q u a tio n s (3.1) to
(3.3) serve to  em phasize th a t  h o rizon ta l velocity, 
tem p e ra tu re , an d  w a te r vapor a re  th e  p rim ary  a t 
m ospheric variab les, th e  tim e-dependen t behav io r 
of w hich is determ ined  by th e  h o rizon ta l equation  
of m o tion  (3.1), th e  th erm o d y n am ic  energy equa
tio n  (3.2), an d  th e  w a te r v apor co n tin u ity  equation
(3.3). Here th e  effects of b o th  h o rizon ta l and  v erti
cal advection  are  rep resen ted  in  th e  d / d t  te rm s on 
th e  left-hand  sides; th e  first an d  second te rm s on 
th e  r ig h t-h an d  side of E q u a tio n  (3.1) rep resen t th e  
Coriolis an d  p ressu re-g rad ien t forces, respectively; 
and  th e  first te rm  on th e  r ig h t-h an d  side te rm  of 
E q u a tio n  (3.2) rep resen ts  th e  ad iab a tic  effects of 
vertica l m o tion  w hereby p o ten tia l energy is con
verted  in to  k inetic  energy (and  vice versa). B u t 
of equal (if n o t m ore) im p o rtan ce  for clim ate  are 
th e  la s t te rm s on th e  rig h t-h an d  sides in  E q u atio n s 
(3.1) to  (3.3), w hich rep resen t th e  sources (or sinks) 
of m om en tum , h ea t, and  a tm ospheric  w a te r vapor, 
respectively. T h e  energy equ a tio n  th a t  m ay read 
ily be form ed from  E q u atio n s (3.1) an d  (3.2) shows 
th a t  i t  is th e  fric tional d issip a tio n  of k inetic  energy 
an d  th e  n e t d iab a tic  h ea tin g  due to  rad ia tio n , con
duction , an d  la te n t h ea t release th a t  a re  responsible 
for changes in th e  to ta l  a tm ospheric  energy co n ten t, 
w hereas th e  difference betw een th e  to ta l  evapora
tio n  and  condensation  is responsible for th e  a tm o 
sphere’s n e t gain or loss of m o istu re  in E q u atio n
(3.3).

Because these equa tions involve th e  six variables 
vjj ,  T ,  q, w, a ,  and  $ ,  i t  is necessary  to  have th ree  
ad d itio n a l independen t equa tions to  form ally  com 
p le te  th e  dynam ica l system  in te rm s of these qu an 
tities . T hese a re  provided  by th e  equation  of m ass
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con tinu ity , th e  h y d ro s ta tic  equ a tio n  (w hich is a  sim 
plification of th e  v ertica l equ a tio n  of m o tion  th a t  
equates th e  p ressure to  th e  w eight of overlying a ir) , 
and  th e  eq u a tio n  of s ta te  of th e  a tm ospheric  gas. 
For th e  a tm o sp h ere  these equa tions m ay be w ritten  
in isobaric co o rd in a tes  as:

d(jj
+  Vp • Vi/ =  0 ,

- h a  =  0 ,
d p

p a  — R T  =  0 ,

(3.4)

(3.5)

(3.6)

where p  is th e  p ressure (th e  independen t vertica l 
variable in  th e  isobaric co o rd in a te  system ), R  is the  
gas co n stan t for a ir, an d  Vp • Vh  is th e  divergence 
of th e  w ind. T hese eq u a tio n s a re  d iagnostic  in  th a t  
they  do n o t explicitly  involve tim e derivatives, in 
co n tra s t to  th e  p rognostic  or p red ic tive  E quations 
(3.1) to  (3.3). T h e  E q u a tio n s (3.4) to  (3.6) describe 
th e  balances or equ ilib ria  th a t  m u st ex ist am ong the  
variables a t  all tim es an d  serve to  de term ine  th e  dis
tr ib u tio n  of w, $ ,  an d  a  in te rm s of th e  prognostic  
variables V//, T , an d  q.

T he p rob lem  rem ains of specifying th e  b oundary  
conditions th a t  a re  necessary to  d eterm ine a  unique 
so lu tion  of th e  system  E q u a tio n s (3.1) th ro u g h  
(3.6). B ecause th e re  a re  no la te ra l boundaries in th e  
a tm osphere , these cond itions usually  tak e  th e  form  
of th e  specification  of w a t  th e  to p  of th e  atm osphere  
(usually th e  free-surface cond ition , a; =  0), th e  kine
m atic  bou n d ary  cond ition  of zero m otion  no rm al to  
th e  surface of th e  E a r th , an d  th e  specification of the  
g eopo ten tia l a t  th e  E a r th ’s surface. (T he presence 
of m o u n ta inous te rra in  poses a  difficulty in isobaric 
coord ina tes, in  th a t  a t  th e  surface w is less easily 
determ ined  th a n  is th e  vertica l velocity  itself.) For 
atm ospheric  m odels, i t  is also necessary to  specify 
th e  solar flux a t  th e  to p  of th e  a tm osphere  (i.e., the  
incom ing so lar ra d ia tio n ) an d  e ith e r th e  tem p era 
tu re  or th e  h ea t flux a t  th e  E a r th ’s surface. Over 
bare  lan d  and  ice-covered surfaces th e  cond ition  of 
zero n e t h ea t flux often  is used, w hereby th e  surface 
or g round te m p e ra tu re  is d eterm ined  by a  balance of 
th e  h ea t fluxes; over w a te r surfaces, th e  surface tem 
p era tu re  itse lf m ay be specified, a lth o u g h  in a  cou
pled atm osphere-ocean  m odel th e  sea-surface tem 
p era tu re  is in te rn a lly  determ ined . W hen th e  surface 
soil layer is included  in  th e  m odeled clim ate  system , 
a  th e rm a l b o u n d ary  cond ition  is applied  below the

Modeling at a M eant o f Studying the Climate Syttem

surface, w ith  th e  lan d  surface tem p e ra tu re  given by 
an  ad d itio n a l p rognostic  equation .

3.3.2 P a ram e te riza tio n  of
Subgrid-Scale Processes

T he equations considered above are  basically  th e  
sam e as those th a t  a re  rou tinely  used in num eri
cal w eather p red ic tion , except th a t  in th e ir  ap p li
ca tion  to  clim ate  m ore a tte n tio n  m u st be given to  
th e  slowly varying sources an d  sinks of m om entum , 
h ea t, and  m oistu re  {Fh , Q,  an d  E - C ,  respectively), 
w hich are  re la tively  u n im p o rta n t on th e  tim e scales 
of w eather. I t is therefore necessary th a t  th ere  be no 
accum ulating  erro rs in  th e  source or forcing term s 
on th e  rig h t-h an d  sides of E q u a tio n s (3.1) to  (3.3), 
because these could lead to  a  spurious change of cli
m a te  over an  ex tended  period  of tim e. T h is require
m en t applies b o th  to  th e  large-scale processes which 
can be p o rtray ed  reasonably  well by m odels and  to  
th e  sm all-scale processes w hich can n o t be explicitly  
resolved and  w hich are , therefo re , tre a te d  p a ra m e t
rically. B ecause an  im p o rta n t frac tio n  of th e  v e rti
cal fluxes of h ea t an d  m o istu re  in th e  a tm osphere  is 
accom plished by sm aller scale m otions (such as the  
tu rb u len t fluxes in th e  surface bou n d ary  layer and  
th e  convective fluxes associa ted  w ith  clouds), th e  
p aram ete riza tio n  of such processes in te rm s of th e  
resolved larger scale behav io r is p erh ap s th e  m ost 
im p o rta n t fea tu re  of a  c lim ate  m odel.

T he horizon ta l force Fh  in  E q u a tio n  (3.1) rep
resen ts  th e  tran sfe r of (horizon ta l) m om en tum  from  
one p a r t  of th e  a tm o sp h ere  to  an o th e r an d  from  
th e  a tm osphere  to  th e  underly ing  surface by th e  ef
fects of viscosity. (T he effects of vertica l fric tional 
forces are precluded in  th e  p resen t h y d ro s ta tic  sys
tem .) Such tran sfe r in  th e  ac tu a l a tm osphere  occurs 
by m eans of sm all-scale tu rb u le n t eddies th a t  also 
serve to  d issipa te  th e  k inetic  energy. In a  clim ate 
m odel these effects m ust be rep resen ted  in te rm s of 
th e  large-scale flow (i.e., th a t  given by U//), and  th is  
p aram ete riza tio n  usually  tak es  th e  form  of a  p ro p o r
tio n a lity  to  th e  local vertica l shear of th e  horizon
ta l  w ind, d v n / d p ,  w ith  th e  p ro p o rtio n a lity  facto r 
depending on e ither an  assum ed background  eddy 
viscosity or th e  in ten sity  of a tm ospheric  convection 
an d  diffusion or b o th . In th e  free a tm osphere  such 
processes rep resen t an  im p o rta n t m echanism  for th e  
exchange of m om en tum  betw een levels an d  betw een
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one region an d  an o th e r th ro u g h  th e  ac tio n  of grav
ity  waves.

T he fric tiona l force a t  th e  E a r th ’s surface th a t  
tran sfers  th e  m o m en tu m  from  th e  atm osphere  to  
the  underly ing  land , ice, or ocean surface is rep re
sen ted  in  te rm s of th e  surface w ind, th a t  is, the  
w ind near th e  surface or a t  s ta n d a rd  anem om e
te r level. T h is  p a ram ete riza tio n  usually  follows the  
bulk aerodynam ic fo rm ula, w hereby th e  surface fric
tional force or d rag  is p ro p o rtio n a l to  v, |tT, |, w here 
V,  is th e  surface w ind. In th is  fo rm u la tio n  th e  p ro 
p o rtio n a lity  fac to r depends on a  d rag  coefficient, the  
value o f w hich is a  function  of th e  assigned surface 
ch a rac te r or roughness (and  perh ap s also a  function  
of |v ,I). T h is  p a ram ete riza tio n  is therefore an  im 
p o r ta n t aspect o f th e  surface (tu rb u len t)  b oundary  
layer, th ro u g h  w hich th e  low est layer of th e  a tm o 
sphere loses re la tiv e  m o m en tu m  to  th e  slower m ov
ing surface a t  th e  sam e tim e  as a tm ospheric  k inetic 
energy is d issipa ted . [The tran sfe r of abso lu te  an 
gu lar m o m en tum , w e m ay n o te , involves only th e  
zonal or easte rly  com ponen t of E q u a tio n  (3.1) and  
depends on th e  sign of u  as well as on th e  to rque 
th a t  m ay be exerted  by th e  p ressure a t  th e  E a r th ’s 
surface.]

T he d iab a tic  h ea tin g  ra te  Q  in E q u atio n  (3.2) 
represen ts th e  to ta l  or n e t a tm ospheric  hea ting  
due to  rad ia tio n  an d  la te n t h ea tin g  an d  th e  effects 
of conduction , convection, an d  diffusion. Because 
these processes ch a rac te ris tica lly  occur on scales too  
sm all to  be resolved by a  c lim ate  m odel, th ey  m ust 
be rep resen ted  in  te rm s of th e  large-scale d is trib u 
tions of te m p e ra tu re , p ressure, an d  w a te r vapor. O f 
these p a ram ete riza tio n s , p erh ap s th e  m ost physi
cally com plex is th a t  of rad ia tio n , because it  in
volves th e  vertica l flux of b o th  longw ave and  solar 
rad ia tio n  in  th e  presence of a tm ospheric  w a te r va
por an d  clouds over surfaces w ith  d ifferent ra d ia 
tive p ro p erties  (as has been discussed m ore fully in 
C h ap te r 2 of th is  volum e).

T he p a ram ete riz a tio n  of longw ave rad ia tio n  in 
a  clim ate m odel is usually  based  on th e  equation  
for th e  flux of b lack-body rad ia tio n  as a  function  
of th e  tem p e ra tu re , pressure, and  w a te r vapor con
te n t of th e  a tm osphere , neglecting sca tte rin g  and  
an g u lar dependence. T he to ta l  or n e t flux of long
w ave rad ia tio n  is usually  found a t  th e  surface and  
a t  each level of th e  a tm o sp h ere  by using em piri
cal transm ission  functions for w a te r vapor, C O 2 ,

an d  o th er trace  species. T h e  effects of clouds a t  
different levels a re  considered by tre a tin g  th em  as 
b lack-body ra d ia to rs  in  p ro p o rtio n  to  th e  fractional 
sky coverage of each cloud ty p e  rep resen ted  in th e  
m odel. T he p a ram ete riz a tio n  of so lar rad ia tio n , on 
th e  o th e r h an d , begins w ith  th e  rad ia tio n  inciden t 
a t  th e  to p  of th e  a tm osphere  (usually  considered to  
be a  function  o f la titu d e , tim e o f day, an d  season of 
th e  year) an d  uses em pirical functions for sca tte rin g  
and  ab so rp tio n  as a  function  of p ressure, w a te r va
p o r, and  ozone an d  o th er trace  gas concen tra tions. 
By assigning an  albedo  to  th e  surface an d  to  th e  a t 
m osphere itself, th e  effects of m u ltip le  reflection and  
sca tte rin g  m ay be  considered, w hereas th e  s c a tte r
ing, reflection, an d  ab so rp tio n  by clouds is usually  
param eterized  as a  function  of th e  heigh t an d  th ick 
ness of clouds an d  th e ir  assigned o p tica l p roperties .

A  second im p o rta n t source of a tm ospheric  h ea t
ing th a t  m u st be param eterized  is th a t  due to  th e  
release of la te n t h ea t upon  condensation  of w a te r va
por. T h is h ea tin g , an d  th e  sim u ltaneous fo rm atio n  
of clouds, is assum ed to  occur w hen th e  a ir  becom es 
s a tu ra te d  as a  resu lt of v e rtica l m o tion  an d  resul
ta n t  cooling associa ted  w ith  e ith er large- o r sm all- 
scale flow. In m ost clim ate  m odels it  is also assum ed 
th a t  th e  condensed w a te r vapor falls to w ard  th e  su r
face eis p rec ip ita tio n , som e of w hich m ay evaporate . 
T he large-scale la te n t h ea tin g , an d  th e  accom pany
ing large-scale cloudiness and  p rec ip ita tio n , is th a t  
resolved by th e  large-scale vertica l m otion  w in th e  
system  of E q u atio n s (3.1) to  (3.6) as a  resu lt of con
vergence in th e  large-scale h o rizo n ta l flow Vjj, as 
frequently  occurs in  m iddle and  high la titu d e s  in 
associa tion  w ith  synoptic-scale waves.

T he larger p a r t  of th e  a tm o sp h ere ’s la te n t h ea t
ing, how ever, occurs as a  re su lt o f convective-scale 
m otions th a t  a re  n o t resolved explicitly. V ertical 
m otions on these subgrid  scales, an d  th e  accom pa
nying convective-scale cloudiness an d  p rec ip ita tio n , 
a re  usually  param eterized  in te rm s of a  convective 
ad ju s tm en t m echanism . In th is  p a ram ete riza tio n  
th e  te m p e ra tu re  lapse ra te  is n o t allow ed to  exceed 
th e  ap p ro p ria te  ad iab a tic  value, an d  any  layer in 
w hich th is  lim it is exceeded is in stan tan eo u sly  ad 
ju s ted  by th e  vertica l m ovem ent of sufficient a ir  to  
ensure a  s tab le  s tra tifica tio n . Such “convection” 
m ay be confined to  a  shallow  layer or p en e tra te  
th ro u g h  a  deep p o rtio n  of th e  atm osphere , depend
ing on local conditions, an d  m ay  in  tu rn  resu lt in  th e
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fo rm atio n  of convective cloudiness and p rec ip ita 
tion . T h is  p a ram ete riza tio n  is especially im p o rtan t 
in p o rtra y in g  th e  convective system s th a t  are p rom i
nen t in th e  tro p ica l and  eq u a to ria l a tm osphere .

T he tu rb u le n t conduction  of h ea t from  (or to) 
th e  E a r th ’s underly ing  surface is a  th ird  com ponent 
of th e  a tm o sp h ere ’s d iab a tic  h ea tin g  th a t  requires 
p aram ete riza tio n . As in th e  case of m om entum , th is  
h ea tin g  usually  is rep resen ted  by th e  bulk aerody
nam ic m eth o d , w hereby th e  conductive h ea t flux is 
p ro p o rtio n a l to  th e  p ro d u c t of th e  wind speed and 
th e  vertica l g rad ien t of te m p e ra tu re  in th e  low est 
a ir layer. T his g rad ien t is com m only taken  as the 
difference betw een th e  te m p e ra tu re  of th e  a ir near 
the  surface and  the  te m p e ra tu re  of th e  surface itself, 
and th e  p ro p o rtio n a lity  co n s tan t is th e  d rag  coeffi
cient ap p ro p ria te  to  th e  surface. T herefore, when 
the  surface a ir  is colder th a n  th e  underly ing  su r
face as is often  th e  case in w in te r over th e  oceans 
in h igher la titu d es , th e  a tm o sp h ere  is heated  by the 
param eterized  conductive  h ea t flux from  th e  su r
face.

T he te rm  E  -  C  in E q u a tio n  (3.3), rep resen t
ing th e  net ra te  of ad d itio n  of w a te r vapor to  the 
atm osphere , usually  is tak en  to  be p ro p o rtio n a l to  
th e  difference betw een  th e  n e t ra te s  of evaporation  
and  condensation . As no ted  previously, th e  ra te  
of condensation  consists of co n trib u tio n s from  b o th  
large- and  sm all-scale processes and  usually  is con
sidered to  be equal to  th e  n e t ra te  of p rec ip ita tio n . 
W hen th e  possib ility  of th e  ev ap o ra tio n  of som e (or 
all) of falling p rec ip ita tio n  is considered, it is only 
th e  net condensation  in the  a ir colum n and the  su r
face evap o ra tio n  th a t  are effective in changing the 
net m o istu re  co n ten t of th e  air. T he ra te  of surface 
evaporation  usually  is p aram eterized , in a  m anner 
analogous to  th a t  of th e  surface fluxes of m om entum  
and sensible h ea t, by th e  bulk aerodynam ic m ethod . 
In th is  m ethod  evapora tion  is considered to  be p ro 
p o rtio n a l to  th e  p ro d u c t of th e  surface w ind speed 
and  th e  vertica l g rad ien t of w a te r vapor in th e  a t 
m osphere near th e  surface, w hich usually is app rox
im ated  by th e  difference betw een th e  m ixing ra tio  in 
the  a ir near th e  surface and  th a t  a t  th e  surface itself. 
A t a  w a te r surface th e  m ixing ra tio  is assum ed to  
be th e  s a tu ra tio n  value a t  th e  surface tem p era tu re ; 
a t  a  land  surface th e  m ixing ra tio  depends on the  
ground te m p e ra tu re  and  th e  g round w etness, which 
is itse lf de term ined  from  a  ground  w a te r budget in

w hich any excess of p rec ip ita tio n  over evaporation  is 
p a r titio n ed  betw een ground w a te r s to rage  and  su r
face runoff.

M ost of the  p aram ete riza tio n s  described above 
depend  e ith e r d irectly  or ind irectly  on th e  repre
sen ta tio n  of th e  a ir near th e  surface and  are th e re 
fore dependen t on a  m odel’s tre a tm e n t of th e  a tm o 
spheric boundary  layer (which lies above th e  surface 
or constan t-flux  layer considered in th e  bulk ae rody
nam ic m eth o d ). In som e m odels th e  s tru c tu re  of th e  
bo u n d ary  layer is resolved w ith  closely spaced levels 
in th e  low est k ilom eter or so, w hereas in o th er m od
els th e  boundary  layer is tre a ted  param etrica lly  as 
a bulk p roperty . A critica l elem ent in e ither t r e a t 
m en t is th e  d e term in a tio n  of th e  surface tem p er
a tu re , w hich in tu rn  contro ls the  vertica l s tab ility  
and  therefore the  degree of vertical tu rb u le n t m ixing 
and  convection. In m ost m odels th e  surface tem p er
a tu re  of land , ice, or snow is found from  th e  surface 
hea t bu d g et, in which the  tem p era tu re -d ep en d en t 
surface fluxes of sensible h ea t, la te n t h ea t, and  long
w ave rad ia tio n  are balanced by th e  net surface flux 
of solar rad ia tio n . It is p rim arily  th ro u g h  th is  calcu
la tio n  th a t  the  local rad ia tiv e , th e rm a l, hydrologic, 
and  aerodynam ic p roperties  of the  E a r th ’s surface 
a re  effectively param eterized  for use w ith  th e  large- 
scale variab les of a c lim ate m odel. If th e  possible 
ab so rp tio n  and  sto rage of h ea t in th e  surface itse lf 
is also considered, the  surface tem p e ra tu re  becom es 
a  p rognostic  variable, as no ted  earlier.

3.3.3 Sim plified C lim ate  M odels

O nce th e  dynam ical equations have been e s tab 
lished, th e  dom ain of th e  m odel m u st be d e te r
m ined. T h is choice affects m any ch arac te ristics  of 
th e  c lim ate  m odel and  determ ines th e  n a tu re  of the  
p a ram ete riza tio n s  th a t are needed. If th e  m odel is 
to  describe only th e  clim ate  as averaged , say, over 
one or m ore dim ensions (such as la titu d e  or h eigh t), 
the  governing a tm ospheric  equations of th e  m odel 
could form ally be derived by ap p ro p ria te ly  averag
ing th e  system  of E quations (3.1) to  (3.6). In the  
ex trem e, such averaging could be perform ed over all 
d im ensions to  yield a  m odel for th e  globally aver
aged c lim ate , in which case th e  m otion  of the  a tm o 
sphere w ould becom e im plicit; th e  globally averaged
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tem p e ra tu re  and  w a te r vapor are then  th e  depen
den t variab les of th e  m odel, which are often p a ram 
eterized  in te rm s of th e  surface tem p e ra tu re  (and 
h u m id ity ). T he m odel is th en  developed a round  the  
b udget equ a tio n  for th e  flux of rad ia tio n , and  sensi
ble and  la te n t h ea t a t  the  surface, of w hich th e  p ro 
to ty p e  m odel is th a t  described by B udyko (1969).

In o th er versions of “h ea t balance” m odels, aver
aging is perform ed only in th e  vertical and  long itu 
d inal d irec tions, w ith  each te rm  in th e  surface heat 
b udget now p aram eterized  in term s of th e  surface 
tem p e ra tu re  as a  function  of la titu d e . Such m odels, 
of w hich th a t  of Sellers (1973) is a  well-know n exam 
ple, are able to  p o rtra y  th e  basic la titu d in a l depen
dence of th e  E a r th ’s h ea t and  hydrologic balances 
w hen th e  m erid ional tra n sp o r ts  of hea t and  m ois
tu re  are param eterized . Because in ac tu a lity  th is 
tra n sp o r t  is accom plished in m iddle and  higher la ti
tudes by the  large-scale a tm ospheric  m otions, which 
are no t p resen t in th e  m odel, th is  p aram ete riza tio n  
in term s of th e  zonally averaged te m p e ra tu re  is a  
critica l elem ent of such c lim ate  m odels.

O th er im p o rta n t classes of sim plified clim ate 
m odels are those th a t  resolve only th e  varia tion  
of the  te m p e ra tu re  in th e  vertical, usually  called 
“rad ia tive -convective” m odels, and  those th a t  com 
bine s ta tis tic a l rep resen ta tio n s w ith  sim plified or 
averaged dynam ics, usually  called “s ta tis tic a l-d y n a 
m ical” m odels. R ad iative-convective m odels com 
bine th e  effects of vertical rad ia tiv e  h ea t tran sfer 
and  of vertical convection. Such m odels w ere first 
in troduced  by M anabe and  W etherald  (1967); th e ir 
s tru c tu re  and ap p lica tio n  to  th e  study  of C O 2  effects 
are described briefly in C h ap te r 4 of th is  volum e 
and m ore extensively in A ppendix A. S ta tis tica l- 
dynam ical m odels a re  usually  construc ted  based on 
versions of th e  conservation  equations th a t  have 
been averaged  over long itude, w ith  the  effects of 
th e  synoptic  eddies p aram eterized  s ta tis tica lly  in 
th e  m erid ional p lane. T he s tru c tu re  of these and 
o th er sim plified clim ate  m odels has been reviewed 
by S altzm an  (1978).

3.4 G E N E R A L  C IR C U L A T IO N  M O D ELS 
O F T H E  A T M O S P H E R E

T he m ost com plex clim ate  m odels are those  in 
w hich no explicit sp a tia l averaging  is in troduced . 
Such th ree-d im ensional m odels require th e  m ore or

less s tra ig h tfo rw ard  in teg ra tio n  of the  governing dy
nam ical equations [E quations (3.1) to  (3.6)] over the  
globe. W ith  an  effective horizontal reso lu tion  of 
several hundred  k ilom eters, such m odels a re  able 
to  resolve th e  large-scale tran s ien t cyclones, b u t 
no t m esoscale featu res such as th u n d ers to rm s or 
fron ts. G eneral c ircu la tion  m odels (G C M s) began 
w ith  th e  p ioneering ca lcu la tions of P h illips (1956) 
and Sm agorinsky (1963), and  G C M s w ith  global 
b oundary  cond itions and  subgrid-scale p a ram e te r
izations sim ilar to  those discussed earlier a re  now 
widely used. Before review ing the  clim ate  sim ula
tion  capab ility  of these m odels, how ever, it is useful 
to  consider briefly th e ir ch arac te ris tic  s tru c tu re .

For the  dynam ical system  represen ted  by E qua
tions (3 . 1 ) to  (3.6), including the  necessary bound
ary cond itions and  p aram eteriza tio n s , th e  first step  
in th e  co n stru c tio n  of a  G C M  is th e  selection of 
the  vertical levels a t  w hich the  m odel will be ap 
plied. T h is  choice of vertical resolution determ ines 
th e  pressure th ickness or m ass of th e  layers which 
th e  d ependen t variables of th e  m odel a re  assum ed 
to  rep resen t an d  is therefore a  d e te rm in an t in the  
effective p aram eteriza tio n  of th e  convective and  tu r 
bu len t subgrid-scale processes in term s of these vari
ables. T he vertical s tru c tu re  or p ressure depen
dence of th e  system  [E quations (3.1) to  (3.6)] is such 
th a t  it is usually  convenient to  determ ine th e  hor
izontal velocity , tem p era tu re , and  m ixing ra tio  a t 
the m idlevel of each layer of the  m odel, w ith  the  ver
tical velocity determ ined  a t th e  levels betw een each 
layer. W ith  th e  pressure, tem p era tu re , and  m ois
tu re  determ ined  a t  the  E a r th ’s surface, th is  leads 
to  a  n a tu ra l vertical s taggering  of th e  m odeled vari
ables as illu s tra ted  for the  case of a  tw o-level m odel 
in F igure 3.4. D epending on th e ir in ten d ed  use, 
G C M s m ay have several dozen levels in th e  a tm o 
sphere and  m ay con tain  relatively  e lab o ra te  p aram 
eteriza tio n s of th e  unresolved physical processes, es
pecially those a t  or near th e  E a r th ’s surface.

W hen th e  vertical s tru c tu re  of th e  G C M  is cho
sen and  th e  m odel equations are w ritten  in te rm s of 
the  variab les a t  ap p ro p ria te  levels, th e  nex t step  is 
to  design a  num erical so lution m ethod  for th e  global 
atm ospheric  dom ain . T his norm ally  tak es  th e  form  
of a  finite-difference grid  w ith  a  m esh size of sev
eral hundred  k ilom eters, or a  spec tra l rep resen ta 
tion  w ith  a  m axim um  wave num ber of ab o u t 20 or 
30. (T hese choices a re  a  com prom ise betw een the
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Model top, p = Py = 200 mb, a =  0

CL

CL

u,v,T , <t> ,q= 3 / 4

GW

■ E a r t h ' s  su rface  P = Ps<T = 1

F ig u r e  3 .4 . Schem atic re p re sen ta tio n  of th e  s tru c tu re  and  p rin 
cipal variab les of a tm ospheric  GCM s as illu s tra ted  by a  tw o-layer 
GCM  (a fte r G ates a n d  Schlesinger 1977). H ere <r =  (p — p r)(p »  — 
Pt ) ~^  is a  m ass-w eighted  v e rtica l co o rd in a te  w ith  p  rep resen ting  
pressure, p r  in d ica tin g  p ressure  a t  th e  to p  of th e  m odel, an d  p ,  
ind ica ting  surface pressure; u  an d  u a re  ho rizo n ta l velocity  com po
nents; T  is tem p era tu re ; $  is geopo ten tia l; q is w a te r v ap o r m ixing 
ra tio ; H  is surface flux of sensible h ea t; P  is p rec ip ita tio n ; E  is 
evaporation ; G W  is g round  w etness; 5  an d  S '  are  inciden t and 
reflected so lar ra d ia tio n , respectively ; R  is ou tgo ing  longwave ra 
d iation ; Qp an d  a ,  a re  p lan e ta ry  an d  surface a lbedo , respectively; 
Q is d iab a tic  heating ; F  is friction; and  C L  is cloudiness. T he 
subscrip ts 1 and  3 den o te  ev a luation  a t th e  u p p e r and  lower tro 
pospheric levels of th e  m odel, respectively , and  4 an d  s denote 
evaluation  n ear th e  surface an d  a t th e  surface, respectively.

need to  accu ra te ly  rep resen t a tm o sp h eric  processes, 
on th e  one h an d , an d  th e  rap id  increase of co m p u t
ing requ irem en ts w ith  increased  reso lu tion  on th e  
o ther.) T he equa tions of th e  m odel a t  each level 
m ust th en  be w ritte n  in  te rm s of th e  variab les a t  dis
crete  grid  p o in ts  or in  te rm s of d iscre te  w ave num 
bers, w ith  care tak en  to  m inim ize th e  tru n ca tio n  
erro r in  th e  ap p ro x im a tio n  of sp a tia l derivatives. In 
th e  case of finite-difference o p era to rs , p a rtic u la r  a t 
ten tio n  also m u st be given to  th e ir  com patib ility  
w ith  in teg ra l in v a rian ts  such as th e  global conser
v ation  of k inetic  energy in  th e  absence of sources 
and  sinks; w hen these  co n s tra in ts  a re  v io la ted  by 
th e  sp a tia l fin ite differences of th e  m odel, nonlinear 
num erical in s tab ility  m ay resu lt from  th e  accum u
la tion  of energy in  selected  co m p u ta tio n a l m odes.

T he s tab ility  of a  m odel’s num erical in teg ra tio n  
also is affected by th e  size of th e  finite tim e in
crem ent A t  used in th e  ap p ro x im a tio n  of th e  tim e 
derivatives of th e  p rognostic  variables. D epending 
on th e  p a rtic u la r  num erical m eth o d  used to  ad 
vance th e  so lu tions in  tim e , a  cond ition  of th e  form  
A t  < A s / U  is usually  requ ired  to  avoid  co m p u ta
tio n a l in s tab ility , w here A s  is th e  (m in im um ) size 
of th e  h o rizon ta l g rid ’s m esh leng th  an d  U  is the 
(m axim um ) wave speed resolved in  th e  m odel. T his 
crite rion  lim its A t  to  a  frac tio n  of an  hour in  G C M s 
th a t  typ ically  em ploy h o rizon ta l m esh lengths of a 
few hun d red  kilom eters.

Once all of th e  num erical ap p ro x im atio n s, con
s ta n ts , an d  b oundary  cond itions requ ired  for th e  so
lu tion  of a  m odel have been assem bled, th e  tim e in
teg ra tio n  can, in  principle, be carried  o u t for an  in
definite period  s ta r t in g  w ith  given in itia l conditions. 
Som etim es an  in itia l s ta te  of re s t, iso therm alcy , and  
dryness is chosen for s im u la tions on clim atic  tim e 
scales, a lth o u g h  in itia l cond itions th a t  m ore closely 
resem ble ty p ica l large-scale a tm ospheric  conditions 
are also often  used. In e ith er case, how ever, th e  lo
ca tion  an d  in ten sity  of any  ind iv idual fea tu re  can
n o t, even theore tica lly , be p red ic ted  accura te ly  be
yond a  few weeks because of th e  inev itab le  grow th  
of errors. In th e  case of clim ate  s im u la tion  w ith  a 
G C M , th e  num erical so lu tion  is ex tended  beyond 
th is  p red ic tab ility  lim it and  undergoes an  ad ju s t
m en t over a  period  of a  few weeks or few m onths, 
during  w hich th e  various large-scale an d  p a ram ete r
ized physical processes in th e  m odel ad ju s t to  each 
o th er and  to  th e  im posed b o u n d ary  conditions in 
accordance w ith  th e  m odel’s equations. A fter th is  
sp in-up  period , th e  s ta tis tic s  of th e  m odel’s solu
tion  (i.e., th e  clim ate) m ay th en  be determ ined  by 
averag ing  over tim e scales th a t  a re  ap p ro p ria te  for 
th e  clim atic  s ta te  being stud ied . B ecause G C M s re
solve large-scale synop tic  eddies (th e  fam iliar m ov
ing cyclones and  anticyclones of daily  w ea th er) , it is 
necessary to  tak e  averages over sufficient tim e to  ac
quire rep resen ta tiv e  an d  s tab le  c lim atic  s ta tis tic s  in 
th e  presence of these essentially  un p red ic tab le  fluc
tu a tio n s ; th is  m akes th e  d e tec tio n  of a  sim u la ted  
c lim ate  change (i.e., a  change in  th e  average con
d itions) a  form idable s ta tis tic a l ta sk , especially in 
view of th e  clim ate  variab ility  th a t  m ay be induced 
by fluctua tions ou tside  th e  a tm osphere .
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3.5 M O D ELS O F T H E  O C E A N , IC E ,
A N D  LAND  SU R FA C E

A lthough  our a tte n tio n  has been focused on m od
els of th e  a tm osphere , m odels also have been con
s tru c ted  for th e  oceanic, cryospheric, and  land  su r
face com ponents of th e  c lim ate  system . T hese m od
els a re  generally  n o t as highly  developed as th e ir 
a tm ospheric  co u n te rp a rts , p a r tly  because they  rep
resen t m ore slowly ac tin g  processes th a t  m ay be 
either p rescribed  or neglected  a lto g e th er in  a tm o 
spheric m odels, an d  p a r tly  because th e re  are  fewer 
observations on w hich to  develop an d  te s t th e  nec
essary m odel p a ram ete riza tio n s. O n th e  longer cli
m atic  tim e scales, how ever, th e  in te rac tio n s  of th e  
atm osphere  w ith  th e  underly ing  ocean, ice, and  land  
surface a re  c ritica l elem ents in  th e  behav io r of th e  
clim ate an d  m u st be addressed .

For th e  purposes of c lim ate  m odeling, th e  ocean 
has usually  been  tre a te d  in  a  basin-sized “box” or 
in a  global dom ain  as a  G C M . In th e  la t te r  ca.se, 
th e  oceans a re  described  by a  system  of equations 
sim ilar to  E q u a tio n s  (3.1) to  (3 .6), b u t m odified 
by th e  ocean’s incom pressib ility , w ith  a  co n tin u ity  
equation  for sa lin ity  rep lacing  th a t  for w a te r vapor. 
Unlike th e  a tm osphere , how ever, th e re  is no in te r
nal la te n t h ea tin g  in  th e  ocean, an d  th e  h ea t and  
w ate r exchanged w ith  th e  overly ing a ir  determ ine 
the  changes of th e  sea surface tem p e ra tu re  an d  den
sity  and  therefo re  th e  fo rm atio n  of sea ice. These 
exchanges a re  th e  forcing functions for th e  ocean’s 
therm ally  driven  c ircu la tio n , th e  tim e scale of w hich 
depends on th e  efficiency o f th e  vertica l exchange 
processes w ith in  th e  ocean. T h e  oceanic surface or 
m ixed layer in te ra c ts  w ith  th e  a tm o sp h ere  on tim e 
scales of weeks, w hereas th e  deeper w a te r responds 
m ore slowly because o f th e  sm all vertica l m ixing and  
th e  large th e rm a l cap ac ity  in  th e  oceanic in terio r.

A n o th er im p o rta n t source of oceanic forcing is 
th a t  exerted  by a tm o sp h eric  w ind stress a t  th e  su r
face; th e  a tm o sp h ere ’s loss of m om en tum  by fric
tio n  a t  th e  surface rep resen ts  a  gain  by th e  oceans 
and  serves to  su s ta in  th e  g lobal system  of w ind- 
driven  cu rren ts . T h e  ocean’s response to  th is  forc
ing is re la tive ly  rap id  an d  is generally  confined to  
th e  near-surface w a te r in  w hich vertica l m ixing is 
strongest. B ecause global ocean m odels do n o t gen
erally resolve th e  highly  energetic m esoscale eddies

(w hich are  th e  dynam ica l c o u n te rp a rt of th e  t ra n 
sien t synoptic-scale cyclones in  th e  a tm o sp h ere ), 
th is  p a ram e te riza tio n  m u st be m ade in  te rm s of the  
re la tive ly  inviscid an d  stab le  gyral-scale oceanic cir
cu la tion . By using so lu tion  m eth o d s s im ilar to  those 
used in  a tm ospheric  m odels, such oceanic G C M s 
(as typified  by th e  m odels of B ryan  e t al. 1975 and  
H an 1984) successfully p o rtra y  th e  average large- 
scale d is tr ib u tio n  of oceanic te m p e ra tu re , salin ity , 
an d  cu rren t in response to  rea listic  surface forcing 
an d  realistic  basin  geom etry. T h e  observed average 
seasonal d is tr ib u tio n  of sea ice also has been suc
cessfully sim u la ted  by oceanic G C M s, as well £is by 
sim plified m odels of th e  surface m ixed layer o f th e  
ocean.

F rom  th e  v iew poin t o f m odeling th e  clim ate  sys
tem , how ever, m odels in w hich th e  a tm o sp h ere  and  
oceans a re  coupled are  m ore in tere stin g . O f the  
few G C M s of th e  coupled atm osphere-ocean  system , 
th a t  of B ryan  e t al. (1975) is p erh ap s th e  m ost well 
know n. A side from  th e  possible long-term  effects 
of th e  coupling m eth o d  used, m ore recen t research 
(e.g.. G a tes  e t al. 1985) shows th a t  th e  sim u la ted  
clim ate  m ay be significantly  affected by th e  p res
ence of a  coupled ocean. In lower la titu d es , w here 
th e  d is trib u tio n  of ra in fall is de term ined  largely by 
th e  sea surface te m p e ra tu re , th e  a tm ospheric  so
lu tion  of th e  coupled m odel is m ore rea listic  th a n  
th a t  of a  m odel w ith  a  fixed ocean, an d  in m iddle 
la titu d e s  th e  oceanic circu la tion  accounts for an  ap 
preciable frac tio n  of th e  to ta l  po lew ard  tra n sp o r t 
of h ea t. T he clim atic  effects of oceanic h ea t tra n s 
p o rt an d  s to rag e  also a re  seen in  th e  m o d era tio n  of 
th e  te m p e ra tu re  in m iddle an d  h igh  la titu d e s  an d  in 
th e  seasonal lag of th e  ocean ’s te m p e ra tu re  re la tive  
to  th a t  o f th e  con tinen ts . W hen th e  ocean is no t 
p e rm itted  to  s to re  or t ra n s p o r t  h ea t, th e  long-term  
th e rm a l response m ay be m odeled  by th e  assum p
tio n  of a  local balance of surface h ea t fluxes. Such 
ocean m odels have been used in  a  varie ty  of c lim ate 
sim u la tions in  w hich th e  tra n s ie n t response of th e  
oceans (and  therefore th e  a tm osphere ) is n o t of p ri
m ary  concern.

A lthough  those  p o rtio n s  of th e  cryosphere repre
sen ted  by sea ice an d  surface snow  are  usually  m od
eled as com ponen ts of th e  ocean an d  a tm osphere , 
respectively, th e  w o rld ’s large-scale ice sheets and  
larger m o u n ta in  glaciers m u st also  be considered in
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a  com prehensive c lim ate  m odel designed for long
te rm  in teg ra tio n . T h e  dynam ical basis of ice sheet 
m odels is p rov ided  by th e  equa tions for m om entum , 
h ea t, an d  maiss conservation , a long w ith  ap p ro p ria te  
equations o f s ta te  an d  vertica l p ressure forces. Such 
m odels have successfully s im u la ted  th e  A n ta rc tic  ice 
sheet in response to  a  p rescribed  surface clim ate 
(B udd an d  S m ith  1982); w hen coupled w ith  th e  a t 
m osphere an d  ocean, th e  ice sheet responds to  th e  
evolving g lobal c lim ate  w hile prov id ing  an  u p d a ted  
ice boundary . O f p a r tic u la r  concern  in such m odels 
are conditions a t  th e  b o tto m  of th e  ice w hich sig
nificantly  influence th e  m ovem ent, la te ra l s tab ility , 
and  basa l m elting  of th e  ice m ass; these conditions, 
along w ith  th e  effects of nonun ifo rm ities in  th e  ice 
density , a re  th e  p rincipa l processes th a t  require  p a
ram eteriza tio n . B ecause th e  response tim e of large- 
scale ice shee ts is on th e  o rder of th o u san d s of years, 
th e ir inclusion as p a r ts  of a  coupled global clim ate 
m odel w ill requ ire  an  effective m eth o d  for tre a tin g  
th e ir in te ra c tio n  w ith  th e  m uch m ore rap id ly  vary
ing oceans an d  atm osphere .

In a  s im ilar fash ion , a  tru ly  com prehensive cli
m ate  m odel also should  include an  in te rac tiv e  t r e a t
m en t of th e  E a r th ’s lan d  surface. A lthough  th e  su r
face h ea t an d  w a te r bu d g ets  a re  used in  a tm ospheric  
m odels to  de term ine  th e  ground  surface tem p era 
tu re  and  surface soil m o istu re  as described previ
ously, these have n o t generally  been used to  calcu
la te  th e  changes of surface p ro p e rtie s  such as the  
surface a lbedo , tra n sp ira tio n , an d  surface rough
ness. Such changes a re  d ependen t upon  th e  p ro p er
ties of th e  surface soil an d  veg e ta tiv e  cover (M intz 
e t al. 1983), b u t have generally  n o t been considered 
in an  in te rac tiv e  fashion. In ad d itio n  to  such cou
pling, a  lan d  surface m odel m u st p a ram eterize  th e  
highly com plex p a t te rn  of local surface p roperties  
in term s o f large-scale variab les an d  m u st p o rtra y  
th e  ch a rac te ris tic  seasonal v aria tio n s of surface veg
e ta tio n .

3.6 C L IM A T E  SIM U LA TIO N  W IT H  
A T M O S P H E R IC  G E N E R A L  
C IR C U L A T IO N  M O D ELS

A lthough  it  is in s tru c tiv e  to  th in k  of th e  p rob lem  of 
clim ate from  th e  v iew poin t of th e  com plete  clim ate 
system , only th e  perfo rm ance o f a tm ospheric  G C M s 
will be considered, as it  is only for such m odels th a t
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enough so lu tions have been m ade to  p e rm it a  m ean
ingful assessm ent.

W hen used w ith  observed b o u n d ary  conditions 
(w hich includes specification of th e  sea surface tem 
p e ra tu re ) , ty p ica l a tm ospheric  G C M s are  capable 
of s im u la ting  alm ost all of th e  large-scale regional 
fea tu res of th e  clim ate  as now  observed, including 
th e  average d is trib u tio n  of th e  pressure, tem p era 
tu re , an d  w ind b o th  near th e  surface an d  aloft. An 
exam ple of th is  perform ance is show n in F igure 3.5, 
in  w hich th e  d is trib u tio n  of th e  average F ebruary  
surface a ir tem p e ra tu re , s im u la ted  by th e  G FD L 
G C M  w ith  a  coupled m ixed-layer ocean, is show n. 
D espite th e  erro rs of b o th  am p litu d e  an d  s tru c tu re  
th a t  a re  ap p a ren t (and  w hich are  in  general n o t un 
like those found w ith  v irtu a lly  every G C M  [G ates 
1979b]), i t  is of p a r tic u la r  in te re st th a t  such m od
els a re  able to  reproduce th e  seasonal changes of 
th e  c ircu la tio n  from  w in ter to  sum m er. T h is  annual 
d isplay  of th e  a tm o sp h ere ’s sensitiv ity  to  th e  S un’s 
rad ia tio n  (an d  to  th e  h ea tin g  im plicit in  th e  season
ally p rescribed  sea surface tem p e ra tu re ) is th e  best 
docum ented  clim ate  change an d  provides a  useful 
m odel ca lib ra tio n . In general, a tm ospheric  G C M s 
sim ula te  th e  observed p a tte rn s  of those variab les as
sociated  w ith  sm all-scale processes, such as cloudi
ness an d  p rec ip ita tio n , w ith  less accuracy  th a n  is 
th e  case for o th er variables.

T he ch a rac te ris tic  perform ance of clim ate  m od
els also m ay be judged  from  th e  grow ing nu m b er of 
a tm ospheric  G C M  in teg ra tio n s  now availab le  over 
m onth ly  (and  in  som e cases seasonal) tim e scales. 
As a  pre lim inary  com parison , th e  resu lts  of selected 
global a tm ospheric  G C M s are  show n in F igures 3.6 
and  3.7 in te rm s of th e ir  s im u la tions of th e  zonally 
averaged  Jan u a ry  sea level pressure an d  zonally av
eraged Ja n u a ry  p rec ip ita tio n  ra te . T hese m odels 
have approx im ate ly  th e  sam e h o rizon ta l reso lu tion , 
an d  each has m ade use of th e  observed global to 
pography  and  observed Jan u a ry  sea surface tem 
p era tu re  d is trib u tio n  Jis low er b o u n d ary  conditions. 
O therw ise, th e  various m odels differ considerably 
w ith  respect to  th e  nu m b er of vertica l levels used 
and  in th e ir  p a ram ete riza tio n s  of subgrid-scale p ro 
cesses. A sum m ary  of th e  fea tu res of som e cu rren t 
a tm ospheric  G C M s is given in  C h ap te r 4.

In com parison w ith  th e  observed Jan u a ry  aver
ages, also show n in F igures 3.6 an d  3.7, th e  m od
els collectively b ea r som e resem blance to  reality .
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F ig u r e  3 .5 . T h e  d is tr ib u tio n  of m ean F eb ru ary  surface a ir  tem p era tu re  (in K ), as sim ula ted  in a  con tro l in teg ra tio n  of th e  G FD L 
atm ospheric  G CM  w ith  (A) a  coupled m ixed-layer ocean, and  (B) as observed. T he regions above 300 K an d  below 270 K are  shaded. 
Source; G ates (1984), as red raw n  from  M anabe  and  Stouffer (1980).

alth o u g h  no m odel has a  clear su p erio rity  in  all re
spects. Some m odels accu ra te ly  p o rtra y  th e  J a n 
uary  sea level p ressure profile a t  a ll b u t m iddle 
n o rth ern  la titu d e s , w hereas o th ers  system atically  
s im u la te  sea level p ressures th a t  a re  to o  low in low 
and  m iddle la titu d e s  an d  to o  high in h igher la ti
tudes. Some m odels also system atica lly  overesti
m ate  th e  Ja n u a ry  p rec ip ita tio n  ra te , especially in 
lower la titu d e s , w hereas o th ers  ten d  to  u nderesti
m ate  it  a t  a lm o st all la titu d e s . A lthough  o th er (and  
possibly m ore accu ra te ) versions of these an d  o th er 
m odels ex ist, th e  s c a tte r  am ong th e  m odels show n

here is perh ap s g rea te r th a n  w ould have been ex
pec ted  an d  serves to  illu s tra te , a lb e it in  an  incom 
p le te  fashion, th e  sensitiv ity  of th e  s im u la ted  cli
m a te  to  differences in  m odel s tru c tu re  an d  th e  ap 
p rox im ations used.

T he u tility  of G C M s as clim ate  m odels, how
ever, should  n o t be ju d g ed  solely, or even m ost im 
p o rtan tly , on th e  basis of such com parisons. In ad d i
tion  to  th e ir  p red ic tion  of m any  o th e r variab les such 
as tem p era tu re , w ind, and  cloudiness, th e  m odels 
also yield sim u la tions of th e  various com ponents of 
th e  global h ea t, m om en tum , and  hydrologic bal
ances. M ost m odels p o rtra y  these processes w ith
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F ig u r e  3 .6 . Zonally averaged m ean Jan u a ry  sea-level pressure as sim ulated  by various a tm ospheric  GCM s (sym bols) and  as observed 
(solid and  dashed lines). Source: G ates (1985), where full references to  m odels are given.

reasonable accuracy, a lth o u g h  som e ten d  to  over
estim ate  th e  s tre n g th  of th e  zonal w ind system s 
and  u n d eres tim a te  th e  observed to ta l  cloudiness. 
A lthough  th ey  differ in  vertica l reso lu tion  an d  in 
subgrid-scale p a ram ete riz a tio n  (see C h ap te r  4 ), a t 
m ospheric G C M s sim u la te  th e  fluxes of h ea t, m o
m en tum , an d  m o istu re  over th e  oceans w ith  only 
m odest accuracy. W hen coupled w ith  an  ocean 
m odel, large-scale sy stem atic  erro rs can  resu lt in 
the  s im u la ted  sea surface te m p e ra tu re  (G ates et 
al. 1985).

In ad d itio n  to  th e ir  s im u la tio n  of th e  m ean  dis
tr ib u tio n  of c lim atic  variab les, an  im p o rta n t p a r t

Modeling as a M eans o f Studying the Climate System

of th e  perform ance of clim ate  m odels is th e ir  p o r
tra y a l of th e  variab ility  w hich su rrounds th e  cli
m atic  m ean. In m any  instances th is  variab ility , and  
th e  associa ted  likelihood of th e  occurrence of ex
trem e events, is of m ore p rac tica l im p o rtan ce  th a n  
th e  average cond itions, yet th is  aspect of G CM s 
has n o t received th e  a tte n tio n  it  deserves. In gen
eral, a tm ospheric  G C M s exh ib it reasonable synop
tic  variab ility  on synoptic , m onth ly , an d  seasonal 
tim e scales b u t show  less longer te rm  variab ility  
th a n  does th e  observed a tm osphere; an  adequate  
s im u la tion  of in te ran n u a l v a riab ility  ev idently  re
quires coupling w ith  th e  ocean (M anabe and  H ahn 
1981).
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3.7 C R IT IC A L  M O D E L IN G  PR O B L E M S 
AND R E C O M M E N D E D  R E SE A R C H

A lthough a  n u m b er of rem ark s have a lready  been 
m ade on th e  design an d  ana lysis of clim ate  m od
els, several p roblem s should  be addressed  th a t  are 
of p a rtic u la r  im p o rtan ce  for fu tu re  c lim ate  m odel
ing and  for th e  s im u la tio n  of C O j-induced  clim ate  
changes in  p a r ticu la r.

R esearch should  be u n d ertak en  to  determ ine 
th e  o p tim al m odel s tru c tu re  an d  reso lu tion  for th e  
study  of p o te n tia l C O 2  effects. In general, th e  v erti
cal and  h o rizon ta l reso lu tion  of a  m odel m ay  be ex
pected  to  have an  effect on its  ab ility  to  s im u la te  the  
deta iled  s tru c tu re  an d  b ehav io r of th e  atm osphere  
(or ocean), an d  for sh o rt-ran g e  p red ic tion , a  m odel 
of th e  h ighest p rac ticab le  reso lu tion  should  be used. 
For clim ate  pu rposes, how ever, it is n o t clear how 
m uch reso lu tion  is requ ired , an d  i t  is possible th a t  
m uch of th e  o u tp u t of G C M s m ay be clim atically  
red u n d an t. T h e  p rob lem  is to  d eterm ine those p ro 
cesses th a t  a re  c ritica l for th e  m ain ten an ce  an d  vari
a tio n  o f c lim ate  an d  th e  precision w ith  w hich they  
need to  be  rep resen ted . I t seem s th a t  a t  least sev
eral tro p o sp h eric  m odel levels a re  requ ired  if even 
a  m arg ina lly  sa tisfac to ry  p o r tra y a l of baroclin ic  ed
dies is to  be achieved, an d  it is possible th a t  several 
levels in  th e  low er s tra to sp h e re  will u ltim ate ly  prove 
to  be necessary. For m any  clim atic  purposes, how 
ever, th e  h ighest possible h o rizo n ta l reso lu tion  m ay 
n o t be requ ired , an d  in  som e cases h igher reso lu tion  
hcis ac tu a lly  w orsened th e  clim atic  perform ance of 
G C M s. I t seem s likely th a t  w ith  su itab le  p aram e
teriza tio n s (w hich m igh t them selves be d raw n  from  
m odels of h igher re so lu tio n ), a t  least th e  large-scale 
clim atic  regions o f th e  w orld could be sa tisfac to 
rily sim u la ted  w ith  less reso lu tion  th a n  is now com 
m only used, a lth o u g h  reso lu tion  of th e  large-scale 
d is trib u tio n  of co n tin en ts  an d  oceans is p robab ly  
required . In view of th e  co m p u ta tio n a l b u rden  im 
posed by G C M s of high reso lu tion , m ore precise in
fo rm ation  on th e  sensitiv ity  of c lim ate  sim u la tions 
to  reso lu tion  is needed. T h is question  is also re la ted  
to  th e  prob lem  of th e  rep resen ta tiv en ess of m odel 
s im ula tions, th a t  is, th e  areas  or scales to  w hich 
th e  m odel so lu tions a re  m ost applicable . T h e  tra n s 
la tio n  of m odel-generated  clim ate  in to  in fo rm ation  
on th e  fine-grained s tru c tu re  of local c lim ates is also

im p o rta n t in  connection  w ith  im p act s tud ies (G ates 
1984).

A second m ajo r p rob lem  of clim ate  m odel
ing, an d  th e  one m ost d irec tly  concerned w ith  th e  
m odel’s physics, is im provem en t of th e  rep resen ta
tion  of im p o rta n t c lim atic  processes. B e tte r  t r e a t
m en ts of clouds, convection, th e  surface b ound
ary  layer, an d  d issipa tive  processes a re  required . 
In general, p resen t m odels s im u la te  th e  observed 
cloudiness ra th e r  poorly, especially th e  occurrence 
of n o n p rec ip ita tin g  s tra tifo rm  an d  cirrus clouds and  
th e  d iu rn a l v a ria tio n  of low-level clouds, an d , a t  
p resen t, tak e  no  acco u n t of th e  advection  of cloud 
or of cloud m icrophysics. T h e  p a ram ete riza tio n  of 
clouds and  convection is also  closely re la ted  to  the  
behav io r of th e  p lan e ta ry  bou n d ary  layer, th e  t r e a t
m en t of w hich also needs to  be im proved  in  nearly  
all c lim ate  m odels.

A  th ird  critica l p rob lem  in clim ate  m odeling is 
th e  need to  use m odels th a t  ac tive ly  couple the  
w orld ’s oceans w ith  th e  atm osphere . A lthough  a 
num ber of oceanic G C M s have been provisionally  
coupled w ith  a tm ospheric  m odels, none of these 
m odels has tak en  in to  p ro p e r accoun t th e  oceanic 
surface m ixed layer th a t  con tro ls th e  a ll-im p o rtan t 
v aria tio n s of sea surface tem p e ra tu re . C om pared 
w ith  th e  atm osphere , th e  oceans a re  re la tive ly  re
s is ta n t to  large decreases of surface te m p e ra tu re  be
cause of th e  dow nw ard  v ertica l m ixing th a t  occurs 
as a  resu lt of u n stab le  s tra tifica tio n . Surface h ea t
ing, on th e  o th er h an d , ten d s to  stab ilize  th e  surface 
w a te r, an d  h ea t is m ixed dow nw ard  largely th ro u g h  
th e  ac tio n  of w ind-induced  tu rbu lence. T he local 
surface sa lin ity  increase th a t  occurs w hen evapo
ra tio n  exceeds p rec ip ita tio n  is also an  im p o rtan t 
destab iliz ing  process, especially in th e  lower la ti
tudes. R ecent theories of th e  m ixed layer tak e  these 
processes in to  accoun t, an d  th e ir  successful p a ram 
ete riza tio n  in an  oceanic G C M , an d  th ereafte r in  a  
coupled G C M , is a  m a tte r  of high p rio rity  in  clim ate 
m odeling.

T he use of G C M s for clim ate  s im u la tio n  re
quires exceedingly large am o u n ts  of com pu ter tim e; 
p resen t a tm ospheric  G C M s, w ith  h o rizon ta l resolu
tio n  of a  few h u ndred  k ilom eters, ru n  a t  speeds sev
eral h u ndred  tim es as fa s t as n a tu re  on m achines of 
th e  class of th e  CRA Y-1. D ecreasing th e  horizon ta l 
grid  size and  requ iring  th e  execution  of several runs
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to  increase confidence in  th e  significance of th e  re
su lts  usually  lim its  clim ate  sim u la tions to  periods of 
only a  few decades. In view o f th e  large nu m b er of 
im p o rtan t c lim ate  experim en ts  th a t  should  be p er
form ed an d  analyzed , a  su b s tan tia l increase in th e  
com puting  pow er availab le  for clim ate  m odeling and  
c lim ate diagnosis is required . For a t  least th e  nex t 
few years, c lim ate  m odelers will have to  accep t ou t 
of necessity  th e  challenge of developing significantly  
faste r m odels by som ehow  m erging th e  key elem ents 
of G C M s an d  s ta tis tica l-d y n am ica l m odels an d  will 
have to  devo te  g rea te r a tte n tio n  to  th e  analysis of 
all availab le c lim ate  sim ula tions.

M ore sy stem atic  com parison  of m odel resu lts  
w ith  observations (to  th e  ex ten t th a t  they  are avail
able) and  m ore insigh tfu l ana lysis of sim u la tions in 
term s of th e  basic physical processes of th e  m odel 
are also required . A lthough  several G C M s an d  a  
varie ty  of sim pler m odels have been used to  de
term ine th e  clim atic  effects of d e lib era te  changes 
in th e  bo u n d ary  cond itions, such as changes in the  
solar co n stan t, a tm o sp h eric  C O 2  co n cen tra tio n , or 
sea surface te m p e ra tu re , th e  ana lysis of such exper
im ents has n o t revealed  clearly  th e  m echanism s re
sponsible for th e  response of th e  m odel. I t is p a r tic 
ularly  im p o rta n t th a t  such ana lyses be carried  o u t 
w ith  th e  m ore so p h is tica ted  G C M s, because they  
presum ably  in tro d u ce  th e  least d is to rtio n  in to  the  
physics of th e  clim ate  system  an d  have th e  best 
chance of rep resen ting  all of th e  in te rac tin g  pro
cesses sim ultaneously . T h e  response ch arac te ris tic s  
of c lim ate m odels also  should  be determ ined  as a  
function  of th e  m ag n itu d e , scale, and  location  of 
d eliberate  changes in  th e  m odel an d  in th e  bound
ary  conditions; from  such a  m odel response m atrix , 
th e  q u a n tita tiv e  diagnosis of th e  m odeled feedback 
processes m ay th en  be m ade in  a  sy stem atic  fash
ion. B eyond th is , th e  d e te rm in a tio n  of th e  m odel- 
dependen t p o rtio n  of th e  s im u la ted  clim ate  changes 
loom s as a  c ritica l an d  a lm o st unrecognized p rob 
lem  in s tu d y in g  th e  clim atic  effects of th e  increasing 
C O 2  concen tra tion .
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4.1 IN T R O D U C T IO N

If th e  E a r th ’s a tm o sp h ere  were com posed of only 
tw o m ajor co n stitu en ts , n itrogen  (N 2 , 78% by vol
um e) and  oxygen (O 2 , 21% ), th e  E a r th ’s surface 
te m p e ra tu re  w ould be close to  th e  — 18°C rad ia tive- 
equilibrium  value necessary to  balance th e  ap p ro x 
im ately  240 W m~^ of solar rad ia tio n  absorbed  by 
the  su rface-atm osphere  system  (see Section B.6 of 
A ppendix  B). T he fac t th a t  the  E a r th ’s surface tem 
p era tu re  is a  life-supporting  15°C is a  consequence 
of th e  greenhouse effect of the  a tm o sp h ere ’s m inor 
co n stitu en ts , m ainly w a te r vapor (H 2 O, 0.2%) and  
carbon  dioxide (C O 2 , 0.03% ). M easurem ents taken  
a t M au n a Loa, H aw aii show th a t  th e  C O 2  concen
tra tio n  has increased from  316 p a r ts  per m illion by 
volum e (ppm ) in 1959 to  342 ppm  in 1983 (E llio tt 
et al. 1985), an  8% increase in 24 years. A varie ty  of 
d irec t C O 2  m easu rem en ts and  ind irec t reconstruc
tions ind icate  th a t  th e  p re in d u stria l C O 2  concen
tra tio n  during  th e  period  from  1800 to  1850 was 
270 ±  10 ppm  (W orld M eteorological O rgan ization  
[WMO] 1983). A stu d y  by R o tty  (1983) rep o rts  
th a t  th e  C O 2  em ission from  th e  com bustion  of fos
sil fuels (gas, oil, coal) increased a t  a  nearly  con
s ta n t ra te  of 4.6% p er year from  1860 to  1973 and  
has con tinued  to  increase since 1973 a t  the  d im in
ished grow th  ra te  of 2.3% per year. P ro jections of 
fu tu re  usage of fossil fuels, discussed by T rabalka 
(1985), ind icate  th a t  the  C O 2  con cen tra tio n  could 
reach tw ice th e  p re in d u stria l values som etim e d u r
ing the  21st cen tury . T h is  ch a p te r addresses the  
question  of th e  ex ten t to  which a  doubling of the 
C O 2  con cen tra tio n  w ould a lte r  th e  E a r th ’s clim ate.

To address th is  question , a  h ierarchy  of m a th 
em atica l c lim ate  m odels has been used to  sim u
la te  th e  change in th e  equ ilib rium  clim ate  re su lt
ing from  a doubling  of th e  C O 2  co n cen tra tio n , such 
as from  300 to  600 ppm . In these equilibrium  cli
m ate  change stud ies, th e  clim ate m odel calcu lation  
proceeds fo rw ard  in tim e from  som e in itia l condi
tion  u n til the  equ ilib rium  is a tta in e d  a fte r th e  t ra n 
sient ad ju s tm en ts  a re  com pleted . A sep a ra te  sim u
la tion  is perform ed for th e  lower C O 2  con cen tra tio n  
(contro l run ) and  for th e  h igher C O 2  co ncen tra tion  
(experim ent ru n ). T he differences betw een th e  ex
p erim en ta l and  con tro l c lim ates rep resen t th e  C O 2 - 
induced changes in th e  equ ilib rium  clim ate. Al
though  these sim u la tio n s  of C 02-in d u ced  equilib

rium  clim ate change are usually tim e dependen t, 
they  generally have been perform ed in a  m anner 
th a t  m inim izes the  tim e required  to  reach equi
lib rium  in order to  economize on com puter tim e. 
M oreover, equilib rium  clim ate  change sim ula tions 
a re  m ade w ith  fixed C O 2  concen tra tions for b o th  
th e  con tro l and  ex perim en tal clim ates, no t w ith  
th e  reconstruc ted , observed or projected  C O 2  evolu
tions. T herefore, m ost equilibrium  clim ate change 
s im u la tio n s canno t be used to  estim ate  th e  ac tua l 
tem p o ra l response of th e  c lim ate system  to  e ither 
an  a b ru p t or realistic  C O 2  increase. T he tran s ien t 
response aspect of C 02-induced  clim ate change is 
th e  sub ject of C h ap te r 5 of th is  volum e (henceforth  
ch ap te rs  referenced will be from  th is volum e only). 
In th is  ch ap te r we present and  critique th e  resu lts  
o b ta in ed  from  the sim ula tions of C 0 2 -induced equi
lib rium  clim ate change by energy balance m odels 
(E B M s), rad ia tive-convective m odels (R O M s), and 
a tm ospheric  general c ircu lation  m odels (G C M s).

4.2 ST U D IE S USING SIM PL IFIE D  
C LIM A TE M O D ELS

H istorically , the  first assessm ents of th e  p o ten tia l 
c lim atic  effects of a doubling of the C O 2  co n cen tra
tion  were perform ed using sim plified c lim ate m od
els. As und erstan d in g  of th e  various com ponents 
and  feedback processes in th e  clim ate system  has 
progressed, and as com pu ter capabilities have im 
proved , the  m odeling approaches have becom e in
creasingly m ore com plex and  co m putationally  in
tensive. T he sim plified clim ate  m odels continue to  
have a  very useful role in c lim ate research re la ted  
to  th e  p o ten tia l effects of increased C O 2  con cen tra
tions in th a t  they are p articu la rly  well su ited  for 
sensitiv ity  stud ies th a t  w ould be com pu tationally  
p roh ib itive  and exceedingly difficult to  analyze if 
G C M s alone were used.

T he purpose of th is section is to  show th e  h is to r
ical progression of assessm ent studies. T his discus
sion is n o t in tended  to  be com plete in describing all 
m odels th a t  have been used for these studies. T he 
em phasis is on EBM s and  R CM s, because stud ies 
using these m odels have been particu la rly  useful in 
in v estig a tin g  the  im pact of feedback processes on 
m odel sensitiv ity . T his section is a  sum m ary  of th e  
deta iled  discussion of EBM  and  RCM  stud ies th a t  is 
p resen ted  in A ppendix  A. T he technically  o rien ted
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reader is encouraged to  read  A ppendix  A to  gain a 
deeper ap p rec ia tio n  of the  analysis upon which the 
conclusions p resen ted  in Section 4.2 are based.

4.2.1 Energy B alance M odels

Energy balance m odels p red ic t th e  change in tem 
p era tu re  a t th e  E a r th ’s surface th a t  resu lts from  a 
change in h ea tin g  based on the  requ irem ent th a t  
th e  net flux of energy does no t change. T he earliest 
es tim ates  of th e  C 02*induced tem p e ra tu re  change 
w ere ob ta ined  from  surface energy balance m odels 
(SEBM s) w herein th e  energy balance condition  was 
applied  a t  th e  E a r th ’s surface. L ater, p lan e ta ry  en
ergy balance m odels (P E B M s) were used to  d e te r
m ine the  C 0 2 -induced te m p e ra tu re  change from  the  
balance condition  applied  a t  th e  to p  of th e  a tm o 
sphere. In th is  section we review these EBM  s tu d 
ies of C 02-induced  tem p e ra tu re  change, beginning 
w ith  th e  first SEBM s and  concluding w ith  PE B M s.

F irs t, how ever, we in troduce  a  fo rm ulation  for 
EB M s th a t  is generalized to  encom pass b o th  SEBM s 
and  PE B M S. T his fo rm ulation  also facilita tes the  
q u an tita tiv e  eva lua tion  of feedback, th u s enabling  
com parison of EB M s am ong them selves and  w ith  
th e  o th er m odels presen ted  in th e  following sections.

Energy balance m odels p red ic t the  change in 
tem p e ra tu re  a t  th e  E a r th ’s surface (A T .) from  the  
requ irem ent th a t  th e  change in th e  net energy flux 
(AA^) is zero. T he net energy flux depends on q u an 
titie s , Ei ,  th a t  can be regarded as ex ternal to  the  
clim ate  system , th a t  is, q u an titie s  whose change can 
lead to  a change in c lim ate , b u t th a t  are indepen
den t of clim ate. T he net energy flux also depends 
on q u an titie s , I j ,  th a t  are in te rn a l to  th e  clim ate 
system , th a t  is, q u an titie s  th a t  can  change as th e  
clim ate  changes, and , in so doing, feed back to  m od
ify th e  clim ate  change. T he ex terna l q u an titie s  in
clude, for exam ple, th e  solar co n stan t, the  optically  
ac tive e jec ta  from  volcanic erup tions, trace  gas con
cen tra tio n s , an d , for purposes of th is  rep o rt, the  
C O 2  con cen tra tio n  (a lthough  eventually  th e  C O 2  

co n cen tra tio n  also m ay change in response to  cli
m ate  change). T he clim atic  effects of th e  first th ree  
ex ternal facto rs a re  discussed fu rth e r in C h ap te r 6; 
th e  clim atic  effects of C O 2  are discussed here and 
in C h ap te r 5.

The in te rn a l q u an titie s  include all th e  variables 
of th e  clim ate  system  o th er th a n  T ,. Because T ,  is

the  only dependen t variable in an  EBM , the  in te rn a l 
q u an titie s  m ust be represen ted  as functions of T ,. 
T he change in N  due to  a change in one or m ore 
ex ternal q u an titie s , A E i ,  can be expressed as

(4.1)

T he re su ltan t change in surface tem p era tu re  can 
be re la ted  to  the  p e rtu rb a tio n  A Q  by

(4.2)

w here G f  is th e  gain (o u tp u t/ in p u t)  of the  system . 
If N  is independen t of the  in te rn a l q u an titie s , or if 
th e  in te rn a l q u an titie s  are independen t of T ,, th en  
th e  in p u t A Q  to  the  system  is transferred  directly  
to  the  o u tp u t, and

A T .  =  ( A T , ) o  =  GoAQ (4.3)

w here G q is th e  gain w 'ithout feedback.
T he effect of th e  feedback can be charac terized  

on the  basis of the  ra tio  of the  A T , w ith  feedback 
to  th a t  w ith o u t feedback. T hus, by E quations (4.2) 
and (4.3) we define th e  feedback gain ra tio

A T , 1
( A T , ) o  G o  1 -  /  ’

(4.4)

w here /  is the  feedback fac to r (Bode 1975, p. 32) 
or, here, sim ply th e  feedback.^ For /  =  0, i?/ =  1; 
hence (A T ,)q rep resen ts  th e  zero feedback tem p er
a tu re  change.

From  E quations (4.3), (4.4), and  th e  re la tio n 
ships described in A ppendix  A, we can w rite

A T ,
G q

W
A Q

where

and

^  d i ,  dT,
0

(4.5)

(4.6)

(4.7)

T hus, th e  d e te rm in a tio n  of A T , induced by an  in
crease in th e  C O 2  co n cen tra tio n  requires know ledge

* H ansen et al. (1984) call /  ( their 5 ) th e  system  gain and R j  
(th e ir / )  the  net feedback factor.
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of the associa ted  th erm a l forcing A Q ,  the  zero- 
feedback gain of th e  system  G q, and  th e  feedback 
/ .  These in tu rn  require  know ledge of th e  p a rtia l 
derivatives of N  w ith  respect to  th e  C O 2  co n cen tra
tion , th e  te m p e ra tu re , and th e  in tern a l q u an titie s , 
as well as th e  to ta l deriva tive  of the in te rn a l q u an 
titie s  w ith  respect to  th e  tem p era tu re .

In EB M s, E q u atio n  (4.5) m ay be applied e ither 
a t  the  E a r th ’s surface (SEBM s) or a t  th e  to p  of 
the  a tm o sp h ere  (P E B M s). C onsequently , A Q  is the 
p e r tu rb a tio n  a t  the  E a r th ’s surface in the  SEM B, 
and  it is th e  p e r tu rb a tio n  a t  th e  top  of the  a tm o 
sphere in th e  PE M B .

As discussed in g rea te r deta il in A ppendices A 
and  B of th is  volum e, a w ide range of values for G / 
has been ob ta in ed  for SEBM s depending  on m odel
ing assum ptions. T he w ide range in the values of G / 
o b ta ined  from  SEBM s is, in p a r t,  a consequence of 
the  non linear dependence of  G f  on / .  From  E q u a
tion  (4 .4 )

d G } ^  G q

d f  { 1 - f Y
(4.8)

hence th e  change in G / resu lting  from  a  given 
change in /  rap id ly  increases as /  —> 1. T his sensi
tiv ity  of G / to  /  m eans th a t  /  m ust be determ ined  
w ith  b o th  high accuracy and  precision. T he diffi
culty  of achieving th is has been due to  the  neglect 
of ce rta in  fluxes in the earlier SEBM s, and  to  the 
inab ility  of SEBM s in general to  determ ine the  be
havior of th e  clim ate  system  aw ay from  the  surface 
energy balance level.

T he surface and the  troposphere  are  strongly  
coupled, hence, neither th e  surface nor th e  a tm o 
sphere can be considered in iso lation . Because of 
the  in h eren t difficulty of specifying the  behav io r of 
th e  a tm o sp h ere  in term s of th e  surface tem p era tu re  
in SEBM s and  th e  large sensitiv ity  of A T ,  in SEBM s 
to  th is  specification, it is p referable to  use m odels 
th a t  ca lcu la te  the  a tm o sp h ere ’s behav io r based on 
the  fu n d am en ta l law s of physics.

As show n in A ppendix  A, th e  feedback in 
P E B M s depends on th e  specification of the  behavior 
of the  a tm o sp h ere  and  th e  E a r th ’s surface. T hus, 
PE B M s have th e  sam e problem  as SEBM s; nam ely, 
they  need to  tre a t  the  behav io r of the  clim ate  sys
tem  aw ay from  th e  energy balance level. In PE B M s 
th is  has been done sem i-em pirically  following the  
in itia l s tud ies by B udyko (1969) and  Sellers (1969). 
T he equ ilib rium  surface te m p e ra tu re  change for a

C O 2  doubling ranges in P E B M s from  0.6°C  (Ra- 
sool and  Schneider 1971) to  3.3°C  (R am an a th an  et 
al. 1979).

In ad d ition  to  th e  EB M s m entioned  above, 
there  are also one-dim ensional (la titu d e ) and  two- 
d im ensional (la titu d e  and  a ltitu d e )  EB M s th a t  have 
played im p o rta n t roles in illu s tra tin g  the  m agn itude  
of several c lim ate  feedback processes. These EBM s 
are reviewed in N orth  et al. (1981).

4.2.2 R ad iative-C onvective M odels

T he essen tial difficulty in using EBM s to  determ ine 
clim ate  change lies in th e ir inab ility  to  accura te ly  
and precisely determ ine th e  feedbacks. T his occurs 
because of the  lim ited  set of in te rn a l variables th a t  
can be selected in these m odels and  because of the  
lim ited  knowledge of the  re la tionsh ips of the  chosen 
in terna l variables to  the surface tem p era tu re . Sim 
ply s ta te d , EB M s are lim ited  because they  do not 
include a physically based m odel of th e  a tm osphere .

W h a t physical processes m ust be included in 
such a  m odel of th e  a tm osphere  if the  objective is 
to  s im u la te  the change in th e  surface tem p era tu re  
A T ,  induced by a change in th e  C O 2  concen tra tion  
A C ? If we knew A T, observationally , as p resum 
ably we will in the  fu tu re , th en  we could answ er 
the  question  by sequentially  in serting  different p ro 
cesses in to  th e  m odel and  re ta in in g  only those th a t 
significantly  co n trib u te  to  A T , .  Because we canno t 
do th is  yet, we can tak e  the  n o t unreasonable ap 
proach of determ in ing  which processes are required  
in th e  m odel to  reproduce th e  presen t-day  tem p er
a tu re  profile of the  atm osphere , T (z ). Proceeding 
in th is  way, how ever, does not gu aran tee  th a t  some 
physical processes essential to  th e  d e term in a tio n  of 
A T, m ay n o t be im p o rta n t for th e  reproduction  of 
T (z ) , an d , therefore, th a t  som e essential physical 
processes (and  feedbacks) are no t left ou t of the 
m odel.

T he tran sfers  of so lar and  longwave rad ia tio n  
are essen tial physical processes in estab lish ing  the  
a tm ospheric  tem p e ra tu re  profile. Accordingly, a 
th erm o d y n am ic  clim ate m odel based solely on the  
therm o d y n am ic  energy equ a tio n  can be developed 
th a t  includes only th e  h ea tin g  and  cooling by so
lar and  longw ave rad ia tio n , respectively. T he cal
cu la tio n  of th e  rad ia tiv e  fluxes requires a rad ia tiv e  
tran sfe r m odel (see C h ap te r  2) and  knowledge of
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the  vertical d is trib u tio n s  of the  gaseous ab so rb ers— 
principally  w a te r vapor, carbon dioxide, ozone, and 
clouds— w hich m ay be prescribed along w ith  the  so
lar co n s tan t, th e  so lar zen ith  angle, and  the  albedo 
of th e  E a r th ’s surface. T he a tm osphere  m ay then  be 
subdiv ided  vertically  in to  layers, and  th e  rad ia tive- 
equilib rium  tem p e ra tu re  for each layer m ay be de- 
tc m in e d  by in teg ra tin g  the  th erm o d y n am ic  energy 
equation  in tim e from  an a rb itra ry  in itia l tem p era 
tu re  u n til equ ilib rium  is estab lished .

Such a purely  rad ia tiv e  th erm o d y n am ic  clim ate 
m odel is successful in reproducing  th e  observed ver
tical te m p e ra tu re  d is trib u tio n  of th e  stra to sp h ere , 
b u t it gives tem p era tu res  th a t  are colder in the  
upper tro p o sp h ere  and  w arm er near th e  surface 
th an  those observed (M anabe and  S trick ler 1964). 
The re su lta n t tro p o sp h eric  te m p e ra tu re  lapse ra te , 
r  =  —d T  j d z ,  is larger th an  th e  dry ad iab a tic  lapse 
ra te , Fda w 10°C k m “ ^, w hich defines th e  neu
tra l s tra tifica tio n  for the  vertical d isp lacem ent of 
u n sa tu ra te d  air. T his su p erad iab a tic  s tra tifica tio n , 
r  > r^a,  is u n stab le  and  can n o t p ersist in the  ac
tu a l a tm o sp h ere  due to  the  am elio ra tin g  processes 
of convection (i.e., g rav ita tio n a l forces will induce 
vertical m ixing and  o vertu rn ing ).

For a  vertical m odel of th e  a tm o sp h ere  to  cal
cu late  a realistic  tem p e rtu re  profile, th e  th e rm o d y 
nam ic energy equ a tio n  m ust be m odified to  include 
the  n o n rad ia tiv e  tran sfe r of energy from  th e  su r
face to  th e  a tm o sp h ere  ( Q , / c )  as well as th e  convec
tive red is trib u tio n  of energy w ith in  th e  a tm osphere  
(Qconv)- T he physical processes th a t  com prise Q,/c  
and  Qconv a re  com plex because they  involve the 
tu rb u le n t tran sfe r of energy in b o th  u n sa tu ra te d  
and  s a tu ra te d  conditions, and  w ould, if explicitly  
tre a ted , place an  im prac tica l co m p u ta tio n a l burden  
on th e  m odel. C onsequently , sim plified (p a ram ete r
ized) tre a tm e n ts  of these processes have been in use 
since th e  p ioneering w ork of M anabe and  S trick ler 
(1964), in w hich Q, /c  was determ ined  as an  equiv
a len t rad ia tiv e  energy exchange and  Qconv w as de
term ined  by convective ad ju s tm en t. In th is  con
vective ad ju s tm en t, the  tem p e ra tu re s  of ad jacen t 
m odel layers are ad ju sted  in an energetica lly  conser
vative m an n er such th a t  th e  lapse ra te  is resto red  to  
a prescribed  value Fp w henever F > Fp. T his ty p e  
of m odel is called a  rad ia tive -convective  m odel and , 
as first show n by M anabe and  S trick ler (1964), is ca
pable of reproducing  m any of the  observed featu res

of the  tem p e ra tu re  profiles in b o th  th e  s tra to sp h ere  
and troposphere .

Since the  developm ent of th e  first R CM  by 
M anabe and  S trick ler (1964), a  large num ber of 
R CM s have been construc ted  w ith  d ifferent ra d ia 
tive tran sfer m odels, d ifferent p a ram ete riza tio n s  of 
Q , / c  and  Q conv  ̂ and  ad d itio n a l physical processes 
and feedbacks of p o ten tia l im p o rtan ce  for C O 2 - 
induced (and  o ther) c lim ate changes. The first 
study  w ith  an  RCM  of C 02-induced  te m p e ra tu re  
change w as carried  out by M anabe  and W etherald  
(1967). In th e ir RCM , th e  cosine of the  solar zen ith  
angle and  th e  length  of th e  day were taken  equal to  
th e ir respective annual m ean values for the  globe. 
T he surface energy flux w as tre a te d  as an  equivalent 
rad ia tiv e  exchange, convection was param eterized  
by convective ad ju s tm en t w ith  a  fixed critica l lapse 
ra te , th e  a tm ospheric  w ate r vapor m ixing ra tio  was 
calcu lated  assum ing a  fixed profile of re la tive hu 
m idity , and  th ree  cloud layers w ith  fixed pressure 
were p rescribed  along w ith  a  fixed surface albedo. 
T he equ ilib rium  vertical te m p e ra tu re  profiles com 
pu ted  for p rescribed C O 2  co n cen tra tio n s  of 150, 300 
and 600 ppm  are shown in F igure 4.1. Each p ro
file exh ib its a  troposphere  betw een the  surface and 
ab o u t 13 km  w ith  a lapse ra te  F equal to  th e  p re
scribed critica l value Fp, and  a  s tra to sp h e re  from  13 
to  42 km  w here the  tem p e ra tu re  is first iso therm al 
and  then  increases w ith  increasing a ltitu d e . T he 
stab le  s tra tific tio n  in th e  s tra to sp h e re  shows th a t  it 
is in pu re  rad ia tiv e  equ ilib rum , w hereas th e  c riti
cal lapse ra te  of the  tro p o sp h ere  ind icates th a t  it 
is in rad ia tive-convective  equilib rium . F igure 4.1 
shows th a t  doubling the  C O 2  concen tra tion , e ither 
from  150 to  300 ppm  or from  300 to  600 ppm , in
creases the  tem p e ra tu re  a t  th e  surface and  in the  
troposphere , and  decreases th e  tem p e ra tu re  in the  
s tra to sp h e re  above 20 km.

T he surface te m p e ra tu re  changes sim ulated  by 
17 R CM s for a  doubled C O 2  co n cen tra tio n  are p re
sented  in T able 4.1. The values are all positive and 
range from  a  m in im um  of 0.48°C to  a  m axim um  of 
4.20°C. T hese ta b u la te d  resu lts  prim arily  depend 
on th e  processes included in th e  R CM . In A ppendix 
A the  physical processes a re  analyzed  th a t  resu lt 
in th is  w ide range of s im u la ted  surface tem p era tu re  
changes induced by a doubling of th e  C O 2  concen
tra tio n .
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F ig u r e  4 .1 . V ertical d is tr ib u tio n s  of tem p era tu re  in a  rad ia tive- 
convective m odel for fixed re la tiv e  hum id ity  (FR H ) and  fixed cloud 
cover (FC L). T he surface tem p e ra tu re  change is 2.88°C for a C O j 
doubling from 150 to  300 ppm  and 2.36°C for 300 to  600 ppm . 
Source: M anabe and W ethera ld  (1967).

T a b le  4.1
Surface T em p era tu re  C hange Induced by 

a D oubled C O 2  C o ncen tra tion  as C alcu lated  by 
Selected R adia tive-C onvective  M odels

Study A T , (“ C)

M anabe and W etherald  (1967) 1.33-2.92
M anabe (1971) 1.9
A uguatsson and R a m a n a th a n  (1977) 1.98-3.2
R ow ntree and W alker (1978) 0 .78-2 .76
H unt and Wells (1979) 1.82-2.2
W ang and S tone (1980) 2.00-4 .20
C harlock (1981) 1.58-2.25
H ansen et al. (1981) 1.22-3.5
Hum m el and K uhn (1981a) 0.79-1 .94
Hum m el and K uhn (1981b) 0 .8-1 .2
Hum m el and Reck (1981) 1.71-2.05
H unt (1981) 0.69-1 .82
W ang et al. (1981) 1.47-2.80
Hum m el (1982) 1.29-1.83
Lindzen et al. (1982) 1.46-1.93
Lai and R am an a th an  (1984) 1.8-2.4
Somerville and R em er (1984) 0.48-1 .74

These C 02-induced  surface tem p e ra tu re  changes 
can be understood  in term s of the d irect rad ia tiv e  
forcing, the response to  th is forcing in th e  absence 
of feedbacks, and the  am plification and dam ping  of 
the  response th a t  resu lts  from  positive and  nega
tive feedbacks, respectively. T he d irec t rad ia tiv e  
forcing occurs p redom inan tly  in the  longw ave ra 
d ia tion  and  is charac te rized  by a decrease in the 
net upw ard flux a t  th e  surface and th ro u g h o u t the 
atm osphere . T he decrease a t  the  surface ac ts  to  
w arm  the  surface. In the  troposphere  th e  m agni
tu d e  of the  decrease in the  net upw ard  longw ave 
flux increases w ith  a ltitu d e , which ac ts  to  w arm  the  
troposphere . In the  s tra to sp h e re  th e  m ag n itu d e  of 
the  decrease in the  net upw ard  longw ave flux de
creases w ith  a ltitu d e , w hich ac ts  to  cool th e  s tra to 
sphere. T his cooling tendency occurs p rim arily  be
cause of th e  g rea ter upw ard  and dow nw ard em ission 
from  the  s tra to sp h e re  itself. The w arm ing tendency 
of th e  trop o sp h ere  is caused prim arily  by th e  in
creased dow nw ard flux from  the s tra to sp h e re , and 
the  w arm ing  tendency of the  surface occurs p rim ar
ily because of the  g rea ter dow nw ard em ission from  
the  troposphere.

T he surface te m p e ra tu re  response of th e  clim ate 
system  w ith o u t feedbacks to  the  rad ia tiv e  forcing 
caused by increased C O 2 , A i i r ,  can be ch a rac te r
ized by a zero-feedback surface tem p e ra tu re  change 
( A T , ) o  =  G qA R t , w here G q is th e  clim ate system  
gain w ith o u t feedbacks. The gain G q can be esti
m ated  from  a  P E B M  as 0.3°C  (W  m “ ^)~T  T hus, 
(A T jo  =  1.2°C for the  nom inal value of A R t  = 4 
W m ^^. T his e s tim ate  of ( A T , ) o  is in agreem ent 
w ith  several R CM  stud ies th a t  were m ade w ith o u t 
feedbacks.

T he surface te m p e ra tu re  response of th e  c lim ate 
system  w ith  feedbacks can be charac terized  by

A T , - Go
w

A R t (4.9)

w here /  is the  feedback, which varies from  —1.5 
to  0.7 in the  RCM  stud ies of C 02-induced  c lim ate 
change. T he physical m echanism s th a t  co n trib u te  
to  th is  range include, as T,  increases: the  increase 
in the  am o u n t of w a te r vapor in the  a tm osphere  as 
a consequence of th e  quasi-constancy of th e  re la
tive hum id ity ; th e  decrease in the  lapse ra te ; the  
changes in cloud a ltitu d e , cloud cover, and  cloud 
optical dep th ; and  the  decrease in surface albedo.
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A study  w ith  the  of O regon S ta te  U niversity  
(OSU) tw o-layer RCM  was perform ed to  d eterm ine 
th e  independence of the  above feedbacks. T his 
s tudy  shows th a t  th e  ind iv idual feedbacks of w a te r 
vapor, cloud a ltitu d e , and surface albedo are pos
itive; the  ind iv idual cloud cover and  cloud optical 
d ep th  feedbacks are essentially  zero; and  th e  ind i
vidual m oist ad iab a tic  lapse ra te  (M A LR) feedback 
is negative. T h is s tudy  also show s th a t  th e  feed
backs of w a te r vapor and  e ither lapse ra te , cloud a l
titu d e , or surface a lbedo  are add itive; hence, these 
feedbacks are independen t. T h is  is no t th e  case 
for the  w a te r vapor feedback w ith  e ither th e  cloud 
cover or cloud op tical dep th  feedbacks. B oth  vari
able cloud cover and  variable op tical d ep th  ac t as 
negative feedback m echanism s when they ac t in con
ju n c tio n  w ith  th e  positive w a te r vapor feedback.

A positive w ate r vapor feedback occurs when 
th e  re la tive  h u m id ity  is held fixed because then  
th e  abso lu te  hum id ity  increases nonlinearly  w ith  in
creasing tem p e ra tu re  due to  the  C lausius-C lapeyron  
re la tion , and  th e  increased w a te r vapor reduces 
th e  atm ospheric  tran sm issiv ity , w hich enhances the  
C O 2  greenhouse effect. A positive feedback of 
f w  =  0.340 was o b ta in ed  by th e  OSU R C M , and 
values from  0.371 to  0.533 w ere ob ta ined  by the  
o th er R CM s, w ith  th e ir ac tu a l values depending 
on th e  tem p e ra tu re s  of the  con tro l s im ula tion  and  
w hether th e  a tm o sp h ere  was clear or cloudy. A rea
sonable e s tim ate  allow ing for these dependencies is 
f w  = 0 .3 -0 .4 . T he value of f w  would be larger 
(sm aller) th an  th is  if th e  re la tive hum id ity  were no t 
co n stan t and  in stead  increased (decreased) w ith  in
creasing tem p era tu re .

R ad iative-convective m odel stud ies have shown 
th a t  th e  C 0 2 -induced w arm ing  decreases by 12% as 
the  prescribed te m p e ra tu re  lapse ra te  is decreased 
from  6.5 to  5.0°C  k m “ .̂ W hen th e  lapse ra te  is 
allowed to  vary, a  lapse ra te  feedback is ob ta ined . 
A positive feedback is found for th e  baroclin ic ad 
ju s tm e n t lapse ra te  (B A D J), w hich should be ap p li
cable in m iddle and  high la titu d e s  w here baroclin ic 
ad ju s tm en t is p revalen t. We es tim ate  f s A D J  ~  0.15 
if f w  =  0.3. A negative feedback is found for the  
M A LR w ith  values of -0 .409  and  -0 .262  from  the  
OSU and  o th er R C M s, respectively. Because the  
form er value is p robab ly  an o v erestim ate  by th e  two- 
layer R C M , a  reasonab le e s tim ate  of th is  feedback is 
fMALR — -0 .2 5  to  -0 .4 . A negative feedback is also

found when the  lapse ra te  is determ ined  by pene- _ 
tra tiv e  convection w ith  a value of f p c  ~  —0.654 
given by one R C M . One or b o th  of these negative 
feedbacks are likely to  be found in th e  trop ics w here 
cum ulus convection is prevalen t.

Cloud feedback can occur from  changes in cloud 
a ltitu d e , cloud cover, and  cloud op tical dep th . 
T hree  tre a tm e n ts  of cloud a ltitu d e  have been used 
in RCM s: fixed cloud a ltitu d e  (F C A ), fixed cloud 
pressure (F C P ) ,a n d  fixed cloud te m p e ra tu re  (F C T ). 
F ixed cloud a ltitu d e  and  F C P  have frequently  been 
taken  to  be synonym ous even though  th is  s tric tly  
is no t th e  case. For FC A  th e  cloud tem p e ra 
tu re  increases by th e  sam e am o u n t as th e  surface 
tem p era tu re , and  th ere  is no feedback. For F C P  
th e  cloud te m p e ra tu re  increases less th an  th e  su r
face tem p era tu re ; hence, to  achieve equilibrium  the  
C 0 2 -induced surface tem p e ra tu re  w arm ing m ust be 
g rea te r w ith  F C P  th a n  w ith  FC A . T herefore, F C P  is 
a  positive feedback process; how ever, th e re  is insuf
ficient in fo rm ation  to  evaluate  th is  feedback q u a n ti
ta tively . For F C T , th e  cloud tem p e ra tu re  does no t 
change w ith  a  change in th e  surface tem p era tu re ; 
hence, th e  C 0 2 -induced surface tem p e ra tu re  w arm 
ing for F C T  m u st be even larger th an  th a t  required  
for F C P  to  achieve equilibrium . T he F C T  feedback 
f c A  is 0.261 from  th e  O regon S ta te  U niversity  RCM  
and 0.168 to  0.203 from  an o th er R CM , th e  la t te r  is 
in com parison w ith  th e  F C P  case. T hus, a  reason
able range of f cA  is p erhaps from  0.15 to  0.30.

T he feedback caused by changes in cloud cover 
A(. depends in p a r t on th e  q u an tity

^ _  d a ^  _  dRp
4 dAc  dAc

(4.10)

w hich itse lf depends on th e  com peting  effects of 
changes in th e  p lan e ta ry  albedo, Qp, and  in th e  net 
upw ard  longw ave flux a t  the  top  of th e  atm osphere , 
Rq. An analysis of several R CM  stud ies show s th a t  
6  ~  -1 0 0  W m "^ for low clouds, 6  ~  —50 W m “  ̂
for m iddle clouds, and  6  ~  5-80  W for high 
clouds, th e  la tte r  generally  increasing w ith  cloud 
em issivity. T h u s, for th e  case d A c / d T ,  > 0, low and 
m iddle clouds m ake a  positive co n trib u tio n  to  the  
cloud cover feedback, / c c ,  and  high clouds m ake a  
negative co n trib u tio n , while th e  sign of these con
tr ib u tio n s  reverses for d A ^ / d T ,  <  0. A single RCM  
study  of cloud cover feedback gave a  positive value 
of f e e  for doubled C O 2 , b u t a  negative value for a
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2% so lar co n stan t increase. These seem ingly con
trad ic to ry  findings can be understood  on the  basis 
of th e  changes in the  vertical cloud cover profile, 
w hich d em o n stra te s  th a t  it is the  vertical in tegral 
of 6AA<. th a t  determ ines th e  sign and  m agn itude 
of th e  cloud cover feedback. B ecause of th is, cloud 
a ltitu d e  feedback is subsum ed in cloud cover feed
back.

T he feedback due to  changes in cloud optical 
d ep th , Tc, depends in p a r t on th e  q u an tity

(j) = -
5*0 d  ocp
4 dfc

dRo
dvc

(4.11)

w hich also depends on th e  com peting  albedo and 
longw ave effects. For black clouds, d R o /d r ^  =  0 
and  ^  < 0. For non-black clouds, d R o / d  r, < 0 
and  (f> m ay be positive or negative. T hus, for the 
case of dr^/dT ,  > 0, low and  m iddle clouds m ake 
a  negative co n trib u tio n  to  th e  cloud optical dep th  
feedback foD  and  high clouds can m ake e ither a 
positive or negative co n trib u tio n , while th e  sign of 
these co n trib u tio n s reverses for dr^/dT,  > 0. Tw o 
RCM  stud ies, each w ith  a  single cloud layer, found 
th a t  foD  was negative w ith  values of —0.427 and 
-1 .0 5  to  -1 .3 2 . A no ther s tu d y  found th a t  } o d  

was essentially  zero for doubled C O 2 , b u t was neg
ativ e  for th e  case of a  2% so lar co n stan t increase. 
T his la tte r  study , as th a t  above for the  cloud cover 
feedback, show ed th a t  the  cloud optical d ep th  feed
back depends on the  vertical in teg ra l of <j)dT^/dT, 
th ro u g h o u t th e  a tm osphere .

F inally , th e  feedback due to  changes in th e  ex
te n t of ice depends in p a r t  on

5o doip d a ,
4 d a ,  dT,

B ecause th e  am o u n t of ice decreases as th e  surface 
te m p e ra tu re  increases, d a , / d T ,  < 0. C onsequently , 
because d a ^ / d a ,  > 0, the  ice-albedo feedback f sA  
is positive . A single RCM  stu d y  gives values of f sA  
from  0.141 to  0.193.

B ased on th e  RCM  stud ies review ed in th is  sec
tion , we can sum m arize our know ledge o f w a te r va
por, lapse ra te , cloud a ltitu d e , cloud cover, cloud 
optical d ep th , and  surface albedo  feedbacks as

— 0.3 to  0.4 ,

f s A D J  — 0.15 ,
I m a l r  =  -0 .2 5  to  0.4 , 

f p c  ^  -0 .6 5  , 
f c A  — 0.15 to  0.30 , 

f e e  -  unknow n , 
foD  — 0 to  — 1.32, and 

f sA = 0.14 to  0.19 .

However, we canno t be highly confident of these 
q u a n tita tiv e  resu lts  because R CM s are no t m odels 
of the  global clim ate  system  an d , m ore im p o rtan tly , 
because R CM s m ust prescribe (or ignore) th e  be
hav ior of m uch of th a t  system . In p a rticu la r, w a te r 
vapor feedback is p red ic ted  assum ing co n stan t re l
a tive  hum id ity , lapse ra te  feedback generally is p re
dicted  on the  basis of baroclin ic or m oist ad iab a tic  
ad ju s tm en t, cloud feedbacks are pred ic ted  on the  
basis of g reatly  sim plified cloud m odels, and su r
face albedo is p red ic ted  on th e  basis of an assum ed 
co n stan t tem p e ra tu re  for th e  eq u a to rw ard  position  
of the  ice ex ten t. H owever, th e  re la tive  hum id ity  
m ay n o t be co n stan t; th e  lapse ra te  m ay differ from  
those given by baroclin ic or m oist ad iab a tic  a d ju s t
m ents; the  a ltitu d e  of clouds m ay no t conform  to  
FC A , F C P , or F C T ; the  cloud cover and cloud o p ti
cal d ep th  m ay vary vertically  in a  com plex m anner, 
and  th e  change in surface a lbedo  depends on snow 
and  ice, the  equ a to rw ard  ex ten t of w hich m ay no t 
have a co n stan t dependence on tem p era tu re . These 
changes can be pred ic ted  credibly only by a  physi
cally based global m odel th a t  includes the  essential 
dynam ical and therm odynam ica l processes in ad d i
tion  to  rad ia tiv e  transfer. N evertheless, R CM s are 
extrem ely  valuable because th e ir  com p ara tiv e  sim 
plicity  perm its  a  m ore com plete u n d erstan d in g  of 
th e ir feedbacks th an  th e  m ore com prehensive, and 
therefore m ore com plex, m odels described in the 
nex t section.

4.3 STU D IE S USING G E N E R A L  
C IR C U L A T IO N  M O D ELS

M any aspects  of c lim ate , such as the  horizon ta l 
tra n sp o r t  of h ea t and  la n d /se a  co n tra s ts , are o m it
ted  in R CM s and  are  inadequate ly  trea ted  in one- 
and  tw o-dim ensional EBM s. C onsequently , consid
erable effort has been devoted to  the  developm ent 
of a tm ospheric  G C M s whose fo rm ulation  and design
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are presented  in C h ap te r 3. In th is  section we re
view the  stud ies of C 02-induced  equilibrium  clim ate 
change th a t  have been m ade using G C M s w ith  sev
eral different tre a tm e n ts  of the  ocean and  sea ice. 
T hese s tud ies will be categorized in w h a t follows ac
cording to  w he ther or no t they include th e  annual 
cycle of inso lation .

4.3.1 S im ulations W ith o u t the  A nnual 
Inso lation  Cycle

Several stud ies of C 02-induced  clim ate  change have 
been m ade w ith  G C M s coupled to  a very sim ple 
m odel of th e  ocean in w hich bo th  the  oceanic heat 
s to rage and  tra n sp o r t are ignored and  th e  sea su r
face tem p e ra tu re  is determ ined  diagnostically  such 
th a t th e  net energy exchange a t th e  air-sea in te r
face is zero. T his ty p e  of ocean m odel is called a 
swamp  m odel because of its  s im ilarity  to  p e rp e tu 
ally w et land . In a  sw am p m odel th e  existence of sea 
ice is p red ic ted  w henever the  sea surface tem p era 
tu re  drops below th e  tem p e ra tu re  a t  w hich sea w a
te r norm ally  freezes. T he stud ies show n in Table 4.2 
have been conducted  w ith  G C M /sw am p  ocean m od
els because of th e ir re la tive co m p u ta tio n a l economy. 
These m odels require ab o u t 300 days to  a tta in  their 
equilib rium  clim ates, which is an  order of m agni
tu d e  less tim e th an  th a t required  for G C M s th a t  
include th e  sim plest ocean fo rm u la tio n  w ith  heat 
capacity . How ever, because of th e  absence of hea t 
s to rage in the  sw am p m odel, th e  d iu rn a l and an 
nual so lar cycles m ust be neglected , or else the  ocean 
w ould freeze in th e  n ig h ttim e hem isphere and  in the 
p o lar n igh t la titu d es.

It should be recognized th a t  the  clim ate sim 
u la ted  by m odels using annual m ean inso lation  is 
m arkedly  different from  the  observed annual m ean 
clim ate  of the  E a rth . T he m odels are used to  
help our u n d e rstan d in g  of th e  m echanism s involved 
in the  response of clim ate, no t to  produce p re
dictions of changes in regional an n u a l m ean cli
m ate . In view of th is, som e stud ies using annual 
m ean inso lation  assum e a sim plified d is trib u tio n  of 
th e  oceans and  co n tin en ts  (M anabe and  W etherald  
1975, 1980; W etherald  and M anabe 1981). In o ther 
s tud ies (H ansen 1979; Schlesinger 1982; W ashington 
and  M eehl 1983) realistic  geography has been used. 
These and  o th er differences in th e  m odels (fixed or 
prescribed cloud cover and the  p aram ete riza tio n  of

T able  4.2
M odel C harac te ristics and C 02-In d u ced  Changes 

in G lobal M ean Surface A ir T em p era tu re ,
A T ,, and P rec ip ita tio n  R ate , A P , S im ulated  by 

G C M /S w am p Ocean M odels w ith A nnual M ean Insolation

Study

C O 2

M u lti
plier G eography Clouds

A T . A P  
(°C) (%)

M an ab e  and 2 Idealized Fixed 2.9 7.8
W etherald
(1975)

M anabe and 2 Idealized C om puted 3.0 7.0
W etherald 4 Idealized C om puted 5.9 116
(1980)

W etherald  and 4 Idealized Fixed 6.0 128
M anabe (1981)

Hansen (1979) 2 Realistic C om puted 3.9 6.0
Schlesinger 2 Realistic C om puted 2.0 5.1

(1982)

W ashington and 2 Realistic Fixed 1.3 2.7
M eehl (1983) 2 R ealistic C om puted 1.3 3.3

4 Realistic Fixed 2.7 6.5
4 Realistic C om puted 3.4 6.0

o th er physical processes) inev itab ly  produce differ
ences in the  sensitiv ity  of the  m odels to  an  increased 
C O 2  co n cen tra tio n . Here, we a tte m p t to  identify 
the  aspects  of th e  response th a t  a re  qualita tively  
sim ilar.

T he changes in global m ean surface a ir tem 
p e ra tu re  sim ula ted  for a  C O 2  doubling range from
1.3 to  3.9°C , and the  accom panying  changes in pre
c ip ita tio n  ra te  range from  2.7 to  7.8% (Table 4.2). 
A lthough th e  q u a n tita tiv e  values vary significantly, 
th e  q u a lita tiv e  changes in the  global and  zonal m ean 
d is trib u tio n s  of these q u an titie s  show reasonable 
agreem ent. R esults from  a few of the  stud ies listed 
in T able 4.2 are presen ted  below as exam ples of the 
resu lts  ob ta ined  w ith  G C M /sw am p  ocean m odels.

4.3.1.1 C hanges in Zonal M ean A ir T em peratu re

L a titu d e -a ltitu d e  cross sections of th e  change in 
zonal m ean a ir tem p e ra tu re  sim ula ted  for a  C O 2  

doubling by M anabe and  W etherald  (1975, 1980) 
w ith  sector versions of th e  G eophysical F luid  D y
nam ics L aborato ry  (G FD L ) m odel are presen ted  in 
F igure 4.2. In panel (a) th e  clouds were fixed, and 
in panel (b) th e  clouds w ere com puted . Each of 
the  sim u la tions in Table 4.2 shows th a t  the  s tra to 
spheric tem p era tu res  decrease and  th e  tropospheric  
tem p era tu res  increase in response to  th e  doubled
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F ig u r e  4 .2 . T he zonal m ean tem p e ra tu re  differences (^C) for d o u 
bled C O 2 : (A) th e  sim ulation  by M anabe and W etherald  (1975); 
(B) th e  sim ulation  by M anabe  and W etherald  (1980). Dense s tip 
ple shows a tem p e ra tu re  decrease, light stipp le  shows increases 
betw een 2 and 4°C , and h a tch in g  shows increases larger th an  
4 ‘̂ C. P ressure p is in m illibars; surface pressure is p*. Source: 
Schlesinger (1984a).

C O 2  concen tra tion . T he vertical d is trib u tio n  of 
C 02-induced  te m p e ra tu re  change is sim ilar to  th a t  
ob ta ined  by th e  R C M s (see F igure 4.1).

T he s tra to sp h eric  cooling increases w ith  increas
ing a ltitu d e  in th e  sim ula tions. In the  M anabe 
and  W etherald  (1975) sim ula tion  w ith  fixed clouds, 
th e  cooling a t  any a ltitu d e  in the  s tra to sp h e re  is a 
m axim um  in the  trop ics and  approaches a  sm aller 
co n stan t value in th e  po lew ard d irection . In the 
M anabe and  W etherald  (1980) sim u la tion  w ith  com 
pu ted  clouds, th e  C 0 2 -induced s tra to sp h eric  tem 
p era tu re  decrease also  becom es sm aller from  the 
trop ics tow ard  th e  poles above ab o u t 26 km . Below 
th is  a ltitu d e , how ever, the  cooling decreases w ith  
la titu d e  only to  th e  su b tro p ics  and th en  increases 
tow ard  th e  pole. T h is resu lts  in a  m in im um  cooling 
in the  su b tro p ica l s tra to sp h ere .

T he tropospheric  w arm ing increases from  the 
surface upw ard to  a m axim um  value a t  a b o u t 10 
km  in trop ical and sub trop ical la titu d es  in the  M an
abe and W etherald  (1975) s im ula tion . T h is  upw ard  
am plification of th e  tropospheric  w arm ing  was a t 
tr ib u ted  to  the  m ain tenance  of the  m oist ad iab a tic  
tem p e ra tu re  lapse ra te  by m oist (cum ulus) convec
tion , a param eterized  subgrid scale process, and 
the  fact th a t  th is  lapse ra te  decreases w ith  increas
ing tem p era tu re . T he upw ard  am plification  is also 
found in the  M anabe and W etherald  (1980) sim ula
tion , a lthough  it is som ew hat m ore confined to  low 
la titu d es . A sim ilar upw ard  am plification w as ob
ta ined  a t  a lm ost all la titu d es  in the  global m odel 
s im ula tion  by Schlesinger (1982). In c o n tra s t an 
upw ard  am plification  of the  tropospheric  tem p era 
tu re  increase is e ith er nonex isten t or very weak in 
th e  sim u la tions w ith  the  N ational C en ter for A tm o
spheric R esearch (N C A R ) m odel, b o th  for fixed and 
com puted  clouds (W ashington  and M eehl 1983).

T he G F D L  sim ula tions also display a polew ard 
am plification  of th e  w arm ing in the  lower half of 
the  troposphere , w ith  m axim um  tem p era tu re  in
creases a t  the  surface near 80° la titu d e  th a t  are  
four to  five tim es the  m inim um  increases in th e  tro p 
ics. T his polew ard am plification is a t tr ib u te d  to  the  
ice-albedo feedback m echanism  (w hereby an  in itia l 
w arm ing  in high la titu d es  is am plified by m elting 
snow a n d /o r  sea ice w hich, in tu rn , resu lts  in a  large 
decrease in surface albedo  and an increase in th e  ab 
sorbed solar rad ia tio n ) and  to  th e  vertical confine
m en t of th is  surface w arm ing  by the  low-level tem 
p e ra tu re  inversion (M anabe and W etherald  1975).

T he co n tra s tin g  response in low and  high la ti
tudes leads to  a  reduction  in the  m erid ional tem 
p e ra tu re  g rad ien t. This is m ost pronounced near 
the  surface. M anabe and  W etherald  (1980) argue 
th a t  an increase in the  polew ard tra n sp o r t of energy, 
m ainly  in th e  form  of la te n t h ea t, also co n trib u tes  
to  th e  reduction  in th e  m eridional te m p e ra tu re  g ra
d ien t. T his is discussed fu rth e r below.

T he observed m erid ional tem p e ra tu re  g rad ien t 
co n trib u tes  to  the  occurrence of the  m id la titu d e  
synoptic d istu rb an ces (depressions) found in n a tu re . 
M anabe and  W etherald  found a  decrease in the  
tran s ien t k inetic energy in the  lower a tm o sp h ere  in 
m id la titu d es , ind ica ting  th a t  there  a re  fewer a n d /o r  
less-intense d istu rbances, and  they suggest th a t  the
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reduction  in the  m erid ional tem p era tu re  g rad ien t is 
p robably  responsible for this.

A lthough th e  G F D L  m odels used by M anabe 
and W etherald  (1975, 1980) differ in m ore w ays th an  
ju s t th e ir tre a tm e n t of clouds (particu larly , th ere  is 
a difference in th e  p aram ete riza tio n  of longw ave ra 
d ia tive  tran sfe r), a  com parison of the  G FD L  sim ula
tions w ith  fixed and  com puted  clouds suggests th a t  
th e  influence of clouds on C 0 2-induced  tropospheric  
te m p e ra tu re  change is of secondary im portance .

A com parison  of th e  zonal m ean surface air 
tem p e ra tu re  changes sim ula ted  by several m odels 
is shown in F igure 4.3. T he zonal m eans for the 
G FD L  sector m odels of M anabe and W etherald  
(1975, 1980) b o th  show a m inim um  w arm ing  of 
ab o u t 1.5°C in th e  trop ics followed by an  increase 
tow ard  the  sub trop ics. The rise is m ore rap id  in 
the  1975 s im u la tio n  and  reaches a m axim um  value 
of 2.5°C near 15° la titu d e . T he w arm ing th en  de
creases to  ab o u t 2°C betw een 20° and  30° la titu d e  
and increases v irtu a lly  m onotonically  to  a  m axi
m um  value of nearly  11°C a t  th e  highest m odel la t 
itude. On th e  o th e r hand , th e  1980 sim u la tion  does 
no t d isplay  a  secondary m axim um  in th e  tropics; 
ra th e r, it increases m onotonically  to  a  m axim um  
value of ab o u t 7.5°C  a t  83° la titu d e  and  th en  de
creases to  ab o u t 5°C  near the  pole.

The zonal m ean of the  sim ula tion  using th e  OSU 
m odel (Schlesinger 1982) is qu ite  s im ilar to  th a t  of 
the  1980 G FD L  sim ula tion  betw een 30°S and  25°N, 
w ith  a  m inim um  w arm ing of a b o u t 1.25°C in the  
trop ics and an increase to  ab o u t 3°C in th e  su b tro p 
ics. However, in m arked  co n tra s t to  the  alm ost 1°C 
increase in w arm ing  th a t  occurs betw een 34° and 
38° la titu d e  in th e  1980 G F D L  sim ula tion , there  
is a  decrease in w arm ing  in the  OSU sim ula tion  to  
a b o u t 1.5°C a t 55°S and  40°N. T his is s im ilar to  the  
resu lt of th e  1975 G F D L  sim ula tion , a lb e it th ere  is 
ab o u t a  10° la titu d e  difference in positions of the  
re su ltan t lo w -la titu d e  w arm ing m axim a. Polew ard  
of these la titu d es  th e  w arm ing in the  OSU sim ula
tion  again  increases w ith  la titu d e  to  a  value th a t  is 
larger in th e  A rctic  th a n  in th e  A n ta rc tic , nam ely, 
3.9°C a t  86°N and  3.0°C  a t  86°S. If the  OSU curve 
were shifted  upw ard  such th a t  the  m id la titu d e  m in
im um  w arm ing  in each hem isphere in tersec ts  the  
1980 G FD L  curve, th e  polew ard am plification  in the  
OSU sim ula tion  w ould be seen to  be app rox im ate ly  
half th a t  of the  1980 G FD L  sim ula tion .

90N 70 50  JO ION lOS 30 50  70  9 0 S
L a t i t u d e

F ig u r e  4 .3 . C hanges in zonal m ean surface a ir tem p era tu re  (A T .) 
sim ulated  by five G CMs for doubled C O j co ncen tra tion . C urve (a) 
from d a ta  by M anabe  and  W etherald  (1975) and  curve (b) from 
d a ta  by M anabe and  W etherald  (1980) are p lo tted  sym m etrically  
ab o u t th e  equato r. O th e r curves: c, Schlesinger (1982); d, W ash
ington and M eehl (1983); com puted clouds; e, W ashington and 
M eehl (1983), prescribed  clouds. Source: Schlesinger (1984a).

The zonal m ean of th e  N C A R  sim ula tion  w ith  
com puted  clouds (W ashington  and  M eehl 1983) 
shows a m in im um  w arm ing  of ab o u t 1°C in th e  tro p 
ics, a  relatively  uniform  w arm ing of ab o u t 1.5°C 
in the  m id la titu d es  of th e  S outhern  and  N orthern  
H em ispheres, a  polew ard am plification from  ab o u t 
50°S to  70°S, and  no polew ard am plification  in high 
n o rth ern  la titu d es . T he zonal m ean w arm ing in th is 
N C A R  sim ula tion  is sm aller th an  th a t  ob ta in ed  by 
th e  G FD L  and OSU sim ula tions, except near 70°S, 
where there  is ag reem ent w ith  the  OSU resu lt.

F igure 4.3 also shows the  zonal m ean surface 
tem p e ra tu re  change from  th e  N C A R  sim ulation  
w ith  fixed clouds. T his figure shows th a t  in h ib it
ing the  response of clouds to  increased C O 2  in th is 
N C A R  m odel leads to  a  larger surface w arm ing al
m ost everyw here. T his co n trad ic ts  th e  resu lts of 
o th er in v estig a to rs  (see Section 4.3.2).
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#
A nalysis of the  geographical d is trib u tio n s of 

changes in surface a ir te m p e ra tu re  from  th e  cal
cu la tions of M anabe and  W etherald  (1975, 1980) 
and  Schlesinger (1982) shows th a t  in general there  
is a  negative co rre la tion  betw een changes in surface 
a ir te m p e ra tu re  and  changes in soil m oisture. T his 
negative co rre la tion  occurs p resum ably  th rough  the  
change in surface ev ap o ra tio n , w ith  increased (de
creased) soil m oistu re  resu lting  in increased (de
creased) evapora tive  cooling and  sm aller (larger) 
w arm ing  of the  E a r th ’s surface and  surface air.

4.3.1.2 C hanges in P rec ip ita tio n  
and  Soil M oisture

In all stud ies cited  in T able 4.2, there  is an in
crease in th e  area l m ean p rec ip ita tio n  and evapora
tion  ra te s . T he flux of longw ave rad ia tio n  reaching 
th e  surface is enhanced due to  the  increased C O 2  

co n cen tra tio n  (and  th e  subsequen t increase in a t 
m ospheric te m p e ra tu re  and  w a te r vapor), m aking 
m ore energy availab le  for evapora tion . M anabe and 
W etherald  (1975) p o in t o u t a  fu rth e r reason for the  
increase in evapora tion . T he rad ia tiv e  energy ab 
sorbed by the  surface is tran sfe rred  to  the  a tm o 
sphere as sensible and la te n t h ea t. T he sa tu ra tio n  
w a te r vapor pressure increases nonlinearly  w ith  an 
increase in tem p era tu re . As a resu lt, when th e  su r
face te m p e ra tu re  increases, a  g rea te r p roportion  of 
th e  rad ia tiv e  hea ting  is converted  to  la ten t ra th e r  
th a n  sensible h ea t. Indeed, M anabe and  W etherald  
found a  decrease in th e  flux of sensible hea t from  
th e  surface, fu rth e r enhancing  th e  la te n t hea t flux 
(ev ap o ra tio n ). T he increase in surface tem p era tu re  
increases th e  sa tu ra tio n  vapor pressure a t  the  su r
face so th a t  the  ra tio  of la te n t h ea t (and evapora
tion ) to  sensible h ea t increases. A t equilibrium  the 
increase in evapora tion  m u st be balanced  by an in
crease in p rec ip ita tio n .

T he la titu d in a l s tru c tu re  of th e  zonally av er
aged changes in p rec ip ita tio n  is broadly  sim ilar in 
all the  stud ies for w hich d a ta  are available, w ith  a 
m arked  increase in p rec ip ita tio n  in high la titu d es  
and  sm aller changes of e ith e r sign near the  eq u a to r 
(F igure 4.4) T he changes in th e  zonal m ean pre- 
c ip ia tion  ra te  for doubled C O 2  s im ula ted  by the  
N C A R  m odel (W ash ing ton  and  M eehl 1983) w ith  
b o th  com pu ted  and  fixed clouds are shown in Fig- 

I ure 4.4. B o th  of th e  N C A R  sim ula tions show an

increase in the  equato ria l p rec ip ita tio n  ra te , w ith  
the  m axim um  increase being sm aller and sh ifting  
n o rth w ard  for fixed clouds com pared to  th a t  for 
com puted  clouds. B oth  sim u la tions show a  m ax
im um  decrease near 10°N w hich agrees w ith  bo th  
the  1975 and  1980 G F D L  sim ula tions. B oth  N C A R  
sim ula tions also show a m axim um  increase betw een 
40° and  50°N, as does th e  OSU m odel, and  generally  
increased p rec ip ita tio n  in high n o rth ern  la titu d es , in 
agreem ent w ith  bo th  th e  OSU and  G FD L  m odels. 
T he tw o N C A R  resu lts  show g rea te r d isagreem ent 
betw een each o ther in th e  S outhern  H em isphere. 
T he m odel w ith  com puted  clouds sim ula tes a de
crease in th e  zonal m ean p rec ip ita tio n  ra te  near 30° 
and 65°S, w hereas the  m odel w ith  fixed clouds sim u
lates increased ra te s  near these locations. However, 
b o th  sim ula tions generally  show an increase in the  
p rec ip ita tio n  ra te  polew ard of ab o u t 40°S, which 
agree w ith  b o th  the  G F D L  and OSU sim ulations.

T he differences in low la titu d e s  are no t only due 
to  the  d iversity  of m odels represen ted , b u t are also 
a  reflection of the  inheren t variab ility  of sim ulated  
p rec ip ita tio n  in the  trop ics (M anabe et al. 1981). 
T he w arm ing accom panying  the  increase in C O 2  

co ncen tra tion  increases th e  capacity  of th e  a tm o 
sphere to  hold m oisture. T here is a m arked  increase 
in the  tra n sp o r t  of w arm  m oist a ir in to  high la ti
tudes, w hich produces th e  increase in p rec ip ita tio n  
found there .

T he increases in evaporation  are relatively  un i
form  w ith  la titu d e , w hereas there  are large in
creases in p rec ip ita tion  in high la titu d es  and  sm all 
increases, or even reductions near 35° to  50°, asso
ciated  w ith  a  p o ten tia l sh ift in the  la titu d e  of m ax
im um  p rec ip ita tio n . As a  resu lt th ere  is a  m arked 
reduction  in the  supply of m oistu re  from  th e  a tm o 
sphere to  the  surface (p rec ip ita tio n  m inus evapora
tio n ), and  the  m odel soil m o istu re  decreases in these 
regions. In high la titu d es  th e  increase in p rec ip ita 
tion  exceeds th a t  in evapora tion , and there  is an 
increase in m odel runoff. T he region of decreased 
p rec ip ita tio n  near 35° to  50° la titu d e  in F igure 4.4 
coincides app rox im ate ly  w ith  th e  m ain  decrease in 
tran s ien t eddy kinetic energy, so it seems likely th a t  
the  reduction  in m erid ional tem p era tu re  g rad ien t 
and  subsequen t reduction  in the  num ber or in ten 
sity  of a tm ospheric  d istu rb an ces is responsible for 
th e  reduction  in p rec ip ita tio n  a t  these la titudes.
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F ig u r e  4 .4 . T he change in zonal m ean p rec ip ita tio n  ra te  (A P ) sim ulated  by six GCM s for doubled C O 2 . (A) D a ta  from M anabe and 
W etherald  (1975, curve a; 1980, curve b) p lo tted  sym m etrically  ab o u t th e  eq u ato r. (B) D a ta  from G ates et al. (1981, curve a) and 
Schlesinger (1982, curve b). (C) D a ta  from W ashington and M eehl (1983; curve a, p red ic ted  clouds; curve b, p rescribed clouds). Source: 
Schlesinger (1984a).

T here  is a  tendency  for th e  trop ica l and m id la ti
tu d e  regions of m in im um  and m ax im um  w arm ing  to  
occur w here th e  soil is m oistened  and  d ried , respec
tively. S im ilarly, th ere  is a tendency  for the  trop ica l 
and  m id la titu d e  regions of increased and  decreased 
soil m o istu re  to  occur w here th e  p rec ip ita tio n  ra te  
increased and  decreased, respectively.

F igure 4.4 also show s the  changes sim ula ted  by 
the  OSU m odel w ith  prescribed  sea surface tem p er
a tu re  and  sea ice (G a tes  et al. 1981). It is ev ident 
th a t  generally , these changes a re  no t only consider
ably sm aller th a n  those of th e  o th er m odels, they 
are negative alm ost everyw here.

T he geographical d is tr ib u tio n s  of the  soil m ois
tu re  change sim u la ted  by th e  sec to r m odels of M an
abe and  W etherald  (1975, 1980) a re  p resen ted  in 
F igure 4.5. T his figure shows th a t  in b o th  sim ula
tions th e  soil m o istu re  decreased alm ost everyw here 
polew ard of 35° la titu d e  and  increased over m ost 
of th e  co n tin en t eq u a to rw ard  of th is  la titu d e . T he 
m axim um  dry ing  of th e  soil occurs in a  band  th a t

stre tch es from  coast to  coast centered  near 35° and 
40° la titu d e  in th e  1975 and  1980 sim u la tions, re
spectively. T his dry ing  band  in each s im u la tion  is 
the  m ost p rom inen t fea tu re  of th e  zonal m ean soil 
m oistu re change. These ca lcu la tions raised concern 
ab o u t th e  p o ten tia l effects of increased C O 2  con
cen tra tio n  on ag ricu ltu ra l p rod u c tio n  in m iddle la t
itudes.

4.3.1.3 C hanges in C loud C over

T he realistic  rep resen ta tio n  of clouds in clim ate  
m odels is one of th e  m ain problem s facing num eri
cal m odelers. N evertheless, som e stud ies have been 
m ade w ith  m odels in w hich crude p a ram ete riza 
tions of cloud cover have been included. M anabe 
and  W etherald  (1980) and  W ashington  and  M eehl
(1983) found th a t  cloud cover decreased in m ost 
of th e  trop ics and  in th e  m iddle tro p o sp h ere , bu t 
increased near th e  surface and  in high la titu d es  
near th e  tro p o p au se  w hen th e  C O 2  co n cen tra tio n  (
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F ig u r e  4 .5 . M anabe and W etherald  (1975, 1980) sim ulations of change in soil m oisture  (cm) for doubled C O 2 . Sparse shad ing  indicates 
decreases sm aller th an  0.5 cm; dense shad ing  indicates decreases larger th an  0-5 cm; Left, d a ta  from 1975; righ t, d a ta  from 1980. Source: 
Schlesinger (1984a).

was doubled. H ansen (1979) noted th a t  th e  cloud 
cover p a ram ete riza tio n  in th e  G od d ard  In s titu te  for 
Space S tudies (G ISS) G C M , in which cloud top  
heigh t increased w ith  increasing tem p e ra tu re , p ro 
vided a positive feedback m echanism  (see A ppendix  
A). T his m ay have co n trib u ted  significantly to  the 
large w arm ing  (3.9°C ) ob ta in ed  in his C O 2  doubling 
experim ent.

W etherald  and  M anabe (1980) have m ade a 
d etailed  analysis of the  changes in cloudiness in 
th e ir  m odel caused by increasing th e  solar co n stan t. 
T hey found th e  changes in cloudiness to  be quali
ta tiv e ly  sim ilar to  those caused by increased C 0 2 - 
As in the  in teg ra tio n  w ith  increased C O 2 , th ere  is 
an  increase in th e  cloudiness of the  low est m odel 
layer in high la titu d e s  and  in th e  sub trop ics. It was 
no ted  previously th a t  ev ap o ra tio n  increases a t  the 
expense of sensible h ea t. T hus, th ere  is a  m arked  in
crease in th e  tran sfe r of m o istu re  in th e  low est layer, 
w ith  little  change in th e  tran sfe r of h ea t. T he stab le  
s tra tifica tio n  of th e  lower a tm osphere  in th e  sub
trop ics and  in high la titu d e s  in h ib its  the  tra n sp o r t  
of th is  ex tra  m o is tu re  o u t of th e  low est layer, p ro 
ducing an increase in re la tiv e  hum id ity  and  cloudi
ness. In th e  m iddle and  u p p er troposphere , c loudi
ness decreases. T h is  change is m ost m arked  a t  those

la titu d es  w here the  (zonally averaged) m otion  is up
w ards. T he zonally averaged vertical c ircu lation  is 
w eaker in the  in teg ra tio n  w ith  th e  increased solar 
co n stan t, so th is  p a tte rn  is to  be expected. It is 
no t obvious im m ediately  why cloudiness should de
crease w here th ere  is a  reduction  in zonally averaged 
descending m otion . W etherald  and M anabe (1981) 
argue th a t  the  cloudiness decrease in th is  region is 
due to  the  increase in the  variance of vertical veloc
ity, which lowers the  re la tive hum id ity  there . Hence, 
the a rea  m ean p rec ip ita tio n  increases, b u t th e  area  
m ean cloudiness decreases. F u rth er discussion of 
cloudiness is included in Section 4.3.4.

4.3.2 E arly S im ulations W ith  the  A nnual 
Inso lation  Cycle

In th e  previous section resu lts  were presen ted  from  
G C M /sw am p  ocean m odels in w hich, necessarily, 
the  annual cycle of inso lation  was o m itted . Al
though  these m odels are relatively  econom ical to  
run  to  equilibrium  and  provide some in sigh t in to  
the  change in an n u a l m ean c lim ate induced by in
creased C O 2 , th e ir p ro jections of regional clim ate 
change m ust be viewed w ith  cau tion  because of their
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neglect of the  an n u a l inso lation  cycle an d , therefore, 
th e  seasonal v aria tio n  of clim ate.

Tw o d ifferent approaches to  th e  tre a tm e n t of the 
ocean and  sea ice have been used in ca lcu la tions th a t  
include th e  an n u a l inso lation  cycle. In th e  first and  
m ore usual ap p ro ach , th e  sea surface tem p e ra tu re  
and  sea ice ex ten t a re  p red ic ted  by an o cean /sea  
ice m odel in w hich a t  least the  hea t capacity  of the  
u pper ocean m ust be included to  p erm it th e  annual 
inso lation  cycle. In th e  second approach , th e  effect 
of C O 2  is regarded  as a  p e rtu rb a tio n , because the 
changes in th e  global m ean rad ia tiv e  and  tu rb u len t 
hea t fluxes caused by doubled C O 2  are considerably 
less th an  10% of th e ir  p resen t day values (M anabe 
and  W etherald  1975). In th e  contro l in teg ra tio n , sea 
surface tem p e ra tu re s  a re  prescribed  from  c lim ato l
ogy, w hereas in th e  increased C O 2  in teg ra tio n , the 
changes in sea surface te m p e ra tu re  are prescribed 
from  a succession of p e r tu rb a tio n  experim en ts th a t  
ap p ro x im a te  equ ilib rium  w ith  increasing accuracy. 
T he first (or p red ic ted ) app roach  has th e  advan tage  
th a t  the  sea surface tem p e ra tu re  and sea ice ex ten t 
can in te rac t w ith  th e  a tm osphere  to  estab lish  the 
equilibrium  clim ate. T his approach  has th e  d isad 
van tage th a t  deficiencies in th e  a tm ospheric  a n d /o r  
ocean m odels can produce errors in th e  sea su r
face tem p era tu res  and  sea ice ex ten t of the  control 
(1 X C O 2 ) in teg ra tio n , w hich can influence th e  C O 2 - 
induced clim ate  change. T he second (or prescribed) 
approach  has th e  ad v an tag e  th a t ,  for con tem porary  
G C M s, th e  s im u la ted  con tro l c lim ate is closer to  
th e  observed c lim ate  th a n  th a t  w ith  p red ic ted  sea 
surface tem p e ra tu re  and  sea ice ex ten t. T he d isad 
v an tage of th is  m eth o d  is the  need to  separa te ly  de
term ine th e  C 0 2 -induced change in sea surface tem 
p e ra tu re  and  sea ice ex ten t, and  th e  s tro n g  influence 
of these prescribed  changes on the  C 0 2 -induced cli
m ate . S tudies using b o th  of these approaches are 
sum m arized  in T able 4.3 and  are described below.

4.3.2.1 S tudies W ith  P rescribed  Sea Surface 
T em p era tu res  and  Sea Ice E x ten t

T he changes in th e  surface and a tm ospheric  heating  
ra te s  caused by a  C O 2  doubling or quad ru p lin g  are  a 
sm all fraction  of the  am b ien t heating . T herefore, in 
th e  prescribed ap p ro ach , these changes a re  assum ed 
to  be sufficiently sm all to  be regarded  as a  per
tu rb a tio n . M itchell and  co-w orkers a t  the  U nited

K ingdom  M eteorological Office (U K M O ) perform ed 
a  set of experim en ts in w hich the  sea surface tem -. 
p e ra tu res  and  sea ice ex ten t were p rescribed , and* 
th e  response to  increased C O 2  w as de term ined  se
quentially . A high degree of accuracy can be a t 
ta in ed  in th e  s im u la tion  of p resen t day c lim ate  us
ing p rescribed  clim atological sea surface tem p e ra 
tu res  and  sea ice ex ten t, and  th e  tra n s p o r t  of h ea t 
caused by ocean cu rren ts  is included im plicitly . In 
th e  first experim en t (M itchell 1983), th e  response 
of th e  ocean w as ignored. In th e  second (M itchell 
1983), th e  ocean tem p e ra tu re  increase w as assum ed 
to  be th e  sam e everyw here. In the  th ird  (M itchell 
and  L upton  1984), th e  ocean te m p e ra tu re  changes 
were prescribed  as a  function  of la titu d e  on th e  basis 
of th e  previous tw o experim ents.

T he sensitiv ity  of th e  m odel to  an  in s tan tan eo u s  
increase in C O 2  in th e  absence of oceanic feedbacks 
was sim u la ted  by C a te s  et al. (1981) and  also in the  
first experim ent by M itchell (1983), and  th e  resu lts  
are  shown in Table 4.3. T he rise in global m ean 
surface te m p e ra tu re  resu lting  from  changes in tem 
p era tu re  only over sea ice and  th e  co n tin en ts  for 
a doubling of C O 2  con cen tra tio n  was a b o u t 0 .2°C , 
w hether cloudiness was p red ic ted , as in th e  sim u
la tio n  w ith  th e  OSU G C M  by G ates e t al. (1981), 
or cloudiness w as fixed, as in th e  s im u la tion  w ith  
th e  G C M  by M itchell (1983). T his value is an  o r
der of m ag n itu d e  sm aller th a n  th a t  o b ta in ed  w ith  
th e  OSU G C M /sw am p  ocean m odel by Schlesinger 
(1982) (see T able 4.2). F u rth erm o re , th e  global 
m ean and  zonal m ean p rec ip ita tio n  changes sim u
la ted  by a G CM  w ith  prescribed sea surface tem p e r
a tu re  and sea ice ex ten t are negative (T able 4.3 and 
F igure 4.4) in co n tra s t to  th e  resu lts  ob ta in ed  by a 
G C M  w ith  p red ic ted  oceanic q u an titie s  (T ables 4.2 
and  4.3).

T he net surface hea ting  in th e  above experi
m en ts w ith  prescribed  oceanic q u an titie s  increased 
by 3.0 to  3.5 W m “  ̂ on doubling C O 2 , ind icating  
th a t  had th e  ocean been free to  respond, th e  surface 
tem p e ra tu re  w ould have increased u n til th e  ocean 
was once m ore in equ ilib rium  w ith  th e  atm osphere . 
M itchell (1983) repea ted  the  2 x C O 2  experim en t, 
add itionally  enhancing  sea surface te m p e ra tu re s  ev
eryw here by 2°C, and  found th a t  th e  m ag n itu d e  
of th e  change in net surface hea ting  was only 0 . 8  

W m “ ^. T herefore, th e  ocean and  a tm o sp h ere  were
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T ab le  4 .3
M odel C h arac te ris tic s  and C O s-Induced  C hanges in th e  G lobal M ean Surface Air T em pera tu re , AT« 

and P rec ip ita tio n  R ate , A P , S im ulated  by GCM s W ith  the  A nnual Insolation  Cycle

S tudy
C O 2

M ultip lier

Sea Surface 
T em pera tu re  
and Sea Ice G eography

A T »
Clouds

AP°-
(°C) (%)

G ates e t al. (1981) 2 Prescribed^ R ealistic C om puted 0.20 -1 .5
4 Prescribed*" Realistic C om puted 0.46 -3 .3

M itchell (1983) 2 Prescribed*^ Realistic Fixed 0.16 -2 .5
2 Prescribed*^ Realistic Fixed 2.25 5.2

M itchell and L up ton  (1984) 4 Prescribed* Realistic Fixed 4.7 7.5

M anabe  and S touffer (1979, 1980) 
and M anabe et al. (1981)

4 Predicted-^ Realistic Fixed 4.1 6.7

W etherald  and M anabe (1981) 4* P red ic ted ^ Idealized Fixed 4.8 10.0
Hansen et al. (1984) 2 Predicted® Realistic C om puted 4.2 11.0
W ashington and  M eehl (1984) 2 Predicted*^ Realistic C om puted 3.5 7.1
W etherald and M anabe (1986) 2 Predicted-^ Realistic C om puted 4.0 8.7

A nnual m ean values.
P rescribed  sea surface tem p e ra tu res  and sea ice ex ten ts  u p d a ted  a t 1-day in tervals from m onth ly  clim atological values.
P rescribed  sea surface tem p e ra tu res  and sea ice ex ten ts u p d a ted  a t 5-day in tervals from Fourier analyzed clim atological values.
As in foo tno te  c except 2°C was added  to  the  prescribed clim atological sea surface tem p era tu res in the  2 x  C O 2  sim ulation .
As in foo tno te  c except a change in sea surface tem p era tu re  th a t  varied w ith la titu d e  was added to the  prescribed clim atological sea 
surface tem p era tu res  in th e  4 x  C O 2  s im ulation . In low la titu d es th e  change in sea surface tem p e ra tu re  was estim ated  by requ iring  
th a t  there  should be no net increase in surface heating  on quad ru p lin g  C O 2 . whereas in h igher la titu d es th e  changes were based on 
F igure 18 of M anabe  and  S touffer (1980).
Slab ocean m odel w ith d ep th  of 68 m and no horizon tal heat tran sp o rt. Sea ice thickness p red icted  based on therm odynam ic sea ice 
m odel.
Slab ocean m odel w ith p rescribed  seasonally varying dep th  based on observations, bu t constrained  no t to  excceed 65 m. M eridional 
h eat tran sp o rt in th e  ocean prescribed  based on GCM sim ulation  w ith prescribed observed sea surface tem p era tu res . Sea ice th ickness 
p red ic ted  based on th erm odynam ic  sea ice m odel.
As in foo tno te  /  except w ith  d ep th  of 50 m.

m uch closer to  equ ilib rium  th an  in th e  first experi
m ent.

T he changes in te m p e ra tu re  in the  second ex
perim ent were p redeterm ined  largely by the  p re
scribed change in sea tem p era tu res . T here w as, for 
exam ple, no reduction  in the  m eridional tem p era 
tu re  g rad ien t in the  lower troposphere . T he zonally 
averaged changes in th e  hydrological cycle, how
ever, were q u a lita tiv e ly  very sim ilar to  the  m odels 
w ith  an  in te rac tiv e  ocean, as can be seen in F igure 
4.6, which com pares th e  tim e la titu d e  varia tion  of 
p rec ip ita tio n  m inus ev ap o ra tio n  [P  — E )  w ith  th a t  
from  M anabe and  S touffer (1980). T he unshaded  
and  black areas ind ica te  an  increase and decrease 
in bo th  experim en ts, respectively. An increase was 
s im ula ted  in low la titu d e s  in sum m er and in high 
la titu d es  for all m on ths. A decrease oi  P  — E  was 
sim ula ted  in th e  su b tro p ics, except in th e  N o rth 
ern  H em isphere in sum m er when there  was a  de
crease in m iddle la titu d es . T he fact th a t  sim ilar 
resu lts were o b ta in ed  u nder tw o very d ifferent sets 
of assum ptions suggests th a t  th e  m echanism  caus
ing th e  change is com m on to  b o th  experim ents.

T he following hypo thesis m ay account for m uch 
of th e  sim ilarity . In each approach  th e  change 
in boundary  conditions (increased C O 2  co n cen tra
tion , enhanced sea surface tem p era tu res) produces 
a w arm er, m oister a tm osphere . T he m erid ional 
(n o rth -so u th ) m oistu re flux in the  m odel is p ro p o r
tional to  qv^ w here q is the  specific hum id ity  and  v 
is the  m eridional w ind. T he zonally and vertically  
averaged m eridional m oistu re fluxes from  th e  con
tro l in teg ra tio n  (F igure 4.7, dashed line) show the  
tra n sp o r t  of m oistu re  from  the  sub trop ics to  high 
la titu d es , and from  th e  w in ter to  the  sum m er tro p 
ics. If changes in th e  circu lation  (u) are sufficiently 
sm all, the  changes in m oistu re flux will be dom i
n ated  by th e  increase in hum id ity  ( 9 ), and the  m ain 
tro u g h s and peaks in F igure 4.7 will be enhanced as 
found in th e  anom aly sim ulation  (solid line). T here 
is th en  a g rea te r flow of m oistu re in to  high la titu d es , 
w hich m ust be balanced  by an increase in the  flux 
of m oistu re  to  the  ground [ P —E ,  see F igure 4.6). In 
th e  w in ter hem isphere, the  increased flow of m ois
tu re  o u t of th e  region betw een th e  equ a to r and  40° is 
consisten t w ith  th e  local decrease in P ~ E .  Hence,
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F ig u r e  4 .6 . L a titu d e -tim e  d is tr ib u tio n  of change of p recip ita tion  
m inus ev ap o ra tio n  [P -  E )  in the  experim ents by M anabe and 
Stouffer (1980) and M itchell (1983). Source: G ilchrist (1983).

m uch of th e  s im u la ted  change in th e  hydrological 
cycle m ay be explained in te rm s of the  increase in 
m oistu re  co n ten t of th e  a tm o sp h ere  alone. However, 
changes in circu la tion  m odify th is  sim ple p ic tu re , 
especially in m iddle la titu d e s  in sum m er.

M itchell and  L upton  (1984) have fu rth e r refined 
th e  e s tim ate  of sea surface tem p e ra tu re  changes to  
include a  la titu d in a l varia tio n . In low la titu d es , sea 
surface tem p e ra tu re  changes w ere es tim ated  by not 
allow ing th e  net surface h ea tin g  to  change for a  qua
drup ling  of C O 2 . T h is is equivalen t to  requiring  the 
m eridional convergence of h ea t by th e  oceans to  re
m ain unchanged . In h igher la titu d es , th e  changes 
were based on F igure 18 of M anabe and  Stouffer 
(1980). In th e  4 x C O 2  in teg ra tio n , th e  global 
m ean a tm ospheric  h u m id ity  increased by 29%; and , 
as one m igh t expect from  the  arg u m en ts advanced 
above, th ere  were significant increases in p rec ip ita 
tio n  in the  m ain  regions of convergence, including 
m iddle to  high la titu d e s  in w in ter, and  the  low la ti
tudes in sum m er (over S outh  A m erica, South A frica

F ig u r e  4 .7 . Seasonal m ean m eridional tran sp o rt of m oisture 
(10^^ kg d “ *), averaged over 2 years. Solid line, doubled C O 2  in te 
g ration  w ith a  change in sea surface tem p era tu re  of 2°C prescribed  
everyw here (C2S2); dashed line, control. (A) June to  A ugust; (B) 
D ecem ber to February . Source: M itchell (1983).

and N orthern  A u stra lia  during  D ecem ber to  F ebru
ary, and  over th e  sou thern  U nited  S ta tes , n o rth ern  
A frica and  so u th east A sia during  Ju n e  to  A ugust, 
F igure 4 .8). In the  sub trop ics, there  were s ta t is t i 
cally significant decreases in p rec ip ita tion , including 
a  region over sou thern  E urope and  ex tending  in to  
cen tra l A sia in sum m er. In general, th e  response 
of th e  m odel was very sim ilar to  th a t  rep o rted  by 
G FD L . For exam ple, th e  changes in m odel soil m ois
tu re  during  Ju n e  to  A ugust shown in F igure 4.8 are 
broadly  sim ilar to  those shown in F igure 4.12.

In one respect, however, th ere  was a  m arked  dif
ference. In th e  UKM O experim ent th e  w arm ing  in 
th e  trop ica l upper troposphere  is tw o to  th ree  tim es 
th a t  a t  th e  surface, in co n tra s t to  m odest am plifi
ca tion  w ith  height evident in F igure 4.9. A sim ilar 
c o n tra s t is found betw een th e  GISS and la te r  G F D L  
resu lts  (see F igures 4.36, 4.37). This is p robab ly  
because b o th  the  UKM O and GISS m odels use a 
p en e tra tiv e  convection schem e th a t  is m ore efficient!

98 Projecting the Climatic Effects o f Increasing Carbon Dioxide



100[

30 'N

O
30 'S

10C‘

180' 120' 60'W 0' 120 '

F ig u r e  4 .8 . C hanges in m odel soil m oisture for th e  June  to A ugust period caused by quadrup ling  the  C O 2  concen tra tion  and including 
prescribed increases in sea surface tem p era tu re  th a t  increase w ith la titu d e . Isopleths are shown every 50 mm. Areas of decrease are 
stipp led . Source: M itchell (1984).

in t r a n sp o r t in g  hea t and  m oisture  in to  the  upper 
troposphere  th an  the m oist convective ad ju s tm en t  
scheme used by G F D L  (and N CA R ).

It should be noted th a t  the  U K M O  model uses a 
higher resolution th an  is usual in C O 2  s tudies, and 
hence is more able to  resolve synoptic  d isturbances. 
For example, in the  control in tegra tion  there  is w est
erly flow as observed over western E urope  in sum 
m er (Mitchell, 1983) ra th e r  th a n  the s trong  n o r th 
easterly flow charac teris t ic  of low resolution m od
els. R ow ntree  and  Bolton (1983) found th a t  soil 
m ois ture  anom alies over Europe were more persis
ten t  when the horizonta l resolution of the model 
was reduced, as the  low level flow becam e easterly 
ra th e r  th an  westerly, and  th e  frequency of moisture- 
bearing d is tu rbances  from the neighboring ocean 
areas was reduced. However, the UK M O  results 
and  those from G F D L  (M anabe  et al 1981) indicate 
th a t  the  drying in northern  m id la ti tu d es  in sum m er 
(Figures 4.8 and 4.12) is no t par ticu larly  sensitive 
to  horizonta l resolution.

Wilson and  M itchelP  have investigated  the C O 2 - 
induced changes in variability  over w estern  Europe

 ̂ C. A. W ilson and J. F. B. M itchell, “S im ulated  C lim ate 
and C O j-ln d u ce d  C lim ate C hange over W estern  E u ro p e ,” 
m anuscrip t in p rep ara tion .
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F ig u r e  4 .9 . L a titu d e -a ltitu d e  d istrib u tio n  of the  change in zonal 
m ean an n u al m ean tem p era tu re  (top ), D ecem ber-January-Febru- 
ary (D JF ) tem p era tu re  (m iddle), and June-Ju ly-A ugust (JJA ) 
tem p era tu re  (bo ttom ) betw een th e  4 x C O 2  and  1 x C O 2  sim ula
tions of M anabe and Stouffer (1980). Source: M anabe and Stouffer 
(1980).
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in the  U KM O  sim ula tion . They find, for exam 
ple, th a t  th e  frequency of easterly  w inds over ea s t
ern E ngland  is halved , and th a t  th e  frequency of 
p rec ip ita tio n  and  th e  m ean am o u n t on w et days 
are reduced over so u th ern  Italy . T he s ta tis tic a l 
significance of th e  changes has been assessed us
ing te s ts  developed by K atz  (1983). W ilson and 
M itchell p o in t o u t th a t  a lthough  th e ir work illus
tra te s  th e  p o ten tia l of num erical m odels to  p ro 
duce d a ta  for im p act s tud ies, th ere  is little  consis
tency from  m odel to  m odel in th e  deta iled  regional 
changes sim u la ted  w ith  increased C O 2 .

T he ex p erim en ts  carried  o u t by M itchell and  
cow orkers a t  U K M O  were in tended  to  be com ple
m en tary  to  those  carried  o u t elsew here by using as
sum ptions w hich, though  reasonable, a re  su b s tan 
tia lly  different. In sp ite  of th is , m any of th e  resu lts 
ob ta ined  are s im ilar and  reinforce each o th er. M ore
over, by exam ining  th e ir differences, the  sensitiv ity  
of the  resu lts  to  th e  varia tions in fo rm ulation  can 
be assessed.

4.3.2.2 S tudies W ith  P red ic ted  Sea Surface 
T em p era tu res  and  Sea Ice E x ten t

T he first s im u la tio n  of the  seasonal v aria tio n  of 
C 02-induced  c lim ate  change w ith  a  m odel in which 
sea surface te m p e ra tu re s  and  sea ice were pred icted  
w as carried  o u t by M anabe and  Stouffer (1979, 
1980). In th e ir study , th e  G F D L  G C M  was cou
pled to  a  fixed d ep th  m ixed-layer ocean m odel w ith 
ou t horizon ta l and  vertical h ea t tra n sp o r ts . T he 
68 m m ixed-layer d ep th  was chosen to  best fit the  
observed an n u a l cycle of sea surface tem p era tu res . 
To increase th e  s ta tis tic a l significance of th e ir re
su lts, M anabe and  Stouffer investigated  the  clim atic 
changes induced by a  q uadrup ling  of th e  C O 2  con
cen tra tio n . Subsequently , a  follow -up stu d y  was 
conducted  by W etherald  and  M anabe (1981) to  elu
c idate  the  differences in the  clim atic  changes w ith 
and w ith o u t th e  an n u a l inso lation  cycle. These 
early stud ies are  sum m arized  in Table 4.3 and 
are described below . M ore recently  th ree  sim ula
tions of th e  equ ilib rium  clim ate change for doubled 
C O 2  have been perform ed by H ansen et al. (1984), 
W ashington  and  M eehl (1984), and  W etherald  and  
M anabe (1986) w ith  th e  GISS, N C A R , and  G FD L  
G C M s coupled to  m ixed-layer ocean m odels. These

m ore recent stud ies also are sum m arized in Table
4.3 and  are  described in Section 4.3.4.

T he la titu d e -a ltitu d e  d is trib u tio n s of changes 
in zonal m ean tem p era tu res  sim ulated  by M anabe 
and  Stouffer (1979, 1980) for a  C O 2  quadrup ling  
are p resen ted  in F igure 4.9 for th e  annual m ean, 
D ecem ber-January -F ebruary  (D JF ), and  June-Ju ly - 
A ugust (JJA ) averages. T he annual m ean tem p er
a tu re  changes for quadrup led  C O 2  w ith  the  sea
sonal inso lation  cycle, realistic  geography, and  fixed 
clouds shown in F igure 4.9 (top) are q ualita tively  
sim ilar to  those ob ta ined  for doubled C O 2  w ith  ide
alized geography and  fixed or pred ic ted  clouds and 
w ith o u t th e  seasonal inso lation  cycle, as ob ta ined  
by M anabe and  W etherald  (1975, 1980) (see F ig
ure 4.2). In p a rticu la r, the  s tra to sp h ere  cools, w ith  
the  cooling increasing w ith  a ltitu d e , and  th e  tro p o 
sphere w arm s, w ith  the  w arm ing  increasing w ith  al
titu d e  in the  trop ics and w ith  la titu d e  a t  th e  surface. 
T he surface w arm ing  is larger in the  A rctic th an  in 
th e  A n ta rc tic , as w as also found in th e  doubling 
sim u la tion  by Schlesinger (1982) (see F igure 4.3). 
F igure 4.9 shows, how ever, th a t  the  C 02-induced  
tem p e ra tu re  changes are no t uniform  th ro u g h o u t 
th e  year, particu la rly  near the  surface in th e  A rc
tic w here th ere  is a  d is tin c t w in ter m axim um  and 
sum m er m inim um  in the  w arm ing.

T he geographical d is trib u tio n  of th e  change in 
th e  an n u a l m ean surface a ir tem p era tu re  is shown 
in F igure 4.10 along w ith  th e  corresponding m aps 
for D JF  and  JJA . T he annual m ean tem p era tu re  
change shows w arm ing everyw here w ith  m inim um  
values of ab o u t 2.5°C in th e  trop ics, polew ard am 
plification in b o th  hem ispheres, and  w arm ing in the 
A rctic th a t  is ab o u t 4°C larger th an  th a t  in the 
A n ta rc tic . F igure 4.10 also shows a  large seasonal 
varia tion  of th e  C 02-induced  w arm ing in th e  m iddle 
and  high la titu d es  of bo th  hem ispheres w ith  g reater 
w arm ing  in w in ter and  lesser w arm ing  in sum m er. 
T he g rea test w arm ing  occurs over sea ice in w in
te r, leading to  th e  pronounced east-w est asym m e
try  ev iden t in th e  an n u a l m ean changes. Conversely, 
the  tem p e ra tu re  rises over the  A rctic in sum m er are 
m uch sm aller th an  those over the  su rround ing  con
tin en ts . O ver land , w here the  surface is d ry  or has 
becom e sufficiently dry  to  re s tr ic t evaporative  cool
ing, th e  surface w arm ing is likely to  be enhanced as 
described previously. T his m echanism  undoubtedly  
co n trib u tes  to  som e of the  long itud inal asym m etries
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F ig u r e  4 .10 . G FD L m odel sim ulation  of th e  change in surface air tem p era tu re  for q u adrup led  C O j. (A) A nnual m ean; (B) D JF ; (C) 
JJA . Sparse shad ing  ind ica tes increases betw een 5 and 7.5°C , dense shad ing  indicates increases g rea ter th an  7.5°C. Source: M anabe and 
Stouffer (1980).

#

ev iden t in sum m er. H owever, M anabe and  Stouffer
(1980) no te  th a t  m any of th e  sm all-scale varia tions 
m ay no t be s ta tis tica lly  significant given th e  year- 
to -year variab ility  in seasonal m ean tem p era tu res .

T he seasonal nonun ifo rm ity  of th e  C 02-induced  
tem p e ra tu re  change is strik ing ly  revealed in F igure

4.11, w hich show s th e  annual cycle of th e  change 
in the  zonal m ean surface a ir tem p era tu re . T he 
zonal m ean w arm ing  is a  m axim um  in w in te r and 
m inim um  in sum m er over bo th  the  oceans and  con
tin en ts  in th e  high la titu d es  of the  N orthern  Hemi
sphere. T h is ind icates a  large reduction  of the
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F ig u r e  4 .1 1 . G FD L m odel sim ulation  of th e  an n u al cycle of the  change in zonal m ean surface air tem p e ra tu re  (°C ) for q u adrup led  
C 02- (A) O ceans and con tinen ts; (B) oceans; (C) con tinen ts . Sparse shad ing  ind icates increases betw een 4 and  8®C, dense shading 
indicates increases larger th an  8°C . Source: M anabe and Stouffer (1980).

am p litu d e  of th e  annual te m p e ra tu re  cycle in these 
la titu d es .

In th e  sum m er A rctic , th e  surface tem p era tu re  
is constra ined  to  rem ain  a t  th e  freezing p o in t un 
til all th e  ice has m elted , a t  w hich tim e th e  su r
face tem p e ra tu re  changes little  because of the  th e r
mal in e rtia  of th e  m ixed layer. Because th is holds 
for bo th  p resen t day and increased C O 2  in teg ra 
tions, th e  changes in sum m er are sm all. F u rth er, the 
tem p era tu re -a lb ed o  feedback over the  co n tinen ts  is 
m inim al because th ere  is little  snow cover in sum 
m er. In th e  w in ter half of the  year, changes in high 
la titu d es  are large because the  a tm ospheric  w arm 
ing is confined to  a shallow  stab le  layer, and  snow 
and ice cover are sufficient to  allow significant ice- 
and  snow -albedo feedback. In the  spring  th is  effect 
is p a rticu la rly  m arked  over land when snow cover 
is s till ex tensive and inso lation  is large. O ver m uch 
of A n ta rc tic a  th e  tem p e ra tu re  rem ains below freez
ing th ro u g h o u t th e  year because of th e  elevation 
of th e  surface, and  there  is little  am plification  of 
th e  surface w arm ing  by ice- and  snow -albedo feed
back. How ever, th e  abso rp tion  of solar rad ia tio n  
over th e  h ig h -la titu d e  ocean is increased su b stan 
tia lly  in sum m er because th e  ocean has a  m uch lower 
a lbedo th a n  sea ice, b u t th e  surface tem p era tu re  
changes little  because of the  large th erm a l in ertia  
of th e  m ixed layer. T his th erm a l lag also delays the  
onset of freezing in au tu m n . T he ice is bo th  th in n er 
and less ex tensive th ro u g h o u t th e  rest of the  year, 
allow ing a  considerable increase in th e  flux of heat 
from  th e  ocean to  th e  atm osphere  and  co n trib u tin g

to  th e  increases in surface te m p e ra tu re , p a rticu la rly  
in th e  au tu m n .

T here  is little  seasonal v a ria tio n  in th e  surface 
tem p e ra tu re  changes w ith in  th e  trop ics. T h is  is no t 
su rprising  in view of th e  lim ited  seasonal varia tion  
in presen t day c lim ate and  th e  large th erm a l in e rtia  
due to  the  predom inance of oceans a t  these la ti
tudes.

T he geographical d is trib u tio n  of th e  change in 
th e  an n u a l m ean p rec ip ita tio n  ra te  a re  discussed by 
M anabe and  Stouffer (1980). T here  is a  predom 
inance of p rec ip ita tio n  ra te  increases po lew ard of 
a b o u t 45° la titu d e  in b o th  hem ispheres in th is  sim 
u la tio n . Regions of b o th  increased and  decreased 
p rec ip ita tio n  ra te s  are located  betw een 45° N and 
45°S, w ith  th e  largest changes occurring  betw een 
±30° la titu d e , w hich agrees w ith  the  OSU global 
m odel and  th e  G F D L  sec to r m odels. T he global 
m ean p rec ip ita tio n  ra te  increased by 6.7% (Table 
4.3).

M anabe and Stouffer (1980) found th a t  th e  la t
itu d in a l d is trib u tio n  of th e  supply  of m o istu re  to  
th e  surface, th a t  is, P  -  E ,  was q u a lita tiv e ly  sim 
ilar to  th a t  w ith o u t th e  an n u a l inso lation  cycle, 
w ith  m arked  increases in high la titu d es  and  a  re
duction  near the  E q u a to r. H ow ever, in the  seasonal 
m odel th e  zone of reduced P  — E  m ig ra tes la titu -  
dinally  th ro u g h  th e  seasons, th is  v aria tio n  being 
pronounced over the  co n tin en ts , w hich co n trib u tes  
to  th e  seasonal varia tion  of surface w etness. In 
the  N orthern  H em isphere du ring  sum m er, tw o d rier 
zones occur near 65° and  45°N in the  in teg ra tio n s 
w ith  quad rup led  C O 2 .

102 Projecting the Climatic Effects o f Increasing Carbon Dioxide



L o w e r  r e so lu t ion  m o d e l  ( G 1 5 )Lower resolution model {G15)
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F ig u r e  4 .1 2 . G FD L m odel sim ulation  of th e  change in soil m oisture (cm) for q u adrup led  C 0 2 - U pper and lower panels are sim ulations 
w ith 15 and 21 waves, respectively  (for bo th  longitude and la titu d e ); left and righ t panels are for N orthern  H em isphere spring  and 
sum m er, respectively. Source: M anabe e t al. (1981).

M anabe et al. (1981) discuss th e  geographi
cal d is trib u tio n  of soil m oistu re  changes in several 
G F D L  studies. D uring  M arch-A pril-M ay (M A M ), 
the  fourfold increase in C O 2  con cen tra tio n  produces 
increases in soil m o istu re  in high n o rth ern  la titu d es , 
w ith  sm all or reversed changes near the  E q u a to r 
(F igure 4.12A ). D uring  J JA , the  surface is drier 
in m iddle and  high la titu d e s  (F igure 4.12B ). T he 
la titu d in a l changes are consisten t w ith  th e  zonally 
averaged changes in soil m oistu re  in a  h igher reso
lu tio n , b u t o therw ise iden tical m odel from  M anabe 
et al. (1981). H owever, som e of the  regional dif
ferences from  th e  h igh-reso lu tion  m odel show n in 
F igure 4.12D for J JA  are a t  variance w ith  th e  re
su lts  from  the  low reso lu tion  m odel (F igure  4.12B). 
T his is p a rticu la rly  tru e  in low la titu d e s , for ex
am ple, over A frica and  S outh  A m erica, w here the 
year-to -year variab ility  is large and  changes a re  not 
s ta tis tica lly  significant.

M anabe et al. (1981) also m ade a de ta iled  an a l
ysis of the  sum m er dryness caused by increased C O 2  

in th e  various G F D L  m odel stud ies and found th a t 
th e  following facto rs a re  responsible. T he snow m elt 
ends earlier in th e  4 x C O 2  in teg ra tio n  so th a t  nor
m al sum m er d ry ing  caused by evaporation  begins 
earlier and  also is stronger. T his is th e  d o m in an t

m echanism  in high la titu d es . In m iddle la titu d es , 
reduced snow accum ulation  w ith  accom panying  re
duced snow m elt and  s tronger evaporation  in the 
enhanced C O 2  in teg ra tio n s  produce a  d rier surface 
from  la te  spring to  au tu m n .

Using resu lts from  a m odel w ith  idealized to 
pography, M anabe et al. (1981) identified tw o  dy
nam ical m echanism s th a t  fu rth e r enhance th e  sum 
m er m id la titu d e  dry ing . T he sim ulated  ex tra tro p i- 
cal ra in b e lt, w hich m ig rates betw een 45°N in w in ter 
and 55°N in sum m er, is displaced to  the  n o rth  when 
C O 2  is quad rup led . T hus, near 50°N th e  w et season 
ends earlier and begins la te r  in the  C O 2  q u ad ru 
pling experim ent th an  in th e  con tro l, and  th ere  is 
less p rec ip ita tio n  from  spring  to  au tu m n  in th e  m id
la titu d es. In ad d itio n , M anabe et al. (1981) argued 
th a t  th e  reduction  in tran s ien t d istu rbances, which 
is p articu la rly  m arked  in spring and  au tu m n , p ro 
duces an  earlier beginning and  a la te r te rm in a tio n  
to  th e  sum m er period  of weak d istu rb an ces w ith  a 
consequent reduction  in p rec ip ita tio n .

An assessm ent of th e  effects of the  an n u a l in 
so lation  cycle on C 0 2 -induced clim ate change was 
conducted  by W etherald  and  M anabe (1981) by 
perform ing  tw o sim u la tions w ith  th e  sam e (sector) 
m odel, one w ith  th e  an n u a l solar cycle (hereafter
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called the  seasonal m odel) and  the  o th er w ith  an 
nual m ean inso lation  (hereafter called the  annual 
m odel). In bo th  m odels th e  ocean w as trea ted  as a 
68-m  slab  m ixed layer.

By com paring  th e  zonal m ean tem p e ra tu re  dif
ferences of th e  an n u a l and  seasonal m odels in re
sponse to  quadrup led  C O 2 , the  principal effect of 
th e  an n u a l inso lation  cycle is shown to  be a  reduc
tion  in th e  w arm ing  of th e  zonal m ean surface a ir 
te m p e ra tu re  a t  all la titu d e s , w ith  the  reduction  in
creasing w ith  la titu d e  from  ab o u t 0.5°C  in the  tro p 
ics to  4°C polew ard of 70° la titu d e . A com parison 
of th e  an n u a l m ean te m p e ra tu re  differences reveals 
th a t  th e  long itud inal v aria tio n  of the  response of 
th e  seasonal m odel is sm aller th a n  th a t  of the  an 
nual m odel, p a rticu la rly  equ a to rw ard  of 45° la ti
tu d e . F u rth erm o re , th e  seasonal m odel is less sen
sitive to  th e  C O 2  quad ru p lin g  th an  is the  an n u a l 
m odel, especially in high la titu d es  w here th e  m ax
im um  w arm ing  is 4°C sm aller. T his reduced sensi
tiv ity  of th e  seasonal m odel is a t tr ib u ta b le  to  the  ab 
sence of th e  ice-albedo feedback m echanism  in sum 
m er when th ere  is no snow cover or sea ice in b o th  
th e  seasonal m odel experim ent and  con tro l, while 
ice-albedo feedback ap p a ren tly  exists p erp e tu a lly  in 
th e  annual m odel (W ethera ld  and M anabe 1981). 
T h is  com parison  ind icates th a t  the  influence of th e  
seasons on th e  C 02-induced  annual m ean tem p era 
tu re  changes is n o t negligible.

T he geographical d is trib u tio n  of th e  change in 
th e  annual m ean p rec ip ita tio n  ra te s  s im ula ted  by 
th e  annual and  seasonal m odels for th e  C O 2  q u a
drup ling  reveals several in terestin g  sim ilarities and 
differences. In b o th  sim u la tions th ere  are only in
creases in th e  p rec ip ita tio n  ra te  polew ard of ab o u t 
45° la titu d e , and  th ere  are  b o th  decreases and  in
creases eq u a to rw ard  of th is  la titu d e . B oth  th e  an 
nual and seasonal sim u la tions display reduced p re
c ip ita tio n  ra te s  in m id la titu d es  over th e  easte rn  
ocean and  w estern  co n tin en t, as well as over the  
w estern  p a r t of th e  ocean in low la titu d es. However, 
th e  seasonal m odel sim u la tes increased p rec ip ita tio n  
ra te s  everyw here over th e  co n tin en t in low la titu d es , 
as well as over th e  easte rn  ocean, w hile th e  annual 
m odel does n o t. T he resu lts  for th e  p rec ip ita tio n  
ra te  also ind ica te  th a t  th ere  is a  non-negligible in
fluence of th e  seasons on th e  C 02-induced  annual 
m ean p rec ip ita tio n  changes.

T he m ost significant differences betw een the  tw o 
sim u la tions occur for th e  com parison  of changes ini 
soil m oisture. T he changes in th e  annual m ean soil* 
m oistu re  sim u la ted  by th e  an n u a l and  seasonal m od
els a re  show n in F igure 4.13. C om parison  of these 
resu lts  reveals several n o tab le  differences. F irs t, the  
seasonal m odel sim u la tes a  very large m oisten ing  
in high la titu d es  in co n tra s t to  th e  sm all d ry ing  
sim ula ted  by the  an n u a l m odel. Second, th e  in
tense m id la titu d e  dry ing  be lt in th e  an n u a l m odel 
s im ula tion  is b roader and  m uch stro n g er th a n  th a t  
in th e  seasonal m odel sim u la tion . F inally , th e  ex
trem es of d ry ing  and  m oisten ing  sim u la ted  by th e  
seasonal m odel in th e  trop ics, p a rticu la rly  over th e  
east coast, are w eaker th an  those  sim u la ted  by the  
annual m odel. T he sm oo th ing  and  w eakening of 
th e  changes in soil m o istu re  in low and  m iddle la t 
itudes th a t  are  sim u la ted  by th e  seasonal m odel in 
com parison  w ith  th e  an n u a l m odel a re  also found 
for th e  changes in surface a ir tem p e ra tu re  and  p re
c ip ita tio n  ra te . A m ore th o rough  discussion and  
analysis of th e  differences betw een th e  sim u la tions 
w ith  the  an n u a l and  seasonal m odels is p resen ted  
by Schlesinger (1984a).

4.3.3 T he D ependence of C arbon  Dioxide- 
Induced C lim ate  C hange on the  
C on tro l C lim ate

T he dependence of th e  C 02-induced  global m ean 
clim ate  change on th e  global m ean con tro l cli
m ate  (1 X C O 2 ) has been discussed by Schlesinger 
(1984a) and  by Spelm an and  M anabe (1984). Schle
singer (1984a) re la ted  th e  C 02-induced  changes in 
the  global m ean surface a ir te m p e ra tu re  and  precip
ita tio n  ra te  to  the  corresponding  global m eans of the  
contro l for th e  sim u la tions of M anabe and  W ether
ald  (1975), M anabe and  Stouffer (1979, 1980), M an
abe and W etherald  (1980), G ates e t al. (1981), 
M itchell (1983), W etherald  and  M anabe (1981), 
Schlesinger (1982), W ashington  and  M eehl (1983). 
Tables 4.2 and  4.3 show th a t  these sim u la tions were 
m ade w ith  m odels hav ing  differences in  th e ir  p re 
scribed inso lation  (annual m ean vs. seasonally  vary
ing), ocean tre a tm e n t (prescribed  vs. p red ic ted  sea 
surface te m p e ra tu re  and  sea ice ex ten t) , geography 
(idealized sec to r vs. realistic  d is trib u tio n  of co n ti
n en ts  and oceans), cloud tre a tm e n t (fixed vs. com 
p u ted ) and  C O 2  increase (2 x C O 2  vs. 4 x C O 2 ).
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F ig u re  4 .1 3 . W etherald  and  M an ab e  (1981) sim ulations of changes in soil m oistu re  (cm) for quadrup led  C O 2 . (A) A nnual m odel; (B) 
seasonal m odel. S tipple  ind ica tes decrease. Source: Schlesinger (1984a).

N evertheless, th e  com parisons presen ted  in F igures 
4.14 and  4.15 provide a  useful sum m ary  of the  re
su lts  of these m odels.

T he p rec ip ita tio n  ra te , P ,  for each con tro l sim 
u la tio n  is show n p lo tted  versus its  corresponding  
surface a ir te m p e ra tu re , T, ,  in th e  lower panel of 
F igure 4.14. T he observed values of p rec ip ita tio n  
ra te  and  surface a ir  te m p e ra tu re  are deno ted  in 
th e  figure. T he seasonal s im u la tio n s  of th e  annual 
global m ean te m p e ra tu re  and  p rec ip ita tio n  w ith  the  
G FD L  m odel of M anabe and  Stouffer (1980) and 
th e  OSU m odel of G a te s  e t al. (1981) are closest 
to  th e  observed values. T h is close agreem ent oc
curs even th o u g h  th e  OSU m odel used prescribed 
sea surface te m p e ra tu re  and  sea ice w hereas the 
G F D L  m odel p red ic ted  th e  sea surface tem p e ra tu re  
from  a  68-m  m ixed-layer ocean m odel and  th e  sea 
ice from  a  th e rm o d y n am ica l m odel. T he seasonal 
and  annual sim u la tions of W etherald  and  M anabe 
(1981) em ployed th e  sam e ocean and  sea ice m od
els as did th e  s im u la tio n s of M anabe and  Stouffer, 
b u t W etherald  and  M an a b e’s sim ula ted  T,  and  P

are w arm er and  sm aller, respectively, th a n  th e  ob
served values. T his increased discrepancy of the  
resu lts  of W etherald  and  M anabe (1981) com pared 
w ith  th a t  of M anabe and  Stouffer (1980) is likely, in 
p a r t,  th e  resu lt of th e  form er using a  secto r m odel 
in co n tra s t to  th e  la t te r  using a  global m odel. W hen 
th e  m ixed-layer ocean and therm odynam ic  sea ice 
m odels are replaced w ith  a  sw am p ocean in th e  sec
to r  m odel, as in M anabe and  W etherald  (1980), the  
te m p e ra tu re  erro r increases considerably  w hereas 
th e  p rec ip ita tio n  erro r decreases. A m ore accu
ra te  p o rtra y a l w ith  a  sw am p m odel, a t  least insofar 
as global m ean tem p era tu re , is given by th e  OSU 
m odel (Schlesinger 1982). However, th e  N C A R  sim 
u la tio n s w ith  a sw am p m odel for b o th  com puted  
and  fixed clouds (W ashington  and  M eehl 1983) have 
re la tively  larger tem p e ra tu re  and  p rec ip ita tio n  er
rors.

T he change in the  surface a ir  tem p era tu re  is 
show n p lo tted  versus th e  corresponding  surface a ir 
te m p e ra tu re  in th e  u pper panel of F igure 4.14. T his
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F ig u r e  4 .1 4 . Top: change in global m ean surface a ir tem p era tu re  
A T , induced by doubled (•)  and q u adrup led  ( +  ) C O 2  versus the  
g lobal m ean surface air tem p e ra tu re  T , of th e  con tro l sim ulation 
for e ight GCM s, B ottom : global m ean p rec ip ita tio n  ra te  P  of the  
con tro l sim ulation  versus global m ean surface a ir tem p e ra tu re  of 
th e  con tro l sim ulation  for eight GCM s. O bserved value, +  OBS. 
Source: Schlesinger (1984a),

panel ind icates th a t ,  in th e  sense of in term odel com 
parison , th e  w arm er the  con tro l, th e  larger th e  C O 2 - 
induced w arm ing. T his re la tio n  could be due to  the 
non linear increase of a tm ospheric  w a te r vapor w ith  
te m p e ra tu re  an d  th e  w a te r vapor greenhouse effect, 
th a t  is, th e  w a te r vapor feedback m echanism  de
scribed in A ppendix  A.

T he sim u la ted  p rec ip ita tio n  ra te  changes for the 
C O 2  doubling  and  quad ru p lin g  are  show n p lo tted  
versus th e ir  correspond ing  surface air te m p e ra tu re  
changes in th e  to p  panel of F igure 4.15. T h is figure

F ig u r e  4 .1 5 . Top: th e  change in global m ean surface a ir tem p er
a tu re  A T , induced by doubled (•)  and  q u adrup led  ( -I-)  C O 2  versus 
th e  change in global m ean p rec ip ita tio n  ra te  A T  for eight GCM s. 
B ottom : global m ean p rec ip ita tio n  ra te  of contro l sim ulation  ver
sus change in global m ean p rec ip ita tio n  ra te  induced by doubled 
(•) and  qu ad ru p led  (-I-) C O 2  for e ight GCM s. Source: Schlesinger 
(1984a).

ind icates th a t ,  in th e  sense of in term odel com par
ison, th e  larger the  sim u la ted  w arm ing, th e  larger 
th e  increase in th e  sim u la ted  p rec ip ita tio n  ra te . Be
cause th e  global m ean evapora tion  ra te  m u st equal 
the  global m ean p rec ip ita tio n  ra te  for an  equilib
rium  sim ula tion , the  above re la tion  im plies an  iden
tical re la tio n  betw een th e  surface evaporation  in
crease and  th e  surface a ir tem p e ra tu re  w arm ing. 
B oth  re la tio n s are likely th e  resu lt of th e  increase of 
th e  surface sa tu ra tio n  m ixing ra tio  w ith  tem p era 
tu re  caused by th e  C lausius-C lapeyron  re la tion , de
scribed in A ppendix  A.

B ecause A P  increases w ith  A T ,, and  A T , in
creases w ith  T, of the  con tro l, A P  m ust increase
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w ith  T ,. A gain , in th e  sense of in term odel co m p ar
ison, the  w arm er th e  con tro l, th e  larger th e  C O 2 - 
induced p rec ip ita tio n  ra te  increase. For th is  rea 
son th e  p rec ip ita tio n  ra te  increase s im u la ted  by the  
seasonal m odel of M anabe  and  S touffer (1980) is 
sm aller th a n  th a t  of th e  annual m odel of M anabe 
and  W etherald  (1980), and  sim ilarly  for th e  sea
sonal and  an n u a l m odels of W etherald  and  M anabe
(1981).

Spelm an and  M anabe (1984) have in v estig a ted  
th e  effect of ocean dynam ics on the  sen sitiv ity  of 
clim ate  to  increased  C O 2  by perform ing  tw o  exper
im ents w ith  th e  G F D L  spec tra l G C M  w ith  ideal
ized geography and  annually  averaged  inso la tion . In 
th e  first experim en t [S M l(A )j the  ocean w as rep re
sented  by a  6 8 -m  deep m ixed layer w ith  no cu rren ts , 
and  in th e  second experim en t [SM2(A)] th e  G F D L  
finite difference ocean general c ircu la tion  m odel was 
used. F igure 4.16 shows th a t  th e  zonally  averaged  
surface a ir te m p e ra tu re  changes induced by q u ad ru 
pling C O 2  w ere sm aller in th e  s im u la tion  w ith  ocean 
cu rren ts , p a r ticu la rly  in th e  m iddle and  high la ti
tudes. T h is  can be explained by th e  difference in 
the c lim ates of the  tw o con tro l sim u la tions. In the  
sim u la tion  w ith  ocean cu rren ts  [SM 2(A)], th e  snow 
and  ice cover w ere less extensive th an  in th e  sim u la
tion  w ith o u t ocean cu rren ts  because of th e  polew ard  
tra n sp o r t  of h ea t by th e  oceans. C onsequently , th e  
snow- and  ice-albedo feedback was sm aller in the  
sim u la tion  w ith  ocean cu rren ts  because th e  snow 
and  ice w ere confined to  a  sm aller a rea  an d  a t  h igher 
la titu d es  w here th e  inso la tion  is sm aller.

T he global m ean C 0 2 -induced w arm ing  of the  
surface a ir te m p e ra tu re  of these sim u la tio n s  is 
shown p lo tted  versus th e  corresponding  global m ean 
surface a ir te m p e ra tu re  of th e  contro l in F igu re  4.17. 
T his figure show s th a t  T,  of the  SM 2(A ) s im u la
tion  w ith  ocean cu rren ts  is close to  th e  observed 
value and  A T , ~  5.5°C for th e  q u ad ru p led  C O 2 . 
T he value of T, of th e  S M l(A ) s im u la tio n  w ith 
o u t ocean cu rren ts  is a lm ost 10°C colder th a n  th a t  
of SM 2(A) an d  th e  observed T,  because of th e  ab 
sence of oceanic h ea t t ra n sp o r t.  T he corresponding  
A T , ci 13°C is la rger th a n  th a t  w ith  ocean cu rren ts , 
again  because th e  m ore extensive sea ice cover in 
S M l(A ) yields a  larger ice-albedo feedback. F ig 
ure 4.17 also show s re su lts  from  an o th e r 1 x C O 2 / 4  

X C O 2  s im u la tio n  p a ir w ith  th is  m odel. In SM 3(A) 
th e  solar c o n s tan t was reduced and  th e  em issiv ity  of
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F ig u re  4 .1 6 . L a titu d in a l v aria tion  of th e  change of zonally av 
eraged surface air te m p e ra tu re  caused by q u ad ru p lin g  th e  a tm o 
spheric C O 2  co n ten t for b o th  th e  m odel w ith  ocean cu rren ts  (solid 
line) and  the  m odel w ithou t ocean cu rren ts  (dashed  line.) Source; 
Spelm an and M anabe (1984).

cirrus clouds increased in com parison  w ith  th e ir val
ues in th e  S M l(A ) and  SM 2(A) sim u la tions. These 
changes resu lt in a  con tro l c lim ate  w hose (T ,, A T ,) 
po in t lies on a s tra ig h t line connecting  th e  corre
sponding p o in ts  of S M l(A ) and  SM 2(A ). T herefore, 
in th e  sense of in tram o d el com parison , th e  w arm er 
th e  con tro l, the  sm aller is th e  C 0 2 -induced  w arm 
ing. T h is re la tio n sh ip  also is revealed  by th e  solar 
co n stan t sensitiv ity  stud ies of W etherald  and  M an
abe (1975, 1980).

F igure 4.17 also shows th e  resu lts  from  th e  s tu d 
ies by M anabe and  Stouffer (1980) an d  W etherald  
and  M anabe (1981). Taken by them selves, they  do 
no t look unlike w h a t is seen in th e  to p  panel of F ig 
ure 4.14. C onsequently , te m p e ra tu re  sensitiv ity  to  
increased C O 2  ap p a ren tly  can e ith er increase or de
crease w ith  th e  te m p e ra tu re  of th e  1 X C O 2  con tro l, 
depending , respectively , on w he ther th e  w a te r va
por feedback or th e  ice-albedo feedback is d om inan t. 
Because th e  C 0 2 -induced te m p e ra tu re  change is de
p en d en t on the  tem p e ra tu re  of th e  con tro l c lim ate , 
it is necessary to  s im u la te  th e  la t te r  correctly . U n
fo rtu n a te ly , how ever, th is  is n o t a  sufficient condi
tion  for s im u la tin g  th e  C 0 2 -induced  tem p e ra tu re  
change correctly .
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F ig u r e  4 .1 7 . S ensitiv ity  of a rea  m ean surface a ir tem p era tu re  to  q u ad rup ling  th e  atm ospheric  C O 2  co n ten t for various c lim ate  m odels 
versus th e  a rea  m ean surface a ir tem p era tu re  of the  norm al C O 2  case. Solid d o ts ind ica te  m odels having lim ited  co m p u ta tio n al dom ain 
w ith idealized geography; the  triang le  ind ica tes th a t  the  m odel tre a ts  a global dom ain  w ith realistic  geography. T he observed value of 
the  area  m ean surface a ir tem p era tu re  is ind ica ted  for reference. Source: Spelm an and  M anabe (1984).

4 .3 . 4  R ecent S im ulations W ith  th e  A nnual 
Inso lation  Cycle

T hree sim u la tio n s of th e  changes in th e  equilib
rium  clim ate  induced by a  doubling  of th e  C O 2  

co n cen tra tio n  have been perform ed using m odels in 
w hich sea surface tem p e ra tu re s  w ere p red ic ted  by 
sim ple m ixed-layer ocean m odels and  th e  seasonal 
inso lation  cycle was included. T hese sim ula tions 
were perform ed w ith  th e  GISS G C M  (H ansen et 
al. 1984), th e  N C A R  G C M  (W ash ing ton  and  M eehl 
1984; M eehl and  W ashington  1985a, 1985b; B ates 
and  M eehl 1985), and  th e  G F D L  G C M  (W ether
ald and  M anabe, 1986; M anabe an d  Wetherald®). 
Since the  C 02-in d u ced  clim ate  change depends on 
th e  con tro l c lim ate , as d em o n stra ted  in th e  preced
ing sections for th e  earlier s tud ies, a  com parison of

 ̂ s .  M anabe  and R. W etherald , m anuscrip t in p rep ara tio n . 
T his work will h ereafte r be referred to  as M W 86.

th e  con tro l c lim ates of these m ost recent sim u la tions 
w ith  th e  observed clim ate  will be m ade in Section 
4.3.4.1. T h e  sim u la tions of th e  changes in th e  equi
lib rium  clim ate  induced by a  doubling of th e  C O 2  

co n cen tra tio n  will be com pared  in Section 4.3.4.2.
T he GISS G C M  used by H ansen e t al. (1984) 

has been described by H ansen e t al. (1983), an d  th e  
N C A R  G C M  em ployed by W ashington  an d  M eehl
(1984) has been described by P itc h e r et al. (1983) 
and R am an a th a n  et al. (1983). T he G F D L  G C M s 
used by M W 86 and  W etherald  and  M anabe  (1986) 
are th e  sam e as th a t  of M anabe and  Stouffer (1980), 
except th a t  clouds a re  p red ic ted  based p rim arily  on 
th e  fo rm ula tion  of W etherald  and  M anabe (1980). 
T he th ree  G C M s th a t  p red ic t clouds a re  in tercom - 
pared  in T ab le  4.4 in te rm s of 21 m odel an d  sim u
la tion  ch arac te ristic s .

All th ree  a tm ospheric  G C M s in teg ra te  th e  p rim 
itive eq u a tio n s in spherical coo rd ina tes for th e  en tire  
globe, and  all th ree  represen t th e  vertica l deriva tive
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T a b le  4.4
C h arac te ris tic s  of the  GCM s Used to  Sim ulate Equilibrium  

C lim ate  C hange Induced by D oubling th e  C O 2  C oncen tra tion

G eneral C ircu la tion  M odeling S tudy

M odel C harac te ris tic G ISS“ NCAR*’ GFDL^

H orizontal dom ain; coord ina tes Global; la titu d e-lo n g itu d e Global; la titu d e-lo n g itu d e G lobal; la titu d e-lo n g itu d e

V ertical dom ain; coord ina tes Surface to  10 mb; Surface to  0 mb; Surface to  0 mb;

Solution m ethod F in ite  difference in vertical, 
tim e, and ho rizon tal

F in ite  difference in vertica l and 
tim e; sp ec tra l transform  in 
horizon tal.

F in ite  difiTerence in vertical and 
tim e; sp ec tra l transfo rm  in 
horizon tal.

H orizontal resolu tion 8° la titu d e  by 10° longitude R hom boidal 15 tru n ca tio n , 
advection  and physics com pu
ted  on a '^4.5° la titu d e  by 
7.5° longitude grid.

R hom boida l 15 tru n ca tio n , 
advection  and  physics com 
p u ted  on a  -~4.5° la titu d e  
by 7.5° longitude grid.

V ertical resolu tion 9 layers 9 layers 9 layers

L an d /o cean  d istrib u tio n R ealistic R ealistic R ealistic

T opography R ealistic R ealistic R ealistic

Ocean M ixed layer w ith  seasonally 
vary ing  d e p th  is p rescribed 
from  clim atology b u t w ith a 
m axim um  allowed d ep th  of 
65 m. No v ertica l h eat flux to 
th e  therm ocline. H orizontal 
heat t ra n s p o r t is prescribed 
seasonally  based on th e  tra n s 
p o rt im plied in a  sim ulation  
w ith  p rescribed  seasonally v a ry 
ing sea surface tem p era tu res .

M ixed layer is 50 m deep w ith 
no v e rtica l h eat tra n sp o rt to 
th e  therm ocline  and no hori
zon ta l h ea t tran sp o rt.

M ixed layer is 50 m deep w ith 
no v e rtica l h eat tra n sp o rt to 
th e  therm ocline  and  no hori
zon ta l h ea t tran sp o rt.

Sea ice O ccurrence is p red ic ted  when 
ocean cools to  — 1.6°C. In itia l 
th ickness is 1 m. Grows hori
zon tally  a t 1 m th ickness un til 
gridbox  is covered up  to  the  
lim it p rescribed  for leads, 
0.1/Z ,cei w here Z^ .̂e is ice 
th ickness in m eters. F u rth e r 
h eat loss increases ice th ic k 
ness. T w o-layer sea ice m odel 
w ith conduction  betw een ice 
and  ocean. Ocean tem p e ra 
tu re  b e n ea th  ice can change 
b u t is not allowed to  exceed 
0°C  u n til all th e  ice w ith in  
th e  gridbox  is m elted. No ice 
advection .

O ccurrence is p red ic ted  when 
ocean cools to  ~ 1 .9°C . Ice 
th ickness horizontally  uniform  
w ith in  a gridbox and no leads. 
O ne-layer sea ice m odel w ith 
no h eat flux from ocean to 
ice. Ocean tem p era tu re  b e 
n ea th  ice is kep t a t -1 .9 ° C . 
C onduction  heat flux w ithin 
ice is balanced  by la te n t heat 
of freezing or m elting a t ice 
bo tto m . No ice advection .

O ccurrence is p red ic ted  when 
ocean cools to  -1 .9 ° C . Ice 
th ickness horizon tally  uniform  
w ith in  a  gridbox  and no leads. 
O ne-layer sea ice m odel w ith 
h eat flux from  ocean to  ice. 
Ocean tem p e ra tu re  b en ea th  ice 
is k ep t a t  — 1.9°C. C onduction  
h ea t flux w ith in  ice balanced by 
la te n t h eat of freezing or m elting 
a t ice b o tto m . No ice advection.

Snow P re c ip ita tio n  falls as snow 
when lowest GCM  layer tem 
p e ra tu re  < 0°C . Snow mass 
de term ined  prognostically  
from  m ass budget.

P rec ip ita tio n  falls as snow 
when lowest GCM layer tem - 
tem p e ra tu re  < 0°C . Snow mass 
de term ined  prognostically  from 
mass budget.

P re c ip ita tio n  falls as snow when 
air tem p e ra tu re  a t 300 m 
< 0 °C . Snow m ass determ ined 
p rognostically  from mass 
budget.

“ H ansen e t al. (1984).
W ashing ton  and M eehl (1984).

‘ W etherald  and M anabe (1986).
a = (p -  Pt ) I ( p > -  Pt ) where p is p ressure, p t  th e  pressure a t  th e  to p  of th e  m odel, and  p , th e  surface pressure.
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T a b l e  4 . 4
( c o n t i n u e d )

G eneral C ircu la tion  M odeling Study

M odel C h arac te ristic GISS NCA R GFDL

Soil m oisture D eterm ined  prognostically  
from  tw o-layer m odel w ith 
up p e r/lo w er layer field 
capacities in cm prescribed 
as 1/1 desert, 3 /2 0  tu n d ra , 
3 /2 0  grass, 3 /3 0  sh rub , 3 /30  
w oodland, 3 /4 5  deciduous 
forest, 3 /45  evergreen forest, 
20/45 rainforest.

D eterm ined  prognostically  
from one-layer m odel w ith 
15 cm field capacity .

D eterm ined p rognostically  from 
one-layer m odel w ith  15 cm 
field capacity .

Surface tem p era tu re D eterm ined  prognostically  
from tw o-layer m odel w ith 
d e p th s  of ab o u t 1 0  cm and 
4 m.

D eterm ined  d iagnostically  such 
such th a t th e  net surface 
h eat flux is sero.

D eterm ined d iagnostically  such 
th a t  th e  net surface h eat 
flux is zero.

Surface a lb ed o /em issiv ity P rescribed  to  vary  w ith sea
son (w inter, spring, sum m er, 
au tu m n ) for 8  p rescribed 
vegetation  types (desert, 
tu n d ra , grass, sh rub , w ood
land, deciduous forest, ever
green forest, ra in forest) 
sep ara te ly  for visible (w ave
length  < 0.7  ^m ) and 
near-IR  (> 0 .7  /im) solar 
rad ia tio n . Sea ice a lbedo  in 
v is ib le / near-IR  is 0 .55 /0 .3 .
Snow albedo is a  function  of 
underly ing  v eg etation  type, 
snow d ep th , m asking d ep th  
of v eg eta tion  ty pe, and 
snow age. Land-ice albedo 
is th e  sam e as for aged snow. 
O cean albedo is a specified 
function  of surface wind 
speed and solar zen ith  angle. 
O cean em issivity  is a  func
tion of w ave-length 
and  w ind speed. L and em issivity 
is a  function  of w ave-length  
for desert, snow and ice, and 
un ity  for o th er surfaces.

P rescribed  a lbedo  of 0.25 for 
desert and  0.13 for o th er snow- 
free land. Sea ice albedo  is 0.7. 
Snow albedo  is 0.8 in d ependen t 
of d ep th . Ocean albedo  is
0 .05 /(cos^  -f 0.15) where f is 
th e  solar zen ith  angle. In the 
8 - 1 2  ^m  region th e  em issivity 
is 0.75 for deserts , 0.95 for 
o th er land  surfaces and un ity  
for ocean. E m issiv ity  is un ity  
for o th er sp ec tra l IR  regions.

P rescribed  for 6  p rescribed  
vegetation  ty p es (w oodland, 
grass, and cu ltivation ; forest 
steppe  and grassland; steppe  
desert; desert tu n d ra , m o un ta in  
and arctic  flora) and  land 
ice. Sea ice albedo is a  function  
of la titu d e , underly ing  ocean 
a lbedo, ice th ickness an d  surface 
m elting. Snow albedo is a 
function  of underly ing  vege
ta tio n  ty pe, snow d ep th , and 
a m asking d ep th . Ocean 
albedo  is a  p rescribed  function  
of la titu d e . Surface em issivity 
is u n ity  everyw here

T errestria l (longwave) 
rad ia tion

H 2 O [6.25 f im v ib ra tio n -ro ta - 
tion  band , 1 0  and  2 0  /im con
tinuum  bands, > 1 0  ^m  ro ta 
tion band); C O 2  [15 ^m  v ib ra 
tion  ro ta tio n  band], O 3  [9.6 ^m 
v ib ra tio n -ro ta tio n  band], N 2 O 
[4.5, 7.78, 17.0 fim v ib ration- 
ro ta tio n  bands], CH 4  [7.66 ^m 
v ib ra tio n -ro ta tio n  band].

H 2 O [4 - 8  fj.m v ib ra tio n -ro ta 
tion band , 8-12  ^m  con
tinuum , and  >12 ^m  ro ta 
tion band; no e -type  a b so rp 
tion], C O 2  [fundam ental,
1st and 2nd ho t bands for 
four isotopes in 12-18 //m 
region], O3 [9.6 ^m  
v ib ra tio n -ro ta tio n  band].

H 2 O [6.3 ^m  v ib ra tio n -ro ta tio n  
band , 8-13  /zm con tinuum  band , 
>10 /im ro ta tio n  band , w ith 
e -type absorption], C O 2  [15 /itm 
v ib ra tio n -ro ta tio n  band], O3 
[9.6 ^m  v ib ra tio n -ro ta tio n  band].
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T a b l e  4.4
( c o n t i n u e d )

G eneral C irculation  M odeling S tudy

M odel C harac te ris tic GISS NCAR GFDL

Solar (shortw ave) rad ia tio n Sca tte rin g  by molecules and 
aerosols. A bsorp tion  by H jO , 
C O 2 , O 3 , and  N O j.

S ca tte ring  by molecules.
1 A bsorp tion  by H 2 O, C O 2 , 

O 3 , and 0 2 -

No sca tte rin g  by m olecules. 
A bsorp tion  by H 2 O, C O 2 , 
and  O 3 .

Insolation So = 1367 W m ”  ̂ w ith 
seasonal and d iu rnal cycles.

So = 1370 W m ~^ w ith sea
sonal cycle.

S q =  1467 W m “  ̂ w ith seasonal 
cycle.

Large-scale condensation O ccurrence is p red ic ted  when 
re la tive  hum id ity  > 1 0 0 %. 
Large-scale p rec ip ita tio n  is 
taken  equal to  condensation  
S a tu ra tio n  vap o r pressure is 
de term ined  w ith respect 
to  ice for “u nseeded” clouds 
colder th an  —40°C and for 
“seeded” clouds (ice falling 
in to  a layer from above) 
colder th an  Ô ^C.

O ccurrence is p red ic ted  when 
relative hum id ity  > 1 0 0 %. 
Large-scale p rec ip ita tio n  is 
taken  equal to  condensation

O ccurrence is pred icted  when 
re la tive  hum id ity  > 1 0 0 %. 
Large-scale p rec ip ita tio n  is 
tak en  equal to  condensation

C um ulus convection O ccurrence is p red ic ted  when 
hi  > h*ĵ , k — I  -  1 , . . . , 1  and 
I  — 9 . . . ,  2 where h is the 
m oist s ta tic  energy, h* is 
the  sa tu ra te d  m oist s ta tic  
energy, and i  is th e  vertica l 
layer index w ith 1 repre
sen ting  the  to p  layer. The 
fraction  of layer f which 
can rise to  layer k is taken  
as 50%. T he air from layer 
t  rises w ithou t en tra in m en t 
and conserves its m oist 
s ta tic  en ergyun til it encoun ters 
a  layer w ith respect to 
w hich it is stab le . P re c ip ita 
tion  occurs du ring  ascen t if 
sa tu ra tio n  occurs. A fter 
d e te rm in a tio n  of th e  mass 
p e n e tra tin g  to  all higher 
levels, m ixing w ith th e  env iron 
m en t is perform ed s ta r tin g  a t 
th e  h ighest layer and w orking 
dow nw ard; p recip ita tio n  
reevaporates to th e  ex ten t 
th a t  lower layers are 
u n sa tu ra te d . T he procedure  is 
rep ea ted  w ith th e  second layer 
as th e  source of rising air, 
m ixing w ith  the  env ironm ent, 
rep e titio n  w ith th e  th ird  layer 
as source, etc. V ertical t ra n s 
p o rt of h o rizo n tal m om entum  
is included.

O ccurrence is p red icted  when 
th e  equivalent p o ten tia l 
tem p era tu re  decreases w ith 
increasing a ltitu d e  and the  
relative hum id ity  R H  > R H c  
— 80%. P aram eterized  as 
m oist convective a d ju s t
m ent wherein becom es 
uniform  and R H  — R H c  v e r ti
cally w ithin the  convection 
region. V ertical t r a n s 
p o rt of horizon tal m om en
tum  and p en e tra tiv e  convec
tion are not included.

O ccurrence is pred ic ted  when 
the  equivalent p o ten tia l tem 
p e ra tu re  6t decreases w ith in 
creasing a ltitu d e  and the  
relative hum id ity  R H  > R H q  
~  100%. P aram eterized  as 
m oist convective ad ju s tm en t 
w herein becom es 
uniform  and R H  = R H c  v e r ti
cally w ithin the convection 
region. V ertical tra n s 
p o rt of horizon tal momem- 
turn and p en e tra tiv e  convec
tion a re  no t included.
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T a b l e  4.4
( c o n t i n u e d )

G eneral C irculation  M odeling S tudy

M odel C h arac teristic GISS NCA R GFDL

C louds Ciouds are  allowed to form in 
each layer below 1 0 0  m b due 
to  large-scale condensation  
and cum ulus convection. A 
large-scale cloud can occur 
when R H  > 100%; cloud cover 
C ^  0 if / ,  < AT, and C =  1 if 
/ ,  > N r, w here is the  
sa tu ra te d  fraction  of a 
gridbox o b tained  un d er the 
assum ptions th a t  the  absolu te  
hum id ity  is uniform  th ro u g h 
ou t th e  gridbox and the  
tem p e ra tu re  has a prescribed 
G aussian  subgrid-scale form, 
and  Nr  is a  generated  ran 
dom n u m b er betw een 0  and
1. A convective cloud can 
occur when there  is 
cum ulus convection; cloud 
cover C =  0  if < Nr  and  
C =  1  if ' yM > Nr-, where 
M is the  m ass of sa tu ra ted  
a ir  rising th rough  th e  base 
of a  layer and  *7 =  2.5 
m^ s kg “ ^. O ptical dep th  
for large-scale clouds 
T = 1 /3  for T  < 258 K and 
T =  0 .0 1 3 3 (p -  100) for 
T  > 258 K, where T  is the 
layer tem p ertu re  and p is the  
level pressure in mb. For 
convective clouds t  = 0.08A p 
where A p  is the  cloud 
pressure  th ickness in mb.
Cloud ab so rp tiv ity  and  em is
siv ity  are derived from phase 
function  and  sing le-scattering  
albedo  based on Mie co m p u ta 
tions w ith  rad ii of 1 0  /im 
and  25 p-m for w ater and  ice 
clouds, respectively.

C louds are allowed to form in 
each layer above th e  lowest 
layer and below 250 m b for 
I 4> 45° and below
400 mb for | 4> |>  45° 
la titu d e  due to large-scale 
condensation  and cum ulus con
vection . A large-scale cloud 
occurs when R H  > 80% w ith 
a cloud cover C =  0.95. 
C onvective cloud occurs when 
d S ^ / d z  < 0 and  R H  > 80% 
w ith C =: 0.30/7V in each 
of th e  N  layers undergoing 
m oist convective a d ju s tm en t. 
C louds in different 
layers are assum ed to  be 
random ly overlapped.
C loud albedo a  =
0 p / ( 0  -h cos$“) where 
 ̂ is the  zenith  angle, 

p  =  m in (l, > /lV V C /1 0 ) w ith 
LWC (g cm ^^) the  colum n 
condensate  during  one hour 
of m odel tim e, /3 = 0.6, 0.3,
0.15 for low (0.811 < a < 
0 .991), m iddle 
(0.5 < <7 <  0.811) 
and high (o < 0.5 and 
p > 250 m b for ( 0 |
< 45° and p > 400 mb 
for I 0 |>  45° la titu d e), 
respectively. For clouds occur
ring sim ultaneously  in tw o or 
m ore layers, th e  albedo  is 
taken  equal to the  m axim um  
over all the  layers. Cloud 
abso rp tion  only by w a ter vapor 
and osone. Em issivity  t =  1 
for high cloud and c =  p 
m iddle and  low clouds.

C louds are allowed to  form  in 
each layer. Large-scale cloud 
occurs when R H  > 99% w ith 
a cloud cover C =  1.0. C on
vective cloud occurs when 
d $ c / d z  < 0 and  R H  > 100% 
w ith C = 1.0. For th in  
clouds (existing in one 
layer only), the  albedo 
and ab so rp tiv ity  for 
X < 0.7 pm {X > 0.7 pm ) 
are  0.21 (0.19) and 0.0 (0.04) 
for high cloud (>10.5  km ), 
and 0.45 (0.35) and 0.0 
(0 .2 ) for m iddle cloud 
(~ 4 .0  to  10.5 km ), 0.65 
(0.55) and 0.0 (0.30) for 
low cloud (0.0 to  4.0 km ).
For th ick  cloud (existing 
in two or more contiguous 
layers), th e  albedo and 
abso rp tiv ity  are 0.57 (0.47) 
and 0.0(0.3). The em issivity 
is 0 . 6  for high cloud 
and un ity  for middle 
and low cloud.

L ength  of in teg ratio n 45 unaccelera ted  solar cycles 
for 1 X  C O 2 , 35 unaccelerated  
solar cycles for 2 X  C O 2 .

For th e  1 x C O 2  sim ula
tion , 1 2  solar cycles w ith 
calendar accelerated  by 9 
(40.6 d ay s/so la r  cycle), then  4 
so lar cycles with accelera
tion  of 3 (121.7 days pe r solar 
cycle), finally 1 1  unaccelerated  
solar cycles. For th e  2 x C O 2  

sim ulation , only th e  4 acceler
a ted  (3x) and 11 unacclera ted  
solar cycles.

49 unaccelerated  solar cycles.

A veraging leng th  for 1 x C O 2  

and  2  x C O 2  results.
L ast 10 years of sim ulations. Last 3 years of sim ulations. Last 10 years of sim ulations.
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in these and  o th er equa tions by finite differences 
w ith  nine vertica l layers betw een th e  surface and , 
essentially , th e  to p  of the  atm osphere . T he GISS 
m odel also  rep resen ts  the  horizon ta l derivatives by 
fin ite differences w ith  an  8° la titu d e  by 10° longi
tu d e  reso lu tion . H ow ever, th e  N C A R  and  G FD L  
m odels em ploy th e  sp ec tra l m ethod  to  evalua te  the  
horizon ta l derivatives, b u t th e  advection  te rm s are 
eva lua ted  by th e  tran sfo rm  m ethod  on a  4.5° la t 
itu d e  by 7.5° long itude grid . In all th ree  m odels 
th e  so-called physics te rm s such as d iab atic  h e a t
ing also are  com puted  on th e  grids of th e  m odels. 
T he global d is trib u tio n  of land  and  ocean is rea l
istic  w ith in  th e  h o rizon ta l reso lu tions of th e  m od
els, as is th e  E a r th ’s to pography , a lb e it the  la tte r  is 
sm oothed .

E ach of th e  a tm ospheric  G C M s is coupled to  a  
m ixed-layer ocean. In th e  N C A R  and  G FD L  m od
els th e  d ep th  of th e  m ixed layer is co n s tan t, and  
th e re  is no horizon ta l h ea t tra n sp o r t. In th e  GISS 
m odel th e  d ep th  of th e  m ixed layer is p rescribed 
to  vary seasonally  based on observations, and  the  
horizon ta l oceanic h ea t t ra n s p o r t  is p rescribed geo
graph ically  and  seasonally. T h e  oceanic h ea t t ra n s 
p o rt used is th a t  im plied from  a  G C M  sim ula tion  
w ith  sea surface tem p e ra tu re s  prescribed according 
to  observations. T h is  prescribed  horizon ta l oceanic 
h ea t t ra n s p o r t  s trong ly  co n stra in s  th e  m odel w ith  
p red ic ted  sea surface tem p e ra tu re s  to  reproduce the  
observed values for th e  con tro l ( l  x C O 2 ) sim ula
tion.

T he ca lcu la tions of large-scale condensation  and  
snow are  essentially  th e  sam e in all th ree  m odels. 
T he ca lcu la tio n s of sea ice, soil m oistu re, and su r
face te m p e ra tu re  are essentially  th e  sam e in the  
N C A R  and  G F D L  m odel an d  different in th e  GISS 
m odel. F rac tio n a l sea ice cover can occur w ith in  a 
gridbox in th e  GISS m odel, b u t no t in th e  N C A R  
and G F D L  m odels; th e  G ISS m odel has tw o lay
ers w ith in  th e  ice, w hereas th e  N C A R  and  G FD L  
m odels have a  single layer. T h is  also is tru e  for the 
nu m b er of soil layers used for the  soil m oistu re  and 
surface te m p e ra tu re  ca lcu lations; for th e  form er, the  
N C A R  an d  G F D L  m odels have a  prescribed  field 
capacity  of 15 cm  everyw here, w hereas th e  GISS 
m odel uses a  geographical d is trib u tio n  w ith  values 
th a t  range from  2 to  65 cm  for b o th  layers to g e th er.

#

T he p aram ete riza tio n  of cum ulus convection is 
sim ilar in the  N C A R  and  G FD L  m odels and  differ
en t in th e  GISS m odel. T he N C A R  and G F D L  m od
els em ploy m oist convective ad ju s tm en t, the  form er 
w ith  a  c ritica l re la tive h u m id ity  for the  existence 
of convection of 80%, an d  th e  la tte r  w ith  a  value 
of 100%. T he GISS m odel uses a  p a ram ete riz a 
tion  of cum ulus convection w ith  sim ilarities  to  th a t  
of A rakaw a et al. (1969), w hich includes shallow , 
m iddle-level, and deep convection.

T he tre a tm e n t of te rre s tr ia l and  solar rad ia tio n  
is s im ilar in the  th ree  m odels in th a t  they  include 
the principal absorbers an d  em itte rs , H 2 O, C O 2 , 
and  ozone (O3). T he N C A R  and  GISS m odels 
also include abso rp tion  of solar rad ia tio n  by oxy
gen (O 2 ), and  the  GISS m odel also  includes so lar 
ab so rp tio n  by n itrogen  dioxide (N O 2 ), and th e  ef
fects of n itro u s  oxide (N 2 O) and m ethane  (CH4) 
are  included in the  longw ave rad ia tio n  ca lcu lation . 
T he so lar ca lcu lation  essen tially  follows th e  m ethod  
of Lacis and  H ansen (1974) in all th ree  G C M s, a l
though  different band  m odels a re  used in th e  long
w ave in each G CM . T he p rescrip tions of th e  surface 
albedo  and  surface em issiv ity  also are  d ifferent in 
each m odel. Even th e  value of the  solar co n stan t 
differs am ong the  m odels. T he GISS and  N C A R  
m odels use 1367 and  1370 W m"^^, respectively, 
w hich are  w ith in  th e  cu rren t observational uncer
ta in ty , w hereas the  G F D L  m odel uses 1467 W m “ ^. 
Only th e  GISS m odel includes the  d iu rn a l cycle as 
well as th e  seasonal cycle.

All th ree  m odels form  clouds by b o th  large-scale 
condensation  and convection. Large-scale clouds oc
cur when th e  re la tive hum id ity  exceeds 80, 99, and  
100% in th e  N CA R, G F D L , and  GISS m odels, re
spectively ; a lthough  th e  GISS m odel assigns cloud 
cover in a  gridbox only a  ce rta in  p ercen tage of th e  
tim e (based on an ex tra p o la ted  subgrid-scale tem 
p e ra tu re  variance, ca lcu la tion  of th e  fraction  o f the 
gridbox th a t  is sa tu ra te d , and  com parison  to  a  ra n 
dom  num ber generated  in th e  in te rv a l 0 to  1) to  
m im ic th e  effect of p a r tia l cloud cover. Large-scale 
cloud cover is 100, 95, an d  100% in th e  G F D L , 
N C A R , and  GISS m odels, respectively. C onvec
tive clouds occur when th ere  is m oist convection in 
all th ree  m odels, a lth o u g h  th e  GISS m odel ac tua lly  
generates a  convective cloud only if an o th e r con
tingency te s t based on a  ran d o m  n u m b er g en era to r 
is satisfied. C onvective cloud cover is 100% in th e
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G FD L  and  GISS m odels, and  0.30/iV  per layer in 
th e  N C A R  m odel, w here N  is th e  nu m b er of layers 
undergoing convection . T he op tica l p ro p e rtie s  of 
clouds depend on w h e th e r they  are  low, m iddle, or 
high clouds in th e  G F D L  and  N C A R  m odels, as well 
as on the  solar zen ith  angle in th e  N C A R  m odel. In 
th e  GISS m odel th e  o p tical d ep th  of clouds depends 
on th e ir tem p e ra tu re , pressure, and  pressure th ick 
ness.

From  th is  descrip tion  of th e  ch a rac te ris tic s  of 
th e  th ree  m odels, it  ap p ears  th a t  th e  N C A R  and 
G FD L  m odels a re  q u ite  sim ilar, bo th  in th e  fun
dam en ta l num erical approaches and  in th e  physical 
pa ram ete riza tio n s. T he GISS m odel differs from  the  
N C A R  and G F D L  in b o th  of these ch arac te ristic s . 
R egarding the  physics, the  principal differences are 
found in th e  tre a tm e n ts  of cum ulus convection, sea 
ice, soil m o istu re , and  surface tem p era tu re . T he 
tre a tm e n t of clouds is d ifferent in each of th e  m od
els, again p a rticu la rly  in th e  GISS m odel.

F inally , Table 4.4 shows th e  length  of th e  in te 
g ra tio n  and the  averag ing  period  of th e  resu lts  for 
each of the  m odel s im ula tions. T he N C A R  sim ula
tio n  uses an  accelera tion  m eth o d  to  a t ta in  equilib
rium  w ith  a  m in im um  of com pu ter tim e, w hereas 
th e  GISS and  G F D L  sim u la tio n s are s tra ig h tfo r
w ard in teg ra tio n s of th e  m odel. T he GISS and  
G F D L  resu lts  a re  averages over th e  las t 10 years 
of 35- and  49-year in teg ra tio n s , respectively, and 
th e  N C A R  resu lts  a re  averages over th e  la s t 3 years 
ob ta ined  from  11 u naccelera ted  and  16 accelerated  
years (solar cycles).

4.3.4.1 C om parison  of th e  S im ulated  and  
O bserved 1 x C O 2  C lim ates

T he 1 X C O 2  c lim ates s im u la ted  by th e  GISS, 
N CA R, and  G F D L  m odels w ith  p red ic ted  clouds 
are com pared  w ith  th e  observed c lim ate  in Table 
4.5 in te rm s of th e  an n u a l global m ean surface 
a ir tem p e ra tu re  and  p rec ip ita tio n  ra te . T h is  t a 
ble shows th a t  b o th  th e  N C A R  and  G F D L  m od
els slightly  o v erestim a te  th e  te m p e ra tu re , w hereas 
th e  GISS m odel m atches th e  e s tim ated  value of 
14.2°C. T he la rg est te m p e ra tu re  difference is d is
played by th e  G F D L  m odel, a  resu lt th a t  p erh ap s is 
n o t surprising  considering th a t  th e  p rescribed  solar 
co n stan t for th is  m odel exceeds th e  observed value 
by ab o u t 100 W (T able 4.4). T able 4.5 also

shows th a t  all th ree  m odels overestim ate  th e  ob
served p rec ip ita tio n  ra te ; how ever, the  differences 
are probably  w ith in  th e  u n ce rta in ty  of th e  observed 
value. C om paring  th e  resu lts  of Table 4.5 and  F ig 
ure 4.14 show s th a t  th e  tem p era tu res  s im u la ted  by 
these th ree  m ost recen t stud ies are m ore accu ra te  
th a n  those sim u la ted  in th e  earlier studies, a lth o u g h  
th e  p rec ip ita tio n  differences are  generally larger. In 
th e  following sections, we p resen t and  discuss th e  
la titu d e -a ltitu d e  te m p e ra tu re  cross sections and  the  
geographical d is tr ib u tio n s  of th e  surface a ir tem p er
a tu re  and  p rec ip ita tio n  ra te  for th e  GISS, N C A R , 
an d  G F D L  m odels.

Table 4.5
A nnual G lobal M ean Surface A ir T em pera tu re  

and  P rec ip ita tio n  R a tes  for T hree  GCM  Sim ulations 
and Difference From  th e  C orresponding  O bserved Values

Study
T em pera tu re

(°C )
GCM  Diff.“

P rec ip ita tio n  
(mm d “ ')  

GCM Diff.‘
H ansen e t al. 

(1984)
14.2 0.0 3.2 0.6

W ashington and 
M eehl (1984)

14.4 0.2 3.3 0.7

W etherald  and 
M anabe  (1986)

14.8 0.6 2.9 0.3

“ Difference betw een m odel w ith 1 x C O 2  and  observed value of 
14.2°C, which is based on d a ta  of C ru tch er and M eserve (1970) 
and T aljaard  et al. (1969) as given by Jenne (1975).

* Difference betw een m odel w ith 1 x C O 2  and  observed value of 
2.6 mm d ~ ',  which is based  on lae g e r (1976).

G IS S  Model  (Hansen et al. 1984).  T he la titu d e - 
a ltitu d e  cross sections of th e  zonal m ean a ir tem 
p e ra tu re  sim u la ted  by th e  GISS m odel for D JF  
and  J J A  are p resen ted  in F igures 4.18 and  4.19, 
respectively, to g e th e r w ith  th e  corresponding ob
served and  sim ulated-m inus-observed  fields. These 
figures show th a t  th e  m odel correctly  sim ula tes th e  
decrease of te m p e ra tu re  w ith  increasing a ltitu d e  
in th e  troposphere , th e  low-level inversion in the  
A rctic  w in ter, th e  cold tro p ica l tropopause , and  
th e  nearly  iso therm al s tru c tu re  of the  s tra to sp h ere . 
T he largest erro rs  occur in th e  s tra to sp h ere  w here 
th e  te m p e ra tu re  is 5 -10°C  colder th a n  is observed 
over th e  A rc tic  during  b o th  seasons, and  10-15°C  
w arm er and  colder th a n  is observed over th e  A n ta rc 
tic  in w in ter an d  sum m er, respectively. T em pera
tu res  ab o u t 5°C w arm er th a n  those observed are
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F ig u r e  4 .1 8 . L a titu d e -a ltitu d e  cross section of th e  zonal m ean a ir 
te m p e ra tu re  (°C ) for D JF : (top) sim ula ted  w ith th e  GISS GCM 
by H ansen et al. (1984); (m iddle) observed based on O ort (1983); 
(b o tto m ) sim ulated  m inus observed w ith negative values shaded.

sim u la ted  in th e  u pper tro p ica l tro p o sp h ere  during  
b o th  seasons and  a t  th e  surface near 50°N in w in ter.

T he geographical d is trib u tio n s  of th e  surface 
a ir  te m p e ra tu re  sim u la ted  by th e  GISS m odel for 
D JF  and  J J A  are  show n in F igures 4.20 an d  4.21, 
respectively , to g e th er w ith  th e  corresponding  ob
served and  sim ula ted-m inus-observed  tem p e ra tu re  
d is trib u tio n s . These figures show  th a t  du rin g  b o th  
seasons th e  m odel s im u la tes  th e  observed general 
decrease of surface a ir te m p e ra tu re  w ith  la titu d e
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F ig u r e  4 .19 . As in F igu re  4.18, except for JJA .

from  th e  trop ics to w ard  b o th  poles^ and  th e  land- 
ocean tem p e ra tu re  co n tra s ts . T he errors in the  
sim u la ted  a ir  te m p e ra tu re  over th e  open ocean are 
less th an  5°C v irtu a lly  everyw here. U ndoubtedly  
these sm all errors a re  p a r tly  th e  resu lt of th e  geo
graphical and seasonal p rescrip tion  of th e  horizon ta l 
oceanic h ea t t ra n s p o r t  as described in th e  preced
ing section and  in Table 4.4. T he largest m aritim e  
surface a ir  tem p e ra tu re  erro rs are found over the  
A rc tic  and  A n ta rc tic  sea ice, w here th e  sim u la ted

* It is of in te res t to  no te  th a t if the  E a rth  did no t have an  ocean, 
th e  m axim um  D JF  and JJA  tem p era tu res  w ould be located  
in the  high la titu d es  of the  sum m er hem isphere, no t in the  
trop ics (Schlesinger and G ates 1981).
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tem p era tu res  are up  to  5 -10°C  colder th an  the  ob
served tem p era tu res . However, th e  sim ulated  tem 
p era tu res  a re  w arm er th an  th e  observed tem p e ra 
tu res near 100° W on th e  periphery  of A n ta rc tica . 
T his m ay be re la ted  to  th e  fact th a t  th e  sim ula ted  
sea ice ex ten t is ab o u t 15% less th a n  th a t  shown 
by the  clim ato logies of W alsh and  Johnson  (1979) 
and  A lexander and  M obley (1976). O ver land the 
sim ula ted  surface a ir tem p e ra tu re s  generally agree 
w ith  th e  observed values to  w ith in  ± 5 °C . These rel
atively  sm all erro rs  probab ly  are th e  resu lt of the  
use of th e  tw o  soil layers and  geographically  p re 
scribed field capacities  for s to ring  soil m oistu re  as 
described in th e  preceding section and  Table 4.4. 
E xceptions are found over G reen land  during  bo th  
seasons, over n o rth ea s te rn  A sia and  N orth  A m er
ica du ring  w in ter, over the  N orth  A m erican plains 
in sum m er and  over A n ta rc tica , p a rticu la rly  during  
sum m er. T his s im u la tion  of w arm er-than-observed  
surface a ir tem p e ra tu re s  over A n ta rc tic a  is an error 
com m on to  m ost G C M s (Schlesinger 1984b).

T he geographical d is trib u tio n s  of the  p rec ip ita 
tion  ra te  sim u la ted  by th e  GISS m odel for D JF  and 
J JA  are show n in F igures 4.22 and  4.23, respec
tively, to g e th e r w ith  the  correspond ing  observed 
and sim ulated-m inus-observed  p rec ip ita tio n  d is tr i
bu tions. T hese figures show th a t  du ring  b o th  sea
sons th e  m ax im um  p rec ip ita tio n  is sim u la ted  in the  
equa to ria l region from  the  Indian  O cean to  the  cen
tra l Pacific O cean as observed, and  p rec ip ita tio n  
m ax im a are  s im u la ted  so u th  of th e  E q u a to r in D JF  
and  n o rth  of th e  eq u a to r in J JA  over A frica and 
S outh  A m erica as observed. A p rec ip ita tio n  m ax i
m um  is sim u la ted  in D JF , and  a  m in im um  in J JA , 
near th e  G u lf of A laska as observed. P rec ip ita 
tion  m in im a are sim u la ted  in the  S ou thern  Hem i
sphere su b tro p ics  off th e  w est coasts of A frica, A us
tra lia , and  S ou th  A m erica du ring  b o th  seasons as 
observed, an d  p rec ip ita tio n  m in im a are  sim ulated  
over th e  A rc tic  and  A n ta rc tic  du rin g  b o th  seasons 
as observed. T here  are also erro rs in the  sim ula ted  
p rec ip ita tio n  ra te . For exam ple, th e  m odel sim u
la tes an  A sian  m onsoon in  D JF  as well as in J JA , 
the  s im u la ted  p rec ip ita tio n  over th e  tro p ica l cen tra l 
Pacific O cean and  th e  tro p ica l A tlan tic  O cean is 
larger th a n  th e  observed values in b o th  seasons, and  
the  m odel u n d erestim a tes  th e  p rec ip ita tio n  ra te  ob
served betw een  60° E  and  th e  da te line  off th e  coast of
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F ig u r e  4 .2 0 . G eographical d is trib u tio n  of th e  surface a ir  tern* 
p e ra tu re  (®C) for D JF : (top) sim ulated  w ith th e  GISS GCM  by 
Hansen et al. (1984); (m iddle) observed based on C ru tch er and 
M eserve (1970) and  T aljaard  et al. (1969) as available from the  
N ationa l C en te r for A tm ospheric R esearch archive (Jenne  1975); 
(b o tto m ) sim ula ted  m inus observed w ith n egative  values shaded.

A n ta rc tic a  in D JF . T his la tte r  d iscrepancy is com 
m on to  all G C M s (Schlesinger 1984b) and  m ay ac
tually  rep resen t an  erro r in th e  p rec ip ita tio n  obser
vations. On balance, considering th e  u n ce rta in ty  of 
the  p rec ip ita tio n  observations over th e  oceans, th e  
sim u la ted  p rec ip ita tio n  ra te s  can be considered in 
reasonable ag reem en t w ith  th e  observations, p a rtic 
ularly  given th e  coarse horizon ta l reso lu tion  of th e  
GISS m odel (T able 4.4).

N C A R  Model  (Wash ington  and Meehl  1984)- 
T he la titu d e -a ltitu d e  cross sections of th e  zonal 
m ean a ir te m p e ra tu re  s im u la ted  by th e  N C A R  
m odel for D JF  and  J J A  are  p resen ted  in F igures 
4.24 and  4.25, respectively, along w ith  th e  corre
sponding  observed and  sim ulated-m inus-observed  
fields th a t  were determ ined  graph ically  by hand .

116 Projecting the Climatic Effects o f Increasing Carbon Dioxide



3 0 E  6 0 E  9 0 E  I20E  I5 0 E SOW I20W 9 0 W  60 W  30W

SOW I20W  90 W  6 0 W  30 W  0  3 0 E

#

30W 0  3 0 E  6 0 E  9 0 E  i2 0 E  iSOE ' 0 0  iSOW 120W 90 W  6 0 W  30 W  0  3 0 E

F ig u r e  4 .2 1 . As in F igure 4.20, except for JJA .

T he observed te m p e ra tu re  d a ta  set chosen by W ash
ington  and  M eehl and  shown in these figures is not 
th e  sam e as th a t  show n in F igures 4.18 and  4.19. 
F igures 4.24 and  4.25 show th a t  the  m odel correctly  
reproduces th e  decrease of te m p e ra tu re  w ith  in 
creasing a ltitu d e  in th e  tro p o sp h ere , w ith  a  low-level 
inversion in th e  A rctic  w in ter and  th e  cold trop ical 
tropopause , the  nearly  iso therm al s tru c tu re  of the  
s tra to sp h e re  in th e  w in te r p o lar region, and  th e  in 
crease of te m p e ra tu re  w ith  la titu d e  from  th e  w in ter 
to  sum m er poles in th e  m iddle s tra to sp h ere . T he 
sim ula ted  te m p e ra tu re s  in b o th  seasons a re  colder 
th a n  th e  observed te m p e ra tu re s  everyw here except 
in th e  m iddle s tra to sp h e re , th e  trop ica l tro p o p au se , 
and  near th e  surface in th e  trop ics, w ith  erro rs in 
excess of -1 0 ° C  located  in th e  lower s tra to sp h e re  
over th e  poles.

T he geographical d is trib u tio n s  of th e  surface 
a ir  te m p e ra tu re  sim u la ted  by th e  N C A R  m odel for 
D JF  and  J J A  are show n in F igures 4.26 and  4.27,
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70N-
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F ig u re  4 .2 2 . G eographical d is trib u tio n  of th e  p rec ip ita tio n  ra te  
(mm d “ ' )  for D JF : (to p ) sim ulated  w ith the  GISS GCM  by Hansen 
e t al. (1984); (m iddle) observed based on Jaeger (1976); (bo ttom ) 
s im ulated  m inus observed w ith negative values shaded.

respectively, to g e th er w ith  the  corresponding  ob
served tem p era tu res . T hese figures show th a t  d u r
ing b o th  seasons th e  m odel sim ula tes th e  general 
decrease of surface a ir tem p e ra tu re  w ith  la titu d e  
from  the  trop ics to w ard  the  poles and  th e  tem p er
a tu re  c o n tra s ts  betw een th e  land and  ocean. How
ever, the  m odel generally overestim ates th e  tem p er
a tu re s  over th e  easte rn  trop ica l oceans, over land 
in the  trop ics w here erro rs ranging from  5 to  15“C 
are found, over th e  co n tin en ta l in terio rs  in sum m er 
and N orth  A m erica in w in ter, and  over A n ta rc 
tica  in w in ter by as m uch as 20°C. As previously 
no ted , th e  s im u la tio n  of excessively w arm  surface 
air tem p era tu res  over A n ta rc tic a  is com m on to  m ost 
G C M s (Schlesinger 1984b). O n th e  o th e r hand , 
th e  N C A R  m odel u n d erestim a tes  the  m aritim e  su r
face air te m p e ra tu re s  in the  high la titu d e s , p a r tic u 
larly  in the  w in ter hem isphere. In assoc ia tion  w ith
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these co lder-than-observed  high la titu d e  tem p era 
tu res , th e  m odel o v erestim ates th e  observed equa
to rw ard  ex ten t of sea ice. These errors m ay be th e  
resu lt of the  absence of horizon ta l h ea t tra n sp o r t in 
the  m ixed-layer ocean m odel.

T he geographical d is trib u tio n s  of th e  p rec ip ita 
tion  ra te  sim u la ted  by th e  N C A R  m odel for D JF  
and  J JA  are shown in F igures 4.28 and  4.29, respec
tively, to g e th er w ith  th e  corresponding  observed 
d is trib u tio n s . T hese figures show th a t  th e  m odel 
s im ula tes m any of th e  ch a rac te ris tic s  of the  ob
served p rec ip ita tio n  p a tte rn s . In p a r ticu la r, the  
m odel s im ula tes th e  trop ica l m aritim e  p rec ip ita 
tion  m axim um  th a t  ex tends from  the  Indian  Ocean 
across th e  Pacific O cean, th e  p rec ip ita tio n  m axim a 
over S outh  A m erica in D JF  and  over A frica du ring  
b o th  seasons, the  Indian  and  S ou theast A sian m on
soons, th e  su b tro p ica l dry regions over the  easte rn  
oceans in b o th  hem ispheres, and  the  p rec ip ita tio n  
m in im a in th e  A rc tic  and  A n tarc tic . However, the
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F ig u r e  4 .2 4 . L a titu d e -a ltitu d e  cross section of the  zonal m ean 
a ir tem p era tu re  (°C ) for D JF : (top) sim ulated  w ith th e  NCAR 
GCM by W ashington and M eehl (1984); (m iddle) observed based 
on Newell e t al. (1972); (b o tto m ) sim ula ted  m inus observed, ob 
ta ined  by graph ical su b trac tio n  of th e  to p  and  m iddle panels; neg
ative  values are shaded.

m odel fails to  s im u la te  th e  p rec ip ita tio n  m ax im a 
off the  w est coast of Chile in D JF  and  over C en tra l 
A m erica in J J A  as well as th e  m ax im a located near 
the  A n ta rc tic  coast in D JF . F u rth erm o re , th e  p re
c ip ita tio n  s im u la ted  near 40°S exceeds th e  observed 
p rec ip ita tio n  during  b o th  seasons, as does th e  sim 
u la ted  p rec ip ita tio n  east of th e  A sian m ain land .
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GF DL Model (Wetherald  and Manabe 1986).  
T he la titu d e -a ltitu d e  cross sections of th e  zonal 
m ean a ir te m p e ra tu re  s im u la ted  by th e  G FD L 
m odel for D JF  and  J JA  are presen ted  in F igures 
4.30 and  4.31, respectively , along w ith  th e  corre
sponding observed fields. T he observations are  the 
sam e as those  shown for com parison w ith  th e  GISS 
m odel s im u la tio n s (F igures 4.18 and  4.19) and  are 
therefore d ifferent from  those p resen ted  w ith  the 
N C A R  m odel s im u la tio n s (F igures 4.24 and  4.25). 
F igures 4.30 an d  4.31 show th a t  th e  G F D L  m odel 
sim ula tes th e  observed te m p e ra tu re  s tru c tu re  of the

tro p o sp h ere  and s tra to sp h ere  in bo th  seasons rea
sonably well, including the  surface inversion in the  
high la titu d e s  of the  w in ter hem isphere, th e  cold 
trop ica l tro p o p au se , and the  s tra to sp h eric  tem p er
a tu re  m inim um  in the  po lar n igh t region. How ever, 
a  com parison of the  sim ula ted  and  observed tem p e r
a tu re s  also shows several q u a n tita tiv e  errors. T he 
m odel s im ula tes tem p era tu res  a t  the  surface th a t  
are w arm er th an  observed by 5°C over A n ta rc tic a  
and  10°C over the  c ircum -A ntarc tic  ocean during  
b o th  seasons, and  by 5°C in th e  trop ics during  
D JF . F u rth erm o re , th e  tem p e ra tu re s  sim u la ted  in 
th e  n o rth  po lar region are 5°C to o  cold in w in ter 
and  5°C too  w arm  in sum m er. T he m odel also sim u
la tes th e  m in im um  trop ica l tro p o p au se  te m p e ra tu re  
to  be w arm er th an  observed by 5°C in J JA  and  10°C 
in D JF , th e  p o lar-n igh t m in im um  tem p era tu res  to  
be colder th an  observed by 5°C in J JA  and  20“C in 
D JF , and th e  sum m er po lar s tra to sp h eric  tem p e r
a tu re s  to  be 10"^C too  w arm  in J JA  and  10°C too  
cold in D JF .

T he geographical d is trib u tio n s  of th e  surface 
a ir  te m p e ra tu re  sim ula ted  by th e  G F D L  m odel for 
D JF  and  J JA  are shown in F igures 4.32 and  4.33, 
respectively , to g e th er w ith  the  observed tem p era 
tu res. T hese figures show th a t  th e  G F D L  m odel 
is successful in reproducing  m ost of th e  fea tu res 
of th e  observed tem p e ra tu re  d is trib u tio n s  for b o th  
seasons. T he m ost no tab le  m odel errors a re  found 
over G reenland  and  A n ta rc tica , w here the  sim u la ted  
tem p e ra tu re s  are 10°C to  20°C w arm er th a n  ob
served during  bo th  D JF  and J JA , and  over th e  low- 
la titu d e  co n tin en ta l regions, w here the  sim ula ted  
tem p e ra tu re s  are  5°C w arm er th an  observed d u r
ing b o th  seasons.

T he geographical d is trib u tio n s  of the  p rec ip ita 
tion  ra te  sim u la ted  by the  G F D L  m odel for D JF  
and  J JA  are shown in F igures 4.34 and  4.35, re
spectively, to g e th er w ith  the  corresponding  obser
vations. F igure 4.34 shows th a t  th e  m odel sim u
la tes th e  sub trop ica l dry regions off the  w est coasts 
of A frica, A u stra lia  and  S outh  A m erica reasonably  
well, b u t o v erestim ates the  p rec ip ita tio n  over n o rth 
ern A frica, the  H im alayas and  m ost of A sia, the 
N orth  Pacific and  N orth  A tlan tic  oceans, and  the  
p o lar regions of bo th  hem ispheres. T he m odel is 
successful in reproducing  th e  p rec ip ita tio n  m ax im a 
th a t  ex tend  from  A frica to  th e  cen tra l Pacific O cean 
and  th e  m axim um  p rec ip ita tio n  over South  A m erica
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W ashington and M eehl (1984); (b o tto m ) observed for Ja n u a ry  from Schutz and G ates (1971) based on C ru tch er and  M eserve (1970) and 
T aljaa rd  et al. (1969). S im ulated  sea ice lim its show th e  edge of sea ice 0.2 m th ick . O bserved sea ice lim its from A lexander and  M obley 
(1976).

and the  G u lf of A laska, b u t fails to  s im u la te  th e  p re
c ip ita tio n  m ax im a w est of C hile and  near A n ta rc tica  
betw een 70°E and  150°W  longitude. How ever, as 
previously no ted , th e  la t te r  observed p rec ip ita tio n  
m axim um  is n o t found in o th er observed d a ta  sets 
and  so m ay be spurious. F igure 4.35 shows th a t  the 
m odel sim u la tes th e  observed p rec ip ita tio n  for J JA  
w ith  g rea te r accuracy  th a n  th a t  for D JF , w ith  dry 
regions over th e  su b tro p ica l easte rn  ocean basins.

N orth  A frica eastw ard  to  cen tra l A sia, and  th e  G ulf 
of A laska, and  ra iny  regions in th e  in te rtro p ica l con
vergence zones, the  A sian m onsoon, an d  off th e  w est 
coast of Chile. T he m ost p ro m in an t erro rs a re  th e  
overestim ates of p rec ip ita tio n  in the  su b tro p ics of 
the  S ou thern  H em isphere, th e  A sian m onsoon, and  
the  p o lar regions of b o th  hem ispheres.
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4.3.4.2 C om parison  O f R ecent S im ulations 
O f 2 X  C O 2  -  1 X  C O 2  

C lim ate  C hanges

T he 2 X  C O 2  -  1 X  C O 2  c lim ate  changes sim ula ted  
by th e  GISS m odel (H ansen et al. 1984), th e  N C A R  
m odel (W ash ing ton  and  M eehl 1984) and  the  G FD L  
m odel (W ethera ld  and  M anabe, 1986) a re  shown 
in T able 4.3 for th e  an n u a l global m ean surface 
a ir tem p e ra tu re  and  p rec ip ita tio n  ra te . T his tab le  
show s th a t  these m odels s im u la te  a  C 02-induced  
w arm ing  of th e  surface a ir  tem p e ra tu re  of 3.5 to

4.2°C and  an increase in th e  p rec ip ita tio n  ra te  of
7.1 to  11.0%.

It is of in te re st to  co n tra s t these resu lts  w ith  
those ob ta in ed  from  th e  earlier stud ies show n in 
T ables 4.2 and  4.3. An earlier version of th e  GISS 
m odel w ith  com puted  clouds and  an n u a l m ean in 
so la tion  (H ansen 1979) ob ta in ed  a  3 .9°C  w arm ing 
and  a  6.0% increase in p rec ip ita tio n  ra te , w hereas 
th e  cu rren t GISS m odel w ith  com puted  clouds and  
th e  annual inso lation  cycle o b ta in ed  4.2°C  and  11%. 
T he con tem porary  N C A R  m odel w ith  com pu ted  
clouds and  an n u a l m ean inso lation  (W ash ing ton  and
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F ig u r e  4 .2 8 . G eographical d is trib u tio n  of th e  p recip ita tio n  ra te  (m m  d ' )  for D JF : (top) sim ulated  w ith th e  NCA R GCM  by 
W ashington and  M eehl (1984); (b o tto m ) observed based on Jaeger (1976).

M eehl 1983) ob ta in ed  a  1.3°C w arm ing  and  a  3.3% 
increase in p rec ip ita tio n  ra te , w hereas th e  N C A R  
m odel w ith  com puted  clouds and  th e  annual inso
lation  cycle ob ta ined  a  3.5°C w arm ing  and  7.1% in
crease in p rec ip ita tio n  ra te . T hus, b o th  th e  GISS 
and N C A R  m odels w ith  th e  an n u a l inso lation  cycle 
produce a  larger 2 x C 02-induced  clim ate  change 
th an  these m odels w ith  an n u a l m ean inso lation . 
These resu lts  are in co n tra s t to  w h a t w as found by 
W etherald  and  M anabe (1981) from  a  m odel w ith  
idealized geography and  fixed clouds, nam ely th a t

th e  4 X C 0 2-m duced  c lim atic  change w ith  th e  an 
nu al in so la tion  cycle w as less th a n  th a t  w ith  annual 
m ean inso la tion  (see Tables 4.2 and  4.3).

R egard ing  th e  GISS m odel, th e  resu lt m ay be 
caused by th e  differences betw een th e  versions of 
th e  m odel used by Hansen (1979) and  H ansen 
e t al. (1984). F u rth erm o re , th e  GISS m odels 
were global w ith  realistic  geography and  p red ic ted  
clouds, w hereas th e  G F D L  m odel used by W ether
ald and  M anabe  (1981) w as a  secto r of th e  E a r th  
w ith  idealized geography and  fixed clouds. These 
differences m ay also co n trib u te  to  th e  difference
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w ith  th e  N C A R  m odel. However, a  m ore likely ex
p lan a tio n  lies in th e  ice-albedo feedback m echanism  
and  the fact th a t  b o th  G F D L  sim ula tions w ere p e r
form ed w ith  a  m ixed-layer ocean m odel, w hereas a 
m ixed-layer ocean m odel w as used in th e  seasonal 
N C A R  sim u la tio n  and  a sw am p ocean m odel in the  
an n u a l N C A R  sim u la tio n . T he 1 x C O 2  an n u a l sim 
u la tio n  w ith  th e  G F D L  m odel is colder th a n  th e  1 
X C O 2  seasonal s im u la tion  (F igure 4.17) and  likely 
has a  larger sea ice ex ten t; th is  w ould p roduce a 
larger C 0 2 -in d u ced  ice-albedo feedback an d  larger 
w arm ing. T he 1 x C O 2  annual s im u la tion  w ith  the

N C A R  m odel is also colder th a n  th e  1 x C O 2  sea
sonal N C A R  sim ula tion  (see F igure 4.14 and  Table 
4.5); therefore, it w ould also be expected  to  have 
a  larger w arm ing . T he fact th a t  it has a  sm aller 
w arm ing m ay ind ica te  th a t  th e re  is less sea ice in 
th e  1 X C O 2  seasonal s im ula tion  w ith  th e  m ixed- 
layer ocean m odel. P erh ap s less sea ice occurs in 
th e  sw am p m odel because it is d iagnostically  d e te r
m ined and  can th u s  change to  open ocean (and  vice 
versa) in a  single tim e step , w hereas th e  sea ice in 
the  m ixed-layer m odel is prognostically  determ ined
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and , therefo re , changes m ore slowly. C learly, fu r
th e r analyses of th e  sim u la tions are  required  to  clar
ify th e  co n trad ic tio n  betw een  th e  stud ies of H ansen
(1979), W etherald  and  M an ab e  (1981), W ashington 
and  M eehl (1983, 1984), and  H ansen et al. (1984).

C om paring  th e  resu lts  of th e  W etherald  and 
M anabe (1986) s tu d y  w ith  those  of M anabe and  
Stouffer (1980) is also useful. T able 4.3 shows 
th a t  th e  4.0°C  w arm ing ob ta in ed  by W etherald  and 
M anabe (1986) for a  C O 2  doubling is v irtually  the  
sam e as th e  4.1°C  w arm ing  ob ta in ed  by M anabe 
and  Stouffer for a  C O 2  q u ad rup ling , w ith  th e  p e r
cen tage change in p rec ip ita tio n  ra te  being larger for 
th e  C O 2  doubling th a n  for th e  quadrup ling . As de
scribed in Section 4.3.4 and  show n in Table 4.4, the  
only difference betw een th e  m odels used by M an
abe and  Stouffer (1980) and  W etherald  and  M an
abe (1986) is th a t  clouds are p rescribed  in th e  for
m er and  p red ic ted  in th e  la tte r . T hus, these resu lts 
ind icate  th a t  clouds are  of ex trem e im p o rtan ce  in 
C 02-induced  clim ate  change. B u t th is  co n trad ic ts

th e  findings of M anabe and  W etherald  (1975, 1980) 
and  W ashington and  M eehl (1983) show n in T a
ble 4.2, which in d ica te  v irtu a lly  no difference be
tw een  th e  C 02-in d u ced  te m p e ra tu re  changes w ith  
prescribed  and  p red ic ted  clouds. T he ex p lan a tio n  
for th is  co n trad ic tio n  rem ains to  be determ ined .

In th e  following discussion we p resen t th e  geo
g raph ical and  tem p o ra l d is trib u tio n s  of th e  2 x 
C O 2  -  1 X  C O 2  c lim ate  changes sim u la ted  by th e  
GISS, N C A R , and  G F D L  m odels.

Temperature.  In th is  subsection we p resen t 
la titu d e -a ltitu d e  cross sections, geographical d is tr i
b u tions, and  la titu d e -tim e  cross sections of th e  equi
lib rium  te m p e ra tu re  changes induced by doubled 
C O 2  as sim u la ted  by th e  G F D L , GISS, and  N C A R  
m odels.

T he la titu d e -a ltitu d e  cross sections of th e  zonal 
m ean 2 x C O 2  -  1 x C O 2  a ir te m p e ra tu re  differ
ences sim u la ted  by th e  G F D L , GISS, and  N C A R  
m odels for D JF  an d  J J A  are presen ted  in F igures
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4.36 and  4.37, respectively, from  the  surface to  the  
m iddle of th e  upperm ost layer of each m odel. These 
cross sections show the  following q u a lita tiv e  sim i
larities: (1) th e  C 02-induced  te m p e ra tu re  changes 
du ring  b o th  seasons are negative in th e  s tra to sp h ere  
above 20 km  and positive in th e  lower s tra to sp h ere , 
tro p o sp h ere , and  a t  th e  surface; (2) th e  s t ra to 
spheric cooling increases w ith  a lti tu d e  everyw here 
during  b o th  seasons; (3) th e  tro p o sp h eric  w arm 
ing increases w ith  a ltitu d e  betw een a b o u t 30°S and 
30°N in D JF  and  betw een ab o u t 40°S and  90°N in 
JJA ; and  (4) th e  surface w arm ing  increases from  
th e  trop ics tow ard  th e  h igher la titu d e s  in th e  w in
te r hem isphere in bo th  seasons and  also in th e  sum 
m er (sou thern ) hem isphere du ring  D JF . T he cross 
sections also show th e  follow ing q u a n tita tiv e  differ
ences: (1) th e  m ag n itu d e  of th e  m ax im um  s tra to 
sphere cooling a t  25 km  ranges from  —3°C in the  
GISS m odel to  - 8 ° C  in th e  G F D L  m odel d u r
ing b o th  seasons; (2) th e  a ltitu d e  of the  m axim um  
trop ica l tro p o p au se  w arm ing  ranges from  ab o u t 8 
km  in th e  N C A R  m odel to  a b o u t 10 km  in the

G F D L  and  GISS m odels du rin g  b o th  seasons; (3) 
th e  s tra to sp h eric  cooling begins a t  15 km  a ltitu d e  
in the  N C A R  m odel and 20 km  in th e  G FD L  and 
GISS m odels; (4) th e  m ag n itu d e  of the  trop ical 
tro p o p au se  w arm ing  ranges from  3°C in th e  N CA R 
m odel to  7°C in the  GISS m odel for bo th  seasons;
(5) th e  la titu d e  of th e  m axim um  N orthern  Hem i
sphere surface w arm ing in D JF  ranges from  65°N in 
th e  N C A R  m odel to  80°N in th e  G FD L  m odel; and
(6) th e  m agn itude  of th e  m axim um  surface w arm 
ing in th e  w in ter hem isphere ranges from  7°C in 
th e  GISS and  N C A R  m odels to  14°C in th e  G FD L  
m odel during  D JF  and  from  7°C in th e  G FD L  and 
GISS m odels to  13°C in th e  N C A R  m odel during  
JJA .

As previously no ted , co n tra s tin g  th e  G FD L  
m odel stu d y  of W etherald  and  M anabe (1986) w ith  
th a t  of M anabe and  Stouffer (1980) is useful be
cause these m odels differ only in th e ir  tre a tm e n t 
of cloudiness, th e  form er being p red ic ted  and the 
la t te r  being prescribed . C om paring  th e  to p  panel 
of F igure 4.36 w ith  th e  m iddle panel of F igure 4.9
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F ig u re  4 .3 2 . G eographical d is trib u tio n  of the  surface a ir tem 
p e ra tu re  (°C ): (top) sim ulated  for D JF  w ith th e  G FD L GCM  by 
W etherald  and  M anabe  (1986); (b o tto m ) observed for Jan u ary  
from Schutz and G ates (1971) based  on C ru tch er and M eserve 
(1970) and T aljaa rd  e t al. (1969).
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F ig u r e  4 .3 3 . As in F igure  4.32, except: (top) for JJA ; (bo ttom ) 
for Ju ly  from Schutz  and G ates (1972).

and th e  to p  panel of F igure 4.37 w ith  th e  b o t
tom  panel of F igu re  4.9 shows th a t ,  as expected, 
th e  2 X C O 2  -  1 X C O 2  s tra to sp h eric  cooling is 
ab o u t h a lf th e  4 x C O 2  -  1 x C O 2  cooling, b u t the  
2 X C O 2  — 1 X C O 2  tropospheric  and  surface w arm ing

ION - ,

l O S -

90 N

7 0 S -

9 0  S
3 0  ESOW I20W 9 0 W  6 0 W  30W

F ig u r e  4 .3 4 . G eographical d is trib u tio n  of th e  p rec ip ita tio n  ra te  
(mm d “ ^) for D JF : (top) sim ulated  w ith  th e  G FD L  GCM  by 
W etherald  and M anabe  (1986); (b o tto m ) observed based on Jaeger
(1976).
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F ig u r e  4 .3 5 . As in F igure  4.34, except for JJA .

is com parab le to  th e  4 x C O 2  — 1 x C O 2  w arm ing  and  
is even som ew hat larger in th e  A rctic  du ring  D JF . 
T hus, th e  feedback of th e  p red ic ted  clouds in the  
W etherald  and  M anabe (1986) stu d y  ap p a ren tly  al
m ost doubles th e  sensitiv ity  of th e  tro p o sp h eric  and 
surface te m p e ra tu re  changes to  increased C O 2  con
cen tra tio n s .
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F ig u r e  4 .3 6 . L a titu d e -a ltitu d e  cross section of th e  change in 
zonal m ean a ir tem p e ra tu re  (°C ), 2 x C O 2  — 1 x C O 2 , for D JF  
sim ulated  w ith: (top) the  G FD L GCM  by W etherald  and M anabe 
(1986); (m iddle) the  GISS GCM  by H ansen et al. (1984); (bo ttom ) 
th e  NCAR GCM by W ashington and  M eehl (1984). H eavy s tip 
ple ind icates a  tem p e ra tu re  decrease and light stipp le  an increase 
larger th an  4°C.

T he geographical d is trib u tio n s  of th e  2 x C O 2  ~ 
1 X  C O 2  surface air te m p e ra tu re  changes sim ula ted  
by th e  G F D L , GISS, and  N C A R  m odels for D JF  
and  J JA  are presen ted  in F igures 4.38 and  4.39, 
respectively. H ansen e t al. (1984) analyzed  th e  s ta 
tis tica l significance of th e  annual m ean surface air
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F ig u r e  4 .3 7 . As in F igure 4.36, except for JJA .

te m p e ra tu re  changes for the  last 10 years of th e  
GISS sim u la tions and  found th a t  th e  te m p e ra tu re  
change was larger th a n  five tim es th e  s ta n d a rd  de
v ia tion  of th e  con tro l s im ula tion  over m ost of the  
E a rth . W ashington  and  M eehl (1984) perform ed a 
sim ilar analysis for th e  las t 7 years of th e  N C A R  
sim ula tions and  found th a t  th e  tem p e ra tu re  differ
ences were significant a t  or less th a n  th e  5% level a l
m ost everyw here. From  th e  sim ilarity  of th e  7-year 
m ean resu lts  w ith  th e  3-year m ean resu lts  show n in 
F igures 4.38 and  4.39, it is inferred th a t  th e  la t te r
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F ig u r e  4 .3 8 . G eographical d is trib u tio n  of th e  surface air tem p er
a tu re  change (°C ), 2 x C O 2  -  1 x  C O 2 , for D JF  sim ula ted  with: 
(top) the  G FD L GCM  by W etherald  and M anabe  (1986); (m iddle) 
the GISS GCM by H ansen et al. (1984); (b o tto m ) th e  NCA R GCM 
by W ashington and M eehl (1984). S tipp le  ind icates tem p era tu re  
increases larger th an  4°C .

also are significant a t or below the  5% level alm ost 
everyw here.

F igures 4.38 and  4.39 show th a t  all th ree  m od
els s im u la te  a C 0 2 -induced surface a ir tem p e ra tu re  
w arm ing v irtua lly  everyw here. In general, w arm ing 
is m in im um  in the  trop ics during  b o th  seasons, a t 
least over th e  ocean, and  increases tow ard  the  w in
te r pole. T h e  trop ica l m aritim e  w arm ing  m inim um  
ranges from  ab o u t 2°C in the  N C A R  sim ulation  
to  a b o u t 4°C  in the  G F D L  and GISS sim ulations. 
M axim um  w arm ing  in D JF  occurs in th e  A rctic  in 
b o th  th e  G F D L  and  GISS sim u la tions and  occurs 
near 65°N in the  N C A R  sim ula tion . T he m axim um

JOE  6 0 E  9 0 E  I2 0 E  ; 5 0 £  iQO l50 W  120W 90 W  6 0 W  30W

F ig u r e  4 .3 9 . As in F igure 4.38, except for JJA .

w arm ing  in J JA  occurs a round  th e  A n tarc tic  coast 
in all th ree  sim ulations. T he locations of the  w in ter
tim e w arm ing  m axim a in b o th  hem ispheres coincide 
w ith  th e  locations w here the  1 x C O 2  sea ice ex ten t 
re tre a ts  po lew ard in the  2 x C O 2  s im ulation . T he 
m agn itude  of the  w in tertim e w arm ing  m axim a in 
the  N orthern  H em isphere ranges from  10°C in the  
GISS sim u la tion  to  18°C in th e  G FD L  sim ulation , 
and in the  S outhern  H em isphere it ranges from  14°C 
in the  G FD L  sim ula tion  to  18°C in b o th  the  GISS 
and N C A R  sim ula tions. In J J A  there  is a  w arm ing 
m inim um  in th e  A rctic  of ab o u t 2“C in all th ree 
sim ula tions. N ext we will discuss th e  C 02-induced  
w arm ing  for each of th e  con tinen ts .

In A frica the  w arm ing  shows little  seasonal 
dependence in the  G F D L  sim ula tion  w ith  values 
generally  less th an  4°C. T here  is som ew hat m ore
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m

seasonal v a ria tio n  in th e  N C A R  sim ula tion  w ith  val
ues also generally  less th a n  4°C.  T he largest sea- 
on a l v aria tio n  is show n by th e  GISS sim u la tion , 

w ith  w arm ing  in excess of 4°C everyw here in D JF , 
b u t occurring  only in n o rth ern  and  sou th ern  A frica 
in JJA .

In th e  A rab ian  p en in su la  th e  w arm ing  is m ax i
m um  in J JA  in th e  G F D L  and  N C A R  sim ula tions, 
b u t is m ax im um  in D JF  in th e  GISS sim ula tion . In 
Ind ia the  w arm ing  is m in im um  in J JA  in th e  G FD L  
sim ula tion  b u t show s little  seasonal varia tion  in the 
GISS and  N C A R  sim ula tions. In A u stra lia , w arm 
ing in excess of 4°C  is sim u la ted  by all th ree  m odels 
in th e  so u th eas te rn  region in D JF , w hereas w arm 
ing in excess of 4°C is sim u la ted  in J JA  only by the  
GISS m odel.

All th ree  m odels s im u la te  only a  sm all seasonal 
varia tion  in th e  C 02-induced  w arm ing  in South 
A m erica. T he G F D L  m odel sim u la tes w arm ing  less 
th a n  4°C  everyw here except in C hile and  A rgen tina . 
T he GISS m odel sim u la tes a  g rea te r equ a to rw ard  
p en e tra tio n  of th e  4°C w arm ing  th an  th e  G FD L  
m odel. T he N C A R  m odel sim u la tes a w arm ing  of 
2°C in th e  n o rth e rn  region du rin g  b o th  seasons and  
w arm ing of 4°C  over C hile and  A rg en tin a  only d u r
ing D JF .

Large seasonal changes in th e  w arm ing  are sim 
u la ted  over A n ta rc tic a  by all th ree  m odels w ith  the 
w arm ing  increasing  from  sum m er to  w in ter. T he 
sum m ertim e w arm ing  is a b o u t 4°C  in the  G FD L  
and  N C A R  s im u la tio n s  and  is som ew hat sm aller 
in th e  GISS sim u la tio n . T he w in te rtim e  w arm ing 
varies w ith  location  from  ab o u t 4 to  8°C in all th ree  
sim ulations.

In N orth  A m erica th e  w in te rtim e  w arm ing gen
erally  increases w ith  la titu d e  in th e  G F D L  and GISS 
sim u la tions w ith  values of 4°C in th e  south  to  ab o u t 
10°C in th e  n o rth . In co n tra s t, th e  N C A R  m odel 
s im ula tes a  w arm ing  less th an  4°C everyw here w ith 
a  m in im um  of 2°C  centered  over C anada . The 
sum m ertim e w arm ing  is s im u la ted  to  be less th an  
the  w in te rtim e  w arm ing  v irtu a lly  everyw here by 
the  GISS m odel, and  everyw here, except in the  
sou thw est, by th e  G F D L  m odel. On th e  o ther 
h and , th e  su m m ertim e w arm ing  sim u la ted  by the 
N C A R  m odel is larger th a n  th e  sim u la ted  w in te r
tim e w arm ing  over m ost of C an ad a  and the  no rth - 
cen tra l U nited  S ta tes .

In E u rasia  all th ree  m odels s im u la te  a  w in ter 
w 'arm ing th a t  is larger th a n  th e  sum m er w arm ing. 
T he G F D L  and  GISS m odels s im u la te  a  w in tertim e 
w arm ing  th a t  generally increases w ith  la titu d e  from  
ab o u t 4°C  in th e  so u th  to  10°C in th e  n o rth . How
ever, th e  N C A R  m odel s im ula tes a  m in im um  w in
te rtim e  w arm ing in cen tra l A sia. T h is  difference 
is likely caused by th e  m ax im um  w arm ing  in the  
N C A R  m odel being s im u la ted  a t  65°N off th e  east 
and  w est coasts, w hereas th e  m axim um  w arm ing  is 
s im u la ted  in th e  A rctic in th e  G FD L  and GISS m od
els. T he sum m ertim e w arm ing  ranges from  ab o u t 
2°C in th e  N C A R  m odel to  4°C in th e  G F D L  model.

T his p resen ta tio n  of th e  geographical d is tr ib u 
tions of th e  C 0 2 -induced surface a ir tem p era tu re  
changes for D JF  and  J JA  shows th a t ,  a lthough  
th ere  are sim ilarities in th e  sim u la tions of th e  m od
els, p a rticu la rly  th e  la titu d in a l varia tions, th ere  are 
significant differences in b o th  the  m agn itude  and 
seasonality  of th e  regional te m p e ra tu re  changes.

T he la titu d e -tim e  cross sections of th e  zonal 
m ean 2 x C O 2  -  1 x C O 2  surface air tem p e ra tu re  
changes s im u la ted  by th e  G F D L , GISS, and  N C A R  
m odels are presen ted  in F igure 4.40. T h is figure 
show s little  seasonal varia tion  in the C 0 2 -induced 
te m p e ra tu re  changes sim u la ted  by th e  th ree  m od
els betw een 50°S and  30°N, w here the  values range 
from  a b o u t 2°C in the  N C A R  m odel to  ab o u t 4°C in 
th e  GISS m odel. All th ree  m odels s im u la te  a  large 
seasonal varia tion  of the  C 02-induced  tem p era tu re  
changes in th e  regions polew ard of 50° la titu d e  in 
b o th  hem ispheres. In th e  N orthern  H em isphere a 
w arm ing  m inim um  of ab o u t 2°C  is s im ula ted  near 
the  pole by all th ree  m odels in the  sum m er. T he 
th ree  m odels also sim u la te  a  w arm ing  m axim um  in 
fall w ith  values th a t  range from  8°C in th e  N C A R  
m odel to  16°C in th e  G F D L  m odel. T h is  m axim um  
ex tends in to  w in ter in th e  G F D L  and GISS sim 
u la tio n s, b u t n o t in the  N C A R  sim ula tion , which 
exh ib its  a  w arm ing m in im um  near th e  pole. T he 
N C A R  m odel also sim ula tes an o th er po lar w arm ing 
m in im um  in spring th a t  is n o t found in th e  G FD L 
and  GISS sim ula tions. In th e  S outhern  H em isphere, 
all th ree  m odels s im u la te  a  m axim um  w arm ing  in 
w in ter and  a  m in im um  w arm ing  in sum m er. T he 
sum m er w arm ing  m axim um  occurs near th e  A n ta rc 
tic  coast in all th ree  sim u la tions, a lthough  ab o u t 5° 
m ore eq u a to rw ard  in th e  N C A R  m odel s im u la tion  
th an  in th e  G FD L  and GISS m odel s im ula tions, and
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it  ranges from  8°C in th e  G F D L  sim ula tion  to  14‘̂ C 
in the  N C A R  sim ula tion .

G enerally  speak ing , F igure 4.40 shows m ore 
sim ilarities am ong th e  zonal m ean surface a ir  tem 
p e ra tu re  changes sim u la ted  by th e  th ree  m odels 
th a n  was ev iden t in th e  com parison of th e ir deta iled  
geographical d is tr ib u tio n s  (F igures 4.38 and  4.39). 
T his ind ica tes a  p a r tia l cancellation  of th e  differ
ences am ong th e  long itud ina l te m p e ra tu re  changes 
of th e  m odels and  suggests th a t  we m igh t place m ore 
confidence on th e  s im u la ted  zonal m ean tem p era 
tu re  changes th a n  on th e  geographical d is trib u tio n s.

Hydrological Cycle.  In th is  subsection , we 
p resen t th e  D JF  and  J JA  geographical d is tr ib u 
tions and  la titu d e -tim e  cross sections of th e  C O 2 - 
induced changes in p rec ip ita tio n  ra te  an d  soil m ois
tu re  and th e  la titu d e -a ltitu d e  cross section of the  
annual zonal m ean change in cloudiness.

T he geographical d is trib u tio n s  of th e  2 x C O 2  -  
1 X C O 2  p rec ip ita tio n  ra te  changes sim u la ted  by 
the  G FD L , GISS, and  N C A R  m odels for D JF  and 
JJA  are p resen ted  in F igures 4.41 and  4.42, respec
tively. A lthough  the  N C A R  m odel resu lts  have 
been p resen ted  by W ashington and  M eehl (1984) 
and  M eehl and  W ash ing ton  (1985b), and  th e  GISS 
m odel resu lts  for th e  U nited  S ta tes  have been an 
alyzed by R ind and  Lebedeff (1984), th e  s ta t is t i 
cal significance of th e  sim u la ted  p rec ip ita tio n  ra te  
changes has n o t been analyzed  for th e  resu lts  shown 
in F igures 4.41 and 4.42. How ever, an  analysis 
of the  s ta tis tic a l significance of p rec ip ita tio n  ra te  
changes for doubled C O 2  sim u la ted  by the  OSU 
m odel w ith  an n u a l m ean inso lation  (Schlesinger, 
1982, 1984a), suggests th a t  m any of th e  sm all-scale 
featu res show n in these figures rep resen t th e  n a tu 
ra l variab ility  of p rec ip ita tio n  (noise) ra th e r  th a n  a 
C 02-induced  change (signal).

F igures 4.41 and  4.42 show th a t  bo th  positive 
and negative changes in p rec ip ita tio n  ra te  are sim 
u la ted  by all th ree  m odels and  th a t  th e  largest 
changes generally  occur betw een 30°S and  30°N. 
T he p rec ip ita tio n  changes po lew ard of these la t i
tudes are generally positive  in b o th  seasons over 
bo th  ocean and  land . However, th e  G F D L  m odel 
sim ula tes a  decreased p rec ip ita tio n  ra te  in J JA  over 
m ost of N o rth  A m erica and  E urope and  over m uch 
of A sia. W ith  th is  exception , th e  m odels generally 
sim u la te  p rec ip ita tio n  increases of less th a n  1 m m
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F ig u r e  4 .4 0 . L atitu d e -tim e  cross section of th e  zonal m ean su r
face a ir te m p e ra tu re  change (°C ), 2 x C O 2  — 1 x  C O 2 , sim ulated  
w ith: (top) th e  G FD L GCM by W etherald  and M anabe  (1986); 
(m iddle) th e  GISS GCM  by H ansen et al. (1984); (b o tto m ) the  
NCAR GCM  by W ashing ton  and M eehl (1984). S tipp le  ind icates 
tem p e ra tu re  increases larger th an  4°C.

d a y “  ̂ over th e  N o rth ern  H em isphere co n tin en ts  and 
A n ta rc tic a  du rin g  b o th  seasons.

T he p rec ip ita tio n  changes betw een 30° S and 
30° N sim u la ted  by th e  m odels show b o th  q u a lita tiv e  
and  q u a n tita tiv e  differences. For exam ple, over the
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F ig u r e  4 .4 1 . G eographical d is trib u tio n  of th e  p rec ip ita tio n  ra te  
change (mm d ~ ') ,  2 x C O 2  -  1 x C O 2 , for D JF  sim ula ted  w ith: 
(top) th e  G FD L GCM  by W etherald  and M anabe (1986); (m iddle) 
the  GISS GCM  by H ansen et al. (1984); (b o tto m ) th e  NCA R GCM 
by W ashington and M eehl (1984). S tipple  ind icates a  decrease in 
p recip ita tio n  ra te .

Pacific Ocean in D JF , th e  G FD L  and N C A R  m od
els s im u la te  increases south  of th e  eq u a to r and  de
creases to  th e  n o rth , w hereas th e  GISS m odel sim 
u la tes  the  reverse. F u rth erm o re , in J JA  th e  G FD L  
m odel sim u la tes a  large increase in th e  Ind ian  m on
soon p rec ip ita tio n  w hereas the  GISS m odel s im u
la tes a  sm all decrease. P erh ap s, as suggested by 
M eehl and  W ashington  (1985b) in th e ir s tu d y  of 
th e  N C A R  m odel’s trop ica l resu lts, th e  differences 
in th e  s ta tis tica lly  significant trop ica l p rec ip ita tio n  
changes (w hich have yet to  be determ ined) reflect 
th e  m odification  of th e  m odels’ W alker circu la tions

F ig u r e  4 .4 2 . As in F igure 4.41, except for JJA .

induced by th e ir d ifferent 2 x C O 2  -  1 x C O 2  sea su r
face te m p e ra tu re  changes superposed  on th e ir dif
feren t 1 X C O 2  sea surface tem p era tu res . On the  
o ther h an d , as argued  by M itchell e t al. (1985), if 
there  is little  change in circu la tion , th en  th e  p a tte rn  
of C 02-induced  p rec ip ita tio n  changes w ould be cor
re la ted  w ith  th e  1 X C O 2  p rec ip ita tio n  p a tte rn .

T he la titu d e -tim e  cross sections of th e  zonal 
m ean 2 x C O 2  -  1 x C O 2  p rec ip ita tio n  ra te  changes 
sim ula ted  by the  G F D L , GISS, and  N C A R  m od
els are p resen ted  in F igure 4.43. T his figure shows 
th a t  the  p rec ip ita tio n  ra te  changes sim u la ted  by all 
th ree  m odels a re  positive in th e  eq u a to ria l region 
th ro u g h o u t th e  year and  are negative in ad jacen t 
la titu d es  a t  least p a r t  of th e  year. A lthough  the  
decreases in p rec ip ita tio n  ra te  are sim ilar in m agni
tu d e  in th e  th ree  sim u la tions, th e  increases a re  no t;
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F ig u r e  4 .4 3 . L atitu d e -tim e  cross section of the  zonal m ean p re 
c ip ita tio n  ra te  change (m m  d “ *), 2 x C O 2  -  1 x C O 2 , sim ulated  
w ith: (top) th e  G FD L  GCM  by W etherald  and M anabe (1986); 
(m iddle) th e  GISS GCM  by H ansen el al. (1984); (b o tto m ) the  
NCA R GCM  by W ashing ton  and M eehl (1984). Stipple indicates 
a decrease in p rec ip ita tio n  ra te .

th e  GISS and  G F D L  m odels produce the  largest 
and  th e  sm allest increases, respectively. E lsew here 
th e  p rec ip ita tio n  changes are  generally  positive b u t 
sm all, except near 60°N  and  70°S w here increases 
of 0.5 m m  d a y “  ̂ a re  sim u la ted .

T he geographical d is trib u tio n s  of th e  C O 2  in
duced changes in soil w a te r over ice-free lan d  sim 
u la ted  for D JF  and  J J A  by th e  G FD L , GISS, an d j 
N C A R  m odels are presen ted  in F igures 4.44 and  
4.45, respectively. T he s ta tis tic a l significance of 
th e  soil m o istu re  changes sim ula ted  by th is  G F D L  
m odel has been determ ined . W ashington and  M eehl 
(1984) analyzed th e  s ta tis tic a l significance of the  
soil m oistu re  changes using th e  resu lts  for th e  la s t 7 
years of the  N C A R  sim ula tions and  found s ta t is t i 
cally significant resu lts  th a t  were a t  or less th a n  the  
5% level over m ost of th e  ice-free land . A gain , th e  
sim ilarity  betw een th e  7-year m ean resu lts  an d  the  
3-year m ean resu lts  shown in F igures 4.44 an d  4.45 
im plies th a t  b o th  resu lts  are  significant a t  or below 
the  5% level a lm ost everyw here.

F igure 4.44 show s th a t  th ere  are m any q u ali
ta tiv e  sim ilarities am ong the  sim u la ted  soil w a te r 
changes for D JF . In p a r ticu la r, all th ree  m odels 
produce a  dry ing  of th e  soil in m ost of A frica, the  
A rab ian  P en insu la , C en tra l A m erica, M exico and  
th e  G ulf s ta te s , and  a  m oisten ing  of th e  soil in 
E urope, cen tra l A sia, w estern  and  cen tra l U nited  
S ta tes , and  m ost of C an ad a . T here also a re  qu al
i ta tiv e  differences; nam ely, m oistening is s im u la ted  
a lm ost everyw here in A u stra lia  by th e  G F D L  and 
GISS m odels, w hereas th e  N C A R  m odel produces 
a  desiccation. T he G F D L  and  GISS m odels also 
sim u la te  an  increased soil m oistu re  in th e  A m azon 
B asin, w hereas th e  N C A R  m odel s im ula tes a  dry ing  
effect.

F igure 4.45 shows th a t  th ere  is less ag reem ent 
am ong th e  sim u la ted  soil m oistu re  changes for J JA . 
In A frica th e  G ISS m odel sim ula tes m oisten ing  ev
eryw here except in N orth  Africa; th e  N C A R  m odel 
s im ula tes dry ing  everyw here except in N orth  Africa; 
and  th e  G FD L  m odel produces dry ing  in th e  east 
and m oisten ing  in th e  w est. In A u stra lia  th e  G FD L  
and  GISS m odels s im u la te  d ry ing  in th e  so u th  and 
m oistening in the  n o rth , while th e  N C A R  m odel 
sim ula tes the  reverse. T he N C A R  m odel s im ula tes 
m oisten ing  v irtu a lly  everyw here in S outh  A m erica, 
w hereas b o th  dry ing  an d  m oisten ing  are  sim ula ted  
by th e  G FD L  and  GISS m odels. O f p a r tic u la r  in
te re s t is th e  change in soil m oistu re  in th e  N orthern  
Hem isphere. T he G F D L  m odel sim ula tes d ry ing  a l
m ost everyw here in E urope, A sia, and  N orth  A m er
ica. T his resu lt is in accord  w ith  the  sum m er d ry 
ing sim u la ted  for quadrup led  C O 2  by M anabe and
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F ig u r e  4 . 4 d .  G eographical d is trib u tio n  of soil w a ter change (cm), 
2 X C O 2  -  1 X C O 2 , for D JF  sim ulated  w ith (top) th e  G FD L GCM 
by M anabe and W etherald  (1986); (m iddle) th e  GISS GCM by 
Hansen et al. (1984); (b o tto m ) th e  NCA R GCM by W ashington 
and  M eehl (1984). S tipple  ind icates a  decrease in soil w ater.

Stouffer (1980) and  M anabe e t al. (1981) (F igure 
4.12) and m igh t be expected  from  th e  decreased JJA  
p rec ip ita tio n  ra te s  s im ula ted  over m ost of E urope, 
A sia, and  N orth  A m erica (F igure  4.42). On the 
o th er hand , ne ith er th e  GISS nor th e  N C A R  m od
els s im u la te  such con tinen t-scale  desiccations. In 
fact, b o th  th e  N C A R  and  CISS m odels produce an 
increased sum m er soil m oistu re  over m uch of N orth  
A m erica, A sia, and  E urope, again  in accord w ith  
w h a t m igh t be expected  from  the  increased J JA  
p rec ip ita tio n  ra te s  sim u la ted  by these m odels (F ig
ure 4.42). However, W ashington  and  M eehl (1984)

F ig u r e  4 . 4 5 .  As in F igure 4.44, except for JJA .

a t tr ib u te  the  absence of a  sum m er N orthern  Hemi
sphere d ry ing  in the  N C A R  sim ula tion  to  an  in
creased supply of m oistu re  a t  th e  surface caused by 
an earlier snow m elt in spring  and  a  positive feed
back am ong the  soil m o istu re , p rec ip ita tio n , and  
clouds. In the  N C A R  m odel, the  soil does no t be
com e sa tu ra te d  in spring  in e ither th e  contro l or the 
2 X  C O 2  s im u la tion , so one m ay specu la te  th a t  all 
of the  excess m o istu re  accum ulated  in w in ter and 
spring is re ta ined  in the  soil and  hence decreases 
only slowly th ro u g h  the  sum m er due to  evapora
tion.® In any case, th e  differences am ong the  N o rth 
ern H em isphere sum m er soil m oistu re  changes sim 
u la ted  by th e  m odels a re  of p a rtic u la r  im portance

G. A. M eehl, personal com m unication.
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because these changes strongly  determ ine the agri
cu ltu ra l im p ac t of C 0 2 -induced clim ate change.

T he la titu d e -tim e  cross sections of the  zonal 
m ean soil m o istu re  changes over ice-free land are 
shown in F igure 4.46. T h ro u g h o u t m ost of the  year 
all th ree  m odels s im u la te  a hand  of decreased soil 
m o istu re  near 20° N and  a  hand  of increased soil 
m oistu re  near 10°S. T here is less ag reem ent in the 
h igher la titu d e s  of b o th  hem ispheres, a lth o u g h  in 
the  S ou thern  H em isphere the  differences represent 
only a  few grid  po in ts . All th ree  m odels show a 
m oisten ing  of th e  soil w ith in  30-60° N from  O cto
ber to  A pril. H ow ever, from  April to  Septem ber 
the  G F D L  m odel s im ula tes a  dry ing  everyw here, 
the  GISS m odel s im ula tes a  dry ing  only during  late  
sum m er eq u a to rw ard  of a b o u t 50°N, and  the  N CA R 
m odel s im u la tes  a  m oisten ing  everyw here. N ever
theless, th e  m oisten ing  sim ula ted  by bo th  the  GISS 
and  N C A R  m odels reaches its  m in im um  value in 
la te  sum m er.

T he la titu d e -a ltitu d e  cross sections of th e  an 
nual zonal m ean 2 x C O 2  -  1 x C O 2  cloudiness dif
ferences sim u la ted  by th e  G FD L , GISS, and N CA R 
m odels are  p resen ted  in F igure 4.47. T his figure 
shows th a t  b o th  increases and  decreases in cloudi
ness are s im u la ted  by all th ree  m odels. T he p a tte rn s  
of the  s im u la ted  cloudiness changes display several 
q u a lita tiv e  sim ilarities . In p ar tic u la r , th e  m odels 
s im u la te  increased cloudiness in the  stra to sp h ere  
and near th e  surface in the  high la titu d es  of b o th  
hem ispheres, and  they  s im u la te  decreased cloudi
ness th ro u g h o u t m ost of th e  troposphere  in the  tro p 
ics and  m iddle la titu d e s  of b o th  hem ispheres. T hus, 
cLAc/dT,  is b o th  positive and  negative , in agree
m ent w ith  th e  possib ilities ob ta ined  from  the  sim ple 
cloud m odel of W ang et al. (1981) as shown in A p
pendix A. B u t, why does the  cloudiness decrease in 
the  m oist and  convectively active trop ica l and m id
la titu d e  regions, w here p rec ip ita tio n  increases, and 
decrease in th e  stab le  h ig h -la titu d e  surface regions 
and s tra to sp h ere?

W etherald  and  M anabe (1980, 1986) have in
vestigated  th e  change in cloud cover in response 
to  changes in th e rm a l forcing caused by increases 
in e ither th e  so lar co n stan t or C O 2  concen tra tion . 
These stud ies reveal a  co rrelation  betw een th e  cloud 
cover changes and  changes in the  re la tive  hum id
ity. This effect is illu s tra ted  in F igure 4.48 for the 
case of a  6% increase in th e  solar co n stan t. The
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F ig u r e  4 .4 6 . L atitu d e-tim e  cross section of zonal m ean soil w ater 
change (cm), 2 x C O 2  -  1 x C O 2 , only over ice-free land sim ulated  
w ith: (top) the  G FD L GCM by M anabe and W etherald  (1986); 
(m iddle) th e  GISS GCM by H ansen et al. (1984); (b o tto m ) the 
NCAR GCM  by W ashington and M eehl (1984). S tipple indicates 
a decrease in soil w ater, h a tch ing  ind icates la titu d es  where there  
is no ice-free land.

increase in th e  re la tive hum id ity  near the  surface 
in b o th  high la titu d es  and su b tro p ics seen in F ig
ure 4.48 was a ttr ib u te d  by W etherald  and M anabe
(1980) to  th e  increase in evaporation  from  the  su r
face, th e  stab le  stra tifica tio n , and  the  decrease of 
the  w arm ing  w ith  height above th e  surface. These
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large-scale eddies across the  tro p o p au se  as a  con
sequence of th e  reduced s ta tic  s tab ility  th ere , the  
la t te r  because the  hea ting  decreased w ith  a ltitu d e  
in b o th  th e  solar co n stan t and  C O 2  experim ents. 
Follow ing W etherald  and  M anabe (1975), W ether
ald and  M anabe (1980) a ttr ib u te d  the  decrease in 
re la tiv e  h u m id ity  th ro u g h o u t m ost of th e  trop ica l 
and  m id la titu d e  troposphere  to  an  increase in the  
variance in th e  vertical velocity, as shown in F igure 
4.49. T h is increase w as caused by th e  enhanced con
densa tiona l h ea tin g  of th e  enhanced p rec ip ita tio n . 
T he re su lta n t in tensification  of th e  upw ard  veloc
ity m a in ta in ed  the  increased p rec ip ita tio n , w hereas 
th e  in tensification  of the  com pensa ting  dow nw ard 
velocity  ten d ed  to  lower th e  hum id ity . T he d ry 
ing in th e  regions of subsidence tended  to  be larger 
th a n  th e  m oisten ing  in th e  regions of ascen t because 
th e  re la tiv e  hum id ity  canno t exceed 100% because 
of s a tu ra tio n . C onsequently , th e  area-averaged  rel
a tiv e  h u m id ity  and  clouds decreased, w hereas the  
a rea-averaged  p rec ip ita tio n  increased.

1 6 -

7 0 -

o1 6 5 -
- 1 0

3 1 5 -

5 0 0 -

6 8 5 -
8 3 5 -

9 4 0 ?
9 9 0 40"6 0 "7 0 '9 0 "

Io

L a t i t u d e

F ig u r e  4 .4 7 . L a titu d e -a ltitu d e  cross section  of the  a n n u a l zonal 
m ean cloudiness change (p e rcen t coverage), 2 x C O 2  -  1 x C O 2 , 
s im ulated  w ith  (top) th e  G FD L  GCM  by W etherald  and  M anabe 
(X986); (m iddle) th e  GISS GCM  by H ansen et al. (1984); (b o t
tom ) the  N C A R  GCM  by W ashing ton  and  M eehl (1984). Stipple 
ind icates a  decrease  in cloudiness.

facto rs, respectively , led to  an  increase in th e  m ois
tu re  supplied  from  th e  surface to  th e  a tm osphere , 
th e  confinem ent of th is  ad d itio n a l m o istu re  in the  
near-surface a tm o sp h ere , and  a  sh ift in th e  s a tu ra 
tion  vapor p ressu re  profile, all of w hich ten d ed  to  in 
crease th e  low-level re la tiv e  hum id ity . T he increase 
in s tra to sp h e ric  re la tiv e  h u m id ity  w as a ttr ib u te d  
to  an  enhanced  u p w ard  tra n s p o r t  of m o istu re  by
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F ig u r e  4 .4 8 . L atitu d e-h e ig h t d is trib u tio n  of th e  difference in 
zonal m ean cloud am oun t (top) and re la tive  hum id ity  (below) 
betw een th e  6% solar co n stan t increase experim ent and contro l. 
U nits are pe rcen t. Shaded areas ind ica te  negative  values. Source: 
W etherald  and  M anabe (1980).
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F ig u r e  4.49. V ertical d is tr ib u tio n s  of the  area-m ean  differences 
in th e  variance of th e  dev ia tio n  from  the  sonal m ean of th e  v e rtica l 
p-velocity , W ' (left), re la tiv e  hum id ity , H (m iddle); and  cloudiness, 
C (righ t) betw een  th e  6% so lar co n stan t increase experim en t and  
th e  contro l. Source: W ethera ld  an d  M anabe  (1980).

T his ex p lan a tio n  for re la tin g  th e  change in 
cloudiness to  changes in re la tiv e  h u m id ity  m ay be 
app licab le to  large-scale condensation  because th is  
process is p aram ete rized  w ith  an  explicit d epen
dence on a  p rescribed  critica l re la tiv e  h u m id ity  (T a
ble 4.4). M anabe and  W eth e ra ld ’s ex p lan a tio n  m ay 
also be app licab le  for convective p rec ip ita tio n  in 
th e  G F D L  and  N C A R  m odels because these m od
els use th e  m oist a d iab a tic  ad ju s tm en t, w hich de
pends on a  p rescribed  c ritica l re la tiv e  h u m id ity  (T a
ble 4.4). B u t th e  tro p ica l and  m id la titu d e  tro p o 
spheric cloudiness also  decreased in th e  s im u la tio n  
w ith  th e  GISS m odel (F igure  4.47), w hich em ploys 
a  p en e tra tiv e  cum ulus p a ram ete riza tio n  th a t  does 
n o t explicitly  depend  on re la tiv e  h u m id ity  (T able 
4.4).

M itchell and  coworkers® a t  U K M O  have inves
tig a ted  th e  effects of changes in tro p o sp h eric  cloud 
cover in an  idealized experim en t using an  11-layer 
global G C M  w ith  rea listic  geography, seasonal vari
a tio n  and  m odel-generated  cloud am o u n t. C alcu la
tions were m ade in w hich th e  p resen t C O 2  concen
tra tio n  w as assum ed an d  in w hich th e  C O 2  concen
tra tio n  w as doubled and  sea surface tem p e ra tu re s  
were sim u ltaneously  increased by 2°C. An increase 
in th e  rad ia tiv e  cooling of th e  a tm o sp h ere  was found

® J. F. B. M itchell, C. A. W ilson, and W . M. C un n in g to n , p e r
sonal com m unication .

th a t  w as p articu la rly  pronounced a t  th e  to p  of the  
troposphere . A n analysis showed th a t  th e  cooling 
in th e  u pper tro p o sp h ere  w as due m ainly to  th e  in ^  
crease in tro p o sp h eric  w a te r vapor. Since H 2 O ro
ta tio n a l bands are n o t sa tu ra te d  in th e  u p p er tro 
posphere, th e  increase in w a te r vapor is p a rticu la rly  
effective in increasing  th e  divergence of in frared  ra 
d ia tio n  th ro u g h  enhanced  em ission to  th e  surface 
an d  space. T he change in th e  vertical profile of 
h ea tin g  encouraged  deeper convection, so th a t  rela
tively  m ore m o istu re  w as de tra in ed  above th e  level 
of enhanced  cooling an d  less m oistu re  below . T hus, 
re la tiv e  h u m id ity  an d  cloudiness increased a t  the  
to p  of th e  tro p o sp h ere  an d  decreased below . Al
th ough  th e  change in re la tiv e  hum id ity  w as sm all, 
th e  ab so lu te  h u m id ity  increased by 18%; th is  was 
su b s tan tia lly  g rea te r th an  th e  increase in p rec ip ita 
tion . Therefore, th e  increase in p rec ip ita tio n  m ay 
be a t tr ib u te d  to  th e  large increase in ab so lu te  hu 
m id ity , w hereas th e  reduction  in cloud am o u n t was 
due to  a  sm all change in re la tive  hum idity . A nalyses 
of th e  G F D L , G ISS, and  N C A R  sim ula tions should 
be perform ed to  de term ine  w hether th is  m echanism  
w as responsible for th e  increase in p rec ip ita tio n  and 
decrease in cloud cover s im ula ted  by these m odels.

F igu re  4.47 show s th a t  a lth o u g h  there  a re  quali
ta tiv e  sim ilarities  am ong th e  sim ulated  C O 2  cloudi
ness changes, th e re  a re  q u an tita tiv e  differences. In 
p a r tic u la r , th e  tro p o sp h eric  changes s im u la ted  by 
th e  GISS m odel a re  generally  larger in m agn itude  
th a n  those  p roduced  by th e  G F D L  and  N C A R  m od
els. F u rth erm o re , a  co rre la tion  betw een th e  m agni
tu d e  of th e  cloudiness change and  th e  m ag n itu d e  
of th e  te m p e ra tu re  change seem s a p p a ren t, p a r tic 
u larly  in th e  u p p er tro p ica l troposphere , as can be 
seen by com paring  F igure 4.47 w ith  F igures 4.36 
and  4.37. In th is  region th e  w arm ing sim u la ted  by 
th e  GISS m odel is nearly  double th a t  s im u la ted  by 
th e  G F D L  and  N C A R  m odels, and  th e  decrease in 
cloudiness in th e  GISS m odel is also ab o u t tw ice 
th a t  of th e  G F D L  and  N C A R  m odels. T he m ag
n itu d e  of th e  cloudiness change m ay d eterm ine the  
m ag n itu d e  of th e  te m p e ra tu re  change, b u t th e  con
verse ap p ears  to  be th e  m ore likely re la tion . If th is  
is so, th en  why is th e  tem p e ra tu re  increase larger 
in th e  GISS m odel th an  in th e  G FD L  and  N C A R  
m odels? T he answ er m ay be th a t  the  GISS m odel 
has a  p a ram ete riz a tio n  for p en e tra tiv e  convection , 
w hereas th e  N C A R  and  G FD L  m odels use th e  m oist
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ad iab a tic  ad ju s tm en t schem e, w hich ignores pen
e tra tiv e  convection. It is likely th a t  th e  pen e tra- 
ive cum ulus convection p aram ete riza tio n  produces 

a  larger h ea tin g  a lo ft th an  th e  m oist ad iab a tic  ad 
ju s tm e n t and  thereby  produces a  larger upw ard  en
hancem ent of th e  surface w arm ing. A lthough  th is  in 
itse lf m igh t ten d  to  reduce th e  surface w arm ing , the 
cloud m odification alo ft could m itig a te  th is  th rough  
cloud feedback to  p roduce a  w arm ing  th ro u g h o u t 
th e  trop ica l troposphere  th a t  is larger th an  in a 
m odel w ith  only m oist ad iab a tic  ad ju s tm en t. Such 
a  difference in th e  vertical profile of tem p e ra tu re  
change is ev ident from  M itchell and  L upton  (1984) 
and  M anabe and  Stouffer (1980), who used pene
tra tiv e  and convective ad ju s tm en t schem es, respec
tively. As discussed in A ppendix  A, the  ac tu a l 
feedback effect of a cloudiness change AA<. such as 
shown in F igure 4.47 depends on the  vertical in
teg ra l th ro u g h o u t th e  atm osphere  of S A A ^ ,  w here 
S — d N o / d A ^  and  N q is the  net rad ia tio n  a t  th e  to p  
of the  a tm osphere . A post hoc analysis of th e  cloud 
feedback has been perform ed for th e  GISS sim ula
tion  as described below.

4.3.4.3 Feedback A nalysis

Hansen et al. (1984) have used a  RCM  to  analyze 
feedback processes in th e  GISS G C M  sim ula tion  of 
th e  2 X C O 2  -  1 X C O 2  global m ean surface a ir  tem 
p e ra tu re  difference. T he basis for th is  ana lysis is 
a  m odel of th e  clim ate  system  feedback th a t  is es
sen tially  the  sam e as th a t  developed in Section 4.2 
and  A ppendix  A. From  E q u atio n  (4.4) w ith  A T , 
replaced by A T ,,

^ A T , A T,
_  (A T ,) f e e d b a c k s

and

A T,

E f = i ( A T , ) .

A T ,
N

=  E / . .

w here

f i  =
( A T , ) ,  

A T ,

(4.12)

(4.13)

N

A T, =  ^ ( A T , ) , (4.14)
3 = 0

T his analysis assum es th a t  th e  feedback m echa
nism s are independen t so th a t  th e  to ta l te m p e ra tu re  
change A T , is th e  sum  of th e  zero-feedback change 
(A T ,)o , and  th e  changes (A T ,), resu lting  from  th e  
feedbacks.

T he valid ity  of th e  above assum ption  is dem on
s tra te d  by th e  resu lts  show n in F igure 4.50 and  T a
ble 4.6, w hich were ob ta in ed  by m aking th e  indi
ca ted  changes in th e  RCM . In the  first colum n, the  
effect of doubling  th e  C O 2  co n cen tra tio n  w ith o u t 
any feedbacks is show n to  be (A T ,)o =  1.2°C. In 
the second colum n the  effect of th e  33% increase in 
to ta l w a te r vapor s im u la ted  by th e  G C M  was esti
m ated  by increasing  the  w a te r vapor a t  each level 
of th e  RCM  by 33%. In th is  R CM  experim ent, 
and  those described below, th e  C O 2  co ncen tra tion  
was no t doubled , nor were any feedbacks p e rm itted . 
T he resu lt th en  is (A T ,)i =  1.85°C. To determ ine 
th e  effect of th e  change in th e  vertica l d is trib u tio n  
of w a te r vapor sim u la ted  by th e  G C M , th e  w ate r 
vapor profile from  the  G C M  was inserted  in to  the  
R CM  and th e  re su ltan t tem p e ra tu re  change was de
creased by (A T ,)i to  o b ta in  (A T , ) 2  =  0.90°C . To 
determ ine th e  effect of the  change in lapse ra te  sim u
la ted  by the  G C M , the  lapse ra te  from  th e  G C M  was 
inserted  in to  th e  RCM  and gave ( A T , ) s  =  -1 .1 ° C . 
Sim ilarly, for th e  G C M -sim ulated  change in surface 
albedo, (A T , ) 4  =  0.38°C. T he to ta l cloud effect on 
tem p e ra tu re  w as ob ta in ed  by changing th e  cloud 
am o u n ts  a t  all levels in th e  R CM  in p ro p o rtio n  to  
the  changes o b ta in ed  in th e  G C M . T he effect of 
changing only cloud cover, (A T ,)g  =  0.42°C , was 
ob ta in ed  by in serting  a  uniform  cloud change in the  
RCM  equal to  th e  to ta l change in th e  G C M . T he ef
fect of th e  cloud a ltitu d e  change, (A T ,)s  =  0.51°C, 
was ob ta in ed  by su b trac tin g  (A T ,)e from  th e  to 
ta l cloud effect. Sum m ing these ind iv idual changes 
gives A T , =  4.16°C, which agrees w ith  th e  GCM - 
sim ulated  value.

T he resu lts  of th e  feedback analysis using E qua
tions (4.12) -  (4.14) are p resen ted  in Table 4.6. T he 
feedback resu lting  from  th e  changes in w ate r va
por am o u n t an d  vertical d is trib u tio n  is f w  =  0.661. 
T his is considerably  larger th a n  th e  f w  =  0.3 to  
0.5 given by th e  R CM s review ed in Section 4.2.2.
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T a b le  4 .6
RCM  A nalysis of th e  Feedbacks in th e  GISS GCM 

S im ulation  of 2 x C O j — 1 x C O 2  T em p era tu re  C hange.

Feedback M echanism

Colum n in 
Figure 4.50 

i
( A r . ) ._ .

(°C ) n
None 1 1 . 2 0 0.000
W ater V apor A m ount 2 1.85 0.445
W ater V apor D istribu tion 3 0.90 0.216
Lapse R a te 4 -1 .1 0 -0 2 6 4
Surface A lbedo 5 0.38 0.091
C loud H eight 6 0.51 0.123
C loud Cover 7 0.42 0.101
T otal 4.16 0.712
Note: based on H ansen et al. (1984).

“ / .  = (A T .) ./E I = ,(A 7 '.) ; - i fori:

0h-<

(b)  2 x C 0 2

L o o se

(-0.2K/hm)
HjO HjO 

( x 2 )  ( i l 3 3 )  V er tic o
D istnbuiii

G round C loud Cioud
A lbedo  H eign t C over
( - 0 .0 0 9 )  (-1  7% )

( c l  2  k C O j  ( o i f e r not e )

L o o se

( -0 .2 K /h m )

G round C loud  Cloud 
A lb e d o  H eight Cover

( - 0 .0 1 4 )  {-1.1% }Distribution

F ig u r e  4 .5 0 . C on trib u tio n s to  global m ean 2 X CO 2 - I X C O 2  tem 
p e ra tu re  rise as estim a ted  by in serting  changes ob tained  in GCM 
experim ent in to  a  rad ia tive-convective  m odel. Source: H ansen et 
al. (1984).

T he m uch larger f w  e s tim a ted  for th e  GISS G C M  
ind icates th a t  the  re la tiv e  hum id ity  increased w ith  
doubled C O 2  in th a t  m odel, unlike th e  co n stan t rel
a tiv e  h u m id ity  assum ed by th e  RCM s; H ansen et 
al. (1984) s ta te  th a t  th e  average re la tive hum id ity  
increased by 1.5% w ith  a  m axim um  of 6% a t  the

200 mb^ level. T he estim ated  lapse ra te  feedback, 
/ l r  = -0 .2 6 4 , lies a t  th e  sm aller lim it given by th e  
R CM s of Section 4.2.2 for th e  m oist ad iab a tic  lapse 
ra te  case, p erh ap s because th e  change in  lapse ra te  
of -0 .2 ° C  k m '*  is less th a n  th e  change in th e  m oist 
ad iab a tic  value of —0.5°C  k m '* . T he cloud a lt i
tu d e  feedback, f c A  — 0.123, also lies a t  th e  lower 
lim it given by the  R CM s in Section 4.2.2. T he cloud 
cover feedback estim ated  for th e  G C M  is positive , 
ind icating  th e  dom inance of th e  albedo effect over 
th e  longw ave effect. T he surface albedo feedback 
caused largely by reduced sea ice is e s tim a ted  as 
f s A  =  0.091, w hich is som ew hat sm aller th a n  th e  
estim ates  given by th e  R CM s in Section 4.2.2. T he 
to ta l feedback e s tim ated  for th e  G C M  is /  =  0.712, 
of w hich w a te r vapor feedback, f w  — 0.661, is th e  
single m ost im p o rta n t positive co n trib u to r, followed 
by cloud feedback, f c  =  0.224, and  surface albedo 
feedback, f sA  =  0.091, w ith  th e  lapse ra te  feedback, 
/ i j j  =  -0 .2 6 4 , m aking  a  negative con trib u tio n .

Hansen et al. (1984) a t t r ib u te  th e  fact th a t  th e  2 
X C O 2  w arm ing  im plied from  th e  4 x C O 2  s im ula
tion  of M anabe and  Stouffer (1980) w ith  th e  G F D L  
m odel, nam ely 2°C , is sm aller th a n  th e  4 .2“C w arm 
ing sim u la ted  by th e  GISS m odel because th ere  is 
no cloud feedback in th e  G FD L  m odel (the  clouds 
were p rescribed), and  th e  surface albedo feedback 
w as presum ably  sm aller because th e  ex ten t of th e  1 
X C O 2  sea ice was u n d erestim a ted . However, th e  
feedback analysis show n in T able 4.6 suggests th a t  
p erhaps th e  large w a te r vapor feedback in th e  GISS 
m odel also co n trib u tes  to  th e  difference betw een th e  
sensitiv ities of th e  GISS and  G F D L  m odels.

1 0 0  m b equals 10 k P a .
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4.4 SUM M ARY

G eneral c ircu la tio n  m odel stud ies of C 02-induced  
changes in th e  E a r th ’s equ ilib rium  clim ate  have 
been perform ed p red o m in an tly  for a  doubled or 
q u adrup led  C O 2  co n cen tra tio n , th e  form er because 
of th e  p ro jec ted  doubling of th e  p re in d u stria l C O 2  

co n cen tra tio n  som etim e du ring  th e  21st cen tu ry , 
and  th e  la t te r  sim ply to  enhance th e  s ta tis tic a l sig
nificance of th e  sim u la ted  clim ate  change. A tm o
spheric G C M s have been coupled to  tw o  ty p es of 
sim plified m odels of th e  ocean to  allow  these ex
p erim en ts  to  reach equilibrium  m ore rap id ly  th an  
w ould th e  ac tu a l c lim ate  system  in an  effort to  
m inim ize th e  requ ired  com pu ter tim e. In th e  ea r
liest and  sim plest ocean m odel, th e  sw am p ocean 
m odel, th e  h ea t capacity  of th e  ocean is neglected 
such th a t  th e  ocean is p erp e tu a lly  in equilibrium  
w ith  th e  atm osphere . T his allow s th e  clim ate  sys
tem  to  eq u ilib ra te  in ab o u t 300 days, b u t does no t 
allow use of th e  an n u a l cycle of inso lation . T here
fore, such a tm ospheric  G C M /sw am p  ocean stud ies 
do n o t s im u la te  th e  seasonal cycle of clim ate  and  
its  C 0 2-induced  change. Several s im u la tions w ith  
th is  ty p e  of m odel have been conducted , beginning 
w ith  m odels having  idealized and  re s tr ic ted  geogra
phy and  to pography , and  ex tend ing  to  m odels th a t  
t re a t  these aspects  realistically . These sim u la tions 
have provided  som e in fo rm ation  ab o u t th e  m ech
anism s of c lim ate  change due to  increased C O 2 . 
S im ulations w ith  an n u a l m ean in so la tion  p roduce a 
clim ate  th a t  is su b s tan tia lly  d ifferent from  th e  an 
nually averaged  clim ate  s im u la ted  w ith  seasonally 
varying in so la tion . To s im u la te  seasonal effects, a t 
m ospheric G C M s have e ither been ru n  w ith  p re
scribed changes in sea surface te m p e ra tu re  based 
on a  series of p e r tu rb a tio n  experim en ts, or have 
been coupled to  m ixed-layer ocean m odels whose 
d ep th  an d  h o rizon ta l h ea t tra n sp o r ts  are  prescribed , 
m ost frequen tly  as a  co n stan t or zero. T hese a t 
m ospheric G C M /m ix ed -lay er ocean m odels require 
several decades to  eq u ilib ra te , w ith  th e  ac tu a l equi
lib ra tio n  tim e dependen t on th e  prescribed  m ixed- 
layer d ep th . Seasonal sim u la tions w ith  th is  ty p e  of 
clim ate m odel have m ost often  been perform ed w ith  
realistic  geography and  to p o g rap h y  an d  th u s  repre
sen t the  m ost com prehensive p ro jec tions of C O 2 - 
induced equ ilib rium  clim ate  change.

T h e  early stud ies of th e  changes in clim ate  as 
p o rtray ed  by a tm ospheric  G C M /sw am p  ocean m od
els dep ict an  E a r th  w ith  a  w arm er global average 
surface a ir  te m p e ra tu re  and  a  g rea te r g lobal aver
age p rec ip ita tio n  ra te . Increased zonally averaged 
tem p e ra tu re s  w ere sim u la ted  for th e  en tire  tro p o 
sphere, w ith  w arm ing  near th e  surface increasing 
w ith  la titu d e  from  th e  trop ics tow ard  b o th  poles 
and  increasing  w ith  a ltitu d e  in trop ica l and  su b tro p 
ical la titu d es . D ecreased zonal m ean tem p era tu res  
were s im u la ted  for m ost of th e  stra to sp h ere , w ith  
th e  s tra to sp h e ric  cooling increasing w ith  a ltitu d e . 
P ositive  and  negative changes in th e  zonal m ean 
p recip ita ion  ra te s  were sim u la ted  by these clim ate 
m odels, w ith  increased ra te s  located  in th e  m iddle 
and  high la titu d e s  and  g rea te r changes of b o th  signs 
w ith in  th e  30°S to  30°N la titu d e  band . C hanges of 
b o th  signs were also sim u la ted  for th e  soil m ois
tu re , w ith  these changes negatively  co rre la ted  w ith  
the  surface a ir tem p e ra tu re  changes. T he few sim u
la tions w ith  p red ic ted  clouds, when com pared  w ith  
com panion  sim u la tions w ith  prescribed clouds, ind i
ca ted  v irtu a lly  no effect of th e  sim ula ted  cloudiness 
changes an d , therefore , a  com pensation  betw een th e  
albedo  an d  longw ave effects of th e  changed clouds.

T he p ro jec tions of C 02-induced  clim ate change 
provided  by th e  a tm ospheric  G C M /sw am p  ocean 
m odels described above show considerable quali
ta tiv e  ag reem en t on changes in th e  global- and  
zonal-m ean tem p era tu res , p rec ip ita tio n  ra te s , and  
cloudiness, b u t th e re  is considerable d isagreem ent 
concerning th e  q u a n tita tiv e  changes in these m ean  
q u an titie s . For exam ple, th e  change in global m ean 
surface a ir tem p e ra tu re  and  p rec ip ita tio n  ra te  sim 
u la ted  for a  C O 2  doubling  range from  1.3 to  3.9°C 
and  from  2.7 to  7.8% , respectively. F u rtherm ore , 
these sim u la tio n s d isagree q u a lita tiv e ly  concerning 
th e  geographical d is tr ib u tio n  of th e  changes in all 
th e  clim atic  q u an titie s . T h is  lack of ag reem ent is 
due, in p a r t,  to  th e  differences am ong th e  a tm o 
spheric G C M /sw am p  ocean m odels, such as dif
feren t geographical dom ains. They disagree also 
because th e  m odels have no t run  sufficiently long 
enough to  a t ta in  equ ilib rium  and  s ta tis tica lly  sig
n ificant changes (Schlesinger 1982, 1984a).

T he first s tu d y  of th e  seasonal v aria tio n  of 
C 02-in d u ced  c lim ate  change w ith  an  a tm ospheric  
G C M /m ix ed -lay er ocean m odel was perform ed by 
M anabe and  Stouffer (1980) w ith  th e  G FD L  m odel
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for a  C O 2  quad rup ling . A sim ilar s tudy  w ith  p re
scribed changes in sea surface tem p e ra tu re  has been 
m ade by M itchell and  L up ton  (1984). M ore re
cently , s tud ies have been carried  o u t for a  C O 2  

doubling by th e  following researchers: H ansen et 
al. (1984) w ith  th e  GISS m odel; W ashington  and  
M eehl (1984) w ith  th e  N C A R  m odel; and  W ether
ald  and  M anabe  (1986) w ith  th e  G F D L  m odel. In 
these s tud ies clouds were p red ic ted , w hereas clouds 
w ere p rescribed  in th e  earlier stud ies.

In general th e  C 0 2-induced  changes in th e  zonal 
m ean tem p e ra tu re s  s im u la ted  by these a tm ospheric  
G C M /m ix ed -lay er ocean m odels for D JF  an d  J JA  
d isplay fea tu res  s im ilar to  those  sim u la ted  by the  
a tm ospheric  G C M /sw am p  ocean m odels for annual 
m ean in so la tion . In p a rtic u la r , th e  tem p e ra tu re  
changes du rin g  b o th  seasons a re  negative in th e  
s tra to sp h e re  above 20 km  and  are positive in the  
lower s tra to sp h e re , tro p o sp h ere , and  a t  th e  su r
face; th e  s tra to sp h e ric  cooling increases w ith  a lt i
tu d e  du rin g  b o th  seasons; th e  tropospheric  w arm 
ing increases w ith  a ltitu d e  betw een  a b o u t 30° S and 
30°N in D JF  and  betw een a b o u t 40°S and  90°N 
in JJA ; th e  surface w arm ing  increases from  the  
trop ics to w ard  th e  h igher la titu d e s  in th e  w in ter 
hem isphere in b o th  seasons, an d  it also increases 
in th e  S ou thern  H em isphere during  sum m er. T he 
changes in th e  an n u a l cycle of zonal m ean surface 
air te m p e ra tu re s  s im u la ted  by th e  m odels show li t 
tle  seasonal v aria tio n  betw een 50°S and  30°N, and  
a  large seasonal varia tion  po lew ard  of 50° la titu d e  
in b o th  hem ispheres. T he geographical d is tr ib u 
tions of th e  C 0 2 -induced surface a ir tem p e ra tu re  
changes also  exh ib it q u a lita tiv e  sim ilarity  in th a t  
m ax im um  w in te r w arm ing  occurs in th e  high la ti
tudes of b o th  hem ispheres w here th e  sea ice in the  
1 X C O 2  s im u la tio n  re tre a ts  po lew ard in th e  en
hanced C O 2  s im u la tion . T he location  of m axim um  
w arm ing  is th u s  dependen t on th e  position  of the  
sea-ice bo u n d ary  in th e  co n tro l in teg ra tio n . T he 
global m ean surface a ir  te m p e ra tu re  change given 
by th e  th ree  m ost recen t sim u la tions ranges from
3.5 to  4.2°C , w hich is considerab ly  sm aller th an  th e
1.3 to  3.9°C  range given by th e  earlier a tm ospheric  
G C M /sw am p  ocean m odels. H ow ever, th e  w arm ing  
of these la te s t s im u la tions is ab o u t tw ice th a t  of th e  
C O 2  doubling  inferred  from  th e  q uadrup ling  study  
of M anabe an d  Stouffer (1980). A lthough  th e  la te s t 
stud ies show considerable q u a n tita tiv e  agreem ent in

th e ir  sim u la ted  global m ean surface a ir  tem p era 
tu re  changes, they  also show su b s tan tia l disagree- 
m en ts in th e ir  s im ula ted  zonal m ean tem p e ra tu re  
changes. For exam ple, th e  tro p ica l surface a ir  tem 
p e ra tu re  w arm ing ranges from  2°C in th e  N C A R  
sim ula tion  to  a b o u t 4°C  in th e  GISS sim u la tion , 
and  th e  tro p ica l tro p o p au se  w arm ing  ranges from  
3°C in th e  N C A R  sim u la tio n  to  7°C in th e  GISS 
sim u la tion . F u rtherm ore , th e  sim u la ted  geograph
ical d is trib u tio n s  exh ib it large differences in b o th  
th e  m ag n itu d e  and  th e  seasonality  of th e  regional 
surface a ir tem p e ra tu re  changes.

T he th ree  recent s im u la tions of th e  clim ate  
change induced by a  doubling  of th e  C O 2  co n cen tra
tion  exh ib it an  increase in th e  global m ean precip i
ta tio n  ra te  w ith  values th a t  range from  7.1 to  11.0% 
of th e ir  respective 1 x C O 2  values. These changes 
give a  n arrow er range th a n  th a t  produced by th e  
a tm ospheric  G C M /sw am p  ocean m odels w ith  an 
nual m ean inso lation , b u t a re  larger th a n  th e  6.7% 
increase ob ta in ed  by th e  ea rliest seasonal s tudy  for 
a  C O 2  quad rup ling . B ecause th is  la tte r  s tu d y  also 
has a  sm aller inferred w arm ing  for a  C O 2  doubling , 
th e re  ap p ears  to  be a  re la tio n sh ip  betw een th e  m ag
n itu d e  of th e  increases in global m ean p rec ip ita 
tion  ra te s  and  surface a ir  tem p era tu res , w hich is 
likely th e  resu lt of th e  te m p e ra tu re  dependence of 
th e  w a te r vapor s a tu ra tio n  vapor pressure. T he 
changes in p rec ip ita tio n  ra te  sim u la ted  by th e  a tm o 
spheric G C M /m ix ed -lay er ocean m odels show th e  
sam e ch a rac te ris tic  fea tu res sim u la ted  by th e  sim 
pler sw am p ocean m odels w ith  annual m ean inso
la tio n . In p a rtic u la r , b o th  positive and  negative 
changes in p rec ip ita tio n  ra te  a re  exh ib ited , w ith  th e  
largest changes generally  occurring  betw een 30° S 
and  30° N. T he p rec ip ita tio n  changes po lew ard of 
these la titu d e s  are  generally  positive during  b o th  
D JF  and  J J A  over b o th  ocean and  land , w ith  in
creases less th a n  1 m m  d “ * over th e  N orthern  Hem i
sphere co n tin en ts  and  A n ta rc tic a  during  b o th  sea
sons. How ever, desp ite  these agreem ents, th e re  are  
su b s ta n tia l regional differences am ong th e  p o rtra y 
als of th e  C 02-induced  p rec ip ita tio n  changes.

S om ew hat surprisingly , considering th e  differ
ences in th e  regional p rec ip ita tio n  ra te  changes, th e  
sim u la ted  changes in soil m o istu re  display m any 
q u a lita tiv e  sim ilarities  du ring  D JF . However, th ere  
is less ag reem ent am ong th e  sim ula ted  soil m ois
tu re  changes for J JA . Sum m er soil m oistu re  change
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in th e  N o rth e rn  H em isphere is p a rticu la rly  im p o r
ta n t  for th e  ag ricu ltu ra l im pact of a  C 0 2 -induced 
clim ate  change. T h e  G F D L  s im u la tio n  for doubled 
C O 2 , like its  predecessor for q u ad ru p led  C O 2  and  
th a t  of M itchell an d  L up ton  (1984), suggest a  d ry 
ing alm ost everyw here in E urope , A sia, and  N o rth  
A m erica. H ow ever, b o th  th e  N C A R  an d  GISS m od
els p roduce an  increased  sum m er soil m o istu re  over 
m uch of these co n tin en ts . T here  is som e evidence 
th a t  in th e  N C A R  m odel th is  resu lt is re la ted  to  th e  
u n sa tu ra te d  w in te r and  spring  soil m o istu re  values 
in b o th  th e  con tro l an d  2 x C O 2  in teg ra tio n s .

T he changes in cloudiness s im u la ted  by th e  
a tm ospheric  G C M /m ix ed -lay er ocean m odels are 
q u alita tiv e ly  sim ilar to  those p roduced  by sw am p 
ocean m odels w ith  an n u a l m ean in so la tion , nam ely, 
increased cloudiness in th e  s tra to sp h e re  and  near 
th e  surface in th e  high la titu d e s  of b o th  hem ispheres 
and  decreased cloudiness th ro u g h o u t m ost of th e  
trop o sp h ere  in th e  trop ics and  m idd le la titu d es. 
H owever, unlike th e  lack of sensitiv ity  d isplayed 
by th e  a tm o sp h eric  G C M /sw am p  ocean m odels 
to  these cloudiness changes, th e  G C M /m ix ed -lay er 
ocean m odels d isp lay  g rea t sensitiv ity . T h is  is 
show n by: (1) th e  large increase in th e  global m ean 
surface te m p e ra tu re  w arm ing  for th e  G F D L  m odel 
w ith  p red ic ted  clouds (W ethera ld  and  M anabe, 
1986) com pared  to  th a t  of th e  G F D L  m odel w ith  
p rescribed  clouds (M anabe  and  S touffer (1980); 
(2) th e  negative  co rre la tio n  betw een th e  cloudiness 
changes near th e  tro p ica l tro p o p au se  and  th e  su r
face a ir te m p e ra tu re  change (in all th e  recen t sim u
la tions); and  (3) an  analysis of th e  GISS G C M  sen
sitiv ity  o b ta in ed  by in sertin g  th e  s im u la ted  changes 
sequentia lly  in to  a  R C M . T his  la t te r  ana lysis show s 
th a t  th e  feedback caused by changes in cloudiness 
co n trib u tes  0.224 to  th e  G C M ’s to ta l  feedback of 
0.712. H ow ever, th e  to ta l  w a te r v apor feedback 
of 0.661 is o f even g rea te r im p o rtan ce . Because 
th is  e s tim ated  G C M  value is ab o u t tw ice th a t  ob
ta in ed  from  R CM  stud ies w ith  fixed re la tiv e  hu 
m idity , i t  ap p ears  th a t  th e  docum en ted  re la tive  hu 
m id ity  increase sim u la ted  by th e  G ISS m odel for 
doubled C O 2  m ay have a  d o m in an t influence on 
th e  g lobal m ean surface a ir  te m p e ra tu re  sensitiv ity . 
T his w a te r v apor feedback far ou tw eighs th e  surface 
albedo feedback of 0.091 and  m ore th a n  com pen
sa tes th e  negative  lapse ra te  feedback of -0 .264 . It

is likely th a t  th e  m ag n itu d es of th e  d o m in an t w a
te r vapor and  cloudiness feedbacks depend  critica lly  
on th e  p a ram ete riza tio n s  of cum ulus convection and  
cloudiness in th e  G C M s.

4.5 D ISC U SSIO N  AND
R E C O M M E N D A T IO N S

In th is  ch a p te r we have review ed th e  p ro jec tions of 
equ ilib rium  clim atic  response to  increased C O 2  con
cen tra tio n  th a t  have been m ade w ith  a  h ierarchy  
of c lim ate  m odels th a t  includes surface and  p lane
ta ry  EB M S, R C M s, and  a tm ospheric  G C M s. T he 
EB M s com pu te  only th e  surface te m p e ra tu re , and  
the  R C M s com pute  only th e  vertical profile of tem 
p e ra tu re ; b o th  resu lts  a re  determ ined  only a t  one 
p o in t, w hich m ay, u nder som e circum stances, be in
te rp re ted  as th e  global average. O nly th e  G C M s 
d eterm ine o th e r c lim atic  q u an titie s  such as p recip i
ta tio n , soil w a te r, and  clouds, and  only th e  G C M s 
d eterm ine th e  global geographical d is tr ib u tio n s  of 
these and  o th e r clim atic  q u an titie s .

We have seen th a t  each of th e  clim ate  m odels 
(EB M s, R C M s, and  G C M s) is lim ited  by its  t r e a t
m en t of th e  physical processes th a t  a re  no t explicitly  
resolved by th e  m odel. In EB M s these unresolved 
processes include all processes th a t  do no t occur a t  
th e  energy balance level; th a t  is, all th e  a tm ospheric  
processes for surface balance m odels an d , in ad d i
tio n , a ll th e  surface processes in p lan e ta ry  energy 
balance m odels. B ecause of th is , EB M s have given 
a  w ide range of p ro jec tions of C 02-in d u ced  surface 
te m p e ra tu re  change and  m u st, therefore, be used 
only in a  q u a lita tiv e  sense and  w ith  g rea t cau tion .

In R C M s, th e  unresolved physical processes in
clude those  hav ing  to  do  w ith  th e  h o rizon ta l vari
a tio n s of th e  te m p e ra tu re , such as advection , and  
those h av ing  to  do w ith  any q u a n tity  o th e r th an  
te m p e ra tu re , such as w a te r vapor, sea ice, and 
clouds. N evertheless, these m odels are useful for 
p re lim inary  h y po thesis  te s tin g  and  for u n d e rs ta n d 
ing som e of th e  resu lts  s im u la ted  by th e  G C M s.

A lthough  th e  G C M s include m any  clim atic  q u an 
titie s  o th e r th a n  te m p e ra tu re  an d  resolve m any  of 
the  physical processes th a t  a re  n o t resolved by the  
R C M s an d  EB M s, they  nevertheless do n o t resolve 
all of th e  physical processes th a t  m ay be of im p o r
tan ce  to  c lim ate  and  clim ate  change and  w hich span
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th e  fourteen  orders of m ag n itu d e  from  th e  p lane
ta ry  scale (lO ’̂ m ) to  th e  cloud m icrophysical scale 
(10” ® m ). In fa c t, co n tem p o rary  com puters p e rm it 
th e  reso lu tion  of physical processes over only tw o 
orders of m ag n itu d e , and  even a  thousand-fo ld  in
crease in co m p u ter speed , w hich is no t p ro jec ted  to  
occur w ith in  th is  cen tu ry , w ould allow th e  reso lu ton  
of only one m ore o rder of m agnitude! C learly , even 
th e  G C M s are , and  will con tinue to  be, critica lly  de
p en d en t on th e ir  tre a tm e n ts  and  p a ram ete riza tio n s  
of th e  physical processes th a t  occur on th e  u n re
solved subgrid  scales.

K eeping th ese  lim ita tio n s  and  dependencies in 
m ind , how can  we be or becom e confident in th e  
G C M  pro jec tions of C 02-induced  equ ilib rium  cli
m ate  change? To have confidence in th e  G C M  sim 
u la tio n s of a  p o te n tia l fu tu re  clim ate requires th a t  
these m odels correc tly  sim u la te  a t  least one know n 
equ ilib rium  c lim ate , w ith  th e  p resen t c lim ate  be
ing th e  best choice because of th e  q u an tity , quality , 
and  global d is tr ib u tio n  of con tem porary  in s tru m en 
ta l  observations. H ow ever, an  eva lua tion  of th e  fi
delity  of a  G C M  in s im u la tin g  th e  p resen t clim ate  
is no t sim ple for a  v arie ty  of reasons, including how 
well th e  sim u la ted  an d  observed c lim ates rep resen t 
th e ir  co rresponding  equ ilib rium  clim ates and  th e  
poor q u ality  of th e  observations of m any c lim atic  
q u an titie s  such as p rec ip ita tio n  over th e  ocean and  
soil m o istu re . H ow ever, fo rgetting  these difficul
ties  for th e  m o m en t, suppose th a t  a  G C M  sim u
la tes  th e  p resen t c lim ate  perfectly . How th en  can  
we gain confidence in  its  ab ility  to  sim u la te  an o th e r 
c lim ate  d ifferen t from  th a t  of th e  p resen t?  In th e  
case of w ea th er fo recasting , th is  question  can  and  
has been answ ered  by m aking  th o u san d s of fore
casts  and  com paring  th em  w ith  th e  ac tu a l evolu tion  
of th e  w eath er. U nfo rtunate ly , th is  can n o t be done 
for clim ate  because only a  few paleoc lim atic  recon
s tru c tio n s  have been m ade, and  these m ay or m ay 
n o t be of sufficient q u a lity  to  provide a  m eaningful 
assessm ent of th e  G C M ’s capability . T hus, th e re  is 
an  inheren t lim ita tio n  in our ab ility  to  va lida te  th e  
accuracy of G C M  p e r tu rb a tio n  sim ula tions, w hich 
thereby  affects our confidence in the  accuracy  of th e  
G C M  sim u la tio n s of C 02-induced  clim ate  change.

T he s ta te  of th e  a r t  is th a t  G C M s sim ula te  the  
p resen t c lim ate  im perfectly , a lth o u g h  som e of the  
m odels do reasonab ly  well, a t  least for th e  lim ited  
c lim atic  q u an titie s  considered in th is  ch ap te r and

w ith in  our subjective assessm ent of th e  re liab ility  
of th e  observations. Yet these m odels frequently  
em ploy tre a tm e n ts  of dubious m erit, including pre- 
scrib ing th e  oceanic h ea t flux, ignoring th e  oceanic 
h ea t flux, and  using incorrect values of th e  solar 
co n stan t. Such ap p ro x im atio n s ind ica te  th a t  th e  
m odels are physically  incom plete a n d /o r  have er
ro rs in th e  included physics. F u rth erm o re , th e  s ta te  
of th e  a r t  is th a t  th e  C 02-induced  c lim ate changes 
s im u la ted  by d ifferent G C M s show m any q u a n ti ta 
tive and  even q u a lita tiv e  differences; th u s , we know 
th a t  n o t all of these sim u la tions can be correc t, and  
p erh ap s all could be w rong. I t is n o t p roduc tive  
now to  dwell on th e  inheren t lim ita tio n  in e s tab 
lishing th e  confidence of th e  G C M  sim ula tions of 
equilibrium  clim ate  change. R a th e r we m u st con
c e n tra te  on u n d erstan d in g  th e  differences and  sim 
ilarities  of th e  m ost recen t sim u la tions an d  develop 
m ore-com prehensive m odels of th e  clim ate  system . 
T he ac tions required  to  m eet these tw o  goals are 
e lab o ra ted  below.

4.5.1 G oal I: U n derstand ing  th e  C o n tem porary  
G eneral C ircu la tion  M odel S im ulations

Four sim u la tions of C 02-induced  clim ate  change 
using a tm ospheric  G C M /m ix ed -lay er ocean m odels 
th a t  include th e  an n u a l cycle have been perform ed, 
nam ely, th e  C O 2  q uad rup ling  s tudy  by M anabe and  
S touffer (1980) w ith  th e  G F D L  m odel and  th e  C O 2  

doubling stud ies by H ansen e t al. (1984) w ith  the  
GISS m odel, W ashington an d  M eehl (1984) w ith  the  
N C A R  m odel, and  W etherald  and  M anabe (1986) 
w ith  th e  G F D L  m odel. A m ong these four sim ula
tions, th ere  is a  fac to r of tw o  difference in  th e  global 
m ean surface a ir  tem p e ra tu re  w arm ing , and  am ong 
th e  la tte r  th ree  (which have p red ic ted  clouds) there  
is a  fac to r of tw o difference in th e  tro p ica l surface 
a ir  tem p e ra tu re  changes. To u n d ers tan d  these dif
ferences, an  e s tim ate  of th e  feedbacks in each G C M  
should  be o b ta in ed  w ith  a  com patib le  R CM  follow
ing th e  feedback analysis perform ed by H ansen et 
al. (1984). A n in tercom parison  of these feedback 
analyses for th e  G C M s will allow rank ing  of the  
feedbacks in te rm s of m ag n itu d e , and  thereb y  illu
m in a te  the  likely param eterized  physical processes 
responsible for th e  differences.

G C M  sensitiv ity  s tud ies should  th en  be p er
form ed to  verify th e  findings of th e  R C M  feedback
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analysis. For exam ple , if it is ind ica ted  th a t  cloudi
ness or ice a lbedo  feedback is d o m in an t, then  a  pair 
of 1 X C O 2  and  2 x  C O 2  G C M  sim ula tions should 
be m ade w ith  n o n in te rac tiv e  clouds or sea ice and 
com pared  w ith  th e  ex isting  sim u la tio n s w ith  in te r
ac tive  clouds or sea ice. On th e  o th er hand , if w a
te r  vapor feedback is d o m in an t, th en  sim u la tions 
w ith  a  d ifferent p a ram ete riz a tio n  of cum ulus con
vection  m ay be w a rran te d . B ecause these sensitiv 
ity  s tud ies m ay involve m any  re runs of th e  m od
els, each for a  period  of several decades, i t  m ay be 
m ore econom ical to  em ploy th e  ad jo in t sensitiv ity  
m ethod  described in A ppend ix  C. H aving e s tab 
lished by R CM  feedback analyses and  G C M  sen
sitiv ity  s tud ies w hich of th e  param ete rized  physical 
processes are m ost im p o rta n t for th e  C 0 2 -induced 
c lim ate  changes, how can we de term ine  w hich of the 
co n tem p o rary  p a ram ete riz a tio n s , if any, is correct? 
T he answ er is described  below .

4.5.2 G oal II: D evelopm ent of 
M ore-C om prehensive 
G eneral C ircu la tio n  M odels

T he developm ent of m ore-com prehensive m odels is 
subd iv ided  below  in to  th e  v a lid a tio n  of th e  p a ram 
ete riza tio n s  of subgrid  scale processes, th e  develop
m en t of physically  based cloud p aram ete riza tio n s , 
and  th e  developm ent of coupled a tm o sp h ere /o cean  
G C M s.

4.5.2.1 V alidation  of P hysical P rocess 
P a ra m e te riza tio n s

In th e  p a s t, sim ple p a ram ete riza tio n s  of th e  un
resolved or subgrid  scale physical processes have 
been developed. T he sim plicity  of th e  p a ram e te r
ization  has been justified  because th e  processes are 
ex trem ely  com plex, w hereas our u n d ers tan d in g  of 
th em  is lim ited . T h is in fac t w as th e  ju stifica tio n  
for p aram ete riz in g  cum ulus convection  by m oist ad i
ab a tic  ad ju s tm en t (M anabe e t al. 1965). Yet it 
is clear th a t  th is  p a ram ete riz a tio n  ignores p e n e tra 
tive convection an d , therefo re , p roduces a  d ifferent 
vertical profile o f h ea tin g  from  a  p aram ete riza tio n  
th a t  includes p en e tra tiv e  convection. F u rth erm o re , 
th e re  is c ircu m stan tia l evidence th a t  these  differ
ences in th e  convective vertica l h ea tin g  profile m ay 
be responsib le  for th e  differences in th e  trop ica l

profiles of C 02-induced  tem p era tu re  changes in th e  
m ost recen t G C M  sim ula tions.

A ccordingly, it is now tim e to  begin th e  very 
difficult task  of system atically  validating  th e  G CM  
p aram ete riza tio n s  of subgrid-scale processes. For
tu n a te ly , a  p ro to ty p e  validation  procedure has been 
developed and  is cu rren tly  being carried  o u t, in th is  
case for th e  p a ram ete riza tio n  of rad ia tiv e  tran sfer 
under th e  In tercom parison  of R ad ia tion  C odes in 
C lim ate  M odels (IC R C C M , see L u ther 1984). Fol
low ing th is  p ro to ty p ica l p rogram , scien tists w orld
w ide w ould be inv ited  to  in tercom pare  resu lts  from  
th e ir p a ram e te riza tio n s  for specifically agreed upon 
cases. H ow ever, to  reduce the  possibility  th a t  th e  
p a ram ete riza tio n s  m ay all agree and  yet be incor
rec t, it is essential to  have corresponding resu lts  
from  highly deta iled  m odels th a t  ac tua lly  resolve 
th e  physical processes w hose p aram eteriza tio n s are  
being  com pared  and  to  have ac tu a l observations to  
v a lid a te  these highly deta iled  m odels. Such a  p ro 
gram , for exam ple, th e  In tercom parison  of P a ra m 
e te riza tio n s in C lim ate  M odels (IPC M ), should in
vestig a te  all of the  param eterized  physical processes 
in th e  order of im p o rtan ce  ind icated  by th e  p re
viously described feedback analysis and  sensitiv ity  
stud ies.

4 .5.2.2 D evelopm ent of Physically-B ased 
C loud P aram e te riza tio n s

In Section 4.2, evidence w as presented  th a t  cloud 
o p tical d ep th  feedback m ay be large enough to  po
ten tia lly  reduce th e  C 0 2 -induced global m ean su r
face a ir  tem p e ra tu re  w arm ing  by 50%. Yet none 
of th e  G C M  sim ula tions of C 02-induced  clim atic 
change has included cloud optical d ep th  feedback. 
These facts  suggest th a t  th e  con tem porary  esti
m ates  of a  global m ean w arm ing of 3.5 to  4.2°C  
could p o ten tia lly  be reduced to  1.7 to  2.1°C by 
cloud op tical d ep th  feedback. F u rtherm ore , such 
a halv ing  of th e  global m ean tem p era tu re  sensitiv 
ity  w ould likely also give a  corresponding reduction  
in th e  p ro jected  increase in global m ean p rec ip ita 
tion  ra te . C learly , th e  u n ce rta in ty  ab o u t cloud op
tical d ep th  feedback m u st be considered to  be one 
of th e  m ajo r u n ce rta in tie s  in our con tem porary  p ro 
jections.
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To rectify  th is  deficiency, the  developm ent of 
physically  based m odels of clouds and  th e ir ra d ia 
tive  in te rac tio n s  is requ ired . In p artic u la r , it is 
im p era tiv e  th a t  cloud liquid  w a te r and  cloud ice 
am o u n ts  be p red ic ted  in G C M s, and  th a t  th e  ef
fects of these  variab le  cloud q u an titie s  on th e  o p ti
cal d ep th  of clouds be  in co rp o ra ted  in th e  m odels. 
Such p aram ete riz a tio n s  should  be va lida ted , as de
scribed in S ubsection 4.5.2.1, and  th en  im plem ented  
in G C M s to  ascerta in  th e  effects of cloud op tical 
d ep th  feedback on C 02-in d u ced  clim ate  change.

4 .5.2.3 D evelopm ent o f C oupled 
A tm o sp h ere /O cean  
G eneral C ircu la tio n  M odels

T he ea rliest G C M  sim u la tio n s of C 02-induced  equi
lib rium  clim ate  change w ere perform ed using a 
sw am p ocean m odel w ith o u t h ea t capacity  and  
w ith o u t h o rizon ta l or v e rtica l h ea t tra n sp o r t. These 
G C M /sw am p  ocean m odels p e rm itted  s im u la tion  of 
th e  C 02-in d u ced  changes in w h a t has been in te r
p re ted  as th e  an n u a l m ean c lim ate . T he m ost re
cen t G C M  sim u la tio n s have em ployed a  m ixed-layer 
ocean w ith  p rescribed  d ep th , prescribed  horizon ta l 
h ea t t ra n s p o r t  (usually  zero), and  no vertical h ea t 
tra n sp o r t.  T hese G C M /m ix ed -lay er ocean m odels 
p e rm it s im u la tio n  of th e  C 02-in d u ced  changes in 
th e  an n u a l cycle of c lim ate . Yet these m odels do no t 
allow  any feedback caused by changes in th e  ocean ’s 
h o rizo n ta l h ea t t ra n s p o r t,  nor do they  allow  th e r
m al com m unication  betw een th e  m ixed layer and  
th e  underly ing  therm ocline , in te rm ed ia te , and  b o t
to m  w ate rs . T he absence of oceanic h o rizon ta l hea t 
tra n sp o r t  forces th e  a tm o sp h ere  to  perfo rm  n o t only 
its  own h ea t t ra n s p o r t  b u t th a t  of th e  ocean as well. 
T h is p robab ly  produces e rro rs  in th e  a tm ospheric  
general c ircu la tion . T he absence of vertical h ea t 
tra n sp o r t  in th e  ocean p robab ly  produces erro rs in 
th e  s im u la ted  sea surface te m p e ra tu re s  th a t  also 
likely cause erro rs  in th e  a tm o sp h eric  general cir
cu la tion  (M eehl and  W ashington  1985a). A lthough  
it is possible to  reduce these erro rs by prescrib ing 
th e  oceanic h o rizon ta l h ea t flux by th e  m eth o d  of 
H ansen e t al. (1984), th is  does n o t p e rm it th e  feed
back th a t  changes in th e  ocean te m p e ra tu re  s tru c 
tu re  and  cu rren ts  w ould produce. T he neglect of 
th is  feedback in co n tem p o rary  G C M s, an d  p a r tic 
u larly  its  p o ten tia l im p ac t on th e  surface a lbedo

feedback th ro u g h  changes in sea ice ex ten t, m u st be 
regarded  as a  m ajo r u n ce rta in ty  in co n tem p o rary  
pro jections.

To decrease th is  u n ce rta in ty  requires th e  devel
opm en t of coupled a tm o sp h ere /o cean  G C M s and  
th e ir  ap p lica tio n  to  th e  C 0 2 -c lim a te  issue. A c tu 
ally, p ro to ty p ica l ca lcu la tions of C 02-induced  cli
m a te  change w ith  coupled a tm o sp h ere /o cean  G C M s 
have been carried  o u t by B ryan  e t al. (1982) and  
B ryan  and  Spelm an (1985) w ith  lim ited-dom ain  
versions of th e  G F D L  m odel, and  by Schlesinger 
e t al. (1985) w ith  th e  global OSU m odel. W hereas 
these sim u la tions p rincipa lly  were carried  o u t to  de
te rm in e  th e  ch a rac te ris tic  tim e scale for th e  t r a n 
sien t c lim ate  change induced  by increased C O 2  (see 
C h ap te r  5), they  are  also  of in te re st for s tu d y in g  
th e  equ ilib rium  clim ate  change. H ow ever, for th e  
p resen t discussion, it  is th e  sim u la tion  of th e  1 x 
C O 2  sea surface te m p e ra tu re  th a t  is of im portance . 
T he stu d y  by Han e t al. (1985) of th e  OSU s im u la
tion  described above, an d  th e  earlier coupled m odel 
s tud ies by M anabe e t al. (1979) and  W ashington  
e t al. (1980) show sy stem atic  erro rs in th e  sim u
la ted  sea surface te m p e ra tu re s  in com parison  w ith  
observations. T hese erro rs can be due to  deficien
cies in th e  ind iv idual ocean and  a tm ospheric  m odels 
a n d /o r  to  th e  in te ra c tio n  betw een th e  a tm o sp h ere  
and  ocean m odels. T hese erro rs can have a  large 
im p act on th e  ex ten t of th e  sim u la ted  sea ice an d , 
thereby , affect th e  surface albedo-feedback m echa
nism .

T he ana lysis and  correc tion  of th e  s im u la tio n  
erro rs of coupled a tm o sp h ere /o cea n  G C M s are  of 
fu n d am en ta l im p o rtan ce  in addressing  our ab ility  to  
s im u la te  c lim ate  an d  c lim ate  change. T hese task s  
and  th e  enorm ous co m p u ta tio n a l resources th ey  re
quire m u st be given high p rio rity .
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5.1 IN T R O D U C T IO N

M ost clim ate  m odels have been designed to  fu rth e r 
our u n d ers tan d in g  of th e  long-term  equ ilib rium  cli
m ate  response th a t  resu lts  from  long-term  and  sus
ta in ed  changes in ex tern a l forcing. Such m odels, 
therefore , a re  concerned m ainly w ith  h y p o th e tica l 
s te ad y -s ta te  c lim ates (see C h ap te r 4 of th is  vol
um e). In th e  real w orld , how ever, c lim ate  is rarely, if 
ever, in a steady  s ta te ; observed clim ato logical p rop 
e rties a lm o st alw ays exh ib it som e variab ility  from  
one averag ing  period  to  the  nex t. T ran sien t (tim e- 
varying) clim atic  behav io r has occurred  over a w ide 
range of tim e scales in th e  course of th e  E a r th ’s ge
ological evolu tion  (see C h ap te r  7). Such varia tions 
have been caused by a  varie ty  of ex te rn a l and  in
te rn a l facto rs (see F igure 3.2 in C h a p te r  3), som e 
of w hich are n o t en tire ly  u n d ersto o d  a t  p resen t. It 
is a lm ost ce rta in  th a t  changes in a tm o sp h eric  com 
position , including  th e  am o u n t of carbon  dioxide 
(C O 2 ) and  perh ap s o th er rad ia tiv e ly  ac tive  trace  
gases in th e  a tm o sp h ere , have influenced and  regu
la ted  the  E a r th ’s te m p e ra tu re  and  c lim ate  v ia the  
greenhouse effect.

T he m odeling of tran s ien t c lim ate  change driven 
by greenhouse h ea tin g  from  the  increase in C O 2  con
c en tra tio n  over th e  las t 130 years is th e  sub ject of 
th is  ch ap te r. T his ty p e  of ana lysis requires t r e a t 
m en t of all of th e  facto rs assoc ia ted  w ith  m odel
ing s tead y -s ta te  c lim ates (see C h ap te r  4) p lus the  
significant ad d itio n a l dim ension of tim e. For ex
am ple, th e  finite h ea t capacity  of th e  oceans plays a 
critica l role in dam ping  c lim ate  flu c tu a tio n s  re la tive  
to  values p red ic ted  by s tead y -s ta te  sensitiv ity  m od
els. In th e  case of increasing C O 2  co n cen tra tio n s  
in th e  a tm o sp h ere , th e  system  m ay never reach the  
s te ad y -s ta te  w arm ing  associa ted  w ith  th e  am o u n t 
of C O 2  in th e  a tm osphere  a t  any given tim e (e.g., 
W igley and  Schlesinger 1985b). On th e  o th e r hand , 
for som e scenarios of fossil fuel use in w hich C O 2  

em issions are  d rastica lly  cu t back early  in th e  next 
cen tu ry , i t  is possible for global w arm ing  to  con tinue 
beyond th e  p o in t of em ission cu toff as a  re su lt of the  
nonequ ilib rium  tra n s ie n t (M ichael e t al. 1981).

As an  in tro d u c tio n  to  e s tim a tin g  th e  tran s ien t 
c lim atic  effects over th e  period  1880-1980 (and  ea r
lier), w hen w orldw ide com bustion  of carbonaceous 
fossil fuel and  o th er fac to rs were increasing  a tm o 
spheric C O 2  co n cen tra tio n s, consider th e  tim e series

of surface air tem p e ra tu re s  (V innikov et al. 1980; 
Jones et al. 1982) show n in F igure 5.1 and  sea ice 
cover (V innikov et al. 1980; Zwally et al. 1983) 
shown in F igures 5.2 and  5.3. As described m ore 
fully in th e  accom panying  s ta te -o f-th e -a rt rep o rt 
on the  Detect ing the Cl imatic Ef fects o f  Increas
ing Carbon Dioxide (see C h ap te r 4 by W igley et 
al. 1985), th ere  is no clear ind ica tion  of a  m ono
tonic w arm ing over th is  period , as w ould be an tic i
p a ted  from  th e  observed bu ild u p  of C O 2  in th e  a t 
m osphere. In stead , these d a ta  sets ind icate  a  com 
plex p ic tu re  including in te ran n u a l variab ility  and , 
p erhaps, som e sy stem atic  tren d s. Indeed, th e  global 
tem p e ra tu re s  seem to  have increased from  1885- 
1935, and  the  ex ten t of A rctic sea ice decreased 
from  1925-1945. T his w as followed, how ever, by 
a  leveling off and th en  a  subsequen t decrease in 
tem p e ra tu re . A lthough it is possible th a t  th e  d a ta  
sets are incom plete, these surface a ir tem p era tu res  
do n o t ap p e a r to  display th e  m onoton ic increase in 
global m ean tem p era tu res  p red ic ted  by C 02-d riven  
clim ate  m odels. T his does no t necessarily m ean 
an  absence of an effect th u s  far, because th e  su
perposition  of c lim atic  variab ility  from  o th er causes 
m ay obscure the  signal. A m ong o th e r th ings, th ere
fore, tra n s ie n t c lim ate  m odels are needed to  address 
w hether h isto rical records are  consisten t w ith  p re
d ic tions of p as t w arm ing from  increasing C O 2  con
ce n tra tio n s , as well as w here and  when a  clim ate 
change is likely to  be observed in th e  fu tu re .
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F ig u r e  5 .1 . A nnual m ean surface a ir tem p e ra tu re  anom alies from 
1880-1981: (solid curve) V innikov e t al. (1980); and (dashed curve) 
Jones et al. (1982). F igure from  W eller et al. (1983), and includes 
p o in ts u p d a te d  to  1981 by Jones.
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F ig u r e  5 . 2 .  A nnual m ean and  5-year ru nn ing  m ean sea ice 
am oun t in th e  A rctic  O cean from  1920-1975 (d a ta  from V innikov 
et al. [1980]).

To u n d ers tan d  tra n s ie n t changes, it is necessary 
to  u n d ers tan d  how th ey  are  d ifferent from  th e  equi
lib rium  cond itions considered in C h ap te r 4. U nder 
s tead y -s ta te  cond itions, th e  E a r th ’s surface tem p e r
a tu re  is governed by th e  balance betw een so lar h ea t
ing and p lan e ta ry  cooling by longw ave rad ia tio n  to  
space. T he m ain  effect of greenhouse gases— w ater 
vapor, ca rb o n  d ioxide, ozone, and  ce rta in  trace  
gases— is to  cause th e  spec tra lly  averaged  ra d ia 
tive cooling to  occur from  th e  a tm o sp h ere  a t  h igher, 
colder a ltitu d e s  th a n  if all the  rad ia tio n  cam e from  
th e  w arm er surface of th e  p lan e t, as w ould occur if 
th e re  were no a tm o sp h ere . T his greenhouse effect 
leads to  th e  global m ean  surface te m p e ra tu re  of the  
E a r th  being som e 33°C  w arm er th a n  it w ould be in 
th e  absence of th e  atm osphere .

If a  sudden increase in a tm ospheric  C O 2  concen
tra tio n  were to  occur, th e  p la n e t’s rad ia tiv e  balance 
w ould be p e rtu rb ed  because th e  cooling ra te  w ould 
decrease. To resto re  th e  balance, th e  system  w ould 
c rea te  a  new c lim ate  by increasing  th e  surface and  
tropospheric  te m p e ra tu re  u n til th e  longw ave cool
ing from  th e  h igher tro p o sp h eric  a ltitu d e  associa ted  
w ith  th e  increased C O 2  is large enough to  balance 
solar hea ting . T here  a re  ad d itio n a l positive  feed
backs from  increasing  w a te r vapor, decreasing sea 
ice, an d , p erhaps, changes in cloud ex ten t and  dis
tr ib u tio n . T he best e s tim ates  a re  th a t ,  to g e th er, 
these feedbacks am plify th e  C 0 2 -only w arm ing  by 
a  fac to r of tw o to  four (see C h ap te r 4). By itself, 
th e  a tm osphere  w ould  com e in to  a  new steady  s ta te  
a fte r a  sudden change in th e  am o u n t of C O 2  w ith in  
a  few m o n th s, b u t th e  high h ea t capacity  of th e  
surface ocean and  underly ing  w a te rs  p reven ts  such 
a rap id  a d ju s tm en t, re su ltin g  in a  t rans ient  lag.
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F ig u r e  5 .3 . A nnual (12-m onth  runn ing) m ean of sea ice am o u n t 
in th e  S ou thern  O cean off A n ta rc tica  from  1973-1981 (d a ta  from 
Zwally e t al. [1983]). All series exh ib it sh o rt-p e rio d  (2-10  y) oscil
lations.

T he coupling of th e  various th e rm a l reservoirs 
of th e  c lim ate  system  th a t  can sto re  h ea t is a  cen
tra l  fea tu re  of th e  tra n s ie n t problem . So to o  is th e  
re la tio n sh ip  betw een  clim ate  sensitiv ity , including 
in te rn a l feedbacks, and  th e  re lax a tio n  tim es of th e  
h ea t-s to rin g  reservoirs. In the  sections th a t  follow, 
we begin w ith  a  descrip tion  of a  sim ple m odel for 
th e  tra n s ie n t response, analyze th e  tim e scales th a t  
com e in to  play, an d  discuss th e  types of ex terna l
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forcing an d  th e  tim e lags th a t  can resu lt. W ith  the  
khelp of these ideas to  p u t th e  problem  in con tex t, 
ap p lica tio n s of c lim ate  m odels developed th u s  far 
for stud ies of th e  tim e-d ep en d en t c lim ate  response 
to  increasing C O 2  co n cen tra tio n s  will be reviewed, 
and  areas  of fu tu re  research  will be discussed.

5.2 A C O N C E P T U A L  M O D E L  F O R
U N D E R ST A N D IN G  T H E  T R A N S IE N T  
R E S P O N S E  O F G LO B A L C L IM A T E

To fully assess th e  im p act of fossil fuel C O 2  on w orld 
c lim ate , it is necessary to  p red ic t th e  tra n s ie n t re
sponse of a  b road  range of clim ato logical variables 
(including tem p e ra tu re s , w inds, p rec ip ita tio n , and  
hydrology) w ith  sufficient sp a tia l reso lu tion  to  de
te rm in e  regional effects. T h e  developm ent of th is  
cap ab ility  requires use of coupled general c ircu la
tion  m odels (G C M s) of the  E a r th ’s a tm o sp h ere  and  
oceans. H ow ever, ce rta in  essential fea tu res  of the  
problem  can be illu s tra te d  w ith  sim pler th e rm o d y 
nam ic energy balance m odels (E B M s), w hich sacri
fice d e ta il for c la rity  of ana lysis by focusing on the  
principle of conservation  of energy.

To p u t th e  resu lts  of m ore de ta iled  m odels in 
co n tex t, consider th e  follow ing concep tual m odel of 
th e  global energy balance. Let T  be th e  global an 
nually  averaged  surface te m p e ra tu re  of th e  E a rth , 
w ith o u t, a t  th is  p o in t, d iffe ren tia ting  betw een air, 
w a te r, or land  tem p era tu res . Also, le t q be th e  su r
face a tm ospheric  w a te r vapor co n cen tra tio n , and  let 
c be th e  co n cen tra tio n  of C O 2  (well m ixed in the  
tro p o sp h ere). T hese co n stitu en ts  are of th e  order 1 
and  0.03%  by volum e, respectively, a t  p resen t. As in 
rad ia tive-convective  m odels of th e  tro p o sp h ere , as
sum e th a t  th e  vertica l te m p e ra tu re  and  w a te r vapor 
profiles are defined by th e ir surface values, and  th a t  
q{T)  is given by th e  surface re la tiv e  h u m id ity  and  
th e  (C lausius-C lapeyron) eq u a tio n  for w a te r s a tu 
ra tio n  v apor pressure.

T he ou tgo ing  in frared  (IR) energy ra d ia ted  to  
space per u n it surface a rea  can be expressed by a 
re la tio n  of th e  form  Q m  =  Qf j i { T, q , c , . . . ) ,  w hich 
includes th e  effect of in teg ra tio n  over th e  en tire  IR 
sp ec tru m  and  all p a th  angles. R esu lts  of rad ia tiv e - 
convective m odels suggest th a t  Q m  decreases ap 
prox im ately  linearly  w ith  th e  lo g arith m  of c (Au- 
gustsson  and  R am an a th a n  1977). Such m odels, as 
well as d irec t observations by sa te llite  rad iom eters

(see, e.g., W arren and  Schneider 1979), also ind icate  
th a t  Q jr increases app rox im ate ly  linearly  w ith  T.  
Let Sq,  Oq, Co, and  Tq be the  solar co n stan t, p lane
ta ry  ab so rp tan ce , a tm ospheric  C O 2  co n cen tra tio n , 
and  global m ean surface te m p e ra tu re , respectively, 
a t  som e reference s ta te  close to  th a t  of th e  cu rren t 
c lim ate . T he IR  flux to  space is th en  expressible 
ap p ro x im ate ly  by a  first-o rder T aylor series expan
sion in th e  vicin ity  of th e  reference s ta te  deno ted  by 
subscrip t zero:

Q / f i ( T , c , 9 ) ~ Q o - A l n ( ^ - j + H ( r - T o )  , (5.1)

w here Qo =  ao*So/4 is the  absorbed  so lar flux, w hich 
is equal to  th e  ou tgoing IR  flux a t  the  reference 
s ta te , and

A =  -
d Q I R

h(^)I
B

d Q I R

d T {# } T , c d T

are coefficients th a t  are essentially  co n stan t w ith in  
the  range of valid ity  of th e  expansion. T he second 
te rm  on the  rig h t-h an d  side of th e  equation  for B  is 
the  effect of w a te r vapor-IR  feedback and  is negative 
because w ate r vapor decreases the  outgoing  rad ia 
tion , b u t th is  te rm  is sm aller th a n  th e  first positive 
term . T he flux Q jr represen ts a  d is trib u tio n  th a t  
peaks a t  a  w avelength  near 15 f im  and  is spectrally  
sep a ra ted  from  th e  incom ing solar flux, which peaks 
near 0.5 ;rm.

W ith o u t feedbacks, th e  incom ing solar flux ab 
sorbed by the  E a r th  is sim ply Q s  =  a 5 /4 ,  where S  
is th e  so lar co n stan t, a is th e  p lan e ta ry  abso rp tance, 
w hich is equal to  incom ing m inus reflected solar en
ergy, and  1 /4  is th e  d isk-to-surface-area ra tio . In 
th e  presence of a lb ed o -tem p era tu re  feedback from  
sea ice and  highly reflective snow cover on land , 
w hich is rap id ly  responding , absorbed  solar rad i
a tio n  increases w ith  increasing te m p e ra tu re  as

Q s { T , iS, a) ~  - 5  
4

a  +
d a

[T -  To) • (5.2)

A dd itional feedback te rm s having  a  tem p era
tu re  dependence can en te r th e  rig h t-h an d  sides of 
E q u atio n s (5.1) and  (5.2). A possibly im p o rtan t 
b u t u n ce rta in  feedback is associa ted  w ith  cloudiness
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change du ring  c lim ate  change. Suppose, for exam 
ple, a  w arm er p lan e t is cloudier. T his decreases Q s  
because m ore ra d ia tio n  is b ack sca tte red  to  space 
(clouds give th e  p lan e t a  h igher albedo , or b rig h t
ness); b u t clouds also decrease Q j n  by in tercep tin g  
IR  ch a rac te ris tic  of high surface tem p era tu res  and  
rad ia tin g  to  space a t  a  lower tem p era tu re . Cess 
(1976) and  Cess e t al. (1982) have argued  from  ob
servational d a ta  th a t  th e  effects ten d  to  com pen
sa te  in Q n e t  ~  Q s  -  Q i r -, which drives c lim ate 
change (see also  th e  discussion by K andel 1983). 
A lthough we om it th e  cloudiness feedback from  our 
sim ple m odel, it  is w o rth  m ention ing  th a t  a  n u m 
ber of G C M s include it th ro u g h  cloud and  rad ia tio n  
p aram ete riz a tio n s  (see below ).

It is useful to  define th e  linear dam ping  coeffi
cient,

d ( Q i R  — Q s )
d T

(5.3)
4 d T   ̂ ’

T he ap p ro x im a tio n  on th e  rig h t-h an d  side includes 
w a te r vapor-IR  feedback (th rough  B )  and  albedo- 
tem p e ra tu re  feedback. M ore general expressions 
could be developed, in principle, to  include cloudi
ness or o th e r feedbacks, if th e ir physics w ere b e t
te r know n from  theo ry  or observations. N eglecting 
higher order co n trib u tio n s  from  the  p e r tu rb a tio n s  
A T  ~  T  -  To, A S  =  S -  So, A a  = a -  Rq, and  
Ac =  c — Co, th e  net rad ia tio n  (positive dow nw ard 
in to  th e  p lan e t) for cond itions in the  vicin ity  of the  
reference s ta te  (w here Q m e t  =  0), from  E q u atio n s  
(5 .1 )-(5 .3 ) ,is :

Q n e t { T =  Q s  -  Q i r

~  A [ T , ( S , a , c ) - T j ,  (5.4)

where

T ^ { S ,a , c )  = To +  A“ ^
1 /  c
-  (S o  -  SoOo) -t- A In ( — 
4 Vco

system  in te rm s of factors forcing th e  c lim ate sys
tem  during  tran s ien t clim ate change. As defined 
by E quation  (5.5), Tg rep resen ts th e  tem p era tu re  
a t  any tim e tow ard  w hich th e  system  relaxes for 
values of S , a , or c th a t  are different from  those 
of th e  subscrip t zero reference clim ate. N ote th a t  
Te(f) could itse lf be tim e dependen t, being driven, 
for exam ple, by tim e varia tions in so lar, volcanic, 
and  C O 2  greenhouse forcing th ro u g h  th e  tim e vari
a tio n s in 5 '(f), a{t),  and  c{t).  T his list of ex ternal 
causes is no t exhaustive; C h ap te r 6 of th is  volum e, 
for exam ple, also estim ates  effects of p o ten tia lly  im 
p o r ta n t an th ropogen ic  greenhouse gases o th er th a n  
C O 2  (e.g., m ethane , n itrous oxide, and  chlorofluo- 
rocarbons) on the  equilibrium  tem p era tu re .

In th is  sim ple m odel, we assum e th a t  th e  in s tan 
taneous im balances in Q n e t  are absorbed  by only 
th e  w ell-m ixed surface layer of th e  w orld oceans, 
w hich is tak en  to  be of the  order of 100 m  thick. 
H eat capacities  of th e  atm osphere  and  therm ally  
in te rac tiv e  lan d  surfaces are  negligible by com par
ison, a lth o u g h  th e  low h ea t capacity  of land  could 
affect th e  resu lts  if global a ir m asses a re  no t well 
m ixed (see T hom pson and  Schneider 1979). Here 
we m ake th e  infinite w ind assum ption  of T hom pson 
and  Schneider (1979) and  assum e th a t  th e  p lane
ta ry  th e rm a l in e rtia  is dom inated  by th e  oceanic 
m ixed layer. The h ea t capacity  per u n it a rea  of 
ocean of such a  layer is app rox im ate ly  4 x 10® J 
m “ 2  T he global m ean tem p e ra tu re  T { t)  is
th en  governed by th e  sim ple d ifferen tial equa tion  
C d T / d t  =  Q n e t  — ^  [^ « (0  ■”

d T  _  \Tg{t) -  T]
dt Trm

(5.6)

w here =  C /A  is a ch a rac te ris tic  rad ia tiv e  cool
ing tim e of th e  m ixed layer. N ote also from  E qua
tio n  ( 5 .5 ) th a t  th e  change in equ ilib rium  tem p era 
tu re , ATe = Tg -  To, arising from  changes in 5 ,  a , 
and  c is expressible as

=  To

= To

A - ' |Q o  

A ^ A Q n e t

A S  A a
— I 

. Oo Oo .
+  X . n | .  +  ^ ) }  

(5.5)

is the  equilibrium temperature.  T his reference tem 
p era tu re  w as in tro d u ced  by Hoffert e t al. (1980) 
to  express th e  sh ifting  equ ilib rium  tendency of the

^ , ' A S  A a \  ,  , A c
ATg =  ( —— I I -h In ( 1  H------

Oo Oo /  V Oq
(5.7)

w here Pt  =  <5/A and  =  A / X  are clim ate  sensi
tiv ity  p aram ete rs . T yp ica l values of th e  first tw o  
coefficients ap p earin g  in E quation  (5.1) and  above 
are (H offert e t al. 1980): Qo ~  238 W and  
A  =  7.93 W m “ ^. T hus, b o th  th e  re laxation  tim e
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m

of th e  m ixed layer and  th e  equilib rium  tem pera- 
ure change scale inversely w ith  th e  dam ping  co- 
fficient A defined by E q u a tio n  (5.3). These effects 

a re  in som e sense com pensa to ry , because a  m ore 
sensitive clim ate  (sm aller A) gives a  larger tem p er
a tu re  change in th e  final equ ilib rium , b u t it m ay 
tak e  longer to  get there . In any even t, th e  num er
ical value of A, a  q u a n tity  assoc ia ted  w ith  EBM s, 
G C M s, and  th e  real c lim ate , is obviously a  key p a
ram e te r in e s tim atin g  b o th  th e  equ ilib rium  sensitiv 
ity  and  th e  tra n s ie n t response.

W arren  and  S chneider’s (1979) analysis of a t 
m ospheric rad ia tio n  d a ta  suggest B  = d Q i n / d T  is 
in th e  range of 1.0 -  3.5 W m “  ̂ K “ ^, w hich in
cludes th e  d irec t te m p e ra tu re  effect on rad ia tio n  
plus w a te r vapor feedback. Values in a com parable 
range are  g enerated  by rad ia tive-convective  clim ate 
m odels. H ow ever, th e  linear dam ping  coefficient 
A =  B —{ l / 4 ) S o d a / d T ,  w hich ap p ears  in E quations 
(5.4), (5 .5), and  (5 .7), includes th e  effect of surface 
a lb ed o -tem p era tu re  feedback; in th e  classical case 
w arm er (cooler) tem p e ra tu re s  lead to  less (m ore) 
extensive snow and  sea ice, in tu rn  leading to  still 
w arm er (cooler) global tem p era tu res . W a tts  (1983) 
has es tim ated  th a t  { l / 4 ) S o d a / d T  m ay be som e 50% 
of B ,  th u s  decreasing A by 50%. Such a  value w ould 
decrease A, re la tiv e  to  B .  A lthough  em pirical sea
sonal and  zonal re la tionsh ips betw een  tem p era tu re  
and  p lan e ta ry  a lbedo  have been used in sim ple cli
m ate  m odels, th e  observed re la tionsh ips depend  on 
m oistu re  v aria tio n s  as well as te m p e ra tu re , and  it is 
no t clear how m oistu re  w ould change w ith  long-term  
clim ate change. Some m odelers (i.e., Kallen et al. 
1979) have even suggested  th a t  snow and  ice cover 
a t  som e la titu d e s  and  du rin g  som e seasons m igh t in
crease w ith  a  c lim ate  w arm ing , thereby  increasing 
A re la tiv e  to  B .  T hese u n ce rta in tie s  a re  lum ped to 
gether in th e  linear dam ping  coefficient and  will be 
shown p resen tly  to  have a  m ajo r effect on b o th  the  
s te ad y -s ta te  and  tran s ien t response. For purposes 
of es tim atio n  in th is  concep tual m odel, we assum e 
a  nom inal value A ~  2.2 W m “  ̂ K ” ^, a lth o u g h  con
siderable v aria tio n  ex ists in th e  lite ra tu re  derived 
from  th e  o u tp u t of general c ircu la tio n  m odels. H ar
vey and  Schneider (1985b), for exam ple, on th e  b a 
sis of num erical c lim ate  sensitiv ity  stud ies, use a 
nom inal A o f 1.8 W m “  ̂ K~^.  O ur nom inal base

case of A =  2.2 W m '^  (Hoffert e t al. 1980) 
corresponds to:

2.8 X 10* J m-"* K - i  
”  2.2 W m -2  K - i

1  y

~  4 y ,
3.15 X 1 0 ^  s ,  

(5.8a)

/3t
238 W m -2

2.2 W m -2  K - i  
7.93 W m-"*

2.2 W m - 2  K - i

~  108 K , 

~  3.6 K .

(5.8b)

(5.8c)

T he sensitiv ities correspond to  a  AT^ of ~  1°C for 
a  1% solar co n s tan t increase. T he value A  =  7.93 
W m “  ̂ corresponds to  an  increase in net rad ia tiv e  
forcing to  th e  p lanet per u n it a rea  of A Q n e t  =  
- A Q /f i  =  -h7.931n2 ~  5.5 W m '^  for 2 x C O 2  

doubling , w hich was ca lib ra ted  to  recover AT^ =  
A Q tv e t/A  2.5°C for a  C O 2  doubling for the  value 
A =  2.2 W m " ’̂ used here. T his tem p era
tu re  change is consisten t w ith  th e  prior conclusions 
of th e  N ational R esearch Council (N RC 1982) th a t  
th e  equ ilib rium  global surface w arm ing from a  dou
bling of C O 2  is “near 3°C , w ith  a  probable erro r of 
± 1 .5 °C .” M ore recent s tud ies w ith  G CM s suggest 
com parab le values for C O 2  sensitiv ity  (see C h ap te r 
4 ), a lth o u g h  p erhaps w ith  a g rea te r range of uncer
ta in ty  (Schlesinger 1983). However, it is clear from  
our analysis th a t  th e  equ ilib rium  global w arm ing  
depends on th e  ra tio  of th e  d irec t rad ia tiv e  forc
ing from  th e  C O 2  greenhouse effect to  the  dam ping  
p a ram ete r. In assessing tran s ien t m odel resu lts, it 
should be borne in m ind th a t  the  forcing, A Q n e t  
for a  C O 2  doubling, in ad d itio n  to  A, is known to  
vary from  m odel to  m odel. For exam ple, B ryan  et 
al. (1982) have a  forcing of 6.5 W m “  ̂ for 4 X C O 2 , 
w hich corresponds to  3.25 W m “  ̂ for 2 x C O 2 , 
w hereas H ansen et al. (1984) have a  d irect forcing 
of 4.3 W for 2 x C O 2 .

T he m ain  difficulty in m aking  even so elem en
ta ry  a  p red ic tion  as A T^  from  a  C O 2  doubling is 
th e  p o ten tia lly  im p o rta n t role of various poorly un 
d ersto o d  feedbacks: W a tts  (1983), for exam ple, es
tim a te s  an  u pper value of d a j d T  ~  0.0034 K “ ^. A 
value only h a lf as large gives an  a lb ed o -tem p era tu re  
feedback co n trib u tio n  to  A of — {1/4) S o d a / d T  ~  
“ 0.6 W m "^ K ” ’*, low ering A by E quation  (5.3) 
to  1 . 6  W m “  ̂ K “ ^. C loudiness feedbacks m ay ei
th e r increase or decrease A, depending  on w hether 
th e  negative cloud-albedo feedback dom inates the
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positive cloud greenhouse feedback, or vice versa, 
w ith  correspond ing  effects on r^m. and  ATg.  In th e ir 
recen t G C M  sim u la tio n  in w hich ATg  ~  4°C for 
a  C O 2  doubling , H ansen et al. (1984) a t t r ib u te  
~ 35%  of th is  w arm ing  to  positive cloudiness feed
back. B u t th ere  are coun terexam ples, such as W ash
ington  and  M eehl’s C 0 2 -doubling ex p erim en t, cited 
by Schlesinger (1983), in w hich th e ir G C M  w ith  in
te rac tiv e  clouds gave a  negative feedback, w hich is 
less w arm ing  th a n  w ith  fixed (no feedback) clouds. 
O th er feedbacks can occur in clim ate  m odels th a t  
in co rp o ra te  coupled a tm osphere-ocean  G C M s, such 
as th e  idealized co n tin en ta l geom etry  m odel un 
der developm ent a t  th e  G eophysical F lu id  D ynam 
ics L ab o ra to ry  in P rin ce to n , New Jersey (B ryan  et 
al. 1982). In sum m ary , a  nom inal A value of 2.2 
W m “  ̂ K “  ̂ is w ith in  th e  range of u n ce rta in ty , b u t 
values g rea te r or sm aller th a n  th is  by a  fac to r of 
tw o associa ted  w ith  poorly  un d ersto o d  feedbacks 
are possible an d  can n o t be ru led  o u t.

F inally , consider the  so lution to  our sim ple 
m ixed-layer m odel of E q u atio n  (5.6) for a  s tep  func
tion  change in forcing, A Q j\!e t  ̂ co rresponding  to  
ATg = Tg -  To = AQ^^e t / ^  ~  co n s tan t, applied  a t  
t = 0. Such a  change can be th o u g h t of as arising  
from  a  sudden increase in th e  a tm ospheric  C O 2  con
cen tra tio n  m ain ta in ed  a t  a  co n stan t e levated  level. 
T his has becom e a  s ta n d a rd  d iagnostic  p rob lem  for 
tran s ien t c lim ate  m odels. T he global tem p e ra tu re  
response is th en  a  sim ple exponen tia l app ro ach  to  
th e  new equ ilib rium  tem p e ra tu re .

A T ( t )  = T - T o  = ATg 1 exp
t

. (5.9)

T he m ajo r resu lts  of th is  analysis are as fol
lows: (1) A s tep  increase in global h ea tin g  ra tes , 
and  hence in global equ ilib rium  te m p e ra tu re , tends 
to  be balanced  by increased IR  cooling u n til a  new 
s tead y -s ta te  te m p e ra tu re  is a tta in e d . T h is is a  con
sequence of A being positive , w hich im plies th a t  the  
c lim ate  is s tab le  to  sm all d istu rbances. (2) P ositive 
(am plifying) feedbacks, such as w a te r vapor-IR  and  
ice-albedo, decrease A, and  negative  feedbacks in
crease A. (3) For a  given forcing an d  system  hea t 
capacity , b o th  th e  equ ilib rium  (long-term ) tem p er
a tu re  change and  th e  th e rm a l re lax a tio n  tim e in
crease w ith  decreasing A; th a t  is, th e  m ore positive 
th e  feedbacks, th e  g rea te r th e  s te ad y -s ta te  sensitiv 
ity , b u t i t  tak es  longer to  app ro ach  a  stead y  s ta te .

5.3 T R A N S IE N T  T IM E  SCA LES OF
M U L T IR E SE R V O IR  C L IM A T E  M ODELS

T he behav io r of th e  tran s ien t c lim ate  response can 
be m ath em atica lly  m odeled by a  system  of cou
pled o rd inary  or p a r tia l d ifferential equations based 
on th e  conservation  of energy. T he m odel equa
tions described here are highly sim plified. In p a r
ticu la r, they  neglect (or a t  b est param eterize) dy
nam ic effects th a t  a re  responsible for energy tra n s 
p o rt. T he so lu tions— typically  ob ta ined  by num er
ical in teg ra tio n  by a  com pu ter b u t available an 
aly tically  under ce rta in  very idealized sim plifying 
assum ptions— define th e  tim e-dependen t tem p era
tu re  d is trib u tio n s  in a  set of energy-exchanging 
th erm a l reservoirs in response to  som e specified ex
te rn a l forcing. O n th e  tim e scale of th e  C O 2  clim ate 
problem , these reservoirs should  include a t  least the  
a tm osphere , land , surface, u pper m ixed layer of th e  
ocean (including sea ice), an d  th e  deep sea. O n 
very long tim e scales, p o lar ice caps m ay need to  be 
tre a ted .

5.3.1 A Four-R eservoir M odel

As a  first s tep  beyond th e  single-reservoir EBM  
of the  las t section, we now consider th e  tran s ien t 
response of a  horizon tally  averaged  (vertically  re
solved), coupled four-reservoir EB M , in w hich each 
layer rep resen ts  one of th e  four global hea t reservoirs 
cited  above. T h is m odel is m o tiv a ted  by our in ten 
tion  to  discuss the  various tim e scales th a t  can come 
in to  play du ring  th e  tra n s ie n t response. A lthough 
th e  four-reservoir m odel discussed below is su b s tan 
tia lly  less com plex th an  coupled atm osphere-ocean 
G C M s, it has enough d e ta il, a t  least schem atically , 
to  illu s tra te  th e  various tim e scales involved in  t ra n 
sien t response and  th e  role of coupling betw een 
reservoirs.

We will assum e th a t  th e  vertical h ea t flux w ith in  
th e  layers occurs by rad ia tiv e  tra n sp o r t plus eddy 
th erm a l diffusivity  in th e  a tm osphere  (t =  a),  th e r
m al conduction  of h ea t represen ted  by m olecular 
th e rm a l diffusion to  som e p en e tra tio n  d ep th  on 
land  (f =  £), tu rb u len t eddy m ixing in the  surface 
ocean layer (i =  m ), and  sm all-scale eddy diffu
sion p lus upw elling of h ig h -la titu d e  b o tto m  w ater 
(th erm o h a lin e  overtu rn in g ) in th e  deep sea (i =  d).  
B oth  conduction  an d  convective h ea t tran sfer a re
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odeled by Fourier h ea t conduction  law s, Q^i  ~  
\ C i K t d T i / d z ,  w here Pi, Ci,  and  /ĉ  a re  th e  density , 

^ e c if ic  h ea t per u n it m ass, and  th e rm a l diffusivity 
of th e  i-th  reservoir, respectively.

T he eddy th erm a l diffusivities Ki used to  rep
resen t tu rb u le n t m otion  in th e  fluid reservoirs (t =  
a , m , d) a re  orders of m ag n itu d e  larger th a n  th e  cor
responding  m olecular values. V ertical eddy diffu
siv ity  in th e  a tm o sp h ere  or ocean can be defined 
form ally as Ki =  —{w 'i T ' ) / [ d T i /d z ) ,  w here th e  an 
gu lar b rack e t denotes a  R eynolds average over m any 
fluctua tion  tim es and  prim es d eno te  in s tan tan eo u s  
fluctua tions from  th e  R eynolds average. In lab o ra 
to ry  b oundary  layers and  in a tm o sp h eric  boundary  
layers using in s tru m en ted  m eteorological tow ers, it 
is often  possible to  m ake d irec t m easu rem en ts of the  
eddy flux {w'T' )  and  of th e  m ean te m p e ra tu re  g rad i
en t d'Y j d z  sim ultaneously , by a p p ro p ria te  averaging  
of in s tan tan eo u s  values, and  thereby  to  o b ta in  a  di
rect m easu rem en t of /Cj. In th e  a tm o sp h ere , th e  hor
izon ta l eddy diffusiv ity  associa ted  w ith  a tm ospheric  
m o tions, =  — (t;'T ^)/[5T o/5(i?(/))], can likewise 
be e s tim ated  from  com pilations of a tm o sp h eric  cir
cu lation  s ta tis tic s  (e.g., O ort 1983), w here v' is a 
flu c tu a tio n  in m erid ional (po lew ard) velocity, and 
R<  ̂ is th e  d istan ce  from  the  eq u a to r along a  m erid 
ian. U nfo rtunate ly , th e  vertical eddy diffusivity  of 
the  troposphere  is difficult to  m easure d irectly  ow
ing to  global sam pling  problem s and  th e  sm allness 
of the  u>'-fluctuation. M oreover, in th e  oceans, it 
is difficult or im possible w ith  p resen t in s tru m e n ta 
tion  technology to  m ake e ither h o rizo n ta l or ver
tica l eddy diffusivity  m easu rem en ts d irec tly  by the 
flux-grad ien t m ethod . In stead , eddy diffusiv ities are 
typ ically  e s tim ated  by fittin g  observed d is trib u tio n s  
of tra n s ie n t and  s tead y -s ta te  oceanic tracers  ( tr i
tiu m , rad io carb o n , to ta l  carbon , e tc .) to  solu tions 
of sim ple m ass-diffusion m odels of th e  oceans. T his 
involves th e  ad d itio n a l assum ption  th a t  h ea t and 
m ass are tra n sp o r te d  analogously  by oceanic eddies.

A consideration  often  cited  in m odeling hea t 
tran sfe r in to  th e  u p p er k ilom eter o f the  ocean 
(th e  therm ocline) from  oceanograph ic trac e r dis
tr ib u tio n s  is th e  finding by chem ical oceanogra
phers th a t  m ass tra n s p o r t  of tra c e rs  occurs p re
dom in an tly  along co n stan t-d en sity  (isopycnal) su r
faces th a t  s lan t dow nw ard  a t shallow  angles tow ard  
m id la titu d es  from  h ig h -la titu d e  o u tcro p s (see T ra- 
|balka 1985). T h is  is p a rtly  a  consequence of the

stab le  density  g rad ien t in the  therm ocline d am p 
ing th e  in stab ilitie s  norm al to  isopycnals th a t  lead 
to  m ixing. H offert e t al. (1983) have found th a t  
eddy th erm a l diffusion across, ra th e r th a n  along, 
isopycnals is th e  d o m in an t m ode for dow nw ard  hea t 
tra n sp o r t  because isopycnals are aligned very nearly  
w ith  iso therm s in th e  therm ocline , and  co n stan t- 
te m p e ra tu re  surfaces, by defin ition , have no g ra
d ien t to  provide a  n e t t ra n s p o r t  of h ea t along 
them . T he coincidence of iso therm s and isopyc
nals in th e  therm ocline  is clearly il lu s tra ted  in the 
tw o-dim ensional ocean sections presen ted  by Lev- 
itu s  (1982) an d  resu lts  from  th e  re la tively  sm all 
co n trib u tio n  of sa lt to  th e  d en s ity -tem p era tu re  re
la tio n sh ip  in th e  therm ocline. A ccordingly, tracer 
d a ta  m u st be carefully  in te rp re ted  in draw ing  an a lo 
gies w ith  th e rm a l diffusion to  th e  deep sea. T he 
way ocean h ea t tra n sp o r t  is m odeled, and  th e  values 
assum ed for th e  coefficients, a re  im p o rta n t factors 
in p red ic ting  clim atic  tran s ien ts  because th e  hea t 
diffusion ra te  in to  th e  deep sea significantly  affects 
te m p e ra tu re  evolu tion  a t  th e  E a r th ’s surface.

W ith  these cav eats , we w rite  th e  upw ard  heat 
flux in each of th e  four reservoirs in th e  form ;

Qa{z)  = Q s ( ^ )  +  Q i r {^)

Pa^a^a d z
•O' _

Qe{z) =

Qrr,[z) =

Q Pd^d

d z

d z
K'ddTg 

d z
W (T , -  Tp)

(5.10a) 

(5.10b)

(5.10c)

.(5.10d)

In th e  expression for a tm ospheric  h ea t flux, Q ,{ z )  
and  Q i r {z ) are  presum ed to  be know n from  a  ra 
d ia tiv e  tra n s p o r t  m odel, and  F is a  specified a t 
m ospheric lapse ra te  in tro d u ced  because th e  a tm o 
sp h ere’s com pressib ility  m akes th e  p o ten tia l, ra th e r  
th a n  th e  physical, tem p e ra tu re  g rad ien t ap p ro p ri
a te  in th e  Fourier h ea t conduction  law. T he use of 
a  Fourier h ea t conduction  law in th e  expression for 
Qa is s im ilar to  th e  m odel of Lion and  O u (1983) 
for th e  vertica l s tru c tu re  of rad ia tiv e -tu rb u len t a t 
m ospheres. (O ne-dim ensional, rad ia tive-convective 
m odels typ ically  m ake a  sim pler convective-ad just- 
m en t assu m p tio n  in w hich th e  lapse ra te  equals F 
w henever th e  m odel com putes an  u n stab le  profile 
\ - d T / d z  > F].)

M odel Projections o f the Tim e-D ependent Response to Increasing Carbon Dioxide 157



F igure 5.4 illu s tra te s  th e  m ajor elem ents of an  
energy balance m odel for the  th e rm a l evolution  of 
th e  deep ocean, an d  Table 5.1 provides a  list of 
therm ophysica l p ro p e rtie s  th a t  are im p o rta n t in th e  
w orld clim ate  system . T he m odel includes th e rm a l 
eddy diffusion, upw elling over m ost of the  a rea  of 
th e  global ocean and  dow nw elling a t  tem p e ra tu re  
Tp in p o lar b o tto m -w ater-fo rm in g  zones. Typically , 
K =  2000 m® y “ *, and  ~  4 m  y “ *, w ith  th e  down- 
w elling flow ra te  balancing  global upw elling. We re
fer to  such a  m odel as an  upw elling-diffusion (UD) 
m odel, as opposed to  a  purely diffusive (P D ) deep 
sea m odel w ith  tu =  0. A P D  m odel was used by 
Oeschger et al. (1975) in deep sea rad io carb o n  ca l
ib ra tio n  of Kd- A lthough  P D  deep sea m odels have 
been used in som e tra n s ie n t c lim ate ca lcu la tions 
(H ansen et al. 1981, 1984; W igley and  Schlesinger 
1985a, 1985b), th ey  inheren tly  recover a  uniform  
tem p e ra tu re  profile versus dep th  in th e  steady  s ta te . 
T he UD m odel recovers a  m ore realistic  exponen tia l 
profile in th e  steady  s ta te , Qd = 0 (M unk 1966; Hof
fert e t al. 1980, 1981; Cess and G oldenberg  1981; 
Harvey and  Schneider 1985a, 1985b; H arvey 1985):

Td{z) = T p + { T ^ - T p ) e - ^ ' ‘ ' , (5.11)

w here z* = Kd/w  ~  500 m is a  ch a rac te ris tic  d ep th  
scale. M oreover, to  re-equ ilib ra te  in response to  
a  change in forcing, th e  PD  m odel of H ansen et 
al. (1984) m u st ad ju s t such th a t  th e  tem p e ra tu re  
change a t  all d ep th s  u ltim ate ly  equals the  change a t 
th e  surface (H arvey an d  Schneider, 1985a, 1985b). 
In UD m odels, th e  equ ilib rium  tem p e ra tu re  change 
can decrease w ith  increasing  dep th . T hus, th e  to ta l  
h ea t required  to  reach equilib rium  is g rea te r in PD  
m odels th an  in UD m odels w ith  a  cold p o lar b o tto m  
w a te r source.

T he tran s ien t energy balance in each reservoir 
requires th a t  its  tim e derivative of en th a lp y  per 
u n it volum e (th e  ra te  of increase of h ea t sto rage) 
be equal to  th e  nega tive  h ea t flux g rad ien t (energy 
added  per u n it volum e by hea t tran sfe r).

d  [PiCjTi)
d t

dQi
d z

(5.12)

S u b s titu tin g  E q u a tio n s (5 .10a)-(5 .10d) in to  (5.12) 
gives a  system  of four tim e-dependen t p a r tia l dif
feren tia l eq u a tio n s governing th e  vertical tem p e ra 
tu re  d is trib u tio n  in each reservoir. T hese eq ua tions

AT MO SP HE R E,  ( )a

MIXED LAYER, ( )m

DEEP SEA,  ( )d 

wi th
m e a n  u p w e l l i n g  
w =  - d z / d t  
a n d
e d d y  d i f fu s iv i t y  

/c =  < w ' (  y > l d C ) l d z  z wA

SEA FLOOR BOUNDARY 
CONDITION

) l d z  + w (  ) - w (  )

OCEAN SEDIMENTS

POLAR 
SEA,  ( )p

1 0 0 m

hd 

~  4000m

F ig u r e  5 .4 . Schem atic d iagram  of an  idealized, one-dim ensional 
box-advection-diffusion m odel for th e  world oceans show ing cou
pling to o th er reservoirs. T he sea floor b o undary  condition  of this 
m odel equates th e  heat flux downwelled from th e  p o lar sea to  the  
net (upw elling plus diffusion) upw ard  h eat flux a t th e  ocean b o t
tom.

are second-order in th e  2 -variable, m eaning th a t ,  
in ad d ition  to  in itia l profiles, tw o boundary  values 
need to  be specified per reservoir to  get a  solu tion . 
Because the  reservoirs are coupled, we need bound
ary conditions a t  th e  to p  of the  a tm osphere  and  the  
b o tto m  of th e  deep sea and  tw o conditions a t  each 
in terreservo ir boundary .

In general, th e  surface tem p e ra tu re  of th e  a t 
m osphere and  th e  surface tem p e ra tu re  of land  and 
sea are sep ara ted  by an a tm ospheric  boundary  layer 
across w hich h ea t flux is continuous b u t tem p era 
tu re  can jum p; th e  tra n s itio n  is ac tua lly  continuous, 
b u t rap id , in th e  th in  surface layer on th e  order of 
10-50 m  th ick . T aking in to  account th e  la n d /sea  
frac tio n a tio n  of h ea t flux, w here ~  70% is the 
global m ean frac tio n  of th e  E a r th ’s surface covered 
by w a te r, we express th e  surface hea t flux boundary  
condition.

Q „(o) =  ( i - ^ ) g , ( o )  +  /,„ g „ ,(o ) (5.13)
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T a b l e  5 .1
T herm ophysical P ro p ertie s  and R elaxation  Tim es of the  

H orizontally  A veraged W orld C lim ate System

V

P ro p e rty
A tm osphere^

t =  a
Land®
t = I

W orld O cean '’

M ixed Layer 
i =  m

Deep Sea 
i =  d

H orizontal A rea, A ,(m ^) 5 .10xl0*< 1 .7 6 x l0 ‘ < 3.34X 10 '* 3 .3 4 x 1 0 '*
D epth , h ,(m ) 8400 2.3 100 4000
D ensity, p, (kg m ~^) 1.2 2800 1030 1030
M ass, m , =  p ,/i,A ,(k g ) 5.10x10'® 1.13x10'® 3 .4 4 x l0 '» 1 .38x102 '
Specific H eat, Cp,(J kg “ * K “ ') 1000 750 4000 4000
H eat C apacity , m ,Cp,(J K “ ’ ) 5 .1 0 x 1 0 ^ ' 8 .48x102° 1.37x102® 5.52x102*
T herm al Diffusivity, tC,(m^ y ” ^) 3,2x10® 16 3.0x10* 2.0x10®
Diffusion T im e, T i t j j  — h f  I K i ( y ) 0.2 0.3 0.3 8000
In te rn a l M ixing T im e, ,(y ) 
R ad ia tiv e  R elaxation  T im e“̂ ,

0.2 0.3 0.3 900

(4jra^B){y) 0.1 0.02 3.9 156

For th is th erm al response analysis, th e  a tm ospheric  reservoir is reduced to  sea level density  pa =  1.2 kg m~® so the  effective d ep th  is 
th e  scale heigh t ha=nXa.I(PaAa),  w here rria is V ern ian i’s (1966) value of a tm ospheric  mass and Aa=4x-a^ is th e  E a r th ’s surface a rea  
based on a  p lan e ta ry  rad ius a = 6 .37x  10® m. T he values of Cpa and  Ka a re  typ ical values for specific h ea t and  vertical eddy diffusivity 
in th e  troposphere.
W hereas th e  E a r th ’s crust is some 40 km deep un d er co n tin en ta l surfaces, th e  zone of th erm al in te rac tio n  w ith clim atic forcing is 
confined to  a  th in  skin d ep th  (Sellers 1965), h( =  (2 (C (/fl) '/^ , where fl is th e  c ircu lar frequency of the  th erm al wave applied  a t the  
surface. For consistency w ith th e  oceanic m ixed layer, which is form ed by forcing on an an n u al tim escale, we set f)=2jr rad  y ” ^. The 
values of density , specific h eat and  m olecular th e rm al diffusivity are ty p ica l of soil.
T he oceanic ho rizon tal a rea  is based  on a  4100 m deep world ocean (m ean d ep th  of th e  A tlan tic , Pacific and Ind ian  Ocean basins 
excluding ad jacen t seas) and  th e  Sverd rup  e t al. (1942) value of world ocean volum e. T his gives a  frac tion  of the E a rth  covered by 
ocean of /o  =  A oc/A a= 0 .65 , som ew hat less th a n  th e  value based on th e  a c tu a l surface ocean area. T his is com pensated  for to  some 
ex ten t by considering  floating sea ice as p a r t of th e  land surface. A ty p ica l m ixed layer d ep th  of 100 m is assigned (K raus and  T urner 
1967). E ddy diffusivities of th e  m ixed layer and  deep sea are typ ica l, b u t m ixing tim e for th e  deep sea reservoir Tmix,d = { K i / +  
w / h ^ ) ~ ^  includes th e  influence of a world ocean upw elling ra te  of ui ~  4 m y “ ’ (see tex t).
Based on a  linear dam ping  coefficient, B  ~  2.2 W K “ '  in th e  ap p rox im ation  for longwave rad ia tio n  to space, i.e., 4ira^B = 3.54
X  10^^ J K~* y ~ '.  Source; Hoffert e t al. (1981).

We assum e th a t  bo th  sensible and  la te n t h ea t t ra n s 
fers across th e  tu rb u len t surface bo u n d ary  layer are 
p ro p o rtio n a l to  th e  te m p e ra tu re  ju m p s and
AT(3 . E q u a tin g  th is  surface h ea t loss to  diffusive 
heat flux in to  the  a tm osphere  gives

Pa^a^a \  d z
-- , (5.14)

w here the  7 ia ’s are h ea t tran sfe r coefficients (i = 
m , th a t  include the  effect of bo th  sensible and 
la te n t h ea t tran sfe r and depend on surface wind- 
speed. T hese considerations and  E q u atio n  (5.8a) 
lead to  surface energy balances for th e  land  and w a
te r  tem p e ra tu re  differences

AT,. [<5a(0) +  Q s(0)  ”  Q /r (0)]

t =  m , J (5.15)

betw een the  a tm osphere  and  land  (t =  £) or, ocean 
(i =  m )  reservoirs. E q u atio n s (5.13) and  (5.15) 
are th e  in terreservo ir b oundary  conditions needed 
to  couple th e  a tm osphere  and  oceans. The c lim ato 
logical d a ta  presen ted  by O ort (1983, p. 94) ind i
ca te  th a t  th e  ocean surface is a  few degrees w arm er 
on an annual m ean basis a t a  given la titu d e  belt 
th an  is th e  corresponding  zonally averaged surface 
a ir tem p e ra tu re  [ A T ^ a  > 0 )j w ith  the  largest values 
of ATma occurring a t  high la titu d es.

It is also possible for th e  tem p era tu re  differ
ence betw een the  surface and  the  atm osphere  to  
change in th e  tran s itio n  from  one clim ate s ta te  to  
an o th er, owing p rim arily  to  the  different ra tio  of 
la ten t-sensib le  boundary  layer hea t tra n sp o r t. An 
exam ple of d ifferential w arm ing  of the  a ir and  sea 
is Harvey and  Schneider’s (1985a, 1985b) tran s ien t 
m odel, whose s tep  function  response has a ir and  w a
te r  tem p era tu res  a sy m p to tic  to  different long-term  
values (see F igure 5.14). T he coupled atm osphere- 
ocean G C M  of B ryan  e t al. (1982), for exam ple, also
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show s sea surface tem p era tu res  responding  differ
en tly  th an  surface a ir tem p era tu res  to  a  s tep  func
tion  forcing du rin g  th e  tran s ien t phase  (see F ig
ure 5 .19b). O bservations of global sea surface tem 
p e ra tu re  changes from  1900-1970 by P a ltrid g e  and  
W oodruff (1981) ind ica te  m arked  differences re la
tive to  th e  a ir  te m p e ra tu re  record , a lth o u g h  these 
v aria tio n s a re  less pronounced  in a  m ore recen t sea 
surface te m p e ra tu re  d a ta  analysis by Folland et 
al. (1984). In any  even t, it is im p o rta n t in t r a n 
s ien t m odel te s ts  to  track  b o th  surface-ocean and 
surface-air te m p e ra tu re s , and  to  com pare m odel re
su lts  ag a in s t th e  a p p ro p ria te  d a ta  base.

5.3.2 T ran sien t R elaxa tion  T im es

We will now discuss tim e scales of various p ro 
cesses th a t  com e in to  p lay during  th e  tra n s ie n t re
sponse. If tran sfe r to  th e  deep ocean is negligi
ble, th en  it is clear from  th e  tab u la tio n s  in T a
ble 5.1 th a t  m ost of th e  h ea t cap ac ity  of th e  sys
tem  is in th e  oceanic m ixed layer. A ccordingly, a t 
m ospheric tra n s ie n ts  relax  rap id ly  com pared  w ith  
those in th e  m ixed layer, and  th e  h ea t flux is ap 
prox im ately  in d ep en d en t of a ltitu d e  in an n u a l m ean 
m odels: Q ^ E r i t )  — <5a(oo,t). B ecause th e  land 
h ea t cap ac ity  is also negligible com pared  w ith  th a t  
of th e  m ixed layer, we have Q£(0, f) <IC Q ^ { 0 , t ) .  
F rom  E q u a tio n s  (5.13) and  (5.4),

Q a( 0 ; t) ^  Q N E r j i )  
fw fw

w here we have tak en  Tm to  be ap p ro x im a te ly  con
s ta n t  w ith  d ep th  in th e  m ixed layer. For negligible 
h ea t tran sfe r a t  th e  m ixed layer-therm ocline  in te r
face, Qm{h,  t) =  0 , th e  vertica l flux deriva tive  in the  
m ixed layer to  first order is

d z

X (T „  -  T J  , (5.17)

w here h  is th e  m ixed-layer th ickness. S u b s titu t
ing th is back in to  th e  m ixed layer energy equa tion .

E q u a tio n  (5.9) for i =  m , we recover our earlier 
sim ple m odel of E quation  (5.6):

d T  _  [T,{t) -  T]
dt  Trrr.

(5.18)

w here =  p m C m h U / X  ~  X) ~  4 y is
th e  m ixed layer rad ia tiv e  dam ping  tim e, w ith  
being th e  to ta l m ixed layer m ass and  R  ~  6.37 X 

10® m  is th e  E a r th ’s rad ius.
M ore generally, we can define a  rad ia tiv e  relax

a tio n  tim e of the  f-th reservoir.

rriiCi
{4nR^X)  ■

(5.19a)

T hese tim e scales, based on th e  reservoir h ea t ca
pac ity  and  global th erm al dam ping  coefficient only, 
a re  th e  only re levant re laxa tion  tim es for reservoirs 
th a t  m ix h ea t in te rna lly  very rap id ly  com pared  w ith  
th e ir  cooling ra te s , th a t  is, for reservoirs th a t  can be 
tre a te d  as w ell-m ixed boxes charac te rized  by a  sin
gle tem p e ra tu re . For reservoirs w ith  finite in terna l 
v e rtica l diffusiv ities ac<, th e  diffusion tim es.

rTdiSf =  —  , (5.19b)

com e in to  play. B ecause b o th  oceanic upw elling and 
diffusion o p era te  in paralle l in th e  UD m odel, its  
effective vertical m ixing tim e is

h i  h .
(5.19c)

T ypica l values of th e  rad ia tiv e , diffusive, and  m ixing 
tim es for th e  atm osphere , land , m ixed layer, and 
deep ocean are given in Table 5.1.

T he tim e scales listed  in T able 5.1 ind icate  the  
following im p o rta n t ch a rac te ris tic s  of th e  clim ate 
system  du rin g  tran s ien ts : ( 1 ) th e  a tm osphere  and 
land  b o th  relax diffusively and  rad ia tive ly  in a  frac
tion  of a  year; ( 2 ) the  m ixed layer “m ixes” in a 
frac tio n  of a  year b u t takes of th e  o rder of 4 years 
to  h ea t (or cool) to  a  new equ ilib rium  in response 
to  an  app lied  forcing; and  (3) th e  in te rn a l m ixing 
tim e of th e  deep sea (taken  to  be 900 years) is longer 
th a n  th e  th erm a l re lax a tio n  tim e of th e  deep sea as 
a  w ell-m ixed reservoir (160 years). T his las t resu lt 
ind ica tes th a t  th e  deep ocean m u st be resolved in 
a t  least th e  vertical dim ension for sim u la tions of th,
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secular C O 2  t ra n s ie n t response, w hich involve tim e 
cales of 50-200 years.

A dd itiona l tim e scales en te r in to  th e  problem  
if h o rizon ta l reso lu tion  of th e  fluid reservoirs is in
c luded, assoc ia ted  w ith  po lew ard  tra n sp o r t of hea t 
by a tm ospheric  w inds and  oceanic cu rren ts . Be
cause th e  m erid ional m ixing tim e of th e  a tm o sp h ere  
(~  1.3 y, see below ) is su b s tan tia lly  g rea te r th a n  its 
v ertica l m ixing tim e (~  0.2 y, see Table 5 .1), th e re  is 
som e ju stifica tio n  in developing a  one-dim ensional 
m odel resolved in la titu d e , w ith  vertical a d ju s t
m en ts in each a tm ospheric  colum n assum ed to  tak e  
place in s tan tly . A ccordingly, a  class of zonally av
eraged energy balance c lim ate  m odels have been 
designed to  find th e  la titu d in a lly  resolved d is tr ib u 
tions Ti =  Ti{(f>,t), w here <j> is th e  la titu d e . His
torically , a  single te m p e ra tu re  has been assigned 
to  rep resen t th e  a tm o sp h ere , land  surface, and  
ocean m ixed-layer in these fo rm ulations (B udyko 
1969; Sellers 1969; N orth  e t al. 1981). D istinc t 
tem p e ra tu re s  for each reservoir can be m odeled if 
b oundary  layer h ea t tran sfe r is re ta ined  betw een 
th e  surface and  a tm o sp h ere  (H arvey and Schneider 
1985a, 1985b; Hsieh 1984). These EB M s typically  
a re  driven by prescribed  so lar flux d istrib u tio n s: 
{Qs{4>)) for th e  an n u a l m ean m odels and Qs{<t>-,t) 
for seasonal sim ula tions. Seasonal varia tions of in
so lation  in these ca lcu la tions are essentially  rep e ti
tive  over tim e scales of h u ndreds of years of in te r
est. A gain, in such EB M s th e  polew ard h ea t flux 
by a tm ospheric  and  ocean m otions is often m od
eled by specifying an  ap p ro p ria te  eddy diffusivity: 
Kij  =  -  (v 'TI)/dTi /d{R(f>).  T he effect of m eridional 
h ea t tran sfe r by th e  a tm o sp h ere  is th en  approx i
m ated  by add ing  a  te rm  of th e  form

X
d x

( 1  -  x^)
dJ \
d x

(5.20)

to  th e  rig h t-h an d  side of E q u a tio n  (5.12) (for i  =  a ) , 
w here x  =  sin (f> and  w here th e  a tm ospheric  hori
zon tal eddy diffusivity is of th e  order of — 1 0 ® 
m 2  g - i  ~  3  2  X 10*® m® y “ * (O o rt 1983). M ore 
de ta iled  ana lysis of a tm ospheric  c ircu la tion  s ta tis 
tics reveals th a t  th e  polew ard h ea t flux has sensi
ble (tem p e ra tu re  g rad ien t) and  la te n t (w ater vapor 
g rad ien t) h ea t flux com ponen ts of com parable m ag
n itu d e . T he correspond ing  m erid ional m ixing tim e 
of th e  atm osphere ,

Ta,h =  —  ^  1-3 y (5.21)
^a,h

will therefore come in to  play in a  la titude-reso lved  
m odel. Also, a t  som e la titu d es , as m uch as 50% 
of th e  to ta l po lew ard flux is carried  by surface 
ocean cu rren ts . A gain, th e  effect of polew ard tra n s 
p o rt by th e  m ixed layer can be ap p ro x im a ted  by 
adding  a  te rm  of th e  form  of E quation  (5.12) to  
the  rig h t-h an d  side o f E quation  (5.9) (for i =  
m ). T he effective polew ard h ea t diffusion coeffi
cien t of th e  a tm o sp h ere  plus oceans is th en  D  = 
[{pch)^ Ka —j- (/^^^)f7i ^m\ j  (2 ?rJ? ), so th e ir co n tri
b u tions are ab o u t equal when th e ir horizon ta l dif
fusiv ities scale inversely w ith  th e ir to ta l h ea t ca
pacities. B ecause th e  m ixed lay e r/a tm o sp h e re  h ea t 
capacity  ra tio  is ~ 2 7  (T able 5 .1), — 1-2 x 10*®
m® y “ *, and

i?®
~  35 y. (5 .22)

T he in terp lay  of th e  m eridional tra n sp o r t, air- 
surface h ea t exchange, and  rad ia tiv e  cooling tim es 
of th e  a ir, land , and  w a te r reservoirs is exh ib ited  
in th e  seasonal response of zonal m ean surface tem 
p era tu res . Because b o th  the  (solar) forcing and  ob
served th e rm a l response are reasonably  well known 
in th is  case, W arren and  Schneider (1979) have p ro 
posed seasonal s im u la tions as a  te s t for u n certa in ties  
in la titude-reso lved  EB M s. (T h is is a  good idea for 
tes tin g  G C M s as well.) Such seasonally validated  
m odels presum ably  could then  be used w ith  m ore 
confidence in long-term  tran s ien t s im ula tions such 
as th e  C O 2  c lim ate  problem . However, m ost of the  
B udyko-Sellers-N orth EB M s reported  in the  lite r
a tu re  assum e a single surface tem p era tu re , w hich 
m akes it difficult to  assess th e  realism  of a ir/su rface  
hea t exchange on a  seasonal scale.

However, a  la titu d in a lly  and  seasonally  resolved 
tran s ien t EBM  w ith  d is tin c t a ir, w a te r, and  land  
reservoirs w as recently  developed by Hsieh (1984), 
which illu s tra te s  the  kind of validation  th a t  m igh t 
be applied  to  tes t m odel p a ram eteriza tio n s . F ig 
ure 5.5 shows the  an n u a l varia tion  of Ti{t ) ,  Ta{t),  
and  Tm{t)  a t  0  =  30°N (A) and 30°S (B) com puted  
w ith  th is  m odel, com pared  w ith  long-term  m onth ly  
averages of surface a ir  and  w ate r tem p era tu res  sum 
m arized by O o rt (1983). B oth  th e  am p litu d e  and  
phase of and  Tt  are sim u la ted  reasonably  well a t  
these la titu d es , w ith  th e  stro n g er dam ping  of the  
S outhern  H em isphere arising  from  its  g rea te r ocean 
(m ixed layer) surface a rea . T he effect of th e  deep
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F ig u r e  5 .5 . Seasonal cycles as va lida tion  tes ts  of th e  tran s ie n t response of th e  m odel. (A) Zonal m ean m odel resu lts  com pared w ith 
observations a t  30°N la titu d e  show ing surface a ir (dashed) and  ocean (solid) tem p era tu res . (B) Sam e as A except for 30°S. N ote th a t  
Southern  H em isphere w a ter and  a ir tem p era tu res  are m ore highly dam ped  by th e  g rea ter surface a rea  of the  high h eat cap acity  surface 
ocean, as in T hom pson and Schneider (1979) and N orth  et al. (1984).

sea was suppressed  in th is  s im ula tion  because its  re
sponse tim e is m uch longer th an  a  year. It should be 
no ted  th a t  th e  surface te m p e ra tu re  d is trib u tio n  p ro 
duced by th e  an n u a l m ean inso lation  is n o t th e  sam e 
as th e  an n u a l m ean surface te m p e ra tu re  driven  by 
seasonally  vary ing  inso lation . T he difference arises 
as a  resu lt of non linear feedbacks from  sea ice and 
o th er processes th a t  occur du ring  th e  seasonal cy
cle. T h is  suggests th a t  seasonal cycles m ay have to  
be resolved even in long-term  sim ula tions.

In m odeling th e  cen tu ry  tim e scale C O 2  re
sponse, it  is im p o rta n t to  rem em ber th a t  the  deep 
ocean does n o t behave as a  w ell-m ixed reservoir d u r
ing its  tu rn o v e r tim e of ~  900 years (Table 5.1). 
M oreover, th e re  is a  difference of a t  least th ree  
orders of m ag n itu d e  in ocean tim e scales re la tive  
to  th e  a tm o sp h e re ’s vertical an d  horizon ta l m ix
ing tim es of th e  order of a  year. T he d isp arity  
is even g rea te r if seasonal cycles involving th e  up 
per ocean and  a tm o sp h ere  m ust be resolved. T his 
m ism atch  in tim e scales is th e  fu n d am en ta l reason 
for co m p u ta tio n a l difficulties in runn ing  coupled a t 
m o sp h ere /o cean  G C M s w ith  th e  “fa s t” response of 
the  a tm o sp h ere  lim iting  th e  m odel tim e step  and  
lengthening  th e  com pu ter runn ing  tim es of th e  deep 
oceans in synchronously  coupled m odels. T h is  leads

to  unaccep tab ly  long com pu ting  tim es, except in 
the  case of highly idealized land-sea geom etries and 
forcing functions. T hus, m ost tra n s ie n t m odels used 
to  stu d y  th e  C O 2  problem  to  d a te  a re  of th e  ag
gregated  reservoir, p a ram ete rized -tran sp o rt type, 
w hich can m ore easily in co rp o ra te  realistic  land-sea 
fractions versus la titu d e . T h is can be an  im por
ta n t  effect because of differences in land  and  ocean 
hea t capacities and  in te rn a l m ixing ra tes. M oreover, 
fu n d am en ta l physics issues still rem ain  unresolved 
in global ocean G C M s associa ted  w ith  th e  p roper 
tre a tm e n t of convection in regions of b o tto m  w ate r 
fo rm ation  and of o th er vertical m ixing processes.

F inally , th e  long-term  cryosphere response has 
n o t yet been properly  in co rp o ra ted  in tran s ien t 
m odels, in w hich a sim ilar m ism atch  in th e rm o d y 
nam ic re lax a tio n  tim es ex ists (H offert and  M ichael 
1983). T ypically , the  tim e scale of snow on land  is 
0 . 0 1  years, of sea ice is 0 . 2  years, and  of co n tin en ta l 
ice sheets is m ore th an  1 0 0 0  years.

T he different response tim es of seasonal snow 
and  ice versus land ice sheets m ust be accoun ted  for 
in assessing tran s ien t surface a lb ed o -tem p era tu re  
feedbacks. Typically , G C M s hold glacial ice ex
te n t co n s tan t while allow ing seasonal ice and  snow 
cover to  vary in teractive ly . T his can be done with.
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la titu d e-reso lv ed  EB M s as well, a lth o u g h  the  sim- 
kplest EB M s used in som e clim ate  sensitiv ity  stud - 
Fies only com p u te  long-term , s te ad y -s ta te  conditions 
a fte r glacial m elting  or freezing has occurred . F i
nally, som e tra n s ie n t EB M s are  designed to  study  
oscillations of glacial land  and  sea ice over thousand- 
year tim e scales in co rp o ra tin g  non linear feedbacks 
(K allen e t al. 1979; S altzm an  1982). T he problem  
of cryosphere-c lim ate  in te rac tio n s  is fu r th e r com pli
cated  by th e  fact th a t  purely  th erm o d y n am ic  m elt
ing m ay be secondary  in such scenarios as th e  pro
jec ted  b reak -up  of th e  W est A n ta rc tic  Ice Sheet by 
m elting  a t  th e  undersea  base (M ercer 1978). In gen
eral, th e  m odeling  of real-w orld , glacial dynam ics, 
including v iscoelastic creep and  coupling w ith  un 
derly ing lithospheric  p la tes , requires a  level of geo
m etric  d e ta il and  physical so p h is tica tio n  com p ara
ble to  th a t  of G C M s them selves.

5.4 FA C T O R S D R IV IN G  T R A N S IE N T  
C L IM A T E  C H A N G E

H aving discussed th e  tim e scales over which clim ate 
responds, we nex t consider som e of th e  ex ternal 
forcing com ponen ts th a t  can cause global tem p er
a tu re  d ev ia tions (anom alies) th ro u g h  p e rtu rb a tio n s  
of th e  p lan e ta ry  rad ia tio n  b udget on the  tim e scale 
of fossil fuel C O 2  em issions.

An essen tial te s t of the  realism  of tran s ien t cli
m ate  m odels is an  eva lua tion  of th e ir  ab ility  to  re
produce observed clim atic  v aria tions. To do th is  
requires th a t  b o th  th e  forcing and  th e  observed re
sponse are know n over th e  tim e in terva l of in te re st. 
W ith  th e  possible exception  of th e  seasonal cycle 
discussed in th e  prev ious section, these conditions 
are seldom , if ever, satisfied  in p ractice . In p a r tic 
u lar, it is likely th a t  the  tim e series of global m ean 
surface te m p e ra tu re  d isp layed  in F igure 5.1 resu lts  
from  a  com bination  of ex tern a l forcing fac to rs a c t
ing sim ultaneously , each of w hich m ay produce tem 
p e ra tu re  anom alies of com parab le  m ag n itu d e . It is 
tem p tin g  to  consider flu c tu a tio n s  u n re la ted  to  the  
fossil fuel C O 2  signal as ran d o m  noise. T he conven
tional w isdom  is th a t  th e  system atica lly  increasing 
C O 2  te m p e ra tu re  signal will em erge from  the  back
ground noise in th e  nex t 10-50 years (N RC 1983). 
T his w ould be a  p lausib le  conclusion from  existing 
m odels if th e  noise were tru ly  ran d o m , b u t it m ay 
no t be th e  case if o th er facto rs influencing clim ate

vary significantly  over th is  tim e scale or if nonlin
ea ritie s  in the  clim ate  system  affect the  response. 
M oreover, m ost a t te m p ts  to  m odel recent clim ate 
changes assum e th a t  th e  system  is p ertu rb ed  re la
tive  to  som e preex isting  steady  s ta te . Such a  steady  
s ta te  m ay n o t, how ever, be th e  s ta r tin g  condition.

A ccordingly, tran s ien t c lim ate response m odels 
designed to  explain h isto rical records over the  p ast 
1 0 0  years and  to  p ro ject c lim ate changes over the  
nex t 50-100  years in response to  som e specified sce
nario  of greenhouse gas em issions, need to  consider 
effects of m u ltip le  forcing. If all of th e  forcing fac
to rs  could be m odeled explicitly, it  m igh t be possible 
to  e x tra c t th e  C O 2  signal from  historical d a ta  sets as 
th e  residual v a ria tio n , th a t  is, rem oving those varia
tions th a t  we m ay be able to  explain (e.g., volcanic 
effects) m ay m ake m ore ap p a ren t the  C O 2  signal 
th a t  w ould norm ally  rem ain  hidden in form al s ta 
tis tica l analyses. Such superpositions of effects, for 
exam ple, a re  th e  basis of tran s ien t m odel calcula
tions of H ansen e t al. (1981), w hich show ap p aren t 
ag reem en t w ith  a  p a rticu la r h isto rical d a ta  set and 
w hich have been cited  widely in popu lar accoun ts as 
being consisten t w ith  the  fossil fuel C O 2  greenhouse 
theo ry  (Sullivan 1981; Revelle 1982, etc .).

T he m ain  types of forcing considered th u s  far 
th a t  exh ib it variab ility  over tim e scales of years to  
decades are: ( 1 ) C O 2  em issions from  com bustion of 
fossil fuel and  from  te rre s tria l biospheric sources as
socia ted  w ith  large-scale defo restation ; (2 ) a n th ro 
pogenic em issions of o th e r trace  greenhouse gases; 
(3) v aria tio n s in solar lum inosity ; and  (4) volcanic 
aerosols deposited  prim arily  in the  stra to sp h ere . A 
very readab le , n o n m ath em atica l discussion of these 
facto rs (along w ith  an exp lanation  of possible causes 
of c lim ate  change op era tin g  over longer tim e scales) 
is provided  in C h ap te r 7 of Schneider and  b o n d er’s
(1984) book. M oreover, in ad d itio n  to  H ansen et 
al. (1981), a  num ber of sem iem pirical m odels have 
been proposed  in recent years th a t  in varying de
grees seem  to  reproduce h isto rical records m ore or 
less successfully in te rm s of various com binations of 
these facto rs (Schneider and  M ass 1975; B roecker 
1975; B ryson and  D ittb e rn e r 1976; O liver 1976; 
R obock 1978, 1979; G illiland 1982; V innikov and 
G ro ism an  1982). A review of these m odels and th e ir 
relevance to  the  problem  of de tec tin g  th e  effect of 
th e  increasing  C O 2  concen tra tion  on clim ate was 
p resen ted  by W eller e t al. (1983). These factors are

M odel Projections o f the Tim e-D ependent Response to Increasing Carbon Dioxide 163



also discussed in C h ap te r 6  of th is  volum e. Here 
we will briefly exam ine those aspects  of th e  m u lti
ple forcing issue th a t  b ea r d irec tly  on m odeling the  
tra n s ie n t response.

5.4.1 C arb o n  D ioxide and  Trace G as Forcing

As discussed earlier, th e  tim e dependence of the  
change in equ ilib rium  tem p era tu re  from  fossil fuel 
(and  o th er) C O 2  em issions can be ap p ro x im ated  
by an  expression of th e  ty p e  (cf. E q u a tio n  [7.7]) 
A Te(t) ~  /3c In [c(<)/co], w here y9c — 7.92/A  (~  3.6 
K for A ~  2.2 W m “  ̂ corresponding  to
ATc ~  2.5°C for a  C O 2  doubling). If we know the  
a tm ospheric  co n cen tra tio n  c(<) from  h isto rica l d a ta  
or from  a  ca rbon  cycle m odel driven  by som e em is
sion scenario  based  on pro jection  of fu tu re  use of 
fossil fuels, th is  expression p erm its  d eriva tion  of the  
tran s ien t te m p e ra tu re  response by use of a  clim ate 
m odel.

T he p re in d u stria l value of th e  a tm ospheric  C O 2  

co n cen tra tio n  is th o u g h t to  have been in th e  range 
of 250-290 p a r ts  per m illion by volum e (ppm ); Cq 
270 ppm  is a  reasonably  rep resen ta tiv e  value a t  the  
in itia tio n  of w orldw ide in d u stria l em issions, nom i
nally beginning in th e  year 1850 (T rab alk a  1985). 
S ca tte red  observations ex ist in to  th e  early  record 
of th is  cen tu ry , b u t th e  best docum en ted  p a r t  of 
th e  global a tm o sp h eric  C O 2  co n cen tra tio n  is the  
con tinuous d a ta  set from  1958 to  d a te  a t  M auna 
Loa, Haw aii (K eeling 1983). Since th a t  tim e , the  
record show s an  ap p ro x im ate ly  exponen tia l g row th  
in the  increase  in a tm ospheric  C O 2  of th e  form  
A c(t) =  c{i) — Co ~  4 4 .4 e° T h is is con
sis ten t w ith  th e  exponen tia l g row th  of fossil fuel 
C O 2  du ring  th is  period , assum ing  th a t  a b o u t 50% 
rem ains in th e  a tm o sp h ere  (the  so-called a irbo rne 
frac tio n ), and  th e  balance is absorbed  by th e  oceans. 
If w orldw ide d efo resta tio n  was a  m ajor fac to r during  
th is  period , th e  a irb o rn e  fraction  m ay have to  be re
vised dow nw ard , w hich w ould have significant im pli
ca tions for oceanic tra n sp o r t  m odels (see T rabalka  
1985). F u tu re  em issions are  im possible to  p red ic t in 
th e  sense of a  physical m odel because they  depend 
on th e  ava ilab ility  of coal, oil, and  n a tu ra l gas re
sources, th e  in te rp lay  of a  varie ty  of socioeconom ic 
and  politica l fac to rs, th e  developm ent cycles of al
te rn a te  energy sources, and  as yet unforeseen tech 
nological b reak th ro u g h s or setbacks. U nder these

conditions, th e  fu tu re  is typ ically  represented  by a 
set of reference scenarios. These allow analysis o f 
contingencies for purposes of assessm ent b u t should' 
in no sense be construed  as determ in istic  forecasts.

N ordhaus and  Yohe (1983) and  W uebbles et 
al. (1984) have developed scenarios for c{t) based 
on a  com bination  of h isto rical a tm ospheric  C O 2  

evolu tion  and  p ro jections of em issions and  using 
an  assum ed a irbo rne fraction  to  e s tim ate  a tm o 
spheric concen tra tions. It should be stressed th a t  
p red ic tions of fu tu re  C O 2  release ra te s  also depend 
on m any assum ptions and  u n certa in ties , as is dis
cussed by these au th o rs . In p a r ticu la r, W uebbles 
e t al. (1984) propose a  s tan d a rd  h isto rical record 
and  a  fu tu re  C O 2  g row th  scenario for c[t) for use 
in m odeling stud ies. T his s tan d a rd  case is given 
in T able 5.2. C onversion of these concen tra tions 
in to  equ ilib rium  tem p e ra tu re  changes for th e  nom i
nal dam ping  coefficient (A =  2.2 W m~^ K “ ^) gives 
values for ATc{t )  shown in F igure 5.6 from  1850 to  
2100 for th e  high, nominal ,  and  low p o s t-1983 em is
sions p ro jec tions of W uebbles et al. (1984). C learly, 
in converting  these values of c ( t)  to  ATg{t) ,  ad d i
tio n a l u n ce rta in tie s  are in troduced  because the  cli
m ate  m odel is highly sim plified. These uncerta in ties 
are discussed in Section 5.8 along w ith  th e  resu lts 
show n in F igure 5.16. However, a  p re lim inary  an a l
ysis is possible. In regions w here c/cq oc e‘ , w here 
V — t -  iinitiai 5 th e  tim e dependence of th e  equilib
rium  te m p e ra tu re  change is app rox im ate ly  linear: 
A Tj a  ln (c/co) oc ln(e*') <x t' (x t — T he
solution of th e  sim ple, w ell-m ixed reservoir m odel 
of E q u atio n  (5.6) for such linear forcing [ATe(t') =  
At ' ,  w here A is a  co n stan t and  t' »  r^m] is also 
linear w ith  th e  sam e slope, b u t lagged by the ra 
d ia tiv e  re lax a tio n  tim e: A T ( t ')  =  A { t ‘ — Trm)- As 
a  crude ap p ro x im a tio n , th e  effect of tran s ien t hea t 
sto rage in th e  deep ocean is to  increase Tm  from  the  
m ixed-layer only value of app rox im ate ly  4 y to  ap 
prox im ately  10-20 y (H un t and  W ells 1979; Hoffert 
e t al. 1980; Cess and  G oldenberg  1981; D ickinson 
1981; Schneider an d  T hom pson 1981; Harvey and 
Schneider 1985a, 1985b; H arvey, in press), although  
som e a u th o rs  (e.g., Hansen e t al. 1984; W igley and 
Schlesinger 1985a, 1985b) have claim ed oceanic lags 
as large as 100 y. These are discussed la te r in th is  
ch ap te r. For a  r^m ^  t' lag; th e  surface tem p era
tu re  change from  C O 2  follows th e  slope of ATe{t' ) ,  
b u t decreases app rox im ate ly  in value by the  factor
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{ f  -  rrm)/t ' .  A lso, for th e  nom inal dam ping  coef
ficient of 2.2 W m ”  ̂ th e  equilibrium  tem per-

I a tu re  change from  1850 to  1983 for these C O 2  sce
narios is A re(1 9 8 3 ) ~  3.6 x ln (341 /270) ~  0 .84“C, 
a lth o u g h  th is  w ould be doubled  or halved if values of 
A w ere 1.1 {/itjA sen sitiv ity ) or 4.4 W m “  ̂ [low 
sen s itiv ity ), respectively . T h u s a  nom inal global 
te m p e ra tu re  rise of

A T  ~  A T ,( / ' -  r _ ) / t '  

~  0.75°C

0.84 X [(133 -  15)/133]

is in d ica ted  over th e  133-year period  since 1850, for 
-  15 years.

T a b le  5.2
“S ta n d a rd ” Scenario of H istorical and  F u tu re  C O 2  C o n cen tra tio n s

to (y) (y) C O 2  C o n cen tra tio n  (ppm )

1850 1958 c( t )  =  270 X exp 10.0014 ( t  -  to)]
1958 1983 c(t) =  2 7 0 +  44 X e ip  [0.019 (t -  to)
1983 2100 fhighj c(t) =  341.4 x  ezp [0.0123 ( < - to)]
1983 2100 (nomincd) c ( t )  =  341.4 x  e i p  [0.0069 ( t  — to ) ]
1983 2100 (low) c ( t )  =  341.4 x  e i p  [0.0039 ( t  -  to ) ]
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F ig u r e  5 .6 . G lobal equilibrium  tem p e ra tu re  change versus tim e 
from  C O 2  em issions for th e  HIG H, NOM INAL, and  LOW  em is
sions scenarios of W uebbles et al. (1984) ca lib ra ted  to  a  2.5°C 
equilibrium  w arm ing for a  C O 2  doubling; c^= 270  ppm .

A dm itted ly , th e  a c tu a l response is m ore com 
plex because AT^ in these scenarios changes slope 
from  1956 to  1983 an d  grow s w ith  d ifferent slopes 
th e rea fte r for th e  th ree  em ission scenarios show n. 
In ad d itio n , th e  deep sea response is m ore com plex 
th a n  th e  w ell-m ixed reservo ir ap p ro x im a tio n . T he

q u a lita tiv e  conclusions of th is  analysis, how ever, ap 
p aren tly  carry  over to  num erical m odels th a t  in 
clude these effects. A gain , we will look a t  th is  p ro b 
lem  in m ore d e ta il in Section 5.5.

B ecause of th e  ad d itio n a l w arm ing  to  be ex
pected  from  o th er greenhouse gases (Lacis e t al. 
1981; H ansen e t al. 1981) and  a  possibly g rea te r cli
m a te  sensitiv ity  th a n  th e  nom inal value used here, 
global w arm ing  of g rea te r th a n  0.75°C  since 1850 
from  increases in greenhouse gases are th eo re ti
cally possible. In teresting ly , H ansen e t al. (1984, 
his F igure 18) show a  cu rren t equilib rium  value of 
ATg ~  1.5°C from  C O 2  p lus trace  gases, an d  a 
global surface w arm ing  of A T  ~  1.0°C, including 
th e  th e rm a l in e rtia l of a 110-m m ixed layer. T his 
value is reduced to  A T  ~  0.5°C  when a  purely 
diffusive deep ocean h ea t sink is added. As com 
pared  to  o th er tran s ien t m odels, th is  com bination  
of a  g rea te r equ ilib rium  tem p era tu re  change and  a 
sm aller physical te m p e ra tu re  response for th e  t r a n 
sien t change to  d a te  is possible only because of the  
m uch m ore vigorous h ea t tran sfe r to  th e  deep sea 
in H ansen’s m odel.

T he surface a ir  tem p e ra tu re  d a ta  shown in F ig
ure 5.1 ind ica te  a  global w arm ing  of m ore th an  
0.5°C  from  the  1880s to  th e  1940s. T his w arm ing  
did no t p ers is t, however; it was followed by an  ap 
p a ren t leveling off and  decreasing tren d , w ith  sub
s tan tia l sh o rt-te rm  variab ility  superim posed . How
ever, a  num ber of m ultip ly-forced tra n s ie n t m odel 
sim u la tions suggest th a t  these observations m ay still 
be consisten t w ith  a  grow ing greenhouse effect due 
to  co n trib u tio n  from  fossil fuel em issions, p roviding 
account is tak en  of com pensatory  cooling by o th er 
factors.

5.4.2 Solar Forcing

B ecause p lan e ta ry  surface tem p e ra tu re  is d e te r
m ined by th e  balance betw een absorbed  so lar and  
outgoing  infrared  rad ia tio n , it is no t su rp rising  th a t  
for m any years c lim ate  m odelers have theorized  th a t  
clim ate  changes are driven  by changes in solar lu 
m inosity  (see, e.g.. L am b 1972, for a  review of early 
w ork). How ever, it has only recently  becom e pos
sible to  m ake sufficiently ac cu ra te  d irec t sa te llite  
m easu rem en ts of th e  solar co n stan t to  te s t these 
theories.
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In th e  p as t, estim ates  of th e  solar forcing of 
tran s ien t c lim ate  changes have been based on ad 
hoc co rre la tio n s w ith  v aria tio n s in th e  num ber of 
sunspo ts  per year (known to  vary periodically  w ith  
an  1 1 -year cycle), changes in so lar d iam ete r, and  
o ther fea tu res observable from  E a rth . H istorical 
m easurem ents of th e  solar co n s tan t from  th e  su r
face of th e  E a r th  have been p lagued w ith  uncer
ta in tie s  assoc ia ted  w ith  th e  effect of th e  a tm o 
sphere on th e  solar irrad iance  observations (see, e.g., 
Newkirk 1983, for a  recen t review of so lar vari
ab ility ) . For exam ple, a lth o u g h  various ingenious 
m ethods have been em ployed in th e  Sm ithson ian  
In s titu tio n ’s long-term  solar observations p rogram  
to  correct for a tm ospheric  sca tte rin g , ab so rp tion , 
and  so on, th e  cited  u n ce rta in tie s  in A S / S  are 
still ~  ± 1 .5% . For our nom inal clim ate sensitiv 
ity p a ram e te r — (238 /2 .2 ) ~  108°C in E qua
tion  (5.7), th is  tran s la te s  as a  A T^  u n ce rta in ty  of 
~  1.6°C, w hich is ab o u t a  fac to r of tw o larger 
th a n  th e  to ta l  observed ro o t m ean square (rm s) 
clim ate  v ariab ility  over th e  p a s t 100 years (F igure 
5.1). C learly, these ground-based  solar co n stan t 
m easurem ents are no t accu ra te  enough to  d e te r
m ine w he ther p a r t  of th e  fluc tua tions in th e  tem 
p era tu re  record  is solar driven. In th e  absence of 
hard  d a ta , a  num ber of m odelers have calcu lated  
the  im p lica tions for the  tra n s ie n t response of var
ious assum ed corre la tions of so lar variab ility , and 
th en  com pared  th e ir resu lts  w ith  h isto rica l tem p er
a tu re  records. Robock (1981), for exam ple, using 
an  EB M  driven  by {S[t))  co rre la ted  w ith  th e  enve
lope of su n sp o t num bers, found such forcing gave 
poor p red ic tions of the  reco n stru c ted  tem p e ra tu re  
record of th e  las t 400 years, including  th e  inab il
ity of th e  so-called M aunder m in im um  in sunspo t 
ac tiv ity  to  explain  th e  E uropean  “L ittle  Ice A ge,” 
th e  o u ter lim its of w hich m ay ex tend  from  1430 
to  1850. H ansen e t al. (1981), on th e  o th er hand , 
found th a t  th e  su n sp o t co rre la tion  w ith  irrad iance 
by H oyt (1979) helped to  exp lain  the  observational 
record from  1880 to  1980, w hen included in th e ir 
tra n s ie n t m odel (see F igure 5.11). M ore recently , 
G illiland  and  Schneider (1984), using Harvey and  
S chneider’s (1985a, 1985b) tra n s ie n t c lim ate m odel, 
were ab le  to  reco n stru c t a  som ew hat different ob
servational record  for th e  N o rth ern  an d  S outhern  
H em ispheres, assum ing a  76-year harm onic  v aria
tion  of so lar flux based on an assum ed solar rad ius

varia tion  cycle of 76 years w ith  phase and am pli
tu d e  ad ju s ted  to  fit tem p e ra tu re  d a ta . A gain, th e  
ag reem ent w ith  observations looks reasonable, b u t ( 
on closer ex am ina tion  it m ay be fo rtu ito u s  in ligh t of 
d iscrepancies betw een th e  assum ed solar v aria tio n s 
and  recen t sa te llite  observations by W illson (1984, 
see below ).

D irect m easu rem en ts of th e  solar co n stan t from  
above th e  a tm osphere , w ith  an  accuracy in A S / S  
of ~  0.003% , have been availab le  since early  1980 
from  th e  ac tive-cav ity  rad io m ete r (A C R IM ) in s tru 
m en t onb o ard  th e  NASA Solar M axim um  M ission 
Satellite .^  T he p ercen t change in so lar irrad iance, 
A S / S ,  over an  early  153-day period  described by 
W illson e t al. (1981), is show n in F igure 5.7. A m a
jo r finding w as th a t  th e  so lar co n s tan t is reduced as 
m uch as 0.2%  over tim e scales of 5-8 days as large 
su n sp o t groups pass across th e  solar disk. Tw o such 
inciden ts  are  visible in F igure 5.7, peaking near days 
100 an d  150. Longer period  v aria tio n s are ev iden t 
in these m easu rem en ts as well, a lth o u g h  th ey  do 
no t yet ex tend  over a  full so lar cycle. T hese d a ta  
have no t yet been in co rp o ra ted  in to  tra n s ie n t cli
m ate  m odels. As a  recent exam ple, unpublished  
d a ta  from  W illson^ show th e  A C R IM  tren d  line for 
so lar flux decreasing over the  1980-1984 tim e fram e 
w hen th e  resu lts  of G illiland  and  Schneider (1984) 
ind ica te  th a t  the  so lar flux should be increasing. 
M oreover, a new co rre la tion  w ith  su nspo ts  by H oyt 
and  Eddy (1982) based on th e  first year of A C R IM  
d a ta , w hich is different from  th a t  of H oyt (1979) and  
used by H ansen et al. (1981), has been developed 
a t  th e  N ational C en ter for A tm ospheric  R esearch 
(N C A R ) for a  period  covering th e  las t 100 years. 
T his could give d ifferent reco n stru c tio n s of clim ate  
h isto ry  by tra n s ie n t c lim ate  m odels th an  have been 
o b ta in ed  th u s  far.

M uch rem ains to  be done in unravelling  th e  in
fluence of solar v aria tio n s on th e  c lim atic  signal. Ac
cordingly, it m ay be m ore p rod u c tiv e  to  view tem 
p e ra tu re  reco n stru c tio n s in ligh t of increasing d a ta  
on so lar forcing as narrow ing  th e  range of uncer
ta in ty  by physical co n s tra in ts , as opposed to  vali
d a tio n  te s ts  as such. T he best es tim ate , a t  p resen t.

R. C. W illson, Je t P ropulsion  L abora to ry , P asad en a , CA, 
P rin c ip a l In v e stig a to r—some problem s w ith o th er in s tru 
m ents on “Solar M ax” were corrected  in o rb it by Space S hu ttle  
C hallenger a s tro n au ts  in A pril 1984, b u t a fairly  con tinuous 
d a ta  record exists from  1980 to  the  p resen t for th e  ACRIM . 
Ibid.
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1980, DATE 5.4.3 Volcanic and S tra to sp h eric  Aerosol Forcing
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F ig u r e  5 .7 . P e rcen t change in solar irrad iance  over a  153-day 
period  in 1980 (W illson e t al. 1981). W eighted m ean 1 A.U. irra 
d iance for period  equalled  1368.31 W m ~ ^ .
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F ig u r e  5 .8 . E stim a tes of m ateria l in tro d u ced  in to  th e  a tm osphere  
by volcanoes in th e  1850 to  1970 tim e fram e. T he figures show: 
(A) th e  s tra to sp h eric  loading (with the  tim e average ind ica ted  by 
th e  horizon tal dashed  line and equal to  4.2 x 10’  ̂ g), as e stim ated  
by M itchell (1970), and  (B) th e  d u st in jected  in to  the  N orthern  
H em isphere by specific volcanoes as e stim ated  by O liver (1976).

is th a t  so lar variab ility  m ay account for fluctua tions 
in ATf. of th e  o rder of 0.1°C  or less, w ith  phase and 
am p litu d e  to  be d eterm ined  by m ore careful an a ly 
sis.

T he basic m echanism  of volcanic forcing is increased 
b ack sca tte rin g  of so lar rad ia tio n  to  space by high- 
a ltitu d e  suspended  p artic les— typically  d u s t or sul
furic acid p a rtic u la te  m a tte r  (aerosols) form ed by 
gas-phase reactions w ith in  th e  atm osphere . A n ob
server in space w ould see an  increased visible b rig h t
ness, or albedo , as a  resu lt of th e  dust veil cre
a ted  by a large volcanic e rup tion . For an  erup
tion  to  induce a  significant cooling, it is im por
ta n t  th a t  it deposit subm icron-sized aerosol p a r
ticles (or gases th a t  form  such aerosols) in to  the  
s tra to sp h e re  so th a t  th e  so lar rad ia tio n  reaching  the  
su rface-troposphere  system  is decreased. Some 15 
m ajor volcanic e rup tions have occurred  a t  irregu lar 
in terva ls over th e  p ast 1 0 0  years, depositing  signifi
can t am o u n ts  of s tra to sp h eric  aerosols in th e  process 
(F igure 5.8). In ad d itio n  to  volcanoes, som e au th o rs  
have proposed  th a t  c lim atic  cooling m ay re su lt from  
d u st veils c rea ted  by collisions of e x tra te rre s tr ia l ob
jec ts , such as com ets or aste ro ids w ith  th e  E a r th , or 
from  h ig h -a ltitu d e  sm oke layers th a t  could be cre
a ted  by th e  extensive fires th a t  m ight be s ta r te d  by 
a  nuclear w ar (Turco et a l., 1983).

T he c lim atic  effect of such aerosol in jections de
pends on th e  size and  sp a tia l d is trib u tio n  of the  
partic les, th e  height of in jection , an d  aerosol op tical 
p ro p erties , such as the  index of re frac tion , w hich, in 
tu rn , depend on the  com position  of th e  aerosol. In 
general a  tropospheric  layer is less likely to  cool th an  
a  s tra to sp h e ric  one, because typ ical tropospheric  
aerosols ab so rb  m ore efficiently th an  s tra to sp h eric  
aerosols, and  because of a  dependence on th e  u nder
lying surface reflectiv ity  (C oakley e t al. 1983; P o tte r  
and  Cess 1984). In ad d itio n , aerosols can induce a 
sm all com pensato ry  th erm a l-b lan k e tin g  effect sim i
lar to  th e  effect of clouds. U nder ce rta in  conditions, 
a  tro p o sp h eric  aerosol layer w ould even ten d  to  hea t 
the  surface.

D ecreases of a tm ospheric  ab so rp tan ce  associ
a ted  w ith  s tra to sp h eric  d u s t loadings from  m ajor 
volcanic e ru p tio n s typ ically  induce visible a lbedo  in
creases of th e  order of A a / a  ~  0.2% , w hich for our 
nom inal sensitiv ity  of ~  108 K corresponds to  
an  equ ilib rium  cooling of th e  o rder of AT* ~  0.2°C. 
An im p o rta n t consideration  for tran s ien t m odels is 
th a t  th e  residence .tim e of subm icron-sized s tra to 
spheric aerosol partic les is a  year or less, so th a t

M odel Projections o f the Tim e-D ependent Response to Increasing Carbon Dioxide 167



th e  d u st loading of ind iv idual volcanic eru p tio n s is 
likely to  have an effect on a tm o sp h eric  albedo  or 
o p tical d ep th  for a b o u t th a t  tim e.

T he effect is m ore com plex for very m assive 
in jections such as th a t  proposed by A lvarez et 
al. (1980) from  th e  collision of a  large as te ro id  or 
com et w ith  th e  E a r th  (or for m assive in jections of 
partic les  from  100 M t or g rea te r nuclear explosions) 
because severe p e r tu rb a tio n s  of global w ind p a t
te rn s  can affect aerosol residence tim es and  sp a tia l 
d is trib u tio n s . T he tra n s ie n t effect on a tm ospheric  
and  ocean te m p e ra tu re s  from  th e  A lvarez a s te r
oid im p act h ypo thesis  w as com pu ted  by Pollack et 
al. (1983), using a  d e ta iled  tim e-m arch ing  aerosol 
physics code and  assum ing as an  in itia l e s tim ate  
th a t  p artic le  residence tim es were unaffected  by th e  
p e r tu rb a tio n , th a t  is, th a t  th e  aerosol lifetim e was 
less th a n  one year (see F igures 5.9 and  5.10). T he 
significance of these  resu lts  in th e  p resen t con tex t 
is th a t  th e  ocean m ixed layer te m p e ra tu re  change 
is ra th e r  sm all, com pared  w ith  th e  m assive cooling 
of th e  lan d  surface, w hich d rops in te m p e ra tu re  by 
~  40°C afte r a b o u t 100 days. [The land  h ea t capac
ity  is neglected , [pch)t  — 0 , in these sim ulations.] 
C lim atically , th e  system  recovers rap id ly — in less 
th a n  2 years. T he response to  volcanic in jections 
w ould be sim ilar, b u t considerably  less in tense.

A re la ted  a sp ec t of th e  d u s t veil forcing m ech
anism  w ith  im p lica tions for th e  C O 2  tran s ien t cli
m ate  problem  is th e  a rg u m en t by som e a u th o rs  (a 
m in o rity ) th a t  a  m ajo r d river of p lan e ta ry  cooling is 
an th ropogen ic  aerosol p artic les  p roduced  by indus
tr ia l ac tiv ity , w hich com pensates for, and  m ay even 
overw helm , th e  fossil-fuel C O 2  greenhouse w arm ing. 
B ryson and  D ittb e rn e r  (1976), for exam ple, claim  
to  reproduce a  N orthern  H em isphere h isto rica l tem 
p e ra tu re  d a ta  set w ith  a  m odel d riven  by volcanic 
p lus an th ro p o g en ic  aerosols, in w hich cooling by the  
la t te r  do m in ates th e  C O 2  h ea tin g  effect. However, 
a  n e t cooling from  in d u stria l sm okestack  em issions 
is no t very convincing because it is h a rd  to  see 
how subm icron-sized partic les em itte d  a t  th e  su r
face, or form ed by chem ical reac tio n s  in th e  tro p o 
sphere, could p e n e tra te  in significant am o u n ts  in to  
th e  s tab ly  s tra tified  s tra to sp h e re . A b e tte r  case can 
be m ade for s tra to sp h e ric  layers g enerated  by vol
canic e ru p tio n s or d u s t from  num erous near-surface 
n uclear explosions carried  alo ft by in tense  th e rm a l 
convection p lum es induced by nuclear fireballs.
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F ig u r e  5 .9 . O p tica l d ep th  and surface ligh t in ten sity  versus tim e 
afte r im pact of an  astero id , assum ing a  sh o rt (< 1  year) aerosol 
lifetim e of d u st in th e  s tra to sp h ere  p rio r to  rem oval by various 
scavenging processes. Source; Pollack et al. (1983).
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F ig u r e  5 .1 0 . T ransien t ocean and land  surface tem p e ra tu re  re
sponse a fte r  im pact of an  astero id . L and surface tem p era tu res 
d ro p  below freezing, w hereas th e  ocean surface layer h ea t capac
ity  p rovides a  th e rm al buffer for th e  ocean over these tim e scales. 
Source: Pollack e t al. (1983).

M ajor objections can  (and  have) been m ade to  
th e  B ry so n -D ittb e rn e r m odel. B u t, as a  th o u g h t
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experim en t, i t  is in te re stin g  to  consider th e  im pli
ca tions if global cooling by an th ropogen ic  aerosols 

'rea lly  d o m in a ted  global w arm ing  by ca rbon  diox
ide and  o th e r greenhouse gases. A sudden cessation 
in fossil fuel b u rn in g  and  associa ted  gas and  aerosol 
em issions w ould th en  have th e  curious effect of caus
ing a  near s tep -fu n ctio n  w arm ing , because th e  (cool
ing) in d u stria l aerosols w ould be rem oved in ab o u t 
a  year, w hereas th e  (w arm ing) fossil fuel C O 2  in the  
a tm o sp h ere  w ould rem ain  a t  elevated  levels for the  
th o u san d s of years needed for m ixing and  reequili
b ra tio n  w ith  th e  deep oceans (M ichael e t al. 1981). 
If a  significant frac tio n  of th e  fossil fuel reserve is 
burned , th en  even a fte r th e  reeq u ilib ra tio n  w ith  the  
oceans, th e  a tm o sp h eric  C O 2  co n cen tra tio n  w ould 
no t re tu rn  to  its  p re in d u stria l level, b u t w ould re
m ain  a t  an  elevated  co n cen tra tio n  assoc ia ted  w ith  a 
new (higher) a tm osphere-ocean  buffer fac to r (T ra 
balka 1985). T he energy policy im p lica tions of the  
C O 2  c lim ate  p rob lem  w ould th en  be reversed, w ith  a  
s tra teg y  of co n tin u ed  fossil fuel b u rn in g  p reven ting  
a  n ea r-te rm  g lobal w arm ing . T he w orst problem s 
w ould com e n ea r th e  end of the  fossil fuel e ra , w hen 
th e  increased equ ilib rium  te m p e ra tu re , uncom pen
sa ted  for by cooling aerosols, w ould suddenly  be
com e very large. A m ore p lausible, b u t s till spec
u la tive , m itig a tin g  s tra teg y  m igh t be in ten tio n a lly  
to  seed th e  s tra to sp h e re  w ith  a  reflecting aerosol 
layer from  h ig h -a ltitu d e  a irc ra ft to  com pensa te  for 
C O 2  an d  trace  gas w arm ing  [see, e.g ., B udyko (1962, 
1972, 1977) for discussions of in ten tio n a l a n th ro 
pogenic c lim ate  m odification  by aerosol layers]. O f 
course, th e  fa llo u t of such layers w ould have to  be 
continuously  rep len ished  for very long periods d u r
ing, and  v irtu a lly  indefinitely  a fte r, th e  fossil fuel 
e ra  to  p rev en t a  m ajo r la te n t greenhouse w arm ing.

5.5 R E V IE W  O F  T R A N S IE N T  M O D EL 
R ESU LTS

In review ing re su lts  of tra n s ie n t m odels of th e  C O 2  

clim ate  p rob lem  th a t  have been developed th u s  far, 
it should be rem em bered  th a t  th e  s ta te  o f th e  a r t  of 
c lim ate  m odeling in general, and  tra n s ie n t c lim ate  
m odeling in p a r tic u la r , is still essentially  a t  th e  level 
of sensitiv ity  s tu d ies— num erical experim en ts illus
tra tin g  th e  re la tiv e  im p o rtan ce  of specific effects. 
T he confidence level o f such m odels is considerably  
less th a n , for exam ple , a  fin ite-elem ent s tru c tu ra l

code th a t  m igh t be used in the  design of a  bridge. 
Even ce rta in  fairly com plex fluid-m echanical p ro 
cesses, such as th e  three-d im ensional flow over a  su
personic vehicle like the  Space S h u ttle , can be sim u
la ted  w ith  som e confidence because it is possible to  
validate  and  refine p red ic tions m ade from  num eri
cal codes ag a in st w ind-tunnel and  flight te s t d a ta . 
As ind icated  in C h ap te rs  3, 4, and  5 of th is  volum e, 
there  has n o t yet evolved a  com parab le approach  to  
validation  and  te s tin g  of tran s ien t c lim ate  m odels, 
e ither as a  whole or w ith  regard  to  th e ir in te rn a l 
p aram ete riza tio n s , th a t  w ould p erm it developm ent 
of high confidence in m odel pro jections.

N onetheless, the  overall system  is understood  
well enough to  know th a t  the  clim atic  tran s ien t re
sponse from  fossil fuel burn ing  is d am ped  m ainly 
by h ea t s to rage  in th e  w orld ’s oceans, as ind icated  
by our earlier tim e scale analysis. All th e  tran s ien t 
m odels discussed here, including those cu rren tly  un
der developm ent, recognize th is  fac t and  include 
oceanic h ea t s to rage to  some ex ten t. Indeed, a  n a t
ura l w ay to  ch arac terize  d ifferent tra n s ie n t clim ate 
m odels is by th e  am o u n t of physical d e ta il p e r ta in 
ing to  ocean geom etry , c ircu la tion , an d  m ixing th a t  
they  inco rpora te .

5.5.1 H orizonta lly  A veraged M odels

T he th eo re tica l basis of horizon tally  averaged  m ul
tireservo ir c lim ate  m odels w as discussed in Section 
5.3. M odels of th is  ty p e  are described by E qua
tions (5.10a) th ro u g h  (5.10d) and  (5.12), along w ith  
th e ir ancillary  re la tio n s and  b oundary  conditions. 
In m ost cases, for exam ple in a  rad ia tive-convective  
m odel, th e  flux expression of E q u a tio n  (5.10a) is run 
to  a  steady  s ta te  in E quation  (5.12). In som e cases, 
even sim pler ap p ro x im a tio n s are used to  express th e  
equ ilib rium  tem p e ra tu re  varia tion  for specified forc
ing of th e  ty p e  given here by E q u a tio n  (5.5). For 
forcing func tions th a t  change on tim e scales longer 
th an  a  year, th is  ap p ro x im a tio n  is justified  by the  
fact th a t  th e  atm osphere  relaxes to  a  s teady  s ta te  in 
m uch less th an  a  year, w hereas th e  m ixed layer and  
deep sea relax  over tim e scales of decades to  cen
tu ries. T h is  p e rm its  a  p a r tia l decoupling of th e  a t 
m ospheric and  oceanic ca lcu lations. S im ilar consid
era tio n s a re  often  invoked to  ju stify  asynchronously- 
coupled a tm osphere-ocean  G C M s (see C h a p te r  4 of 
th is  volum e).
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We consider first th e  tran s ien t m odel of H ansen 
e t al. (1981, 1982). C oncep tually  sim ple, it was one 
of th e  early  m odels to  seriously explore th e  m u lti
ple forcing issue in th e  fossil fuel C O 2  co n tex t and  
w as able to  reproduce reasonably  well the  h isto rical 
tem p e ra tu re  record  of th e  period  from  1880 to  1980. 
T h is m odel provided  th e  scientific fram ew ork for re
cen t p ro jec tions an d  analyses by th e  U.S. E nv iron 
m en ta l P ro tec tio n  Agency (EPA ) on th e  C O 2  green
house problem  (Seidel and  Keyes 1983; Hoffm an et 
al. 1983). T hese E PA  rep o rts , in tu rn , have th em 
selves received considerable a tte n tio n  by th e  scien
tific and  p o p u la r press (Abelson 1983; Shabecoff 
1983) an d , therefore , have influenced th e  po p u lar 
percep tion  of p robab le  c lim atic  effects of co n tin 
ued fossil fuel consum ption . In view of its  influ
ence, it seem s a p p ro p ria te  to  reexam ine th e  m odel 
of Hansen e t al. (1981) m ore critica lly  in ligh t of th e  
foregoing considerations.

In th e ir early  tra n s ie n t m odels, H ansen e t al. 
(1981) t re a t  th e  deep sea as a  one-dim ensional 
purely  diffusive (P D ) zone of specified vertical dif
fusiv ity  K. T h is  is equivalen t to  E quation  (S.lOd) 
for the  vertical deep sea flux w ith  no upw elling 
{w =  0). S u b stitu tio n  of th is  in to  E quation  (5.12) 
gives th e  unsteady  one-dim ensional hea t-conduction  
equa tion ,

a r /dTd
d t d z d z

(5.23)

w hich th e  a u th o rs  solve sim ultaneously  w ith  a  
m ixed layer slab  m odel of th e  form  (Hoffm an et 
al. 1983)

^  (T, -  T ^ )
dt  Trrr.

-t-
d T i
d z

(5.24)

w here th e  la s t te rm  rep resen ts  th e  h ea t tra n s 
ferred  across th e  m ixed-layer therm ocline in terface 
a t  2  0. As ind ica ted  earlier, th e  only steady-
s ta te  [d T d fd t  =  0 ) deep ocean profile possible w ith  
th e  P D  m odel is equal to  a  d ep th -independen t 
co n stan t, n o t a  very realistic  depiction  of th e  ob
served exponen tia l d ep th  dependence of ocean tem 
p e ra tu re  profiles. I t w ould have been re la tively  easy 
to  generalize th is  app ro ach  to  an  upw elling-diffusion 
(U D ) m odel (H offert e t al. 1980; Cess and  G olden
berg  1981; H arvey an d  Schneider 1985a, 1985b) th a t  
includes th e  th e rm o h a lin e  upw elling th a t  H ansen’s 
m odel ignores.

T he resu lts of th e  m odel of H ansen et al. for m ul
tip le  forcing are illu s tra ted  in F igure 5.11. T he tw o i 
panels show th e  p red ic ted  global surface te m p e ra - ' 
tu re  anom aly  for an  ocean m odel w ith  only a  m ixed 
layer and  for an ocean m odel w ith  m ixed layer plus 
a  P D  deep ocean w hen th e  system  is forced by ex
po n en tia l C O 2  g row th  (ca lib ra ted  to  ATe =  2.8°C  
for a  C O 2  doubling), com pared  w ith  a  surface a ir 
te m p e ra tu re  h isto rical tim e series. T he effects of 
progressively adding  volcanic d u s t and  so lar forc
ing accord ing  to  sem iem pirical co rre la tions are  also  
show n. T he final curve (b o tto m  of panel B) shows 
an ap p a ren tly  very accep tab le ag reem ent w ith  ob
servations. T he Ac-value used here was ~ 3150  m^ 
y~^, w hich H ansen e t al. (1981) cite as a  represen
ta tiv e  w orld-ocean average value of tritiu m -d eriv ed  
eddy diffusivity across th e  u pper therm ocline.
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F ig u r e  5 .1 1 . C alcu lation  of h isto rical surface a ir tem p e ra tu res  in 
response to  m ultip le  forcings. Panel (A) shows th e  observed tem 
p e ra tu res  (d o tted ) and th e  response of a sim ple m ixed-layer m odel 
of th e  ocean to  various forcings (solid curves). Panel (B) shows 
th e  response of a  m odel hav ing  an  ocean w ith a  purely  diffusive 
therm ocline  layer below th e  m ixed layer. Source: H ansen e t al. 
(1981).

M ore recently , H ansen et al. (1984) have been 
w orking w ith  a  horizontally  resolved P D  w orld 
ocean. In th is  w ork they  u tilize tritiu m -d eriv ed  cor
re la tio n s for K p ro p o rtio n a l to  1/A^^, w here N  is th e  
B ru n t-V aisa la  frequency of th e  local w a te r colum n 
{ N  = \J[(j j p ) d p j d z ,  w here g is th e  g rav ita tio n a l ac
celeration  and  p the  density  of seaw ater). T he corre
la tio n s are  derived from  local tran s ien t t r i t iu m  ver
tica l profiles in th e  therm ocline  used to  deduce /c’s
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F ig u r e  5 .1 2 . C alcu lation  of h isto rical surface a ir tem p era tu res 
in response to  m ultip le  forcings using a  m ixed layer m odel of the  
ocean w ith  a  purely  diffusive therm ocline. T he therm ocline  con
d u c tiv ity  has been ad ju s ted  in each case to  give th e  best possible 
fit to  th e  observations (solid curves). R esu lts are shown for m od
els w ith  equ ilib rium  clim ate sensitiv ites to  C O 2  doubling  of 5.6°C , 
2.8°C , an d  1.4°C (dashed , d o tte d , and  do t-dashed  curves, respec
tively). Source: H ansen e t al. (1982).

(by fittin g  P D  m odel resu lts  in w hich vertical m ix
ing balances rad ioac tive  decay of t r i t iu m  to  helium - 
3) and observations of th e  therm ocline  vertical den
sity  s tru c tu re  a t  th e  sam e location .

A lthough  these resu lts  of H ansen et al. (1981) 
look im pressive, so also (for exam ple) do those of 
G illiland  and  Schneider (1984), w ho com pared  th e ir 
m odel o u tp u t to  a  different d a ta  base and  m ade dif
fe ren t assu m p tio n s regard ing  th e  so lar and  volcanic 
forcing. Such unreconciled resu lts  d em o n stra te  th a t  
th e  p a ram ete rs  and  effects chosen, w hich m ay be 
chosen e ith e r in ten tio n a lly  or subconsciously to  rep 
resen t th e  observations, a re  n o t yet uniquely d e te r
m ined. How to  d iffe ren tia te  betw een these different 
and  differing approaches is the  question .

In fairness, th ere  are  troub lesom e assum ptions 
when we look a t  any h isto rical reconstructions. 
W h a t is needed to  reduce th e  overall u n ce rta in ty  
is to  analyze these system atica lly  in com parison 
w ith  independen tly  know n in fo rm ation . E xam ples 
of a reas needing a tte n tio n  are  th e  so lar variab il
ity  an d  volcanic d u s t veils used in forcing these 
tran s ien t m odels. T he fact th a t  th e  P D  tran s ien t 
ocean m odel can  only recover an  u n realistic  (un i
form  w ith  d ep th ) te m p e ra tu re  profile m ay also be a 
m ore serious problem  th a n  it seem s. T he P D  m odel

has som etim es been justified  on grounds th a t  it is 
only being used to  ca lcu la te  a  sm all p e r tu rb a tio n  
of oceanic h ea t flux from  the  stead y  s ta te . B u t a 
sm all p e r tu rb a tio n  analysis of a  slightly  m ore com 
plex upw elling-diffusion (U D ) m odel does n o t yield 
a  P D  m odel, b u t ra th e r  an o th e r UD m odel to  rep
resen t th e  p e r tu rb a tio n . Such conceptual problem s 
can n o t be resolved unless one uses a  m ore realistic  
ocean m odel.

M oreover, the  sim ple carryover of eddy diffusiv
ities derived from  tr itiu m  m easurem ents for use as 
th e rm a l eddy diffusivities in th e  oceanic therm ocline 
is questionab le. B om b-generated  tr itiu m  decays ra- 
d ioactively  to  helium -3 w ith  a  half-life of 12.3 years, 
w hich m akes the  effect of upw elling on the  v erti
cal profiles from  w hich th e  effective diffusivities are 
derived fairly  sm all. A t th e  typ ical upwelling ve
locity  o f i u ~ 4 m y ~ ^ ,  th e  profiles are  pushed up 
only a b o u t 50 m each decay tim e (i.e., 12.3 years), 
w hich w ould be h ard  to  identify  in  th e  G EO SEC S 
d a ta  from  w hich th e  co rre la tions a re  derived. It is 
also known th a t  d iffusivities ca lib ra ted  on th e  sam e 
d a ta  set using UD and  P D  m odels give d ifferent 
/c’s [see, e.g., H offert e t al. (1981), for a  discussion 
of th is  effect on carbon  cycle m odels ca lib ra ted  on 
rad io carb o n  profiles]. F inally , i t  m ay be inap p ro p ri
a te  to  carry  over th e  effective diffusivities for tracer 
m ass p en e tra tio n  in to  th e  u p p er ocean, w hich oc
curs largely along isopycnals, to  th e rm a l diffusion 
problem s in which isopycnal m ixing plays a  m uch 
sm aller role (see Section 5.5.3). T he resu lt of m ak 
ing a  sim ple analogy locally betw een m ass and  h ea t 
diffusion could well be an  overestim ate  of k for the  
tra n s ie n t c lim ate problem .

In a  la te r  study , il lu s tra ted  in F igure 5.12, 
Hansen et al. (1982) exam ined  how k w ould have 
to  be m odified to  accoun t for d ifferent values of 
ATe for C O 2  doubling. N ot surprisingly, a  m ore 
sensitive clim ate (sm aller A) requires m ore vigorous 
h ea t tran sfe r to  th e  deep sea (bigger k ) to  b est fit 
th e  so lution th ro u g h  th e  observations. Unlike th e  
m ixed layer re lax atio n  tim e , which gets la rger as  A 
decreases, th e  eddy diffusivity  k is p robab ly  a  re la
tively fixed p ro p e rty  of th e  ocean c ircu la tion . (For 
large p e r tu rb a tio n s  in c lim ate , ocean circu la tion  
p a tte rn s , b o tto m  w a te r fo rm ation  zones, and  so on 
can of course change, th ereb y  affecting /c, w hich im 
plicitly  includes all of these  processes.) W igley and
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F ig u r e  5 .1 3 . T ran sien t tem p e ra tu re  response to  a  step  function  forcing. R esults a re  from  th e  oceanic upw elling-diffusion (UD) m odel 
of Hoffert et al. (1981) assum ing 100-m m ixed layer d ep th , k =2000 m^ y~*, 1 0  =  4 m y “ ’ . Ocean tem p e ra tu re  is shown versus tim e; 
th e  dashed  curve is for th e  m ixed layer only, th e  solid curves are for th e  UD m odel w ith  different values of th e  p o lar w arm ing p a ram ete r 
n, and th e  d o t-d ash  curves are th e  corresponding values of m ean deep ocean tem p era tu re .

Schlesinger (1985a, 1985b) recently  ob ta in ed  an ap 
p ro x im ate  an a ly tic  so lu tion  for th e  case of th e  t ra n 
sien t m ixed layer coupled to  a  purely  diffusive ocean 
[E quations (5.23) and  (5.24)]. In th e ir so lu tion , the  
diffusive flux a t  th e  m ixed layer-therm ocline bound
ary in E q u atio n  (5.24) has th e  form:

K ^  
h  d z

(5.25)

w here ^  is a  d im ensionless coefficient th a t  depends 
on th e  forcing T’e(f), is th e  ocean frac tio n , and 
Td ^  n h ^ /K  is a  ch a rac te ris tic  diffusion tim e th a t  de
pends on th e  m ixed layer th ickness h  and th e  v e rti
cal deep ocean eddy diffusiv ity  k.  For s tep  function 
forcing, ft ~  1.5; for linear forcing (i.e., th e  expo
nen tia lly  increasing  C O 2  co n cen tra tio n ), /z ~  2 .2 . 
T he corresponding  e-folding tim e for the  stepfunc- 
tion  case i s t  ~  K  /^ ic(A T e)^, w here K  i s  a  co n stan t, 
and  ATe =  A Q n e t /A  is th e  equ ilib rium  tem p era 
tu re  change. A ccordingly, for a  given rad ia tiv e  p er
tu rb a tio n , r  scales w ith  k / X ^  for s tep  forcing in the  
W igley-Schlesinger m odel. T h u s, P D  ocean m odels

w ith  large /c’s and  sm all A’s can  produce lag tim es as 
long as 1 0 0  years for step  forcing, while for th e  vari
able Te(t) case charac teriz ing  th e  grow ing C O 2  com 
p onen t of clim ate  forcing, they  can  p red ic t global 
responses su b s tan tia lly  below th e  local equilibrium  
response (e.g., H ansen et al. 1984; Schlesinger et 
al. 1985). T he physical realism  of such purely  diffu
sive, high-/c oceans will be review ed again  in Section
5.5.3 in ligh t of recent oceanographic research.

T he response of UD an d  P D  m odels to  step  
function  forcing as m odeled by various a u th o rs  is 
i l lu s tra ted  in F igure 5.13. In th e  stu d y  of Hoffert 
e t al. (1980), th e  effect of varying th e  p o lar w arm 
ing p a ram e te r H — th e  ra tio  of “p o la r sea” to  m ean 
surface ocean tem p e ra tu re  changes— in a  UD deep 
sea tra n s ie n t m odel w as stud ied . As ind icated  in 
th e  figure, th e  deep sea delayed th e  final app roach  
to  equ ilib rium  re la tive  to  a  m odel having only a  
m ixed layer; an  increase in p o la r w arm ing  had  th e  
largest delay ing  effect. U nder cu rren t conditions, 
w here h ig h -la titu d e  b o tto m  w a te r tem p era tu res  are 
fixed by th e  freezing p o in t of seaw ater, H is likely
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to  be near zero, a lth o u g h  m ost c lim ate  m odels p re
d ict a  p o lar am plifica tion  of surface a ir  tem p e ra 
tu re . A lthough  h ig h -la titu d e  ocean tem p era tu res  
m ay no t vary m uch  due to  th e  presence of sea ice, 
annual m ean surface a ir tem p e ra tu re s  m ay change 
by a  re la tive ly  large am o u n t as th e  leng th  of th e  
period  du rin g  w hich sea ice is p resen t is p e rtu rb ed .
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F ig u r e  5 .14 . T ran sien t tem p e ra tu re  response to  a  step  func tion  
forcing. M odel calcu la tions are  taken  from H arvey and Schneider 
(1985a, 1985b), w ith  base case p a ram ete rs  sim ilar to  those  of Hof- 
fert et al. (1981) an d  w ith  H =  0. T he solid lines are m ixed layer 
tem p e ra tu res  w ith  (A) four-box  ocean m odel; (B) UD m odel, base 
case; (C) n reduced  by half; (D) w reduced  by half; (E) u) =  0; 
(F) K and  w reduced  by half. T he do t-d ash ed  lines show th e  cor
responding  responses of th e  deep ocean and  th e  dashed line shows 
th e  surface a ir  tem p e ra tu re  response.

T he s tep  func tion  response of th e  UD deep 
ocean is ch a rac te rized  by an in itia lly  rap id  rise, 
dom inated  by th e  m ixed layer, followed by a  slower 
app roach  to  th e  final equilibrium . T h is is ap p a ren t 
from  th e  resu lts  p resen ted  in  Section 5.3, w hich sug
gest th a t  th e  m ixed layer only response scales w ith  
A“ ^, and  from  W igley an d  Schlesinger’s (1985a, b) 
resu lts, w hich suggest th a t  th e  long-term  P D  re
sponse scales w ith  H arvey and  Schneider
(1985a, b) have ana lyzed  th e  tra n s ie n t response of 
UD and P D  ocean m ixing m odels, including  th e  ef
fects of in te rn a l feedback processes in th e  deep sea 
on ocean tra n s p o r t  processes. F igure 5.14, tak en  
from  th e ir p ap e r, show s th e  effect of varying the  
upw elling and  diffusion p a ram ete rs  on th e  response 
ch arac te ristic s . A n im p o rta n t resu lt is th a t  se ttin g  
w =  0 w hile ho ld ing  k co n s tan t a t  its  UD value 
(curve E) gives th e  longest response tim e of all

Y E A R S

F ig u r e  5 .1 5 . T ran sien t tem p era tu re  response to  step  function  
doubling  of C O 2  found  by Hansen et al. (1984). T he solid lines 
show th e  surface tem p e ra tu re  response for a  m odel w ith a  m ixed 
layer ocean of th e  d e p th  shown; th e  d o tted  lines show th e  response 
for a  box-diffusion (B D ) m odel w ith  k — 3150 and  6300 m^ y~^ (1 
and  2 cro^ s~ ^), as ind ica ted . T he equilibrium  sensitiv ity  of the  
m odel is 4.2 °C .

cases stu d ied , a lth o u g h  a larger k , and  according 
to  W igley and  Schlesinger (1985a, b ), a  sm aller A, 
w ould have delayed th e  response even m ore.

In a  recen t independen t analysis of H ansen ’s 
long delay tim e (show n in F igure 5.15), Harvey
(1985) used globally  averaged and  land-sea-resolved 
tran s ien t E B M s th a t  closely dup licate  th e  resu lts  of 
H ansen e t al. (1984) when in teg ra ted  using th e ir 
assum ptions. His findings ind icate  th a t  H ansen et 
al. have o v erestim a ted  the  global m ean  tra n s ie n t re
sponse tim e scale by ab o u t 25%, and  th a t  th e  er
ro r a t  high la titu d e s  is probably  even g rea te r, inde
pendent  o f  possibly spurious large ocean diffusivity.  
T hus, th e  350-year e-folding tim e th a t  H ansen et 
al. o b ta in  in th e  N orth  A tlan tic  m ay be closer to  
70 years. T h is  figure could p robably  be reduced by 
an o th er fa c to r of tw o  as a  resu lt of spuriously  large 
v ertica l ocean diffusivities used by H ansen et al. a t 
high la titu d es .

Before leaving our review of horizon ta lly  av er
aged m odel resu lts , it is im p o rta n t in confronting  
th e  C O 2  c lim ate  problem  to  ask: How, according 
to  these m odels, is th e  change in global m ean su r
face a ir te m p e ra tu re  likely to  vary w ith  pro jected  
increases in th e  a tm ospheric  C O 2  concen tra tion?  
How, m oreover, a re  these p red ic tions affected by th e  
u n ce rta in tie s  in c lim ate  sensitiv ity  th a t  are ev ident 
in p resen t G C M s? To address these questions, the  
response of th e  Hoffert e t al. (1980) UD tran s ien t
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F ig u r e  5 .16 . T ransien t tem p e ra tu re  response to C O 2  forcing. G lobal surface tem p e ra tu re  for C O 2  scenarios of W uebbles et al. (1984) 
com puted  w ith  tran s ie n t upwelling-diffusion (UD) ocean m odel of Hoffert e t al. (1980) w ith  k =2000 m^ y “ *, w =  4 m and  =  0. 
(A) Ta(t)  from  1850 to  2100 w ith th e  nom inal dam ping  A =  2.2 W m “  ̂ and  th ree  post-1983 C O 2  emission scenarios. (B) A T o(i) 
over th e  sam e period  w ith th e  nom inal emission scenario, b u t th ree  different dam ping  coefficients (sensitiv ities); A =  1.1, 2.2, an d  4.4 
W m -2  K -» .

one-dim ensional ocean m odel to  th e  s ta n d a rd  C O 2  

forcing scenarios of W uebbles et al. (1984) has been 
ca lcu la ted . T he resu lts  a re  show n in F igure 5.16. 
F igu re  5.16A shows th e  a ir tem p e ra tu re  track in g  
th e  equ ilib rium  te m p e ra tu re  ra th e r  closely, w ith  a 
lag  of ~ 1 5  y for all th ree  scenarios, reinforcing our 
earlier resu lts  w ith  th e  sim ple m odel forced by a  lin
ea r ram p  function  in AT^. F igure 5.16B illu s tra te s  
th e  effect of doubling  and  halv ing  A re la tive  to  its 
nom inal 2.2-W  m “  ̂ value. T he lower A curves 
correspond to  a  g rea te r ATa{ t)  response— alth o u g h  
these do n o t q u ite  scale w ith  A“ '  as does ATe— 
ind icating  th a t  for th e  case of p rac tica l in te re st, the  
longer response tim es do no t m arkedly  com pensate  
for larger equ ilib rium  te m p e ra tu re  p e r tu rb a tio n s  in 
th e  tra n s ie n t response. T he significance of th is  is 
th a t  c lim ate  sensitiv ity  m u st be know n to  a  b e tte r  
accuracy  th a n  a t  p resen t to  im prove th e  pred ic tions 
of tra n s ie n t c lim ate  change to  w ith in  a  fac to r of tw o.

T he foregoing resu lts , w ith  all th e ir caveats , 
can be con stru ed  as an  ap p ro x im a te  b rack etin g  of 
th e  consensus of tran s ien t m odel p red ic tions for the  
n ex t c e n tu ry ’s C O 2  greenhouse effect. In th is  re
s tr ic ted  sense, they  are  co n sis ten t w ith  th e  E P A ’s 
e s tim a te  of a  2°C w arm ing  from  fossil fuel C O 2  

and  o th er greenhouse gases by th e  m iddle of the

nex t cen tu ry  (Seidel and  Keyes 1983). M ore com 
plex scenarios th an  th e  reference one of W uebbles et 
al. (1984) can be envisioned in w hich fossil fuel use 
is rap id ly  phased  o u t by tax in g  or o th er policies, 
or in w hich fossil fuel use is decreased by societal 
feedbacks based  on observations of global w arm ing 
(M ichael et al. 1981). C onsider, for exam ple, the  
finding by th e  S tra teg ic  S tudies S taff of th e  EPA  
th a t:

Worldwide taxes of up to 300% of the cost of fossil fuels 
(applied proportionately based on CO2  emissions from 
each fuel) would delay a globed 2°C warming only about 
5 years beyond 2040 (Seidel and Keyes 1983, p. v).

A lthough  th is , and  re la ted , conclusions of various 
policy-orien ted  stud ies have im p o rta n t im plica tions 
for th e  ap p ro p ria te  societa l response to  th e  carbon  
dioxide clim ate  p roblem , th e  robustness of th is  ty p e  
of s ta te m e n t is unclear a t  p resen t, and  should be es
tab lished  as an  independen t goal in itself. T he im 
p lications of m odels w ould be m ore clear if it could 
be show n th a t  specific p red ic tions based on t ra n 
s ien t c lim ate  m odels w ere sufficiently ro b u st, th a t  
is, insensitive to  identified  uncerta in ties.

A final p o in t is th a t  a lth o u g h  m ost of th e  h o r
izontally  averaged  tra n s ie n t m odels discussed here 
could be ad a p te d  to  m u ltip le  c lim atic  forcing, from
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a  feedback con tro l theo ry  v iew poin t, th e  role of the

•  oceans is essentially  to  supply passive dam p in g  to  an 
ex terna lly  im posed signal. It is possible th a t  som e 
of th e  c lim ate  variab ility  show n in F igure 5.1 is due 
to  sh o rt-p erio d  self-oscillations of th e  c lim ate  sys
tem . I t is know n, for exam ple, th a t  unforced G C M s, 
if left to  them selves, exh ib it in te ran n u a l variab ility  
in th e ir s im u la ted  c lim ates (see, e.g., F igure 5.11). 
W h a t is n o t clear is w he ther these are s im u la tin g  
n a tu ra l in te rn a l oscillations. If such oscilla tions are 
indeed influencing th e  observed signal, i t  is im p o r
ta n t  to  be able to  e s tim ate  th e ir effect on th e  de
tec tab ility  and  p red ic tab ility  of a  C O 2  w arm ing . 
A possible m echanism  for in te rn a l sh o rt-p e rio d  cli
m a te  oscilla tions is discussed in Section 5.5.3. In 
any  even t, these processes a re  yet to  be incorpo
ra te d  in sim ple m odels for th e  C O 2  c lim ate  problem , 
b u t could well have im p o rta n t, p erh ap s co u n te rin 
tu itiv e , effects.

5.5.2 L a titu d in a l Effects

B ecause it m ay be difficult to  identify th e  global 
te m p e ra tu re  increase from  rising  C O 2  co n cen tra 
tions, it w ould be helpful to  have an  e s tim a te  of 
th e  tran s ien t response w ith  som e h o rizon ta l resolu
tion. Such m odels a re  needed for purposes of policy 
analysis an d  p lann ing  and  to  provide necessary in
p u t to  ecological and  societal im p act s tud ies. T hus, 
th e  C onclusions and  R ecom m endations of th e  N a
tional R esearch C ouncil’s (N R C ) C arb o n  D ioxide 
A ssessm ents include:

The lagging ocean thermal response may cause impor- 
temt regional differences in climatic response . . .  The 
role of the ocean in time-dependent climatic response 
deserves special attention in future modeling studies, 
stressing the regional nature of oceanic thermal iner
tia and atmospheric energy-transfer mechanisms (NRC 
1983, p . 7 4 -7 5 ).

H ow ever, th e  need for such m odels does n o t en
sure th e ir n ea r-te rm  ava ilab ility  in v a lid a ted  form . 
It w as ap p a ren tly  n o t ap p rec ia ted  a t  th e  tim e by the  
au th o rs  of th e  N R C  rep o rt (w hich cites num erical 
m odels [i.e., GCM s] as “the  p rim ary  too ls for inves
tig a tin g  h um an  im p act on c lim ate” [p. 270]) th a t  a 
su b s tan tia l d isp arity  ex isted  w ith in  th e  G C M  com 
m unity  in p red ic tions by different m odelers of the  
long-term  equ ilib rium , la titu d e -d ep en d en t w arm ing  
from  a  C O 2  greenhouse effect. T he w ide range of es
t im a te s  becam e especially clear a fte r th e  s tu d y  by

Schlesinger (1983), whose com parison of the long
term  change in zonally averaged air (or surface) 
tem p era tu re  for a  C O 2  doubling predic ted  by six 
d ifferent G C M s is reproduced  here in F igure 5.17. 
A considerably  m ore de ta iled  com parison is m ade in 
C h ap te r 4. N ot only are th e  global m eans different, 
b u t th e  la titu d e  dependence— the ex ten t of po lar 
am plification  by the  m odel— varies from  m odel to  
m odel. T he reasons for these differences are cu r
ren tly  under in tense s tudy  and  are likely to  be a  
function of different m odel sensitiv ities associated 
w ith  how each G C M  p aram eterizes its  in te rn a l feed
backs. T he lack of a  consensus in even the  steady  
case underscores th e  p o ten tia lly  g rea te r uncerta in 
ties assoc ia ted  w ith  tra n s ie n t la titude-dependen t 
models.

Because of u n ce rta in tie s  in th e  equilibrium  re
sponse (see C h ap te r 4 of th is  volum e), results of 
la titu d e -d ep en d en t tra n s ie n t m odels are often ex
pressed as a  frac tion  of th e  equilibrium  tem p era
tu re  rise versus tim e a tta in e d  a t  each la titu d e . L a t
itu d in a l differences in th e  co n tin en ta l and oceanic 
hea t capacity  are th e  m ost obvious cause for such 
a d ifferential response. T hese are im p o rtan t ef
fects and  can be exam ined w ith  latitude-reso lved  
energy balance m odels (EB M s) w ith o u t delving too  
deeply in to  th e  dynam ic oceanography of th e  th e r
m ocline, deep sea m ixing, and  so fo rth . Schneider 
and  T hom pson (1981) conducted  such a  study , in
cluding th e  influence of d ifferent surface hea t capac
ities versus la titu d e  th a t  are associa ted  w ith  a  re
alistic , variab le  land-sea frac tio n  (F igure 5.18). For 
step  function  forcing, they  found th a t  high la titu d es 
equ ilib ra te  m ore slowly th a n  do  th e  trop ics and  th a t  
the  S ou thern  H em isphere response lags th a t  of the  
N orthern  H em isphere, ow ing to  its  g rea ter oceanic 
surface area.

These resu lts  suggest th a t  a  realistic  ch a rac te r
ization o f co n tin en ta l and  m arine surface areas is 
needed to  assess th e  la titu d in a l response of tran s ien t 
m odels properly. For exam ple, sim ulations w ith  th e  
idealized topography , coupled a tm o sp h ere /o cean  
GCM  developed a t  G F D L  (B ryan  e t al. 1982; Spel- 
m an and  M anabe 1984) should  be in te rp re ted  care
fully. These researchers m odeled th e  tran s ien t re
sponse to  an  in s tan tan eo u s  change in C O 2  concen
tra tio n . T he atm osphere-ocean  coupling was done 
synchronously (i.e., th e  sam e tim e step  was used to  
in teg ra te  th e  a ir and  w a te r G C M s). Because of the
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F ig u r e  5 .1 7 . E quilib rium  response of various GCM s versus lati* 
tu d e . Schlesinger (1983) com pared th e  change in sonally  averaged 
surface a ir  (or surface) equ ilib rium  tem p e ra tu re  s im ula ted  by five 
different GCM s for doubled  C02* T he two W ashing ton  and  M eehl 
(1983) curves a re  p re lim inary  198-day averages. T he resu lts  of 
th e  M anabe  and  W ethera ld  (1975, 1980) resu lts  a re  p lo tte d  sym 
m etrically  a b o u t th e  E q u a to r. Inclusion of th e  resu lts  of H ansen 
e t al. (1984) w ith  a  4^C  global m ean te m p e ra tu re  rise w ould in 
crease th e  sc a tte r  som ew hat tow ard  the  high end, especially  in low 
la titu d es.

widely diflFerent response tim es of th e  tw o  dom ains, 
how ever, m any hours of com pu ter tim e w ould have 
been needed h ad  th e  G F D L  group  n o t considered a 
highly sim plified sectorized con tinen t-ocean  geom e
try . T he m odel a tm o sp h ere  and  oceans w ere tak en  
as being hem ispherically  sym m etric  an d  period ic in 
th e  zonal d irec tion  w ith  land  and  oceans occupying 
ad jacen t 60° sectors. T he tran s ien t response , glob
ally averaged  and  on a  la titu d e -b y -la titu d e  basis of 
th is  G F D L  atm osphere-ocean  G C M  to  s tep  func
tion  forcing, is show n in F igure 5.19 [from B ry an  et 
al. 1982; m ore recen t re su lts  by S pelm an an d  M an
abe (1984) a re  som ew hat different]. T hese resu lts  
show a  re la tive ly  rap id  response of a tm o sp h eric  tem 
p e ra tu re  eq u a to rw ard  of 45°, b u t a  re la tive ly  slow
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F ig u r e  5 .1 8 . L a titu d in a l tran s ien t response of Schneider and 
T hom pson’s (1981) energy balance m odel. (A) R esponse of m odel 
hav ing  co n stan t m ixed layer d ep th  and  “q u a d ra tic ” energy tra n s 
p o rt. (B) R esponse of m odel hav ing  la titu d e -d ep en d en t m ixed 
layer d ep th .

response po lew ard  of th a t  la titu d e ; th e  tem p era tu re  
response of th e  ocean was only ab o u t half as rap id  
as th a t  o f th e  atm osphere . A fter ab o u t 10 years, 
the  p ro p o rtio n  of th e  a tm ospheric  response becam e 
ap p ro x im a te ly  independen t of la titu d e , from  which 
B ryan  e t al. (1982) concluded th a t  while th e  oceans 
delay th e  signal, equilib rium  G C M s could be used as 
an  ad eq u a te  guide to  th e  n a tu re  of c lim ate response. 
However, given th e  d isp arity  in th e  la titu d in a l de
pendence of th e  equ ilib rium  te m p era tu re  response 
for d ifferent G C M s, it is n o t clear th a t  th is  resu lt 
w ould app ly  to  o th er m odels. F u rtherm ore , i t  is no t
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F ig u r e  5 .1 9 . L a titu d in a l response of a  th ree-d im ensional a tm o s
phere-ocean GCM . (A) U pper curve is world average SST versus 
tim e for case w ith  sudden  CO 2  doubling; lower curve is con tro l 
run  w ithout CO 2  forcing. (B) Sam e m odel, norm alized th erm al 
response versus la titu d e  and tim e: up p er panel is for surface ocean, 
lower panel for surface a ir. Shading shows regions w here th e  re
sponse is g rea ter th a n  50% of th e  equilibrium  response. Source: 
B ryan  et al. (1982).

evident th a t  th e  sam e conclusion w ould app ly  to  th e  
G FD L  m odel w ith  realistic  geography.

Shown in F igu re  5.20 are  p red ic tions of t r a n 
sien t surface tem p e ra tu re  change versus la titu d e  
and  tim e by N orth  e t al. (1984) using an  EB M  w ith  
ho rizon ta l reso lu tion . A lthough  it  is m uch sim pler 
in te rm s of t ra n s p o r t  processes (no dynam ics), th e  
m odel of N orth  e t al. (1984) in co rp o ra tes  a  m ore re
alistic  d is trib u tio n  of surface h ea t capacity  (tied  to  
th e  p resen t d is trib u tio n  of co n tin en ts  and  oceans) 
th a n  does th e  G F D L  m odel. As expected  from  ea r
lier work of T hom pson  and  Schneider (1979, 1982), 
th e re  is a pronounced  asym m etry  in th e  re su lts  of 
N orth  e t a l., w ith  th e  low er-heat-capacity  N o rth ern  
H em isphere w arm ing  fas te r th an  th e  S ou thern , a 
difference th a t  is m issing from  th e  hem ispherically  
sym m etric  G F D L  m odel. O n th e  o th er h an d , the

Y E A R S

F ig u re  5 .20 . N orm alized response of tem p era tu re  a fte r an in s tan 
taneous CO 2  doubling  based on th e  study  of N o rth  et al. (1984) 
using a tw o-dim ensional (la titu d e-lo n g itu d e) spherical harm onic 
expansion EBM  w ith realistic  geography.

coupled G C M s show o th er featu res, such as differ
en tial response ra te s  of surface a ir and  w a te r tem 
p era tu res , th a t  can be im p o rta n t to  consider in com 
parison w ith  d a ta .

5.5.3 T esting  of T ransien t M odels:
Som e R ecent F indings

We have repeated ly  stressed  th e  need for b e tte r  
m ethods for te s tin g  tra n s ie n t m odels ag a in st the  
real behav ior of th e  c lim ate system , p articu la rly  
over the  1 0 - 1 0 0  year tim e scales of th e  C O 2  p rob 
lem. W h a t em erges from  th is  review is th a t  p resent 
m odels can provide us w ith  sem iq u an tita tiv e , and 
som etim es only q u a lita tiv e , resu lts  because they  
have been inadequate ly  tested  ag a in st real d a ta . 
Too often , th e  d a ta  th a t  a re  available only provide 
a  few independen t pieces of in fo rm ation . By ju d i
ciously choosing m odel p a ram ete rs , reasonable or 
even good ag reem en t can often be o b ta in ed . M any 
feedbacks and  in te rn a l response m echanism s have 
been neglected , how ever, thereby  in tro d u cin g  fu r
th e r u n ce rta in ty . F inally , i t  is w orth  rem em ber
ing th a t  observational d a ta  m ust alw ays be in te r
p re ted  in th e  con tex t of som e p arad ig m  or theory , 
and th ere  are  still questions regard ing  th e  p roper 
level of m odel a t  w hich to  develop in te rp re ta tio n s . 
How th en  is progress to  be m ade in im proving  the
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ab ility  to  m ake re liab le  forecasts of tran s ien t cli
m ate  changes arising  from  C O 2  em issions? We now 
consider som e possible new approaches to  develop
ing and  te s tin g  increasingly m ore realistic  m odels in 
ligh t of recen t research  findings.

A m ajo r question  in developing an  ap p ro p ria te  
m odel to  s tu d y  th e  tran s ien t s to rage  and  in tern a l 
tra n sp o r t of h ea t by th e  oceans is th e  re la tiv e  im por
tan ce  of m ean m otion , w hich is explicitly  ca lcu lated  
by ocean general c ircu la tion  m odels (O G C M s), as 
com pared  w ith  tra n s p o r t  by unsteady  tu rb u le n t ed
dies below th e  reso lu tion  scale of th e  finite differ
ence g rid , w hich m u st som ehow  be p aram eterized . 
W igley an d  Schlesinger (1985a, b) closely app rox i
m ated  th e  tra n s ie n t h ea t u p tak e  w ith  an  ap p ro p ri
a te ly  ca lib ra ted  one-dim ensional m odel having bo th  
explicit an d  subgrid  m ixing p aram eterized  as v erti
cal eddy diffusion. T h is allow ed m ore rap id  in teg ra 
tio n  of th e  tra n s ie n t a tm osphere-ocean  m odel, b u t 
th e  o u ts tan d in g  question , in ad d itio n  to  th e  valid
ity  of th e ir  ap p ro x im a tio n s, is w he ther the  O G C M  
resu lts  on w hich such sim pler m odels a re  based can 
them selves be considered realistic , given th e  p resen t 
s ta te  of th e  a r t.

T he concep tual ad v an tag e  of O G C M s re la tive  to  
m odels in w hich tra n sp o r t  is en tire ly  p aram eterized  
would be clear if th e  explicitly  com puted  m ean m o
tion  were responsible for m ost of the  h ea t tra n sp o r t. 
One m easure of th e  im p o rtan ce  of m ean versus eddy 
tra n sp o r t is th e  k inetic  energy of m ean m otions ver
sus th a t  in tu rb u le n t eddies. D ickson (1983) re
cently  sum m arized  th e  resu lts of th e  PO L Y M O D E  
ocean field experim en t and  re la ted  stud ies aim ed 
a t  m easuring  th e  re la tiv e  p a rtitio n in g  of m ean and  
eddy k inetic  energy in th e  oceans. T hese clearly 
ind ica te  th a t  eddy energy dom inates m ean k inetic 
energy in th e  m ain  therm ocline  by facto rs of 3-10  a l
m ost everyw here, except for re la tive ly  narrow  zones 
(e.g., w estern  bo u n d ary  cu rren ts) w here th e  system 
atic  m ean flow becom es very in tense. K inetic energy 
profiles from  cu rren t m oorings in th e  N orth  A tlan tic  
are given in T able 5.3.

M ajor physical processes con tro lling  th e  fluid 
dynam ics of th e  oceans are th e  C oriolis force aris
ing from  th e  E a r th ’s ro ta tio n , w hich dom inates th e  
in e rtia l te rm s in th e  m om en tum  conservation  equa
tions, and  th e  generally  stab le  density  g rad ien ts  in

T a b le  5.3 
T u rb u len t K inetic  Energy in E ddies 

and M ean M otion from  Long-Term  C u rren t 
M oorings in th e  Saragasso  Sea of th e  N o rth  A tlan tic .

z  (m)
keddy kme&n 

(m^ s -2 ) k«ddy /  kjnean

500 9.1 X 10“ * 1.3 X 1 0 -* 7.0
1000 7.7 X  l O - * 2.5 X  10“ * 3.0
2000 1.1 X  10“ « 0.4 X  10“ * 3.0
4000 0.5 X  10“ * 0.5 X  10“ * 1.0

Note: D a ta  a re  th ree-m ooring  averages in PO LY M O D E A rray  I, 
S ta tio n  A , '''2 8 °N , 58°W  (D ickson 1983). T he tu rb u le n t kinetic
energies a re  defined kmcan 
[u' 1̂).

=  l/2 ((u > *  +  (u)*), k.ddy =  l/2([u'=*] +

th e  ocean, w hich ten d  to  suppress in stab ilities . (Lo
cal regions w ith  u n stab le  density  g rad ien ts  a re  re
sponsible for th e  fo rm ation  of h ig h -la titu d e  b o tto m  
w a te r and  are  often tre a ted  in m odels by convective 
ov ertu rn in g  ad ju stm en ts .)

T he h o rizon ta l flow in s tab ly  s tra tified  ocean 
basins is app rox im ate ly  accoun ted  for by a  th eo 
re tical m odel based on a  quasi-geostrophic balance. 
Such a  m odel describes a  w ealth  of oceanic phe
nom ena rang ing  from  in te rn a l p lan e ta ry  w aves to  
th e  com plexities of geostrophic tu rbu lence  (R obin
son 1983). Q uasi-geostrophic m o tions a re  app rox
im ately  h y d ro s ta tic  and  ap p ro x im ate ly  horizon ta l. 
T hey generally  occur in ro ta tin g  stra tified  fluids 
along co n stan t density  surfaces ( th a t  is, along- 
isopycnals, w hich are generally  inclined a t  a  sm all 
angle to  the  horizon ta l an d  w hich ou tcro p  a t  the  
surface a t  high la titu d es). T he sp a tia l scale of the  
m otion  along isopycnals is of th e  o rder of th e  Rossby 
deform ation  rad iu s— th a t  is, th e  vertical scale 
m u ltip lied  by  th e  ra tio  of th e  B ru n t-V aisa la  buoy
a n t frequency N  to  th e  C oriolis p a ram e te r / .  T y p 
ical values in  th e  therm ocline  are  ~  1 0 ® m ,

~  5 X  10“ ® s “ ^. T he corresponding  sp a tia l 
scale of eddies on isopycnals is £, ~  h ^ N /  f  ~  50 
km , w hich is too  sm all to  be resolved by th e  hor
izon tal finite-difference grid  of h u ndreds of kilom e
te rs  em ployed in conven tional O G C M s (S arm ien to  
and  B ryan  1982; Schlesinger e t al. 1985). These 
O G C M s produce s te ad y -s ta te  m ean velocity  fields 
[(u), (u)], b u t no t th e  eddy fluc tua tions [u '(t), u '(t)] 
th a t  co n ta in  m ost of th e  observed k inetic energy, 
even th ough  it is recognized th a t  th e  la t te r  m u st be 
tre a te d  as subgrid  p aram ete riza tio n s .
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N evertheless, because unsteady  tu rbu lence is in 
p rincip le  described  by th e  unsteady , th ree-d im en- 

's io n a l N avier-S tokes equa tions, num erical so lu tions 
w ith  grids sm all enough to  cap tu re  unsteady  ed
dies should  p red ic t such eddies. Indeed, such t r a n 
sien t eddies have been p roduced  num erically  by fine 
m esh eddy-resolving ocean general c ircu la tion  m od
els (E G C M s). C om plete  ca lcu la tions w ould require  
b o th  p roh ib itive ly  long runn ing  tim es and  very large 
m em ory cap ac ity  on cu rren t com puters to  deal w ith  
th e  flow in global scale ocean basins. In th e  ab 
sence of these  capab ilities , no E G C M  as yet occu
pies m ore th a n  a  frac tio n  of one or tw o ocean gyres. 
T hese findings have m ade a  m ajo r im pact on physi
cal oceanography. As C arl W unsch (1984) observes: 

The EGCMs have led to a shift in outlook—they made 
clear that the general circulation has to be obtained from 
the average of many realizations of the instantaneous 
time-dependent flow field. Unless some as yet [undevel
oped/ simple parameterization o f the eddy field is found, 
the relationship between steady models o f the ocean cir
culation, and the time average of time-dependent models 
is going to remain remote, and perhaps unbridgeable (our 
emphasis) (p. 198).

These considerations suggest th a t  m ore work 
is needed in m odeling th e  tu rb u len t m ixing p ro 
cesses th a t  have im p o rta n t effects on th e  ab ility  of 
th e  oceans to  sto re  h ea t du ring  periods of tran s ien t 
c lim ate  change. Such s tud ies w ould affect all lev
els of th e  m odeling h ierarchy , from  one-dim ensional 
colum ns to  th ree-d im ensional O G C M s. We have 
a lready  rem arked  th a t  th e  im plied  diffusivity nor
m al to  isopycnals, based  on global tem p e ra tu re  
profiles and  upw elling e s tim ated  from  global b o tto m  
w a te r fo rm ation  ra te s  is app rox im ate ly  2 0 0 0  m^ y “  ̂
(see G a rre tt  1979; M uller 1979; and  T urner 1981) 
for discussions of th e  m echanism s leading to  th is  dif
fu siv ity ). T he eddy diffusiv ity  for m om en tum  along 
isopycnals in th e  therm ocline  can  be es tim ated  from  
m ixing leng th  arg u m en ts  as (L aunder and  Spald
ing 1972) i / r  ~  4  X (A:eddy)^^^ ~  5 x 10^° y " S  
w here th e  num erical value is based  on th e  R ossby 
defo rm ation  leng th  eddy scale an d  th e  eddy k inetic 
energy o f T able 5.3 a t  500-m  d ep th . T h is is ab o u t 
a  fac to r of 24 less th a n  th e  m erid ional m ixed layer 
eddy diffusivity, Km,h ~  1-2 X 10^^ m^ y ” ^, es ti
m a ted  ea rlie r from  im plied  oceanic po lew ard h ea t 
tra n sp o r t  ra te s , and  a b o u t a  fac to r of 5 less th a n  
th e  along-isopycnal eddy diffusiv ity  for trace rs  de
duced from  rad iu m  228 co n to u rs  along isopycnals in

th e  abyssal ocean by S arm ien to  et al. (1982), th a t  
is, /c, ~  2 X 10'^ m^ y"^^. It m ay nonetheless be 
a  reasonable es tim ate  if we consider th a t  polew ard 
h ea t flux in th e  mixed layer is dom inated  by m ean 
cu rren ts  and  th a t  trace rs  m ay diffuse along isopyc
nals a t  d ifferent ra te s  th a n  m om entum .

Because tem p e ra tu re  p e r tu rb a tio n s  in th e  u pper 
ocean from  tran s ien t c lim ate  changes are difficult to  
m easure directly , and  in any  event are  sparse, som e 
recen t m odels (H ansen e t al. 1984; Schlesinger et 
al. 1985; W igley and  Schlesinger 1985a, b) use eddy 
diffusivities ca lib ra ted  ag a in s t bom b-generated  ra 
dio isotope tr it iu m  d a ta , w ith  values of 4000-10,000 
m^ y “ ^, or m ore. Li e t al. (1984) recently  estim ated  
the  globally averaged tritiu m -d eriv ed  vertical eddy 
diffusivity as ~  5400 ±  600 m^ y~^, a lthough  lo
cal values are su b s tan tia lly  h igher in th e  high la t
itude N orth  A tlan tic  (H offert and  Broecker 1978). 
T he m odels used to  fit these diffusivities to  observed 
profiles assum e th a t  th e  tim e derivative of tr i t iu m  
con cen tra tio n  is balanced by vertical eddy diflFusion 
and  rad ioactive  decay to  helium -3. An a lte rn a tiv e  
(H offert e t al. 1980; H arvey and  Schneider 1985a, b; 
W atts  1985) is to  e s tim a te  diffusivities from  steady- 
s ta te  global m ean tem p e ra tu re  (or density) profiles 
w ith  a  steady  upw elling-diffusion m odel. As we 
have seen, the  la t te r  app ro ach  gives a  low er global 
m ean value, ~ 2000  m^ y “ ^. We now consider how 
eddy tra n sp o r t along isopycnal horizons can lead to  
g rea te r ap p a ren t vertical diffusivities for tran s ien t 
tracers , as opposed to  h ea t.

To d a te  th ere  a re  only th ree  isotopic d a ta  sets 
su itab le  for global m odeling: the  d istrib u tio n s of 
n a tu ra l rad io carb o n , of bom b-produced  rad io car
bon, an d  of tr i t iu m  (from  d a ta  collected a t  th e  tim e 
o f th e  G EO SE C S surveys: A tlan tic  O cean, 1972- 
1973; Pacific O cean, 1973-1974; and  Indian  O cean, 
1978). How ever, th e  n a tu ra l  pre-bom b rad iocarbon  
d a ta  a re  lim ited , an d  th e  G E O SE C S rad iocarbon  
d a ta  need to  be corrected  for th e  pre-bom b rad io 
carbon  d is trib u tio n . T herefore, th e  tr it iu m  d is tr i
bu tions are often claim ed to  provide th e  m ost valu
able in fo rm ation , under th e  assum ption  th a t  th e ir 
p en e tra tio n  is analogous to  th a t  of h ea t. F igure 5.21 
com pares A tlan tic  O cean G E O SE C S tr it iu m  con
to u rs  (upper panel) w ith  isopycnal con tours zonally 
averaged  across th e  A tlan tic  basin  (lower panel).
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A lthough b o th  co n stan t-p ro p e rty  con tou rs show ef
fects of eq u a to ria l upw elling— w hich for th e  p o ten 
tia l density  gives rise to  th e  ch a rac te ris tic  double- 
lobed s tru c tu re  of isopycnals in th e  therm ocline— 
th e  tr i t iu m  is m uch m ore hem ispherically  asym m et
ric, as a  consequence of m ore co n cen tra ted  inpu ts  
from  N orthern  H em isphere bom b testin g . One re
su lt is th a t ,  for exam ple, a t  la titu d e s  in th e  vicin
ity  of 30°-40°N  an d  d ep th s  of 200 m , tr i t iu m  con
to u rs  slope dow nw ard  a t  angles of th e  order of 
7  ~  —2 X  10“  ̂ (rad ian s), w hereas th e  isopycnals 
a t  ap p ro x im a te ly  th e  sam e location  slope upw ard 
a t  an  angle a  ~  - f l  x 1 0 ~^. T he im plica tions of 
tr i t iu m  con to u rs c u ttin g  isopycnals a t  som e sm all 
angle— in th is  case, ,3 =  7 -  q ! ~  - 3 x  lO^'*— m ay 
be very im p o rta n t in som e regions of th e  ocean when 
ca lcu la ting  h ea t u p tak e .

0.0
'2.0̂

0.2

r  ~ -2 X10"
E
i  0 . 4
N
x'

0 . 5

h-0.u

0 . 2 5 2 . 5
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40 *0 *-40 *
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0 *
L A T I T U D E  ((^5)

F ig u r e  5 .2 1 . L a titu d e -d ep th  co n to u rs of tracers  and  p o ten tia l 
density  in th e  A tlan tic  basin . (A) T ran sien t tr itiu m  contours in 
tr itiu m  un its  ( tu )  from  bom b te s tin g  m easured  in 1977 (1 tu  =  10^^ 
X [moles of tr itiu m  in seaw ate r/m o les of hydrogen in seaw ater]) 
from B roecker an d  Pen g  (1982). (B) S tead y -s ta te  A tlan tic  basin 
isopycnals in u n its  of A p  = p -  po (kg w here po =  1000
kg m~® is a  reference d en sity  (L evitus 1982).

F igure 5.22 depicts a  ho rizon ta l-vertical {y , z )  
co o rd in a te  system  and  a  coo rd ina te  system  (s, n) 
fixed to  isopycnals, w here th e  la t te r  defines th e  
p rincipa l axes for tu rb u len t m ixing in th e  s tra tified  
ocean. G enerically  th en , a  an d  7  a re  the  angles be
tw een th e  ho rizon ta l (y) axis and  th e  co n stan t-p  and  
co n stan t-y  surfaces, respectively, w here q{y, z )  is a 
co n s tan t a long th e  con to u r of any trac e r (tem p e ra
tu re , sa lt, tr it iu m , e tc .). T he angle betw een th em  
is =  7  -  a ,  an d  a ,  and  7  are , from  th e  geom
etry  of ocean basins, m uch less th a n  unity . From  
th e  defin ition  of these slopes given in  F igure 5.22, 
a  =  7  and  /3 =  0 when g is a  linear function  of p. In 
F igure 5.23 we p lo t th e  norm alized vertical profiles 
q*{z) = [q -  qb)/{q, -  qb)^ w here subscrip ts  s  and  b 
d eno te  cond itions a t  th e  surfeice and  4-km  d ep th s , 
respectively , for tem p era tu re , salin ity , an d  p o ten 
tia l density , horizon tally  averaged over th e  w orld ’s 
oceans by L evitus (1982). T he variable q* is con
ven ien t because p ro p erties  th a t  a re  linearly  re la ted  
will collapse to  a  single curve. N otice th a t ,  a lth o u g h  
p =  p (T , s) in general, th e  density  and  te m p e ra tu re  
curves are  qu ite  sim ilar, desp ite  a  m arked varia tion  
in salin ity . T h is  suggests th a t  on a  global basis 
density  and  tem p e ra tu re  are app rox im ate ly  linearly  
re la ted  and  th a t  iso therm s are  nearly  isopycnals. 
A sim ilar conclusion is in tu itively  clear from  the  
tw o-d im ensional p lo ts of iso therm s and  isopycnals 
in L evitus (1982).

P ( y . z )  =  c o n s t a n t

( i s o p y c n a l s ;

-  a 4-

q ( y . Z )  =  c o n j ^ t a n t .  

w h c e  a  i s  a n y  p r o p e r t y

a  ~  t a n  a

F ig u r e  5 .22 . Schem atic d iagram  of tw o-dim ensional horizontal* 
v e rtica l (y, z) and  along-across isopycnal coord ina te  system s, where 
p =  co n stan t is an  isopycnal surface th a t  defines th e  p rincipal axes 
(s, n ) for tu rb u le n t m ixing in s tra tified  oceans.
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F ig u r e  5 .33 . N orm alized profiles of p o ten tia l tem p e ra tu re , sa lin 
ity , and  density  averaged  over th e  w orld’s oceans (from  Levitus 
1982). T he tem p e ra tu re , sa lin ity , and density  a re  show n and  com 
pared  to  a  th eo re tica l ex p o n en tia l curve hav ing  a scale-height of 
500 m (shaded).

T his a p p a re n t digression bears d irec tly  on the  
question  of th e  difference betw een th e  vertica l eddy 
diffusivities of h e a t and  tracers  in th e  ocean. It 
can be show n (H offert 1983) th a t  th e  effective ver
tica l eddy diffusiv ity  of a  trac e r th a t  cu ts  isopyc
nals a t  a  local angle is /c ~  T ypical
values of cross- an d  along-isopycnal diffusiv ity  were 
discussed a t  th e  beginning  of th is  section . F igure 
5.24 show s K versus |/3| for m easured  values of 
an d  K,. A lso in d ica ted  are th e  ranges of vertical 
eddy diffusivities o b ta in ed  or used by various inves
tig a to rs , includ ing  those used in sim ple tran s ien t 
c lim ate  m odels. T h e  curve can be in te rp re ted  as 
follows. T he sm allest vertica l diffusivity possible is 
equal to  th e  cross-isopyncnal diffusivity  an d  occurs 
when co n s tan t p ro p e rty  surfaces are  co incident (or 
nearly  co incident a t  \j \̂ <SC 1 0 “ ^); as  \l \̂ increases 
to  th e  o rder of 1 0 “ ^, an  ad d itio n a l com ponen t of 
vertical d iffusiv ity  ap p ears  due to  th e  p ro jec tion  of 
th e  along-isopycnal diffusivity  on th e  vertical. For 
exam ple, a t  th e  high la titu d e  N orth  A tla n tic  loca
tio n  discussed earlier w here tr i t iu m  co n to u rs  have 
a  |/3| ~  3 X  10“ '*, we expect k  ~  15 ,000  m^ y “ * 
from  th is curve, w hich is in th e  range derived by 
H offert and  B roecker (1978) from  v ertica l tr i t iu m  
profiles in th e  N orw egian Sea. (It w as recognized 
by these a u th o rs  th a t  som e of th is  could be due to  
tra n sp o r t  along  isopycnals.) H ow ever, an d  th is  is 
th e  im p o rta n t p o in t in th e  p resen t co n tex t, th e  ver
tica l diffusivity  for h ea t a t  th a t  loca tion  could be

K
H a n s e n  et  al . (1984): R a n g e  of 
t r i h u m - d c r iv e d  v a l u e s  N o r th

H o f f e n  a n d  B r o e c k e r  
(1978)  N o r w e g i a n  S e a

>
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LL
LL
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1 H of fer t  e t  al ( i 9 6 0 ) .  Ha rvey a n d  
S c h n e i d e r  (198 5a .  b).  W a t t s  (1985);  
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F ig u r e  5 .2 4 . Effective v e rtica l eddy diffusivity of an  oceanic p ro p 
e rty  versus its cross-isopycnal slope, T he diffusivity  is given by 
ic(^) = K„ + IS^K,,  w ith  K„ =  2 X 10® y “ '  (G a rre tt 1979) and
K, = 2 x 1 0 ^ ' m^ y “ * (S a rm ien to e t al. 1982). Some tracer-derived  
values of k o b ta ined  or used by various investiga to rs are also shown 
for com parison.

m uch closer to  2 0 0 0  m^ y “ *, in view of th e  closer 
coincidence of iso therm s and  isopycnals.

F inally , these considerations lead to  a lte rn a te  
in te rp re ta tio n s  of inverse correlations betw een th e  
local vertica l eddy diffusivity and  the  degree of 
s tra tifica tio n  proposed  by som e au th o rs . Some 
years ago, S arm ien to  et al. (1976), on th e  ba
sis of p re lim inary  G E O SE C S and  o th er d a ta , p ro 
posed a  co rre la tion  of th e  form  k ~  (constant)/7Y ^, 
w hereas m ore recently  H ansen et al. (1984) p ro 
posed an  even s tro n g er dependence of th e  form  
K ~  ( c o n s t a n t ) b a s e d  on th e  en tire  G E O SE C S 
tr itiu m  d a ta  set. T h is  s tronger dependency is as
sociated  w ith  th e  very high tr itiu m  diffusivities a t  
h igh la titu d e s  w here th e  V aisala frequency becom es 
sm all ow ing to  th e  m ore nearly  iso therm al s tru c
tu re  o f th e  w a te r colum n. However, \^\ can be
come “large” a t  high la titu d es , w hich w ould also 
give a  high tr i t iu m  diffusiv ity  (b u t n o t necessarily a 
high th e rm a l d iffusiv ity) for d ifferent reasons. T his 
raises questions regard ing  th e  valid ity  of th e  very 
large vertica l d iffusivities of hea t a t  high la titu d es
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used in th e  tra n s ie n t c lim ate  m odel of H ansen et 
al. (1984). T hese questions can only be resolved by 
a  b e tte r  u n d ers tan d in g  of m ultid im ensional oceanic 
eddy tra n s p o r t  an d  isopycnal m ixing. T h e  m ain 
p o in t here is th a t  te s ts  of ocean tra n sp o r t  m odels 
need to  be developed th a t  are  b o th  driven  by tracer 
d a ta  and  in co rp o ra te  our b est u n d e rs tan d in g  of lihe 
re levan t physics an d  fluid m echanics.

M ore generally, it is crucial to  con tinue com par
ing m odels w ith  observed clim atic  varia tions from  
year to  year in te rm s of a  varie ty  of ex ternal forc
ing and  in te rn a l response m echanism s. A close and 
ongoing in te rac tio n  betw een theory  and  observation  
is needed for m odel developers to  identify  essential 
m echanism s an d  to  fo resta ll th e  tendency  of certa in  
classes of clim ate  m odels to  becom e a  w orld un to  
them selves. T h is objective is recognized a t  least 
im plicitly  by th e  N ational C lim ate  P ro g ram , an  in
teragency  p ro ject designed to  answ er key clim ate 
questions u nder th e  N ational C lim ate  P ro g ram  A ct 
of 1978.

In th e  1983 A nnual R ep o rt of th is  p rogram  
(N O A A  1984), som e im p o rta n t new findings were 
p resen ted  re la tin g  to  th e  m echanism s of tran s ien t 
c lim ate  change discussed here: El C hichon, one of 
th e  m ost m assive volcanic e ru p tio n s  of th e  p a s t 1 0 0  

years, occurred  in M exico in A pril 1982 and  w as an 
tic ip a ted  to  affect th e  E a r th ’s rad ia tio n  b udget in 
a  n o n triv ia l fashion. In response b o th  NASA and 
N SF in itia ted  coord ina ted  observation  p rogram s in 
w hich it w as estab lished  th a t  A rc tic  ligh t ex tinction  
values a fte r th e  e ru p tio n  increased som e tw o orders 
of m ag n itu d e  above background values and th a t  ex
tensive clouds of sulfuric acid d rop le ts  were gener
a ted  a t  m iddle la titu d e s  in th e  s tra to sp h e re  over the  
w estern  U nited  S ta tes . M odel p red ic tions ind icated  
th a t  th is  volcanic increase of s tra to sp h e ric  partic les 
should decrease th e  global m ean surface tem p era 
tu re , as discussed previously in Section 5.4.3. B ut 
th e  expected  surface cooling of a  few ten th s  of a de
gree Celsius (M acC racken  an d  L u th er 1984), com 
p arab le  to  the  volcanic effects described in th e  m od
els of H ansen et al. (1981) and  G illiland  and  Schnei
der (1984), was n o t observed. In fac t, w h a t the  
tra n s ie n t c lim ate  m odels discussed here w ould have 
pred ic ted  as a  m ajo r, volcanically  Induced cooling 
w as en tire ly  overw helm ed by an  in te rn a l feedback 
n o t p red ic ted  by any ex isting  m odel; nam ely, th e  
w in te r 1982-1983 El N ino— an unusual w arm ing  of

th e  easte rn  and m idequato ria l Pacific w ith  accom 
pany ing  ra in s in E cuador and  P eru . As it ac tu a lly i 
h ap p en ed , El Nino, n o t El C hichon, was th e  m ost" 
s ignificant global c lim atic  event of 1982-1983.

A n El Niiio resu lts  w hen th e  easterlies de
crease and  w arm  w a te r in  th e  w estern  Pacific O cean 
sp reads eastw ard  across th e  basin  and  covers th e  
norm ally  cool upw elling region in th e  easte rn  P a 
cific. Such events can  be viewed clim atically  as 
quasi-period ic surfacing of localized w a te r blobs 
from  deeper ocean layers w ith  2 -7  year variable cy
cles (P an  and  O ort 1983). B u t th e  key question  is 
w h a t in te rn a l feedback processes p roduce th is  cy
cle? O ne possib ility  is in te rn a l fluid dynam ic in s ta 
b ilities in  u pper ocean c ircu la tion , w hich can pro
duce corresponding  fluc tua tions in global tem p era 
tu re . Such processes differ from  th e  ex tern a l forc
ing discussed earlier because they  arise from  th e  in
te rn a l dynam ics and  th erm odynam ics of sh o rt-te rm  
oceanic h ea t sto rage , and  should , therefore , be p re
d ic tab le  in principle.

To b e tte r  represen t such a tm osphere-ocean  feed
backs, W unsch (1984) has rem arked  th a t  m ore em 
phasis is needed to  u n d ers tan d  the  c lim atic  s ta te  
of th e  ocean itself. In a  recent paper, R oem m ich 
and  W unsch (1984) reexam ined  vertical tem p era 
tu re  profiles of tw o  tra n sa tla n tic  sections a t  nom 
inal la titu d e s  of 24° N an d  36° N, orig inally  su r
veyed during  th e  In te rn a tio n a l G eophysical Year 
(IG Y  1957-1959), and  found significant w arm ing  
25 years la te r  in an  ocean-w ide band  from  700- 
3000 m  d ep th s , and  subsurface cooling above th is. 
W a tts  (1985) has stud ied  th is  ty p e  of v aria tio n  w ith  
an  upw elling-diffusion tra n s ie n t ocean m odel of th e  
ty p e  described  here. He concludes:

It seems unlikely that the variations in temperature 
of the deep water reported by Roemmich and Wunsch 
would have been caused by [surface] radiation variations. 
If they were caused by variations in the thermohaline cir
culation, then these variations might have been respon
sible for sizable variations in the surface temperature of 
the oceans, and perhaps even veuriations in the global 
climate (Watts 1985, p. 84).

T he m echanism  by w hich tran s ien t surface tem 
p e ra tu re s  can be affected by upw elling ra te s  in 
an  upw elling-diffusion ocean m odel is as follows 
(th e  surface [mixed] layer tem p e ra tu re  h ea tin g  ra te
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d T / d t  is described by Hoffert e t al.[l980] and in, 
Section 5.3 of th is  review ):

dt

+

T , - T

{ ( i K ^  + ir(r-Tp) 
OZ

, (5.26)

w here th e  first te rm  is th e  co n trib u tio n  of m ixed 
layer th e rm a l dam p in g  and  th e  te rm  in th e  { } 
braces is th e  co n trib u tio n  of h ea t tran sfe r a t  the  
m ixed layer-therm ocline  boundary . To eva lua te  th e  
coupling te rm  a t  th e  boundary , it is necessary to  si
m ultaneously  solve an  upw elling-diffusion equation  
of th e  form

^  _  d [ K d T / d z +  w {T  -  Tp)] 
d t  d z

(5.27)

in th e  deep ocean num erically  (or ana ly tica lly , if 
possible). U nder steady  cond itions— or if a  hypo
th e tica l ad iab a tic  w all sep a ra ted  th e  m ixed layer 
from  th e  underly ing  ocean— th e  te rm  w ith in  braces 
vanishes, since upw elling balances vertical diffusion 
of h ea t. How ever, a  sudden increase in upw elling 
causes th e  upw elling (positive) p a r t  to  d o m in ate  the  
(negative) diffusion p a r t of th e  te rm  in braces, th u s  
w arm ing  th e  surface. T h e  system  w orks like a h ea t 
pum p for th e  deep ocean in w hich cooling of the  
deep sea p roduces surface w arm ing. W a tts  (1985) 
im posed a  periodic v aria tio n  in u;(f) and  com puted  
th e  corresponding  v aria tio n s  in T { z , t )  in th e  w a
te r colum n. He show ed th a t  deep sea tem p e ra tu re  
changes can be induced th a t  are o u t of phase and  
different in m ag n itu d e  w ith  those a t  the  surface, 
p erhaps m im icking th e  changes observed by R oem 
m ich and  W unsch (1984). A lthough these calcu la
tions are suggestive, they  leave open th e  question: 
W h a t drives w{t)?

Harvey and  Schneider (1985a) have perform ed 
num erical experim en ts to  il lu s tra te  th e  influence of 
feedbacks betw een surface te m p e ra tu re  changes and 
upw elling ra te s  (or b o tto m  w a te r source tem p era 
tu res) when th e  system  is ex ternally  forced by a 
step  function  change in surface rad ia tio n  (or T^], 
and  found the  possib ility  of overshoo ting  in th e  re
sponse for ce rta in  p a ram e te r values. In a  re la ted  
work for illu s tra tiv e  purposes, Hoffert e t al. (1985) 
took th e  analysis an  ad d itio n a l step  by proposing  an 
ad  hoc com bination  o f stab iliz ing  and  destab iliz ing

feedbacks betw een th e  surface tem p e ra tu re  p e r tu r
b a tio n  A T  = T  -  Tf. and th e  upw elling ra te , of the  
form

tn =  tuo +  o tA T  -  /3AT®, (5.28)

w here Wq is th e  long-term  upw elling ra te , and  a  
and  are coefficients chosen em pirically. For sm all 
A T ’s, the  system  is u n stab le  because surface w arm 
ing (cooling) leads to  g rea ter (sm aller) upw elling, 
w hich leads to  still m ore w arm ing  (cooling). In
deed, a  purely  u n stab le  system  w ith  ^  = 0 can  lead 
to  an  unphysical th e rm a l runaw ay if th e  in s tab ility  
becom es large enough to  overw helm  th e  m ixed layer 
dam ping . H ow ever, for large excursions in A T , th e  
stab iliz ing  te rm  /3AT® comes in to  play, w hich p re
vents a runaw ay. It was found th a t  th is  system , 
even w ith o u t ex te rn a l forcing (Te =  co n s tan t) , can 
exh ib it self-excited l imit cycle oscillations th a t  often 
ch arac terize  th is  ty p e  of nonlinear system . Non
linear oscillations a re  also produced when th e  sys
tem  is forced by greenhouse gases, volcanic aerosol 
in jections, or so lar varia tions, b u t because of the  
s tro n g  non linearities , th e  principle of su perposition  
th a t  charac te rized  th e  m ultip ly-forced linear d am p 
ing m odels of H ansen et al. (1981, 1982, 1984) and  
G illiland  and  Schneider (1984) is destroyed . In
s tead , th e  system  m odu la tes the  im posed signals 
in co u n te rin tu itiv e  w ays w ith  u n an tic ip a ted  phase 
sh ifts and  am plifications.

An exam ple of th e  o u tp u t of th e  H offert e t 
al. (1985) m odel app lied  to  the  h isto rical a ir  tem 
p e ra tu re  signal of Jones et al. (1982) is illu s tra te d  in 
F igure 5.25 for tuo =  8  m^ y “ *, a  = 2 . 6  m  y “  ̂ K “ ^, 
an d  ^  = 2 .9  m  y “  ̂ K~®. A long w ith  the  tem p e ra 
tu re  anom aly  d a ta , th e  figure shows the  response of 
th e  purely linear m odel to  nom inal C O 2  forcing w ith  
the  nom inal m ixed layer dam ping  (cf. F igure 5.16), 
and  th e  response to  the  sam e forcing when th e  non
linear feedback is allow ed to  o perate . P erh ap s for
tu itously , th is  p a ram ete r choice gave a  fairly  good 
descrip tion  of th e  tren d  of the  d a ta  (not including 
th e  rap id  in te ra n n u a l oscillations). H ow ever, we 
em phasize th a t  th is  m odel w as developed only to  
provide in sigh t, an d  no t to  be tak en  too  seriously 
in te rm s of p red ic tions a t  th is  level of developm ent. 
W h a t is im p o rta n t a t  th is  s tage is th e  possib ility  
th a t  we m ay be seeing in te rn a l oscillations, or non
linear co m binations of in te rn a l oscillations an d  ex
te rn a l forcing, in th e  clim ate records, in c o n tra s t to
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th e  claim s of som e m odelers th a t  th e  record is es
sen tially  exp la inab le  in te rm s of ex tern a l forcing and  
linear dam p in g  by som e fraction  of th e  oceanic h ea t 
capacity . M uch w ork rem ains to  be done to  unravel 
th e  specific m echanism s th a t  can produce such feed
back in te rm s of realistic  physics. T he reso lu tion  of 
these issues is of obvious im p o rtan ce  to  m odeling 
and  d e tec tin g  th e  tra n s ie n t C O 2  com ponen t of the  
global te m p e ra tu re  signal and  even tua lly  to  p red ic t
ing th e ir  fu tu re  course w ith  som e confidence.
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F ig u r e  5 .3 5 . G lobal surface te m p e ra tu re  anom alies from 1880 
to  1980 from  upw elling-diffusion m odel (w ith  and  w ith o u t a ir /se a  
feedback) and  com pared to  observations.

We believe th a t  careful com parison  and  analysis 
of m odel re su lts  w ith  in te ra n n u a l clim ate  observa
tions, to g e th e r w ith  a  con tinuous an d  in te rac tiv e  de
velopm ent of a tm osphere-ocean  c lim ate  m odels in
form ed by oceanograph ic d a ta , is th e  b est research 
s tra teg y  a t  p resen t for progress in m odeling t ra n 
s ien t c lim ate  change in general and  fossil fuel C O 2 - 
induced changes in p a r ticu la r.

5.6 C O N C LU SIO N S AN D  R E SE A R C H  
R E C O M M E N D A T IO N S

A num b er of app roaches and  levels in th e  c lim ate 
m odeling heirarchy  are  u nder ac tive  developm ent 
w ith  th e  goal of p red ic ting  th e  tra n s ie n t c lim ate  re
sponse from  increases in C O 2 . In th is  ch ap te r, we 
have a tte m p te d  to  review  and  analyze th e  key issues 
and  m odel re su lts  to  d a te . T h e  follow ing m ajor con
clusions have em erged from  th e  review:

•  Clim atic Forcing: T he tra n s ie n t response of 
th e  g lobal c lim ate  over th e  1 0 - 1 0 0  year tim e 
scales o f th e  C O 2  c lim ate  p rob lem  is p ro b a
bly driven  by several ex te rn a l facto rs ac ting

sim u ltaneously— including tim e varia tions in in
cident so lar flux, volcanic aerosols, and  am o u n ts  
of C O 2  and  o th er greenhouse gases in th e  a tm o 
sphere, as well as in te rn a l facto rs such as v aria 
tions in in te rn a l ocean dynam ics.

•  Transien t Response:  T he response of global 
tem p e ra tu re s  to  ex tern a l forcing is n o t in s ta n ta 
neous b u t is delayed by th erm a l dam ping , p ri
m arily  by th e  oceanic m ixed layer and  u pper 
therm ocline  of th e  ocean. T herm al s to rage  and  
m ixing by these reservoirs can cause a  lag re la
tive  to  im posed cooling or w arm ing  tendencies 
of th e  order of 10-20 years. T he ac tu a l response 
depends on th e  deta ils  of th e  tim e-dependen t 
forcing and  can exh ib it m arked  varia tions w ith  
la titu d e  owing to  v aria tio n s in surface h ea t ca
pac ity  assoc ia ted  w ith  v aria tio n s in la titu d in a l 
land-sea fractions. In h y p o th e tica l s tep  function  
tran s itio n s  from  one s tead y -s ta te  c lim ate to  an 
o th er, m odels w ith  g rea te r clim ate  sensitiv ities 
tak e  longer to  reach a  new , stead y  s ta te , w ith  
th e  ab so lu te  response being re la tively  indepen
d en t of clim ate  sensitiv ity  during  th e  very early  
stages. H owever, w ith  s ta n d a rd  C O 2  scenarios, 
th e  m ore sensitive clim ate  m odels p red ic t signif
ican tly  larger tem p e ra tu re  changes during  th e  
tra n s ie n t as well as a t  th e  reference equilibrium  
s ta te . M odels w ith  g rea te r vertica l h ea t tran sfe r 
ra te s  in th e  ocean are able to  dam p  larger ex ter
nal forcing, so th e  re la tio n  betw een clim ate sen
s itiv ity  and  ocean h ea t tran sfe r m ust be care
fully considered in assessing m odel resu lts  for 
te m p e ra tu re  h istories. T he observed in te ra n 
n u al c lim ate  response m ay also  depend on in 
te rn a l feedbacks of th e  system — El Nino, th e  
S ou thern  O scillation , and  so on—w hich have 
n o t yet been adequate ly  rep resen ted  in available 
c lim ate  m odels.

•  Testing Models: T he developm ent of reliable 
p red ic tions of tran s ien t c lim ate  change is ham 
pered by lack of a  clear validation  s tra teg y  for 
te s tin g  m odels ag a in st observed d a ta . T hus far, 
th e  te s tin g  of clim atic  G C M s has been confined 
largely to  sensitiv ity  stud ies and  m ore recently  
to  m odel in tercom parisons th a t  display a  con
siderable d iversity  in p red ic tions of, for exam 
ple, th e  zonal-m ean d is trib u tio n  of surface tem 
p e ra tu re  changes from  a  C 0 2 -induced w arm 
ing. M oreover, G C M s require  long runn ing
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tim es to  com pu te  tra n s ie n t changes an d  have 
n o t been used as yet to  explore th e  m ore realis
tic  case w ith  m u ltip le  forcing facto rs. M ost ex
is tin g  tra n s ie n t m odels are sim pler an d  involve 
som e level of horizon ta l averag ing  of th e  c lim ate 
system . O ften  th e  anom aly  d a ta  p rov ided  to  
m odelers for verification s tud ies do n o t ind ica te  
unam biguously  w hich physical m echanism s are 
responsib le  for th e  observations. P rese n t ap 
proaches to  m odel te s tin g  do n o t p rovide unique 
resu lts. For exam ple, a  nu m b er of d ifferent m od
els for tra n s ie n t c lim ate  change can  ap p a ren tly  
be co n stru c ted , by ca lib ra tin g  “unknow n” coef
ficients and  forcing functions such th a t  each can 
reasonab ly  reproduce a  given h isto rica l d a ta  set 
of in te ra n n u a l global tem p e ra tu re  anom alies. It 
is also possib le to  ap p ro x im a te  a  given tem p er
a tu re  h is to ry  by vary ing  p a ram ete rs  such as cli
m a te  sen sitiv ity  an d  ocean h ea t tran sfe r ra te s  
sim u ltaneously  and  com pensa to rily  in a  given 
m odel for a  given forcing. M odels still have too  
m any degrees o f freedom  re la tiv e  to  th e  d a ta  
availab le  to  co n stra in  them .

•  C onsensus CO 2  Warming:  T ran sien t c lim ate  
m odels cu rren tly  availab le , w hen ru n  w ith  s ta n 
d ard  scenarios of fossil fuel C O 2  em issions, ind i
ca te  a  g lobal w arm ing  of th e  order of 1°C by the  
year 2000, re la tiv e  to  th e  year 1850, an d  an  ad 
d itio n a l 2 °-5°C  w arm ing  over th e  n ex t century . 
H ow ever, th e  sensitiv ity  o f such p red ic tions to  
know n u n ce rta in tie s  of th e  m odels— th a t  is, the  
rob u stn ess  of C O 2  w arm ing  p red ic tio n s— has 
n o t yet been extensively explored.

T he reso lu tion  of u n ce rta in tie s  in  tra n s ie n t cli
m a te  m odels w ill require  a  varie ty  of app roaches, in 
cluding especially  closer in te rac tio n  betw een  m odel
ers an d  those  engaged in d a ta  analysis. R eso lu tion  
and  reconcilia tion  w ould also be fostered  by m ore 
in te rac tio n  betw een  clim ate  m odelers an d  physical 
and  chem ical oceanographers, w hose d isciplines all 
have som eth ing  to  co n trib u te  to  u n d ers tan d in g  the  
tran s ien t c lim ate  problem . T he following specific 
recom m endations for fu tu re  w ork are  based on these 
findings.

•  Model D evelopm ent:  In th e  long ru n , well-
te s ted , coupled atm osphere-ocean  G C M s m ay 
be able to  serve as o p era tio n a l too ls for sim u
la tin g  tra n s ie n t c lim ate  changes, b u t these  are

no t now available. W ork is proceeding to  de
velop such m odels, b u t they  are  unlikely to  be 
ava ilab le  in reliable form  for a t  least th e  nex t 
10 years. A m ajor p rio rity  of n ea r-te rm  G CM  
research  on th e  C O 2  tra n s ie n t c lim ate  problem  
should therefore be to  u n d ers tan d  and  resolve 
th e  su b s ta n tia l differences in s tead y -s ta te  p re
d ic tions betw een existing G C M s, w ith  th e  even
tu a l goal of te s tin g  th e  m odels ag a in st observa
tions. O cean-atm osphere G C M s having  realistic  
geography should be fu rth e r developed to  incor
p o ra te  properly  variable h ea t capacity  effects on 
th e  tra n s ie n t response and  on th e  inco rporation  
of efficient and  accu ra te  asynchronous coupling 
m eth o d s to  reduce com puting  tim e. In add ition , 
m uch m ore work is needed in m odeling clim ate 
a t  low er levels of the  m odeling h ierarchy  to  de
velop physical insight, to  stu d y  th e  effects of cli
m ate  sensitiv ity , to  in co rp o ra te  and  m ake com 
parisons w ith  varieties of observational d a ta , to  
focus on specific m echanism s of th e  tran s ien t re
sponse, and  to  m ake n ea r-te rm  forecasts of t ra n 
sien t c lim ate  change.
Oceanic Heat Storage and Mixing:  Because
ocean G C M s are generally lim ited  in th e ir abil
ity  to  resolve explicitly eddies and  sm all-scale 
dynam ica l fea tu res responsible for vertical hea t 
tra n s p o r t,  m ore work is needed w ith  lower level, 
b u t physically  m o tiv a ted , m odels of th e  dynam 
ics an d  tra n sp o r t of the  u p p er ocean. I t is p a r
ticu larly  im p o rtan t to  u n d ers tan d  th e  re la tive 
im p o rtan ce  of across- and  along-isopycnal m ix
ing, an d  m ean m otion by b o th  th e  th e rm o h a
line an d  w ind stress-driven  com ponents of the  
ocean c ircu la tion , on th e  tra n sp o r t  and  storage 
of h ea t in th e  upper ocean. T he role of con
vection  and  b o tto m  w a te r fo rm ation , equa to 
rial upw elling, m id la titu d e  gyres, and  la titu d e - 
d ependen t oceanic m ixed layers in estab lish ing  
th e  h ea t u p tak e  ra te s  of d ifferent p a r ts  of the  
ocean needs to  be u n d ersto o d  as well. Such 
m odels should be tes ted  and  ca lib ra ted  indepen
den tly  ag a in st a  varie ty  of oceanographic tra n 
sien t an d  s tead y -s ta te  tracers . M ore a tte n tio n  
is needed in d ifferen tia ting  betw een  m echanism s 
th a t  ac t selectively on h ea t versus m ass tra n s 
p o rt, such as isopycnal m ixing. In add ition , 
th erm o d y n am ic  energy balance m odels should 
be ex tended  to  in te rm ed ia te  levels of com plexity
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to  explore th e  role of the  oceans w ith  m ultip le  
th erm o d y n am ic  reservoirs, la titu d e - and  dep th - 
resolved oceanic h ea t tran sfer, sea ice, and  non
linear in te rn a l feedbacks.
The Role o f  Observations:  B eyond m aking  se
lective com parisons of tra n s ie n t m odel resu lts  
w ith  observations, it is essen tial to  develop a  
validation strategy  to  reduce th e  u n ce rta in tie s  of 
th e  tra n s ie n t C O 2  c lim ate problem . In th is  con
nection , a  varie ty  of conceptually  re la ted , b u t 
o bservationally  independen t, d a ta  sets are  avail
able th ro u g h  th e  D ep artm en t of Energy C arbon  
D ioxide In fo rm ation  C en ter a t  O ak Ridge N a
tional L ab o ra to ry , including seasonal and  in te r
an n u a l surface a ir and  w a te r tem p era tu res  of 
the  E a r th , d a ta  from  th e  G E O S E C s and  T ran 
sien t T racers in th e  O cean p ro g ram  on vertical 
profiles of oceanograph ic tracers , an d  indices of 
volcanic d u s t am o u n ts  and  su n sp o t co rrelations 
over th e  p a s t cen tury . A careful analysis of these 
d a ta  in th e  co n tex t of c lim ate  and  ocean m od
els should  be perform ed to  reveal how th e  d a ta  
can best be used to  ex tra c t m ax im um  inform a
tion . Ideally, som e d a ta  sets should be used to  
develop an d  ca lib ra te  m odels, and  o th er, inde
p en d en t d a ta  sets should be used to  validate  
them . A possible s tra teg y  to  te s t a  sim ple tw o- 
hem isphere tra n s ie n t c lim ate  m odel (e.g., H ar
vey and  Schneider 1985a) is as follows: Use 
seasonal c lim ate  sim u la tions (w here b o th  the  
forcing an d  response are know n) to  te s t over
all m odel physics and  sensitiv ity  independen t of 
th e  deep ocean, geochem ical tra c e r d a ta  to  de
velop an d  ca lib ra te  deep ocean m odels, sa te llite  
d a ta  on so lar o u tp u t plus h isto rical su n sp o t ob
servations to  ca lib ra te  so lar forcing, an d  d u st 
veil indices p lus m odels to  ca lib ra te  greenhouse 
forcing. T he observed te m p e ra tu re  h isto ry  of 
th e  la s t 1 0 0  years should th en  be availab le  as an 
in d ep en d en t d a ta  se t for te s tin g  th e  tran s ien t 
m odel. V aria tions of th is  ap p ro ach , p erhaps 
m ore effective, a re  also possible for o th e r m odel 
types. We recom m end th a t  efforts be m ade to  
explore such s tra teg ie s  w ith  th e  objective of sys
tem atica lly  reducing th e  degrees of freedom  in 
th e  m odels availab le  to  m atch  d a ta . In th is  way 
it is hoped  th a t  our ab ility  to  p red ic t tran s ien t 
c lim ate  change from  carbon  dioxide em issions 
will begin to  converge.
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6 . 1  IN T R O D U C T IO N

T he p o ten tia l c lim atic  effects of an  increase in the  
carbon  dioxide (C O 2 ) co n cen tra tio n  have been dis
cussed in C h ap te rs  4 an d  5 of th is  volum e. O ther 
fac to rs in ad d itio n  to  an  increased C O 2  concen tra
tion  m ay affect th e  fu tu re  global clim ate  on a  tim e 
scale of decades. These include increased ab u n 
dance of a tm o sp h eric  trace  gases and  aerosols, vari
a tio n  of incom ing so lar ra d ia tio n , change of surface 
ch arac te ris tic s , and  releases of w aste  h ea t. S tudy  of 
th e  c lim atic  effects of these facto rs is im p o rtan t no t 
only because of th e ir  m ag n itu d e , b u t also because of 
th e ir p o ten tia l for m asking  or am plify ing th e  effects 
of C 0 2 -induced  c lim ate  change.

T ests w ith  a tm o sp h eric  num erical m odels have 
shown th a t  a tm o sp h eric  trace  gases such as n itrous 
oxide (N 2 O ), m eth an e  (CH4), and  ch lorocarbons 
(C lC s) a re  im p o rta n t in de term in in g  th e  E a r th ’s 
longw ave rad ia tio n  balance (see C h ap te r  2 of th is  
volum e). T herefore, if increases in th e ir concen tra
tions con tinue, these trace  gases could have signifi
can t effects on c lim ate  (cf. W orld M eteorological O r
gan iza tion  [WMO] 1982; N ational R esearch Council 
[NRC] 1983). C lim ate  m odel ca lcu la tions suggest 
th a t ,  on th e  tim e scale of decades, the  clim atic  in
fluence of th e  ind iv idual trace  gases is likely to  be 
sm aller th a n  th e  effect of C O 2 , b u t th e  com bined cli
m atic  effects of increases of a tm o sp h eric  N 2 O, CH4, 
and C lC s and  th e ir  induced ozone (O s) change from  
c lim ate-chem istry  in te rac tio n s  could be as large as 
those e s tim a ted  for expected  increases in th e  C O 2  

concen tra tion .
A n increase in th e  a tm ospheric  aerosol load

ing w ould change clim ate  d ifferently  th a n  w ould in
creases in th e  co n cen tra tio n s  of C O 2  and  trace  gases 
(cf. W M O 1983a, 1983b). Volcanic aerosols in jected  
in to  th e  s tra to sp h e re  (for exam ple , during  the  1982 
El Chichon e ru p tio n ) in te ra c t m ore strongly  w ith  
solar rad ia tio n  th a n  w ith  te rre s tr ia l rad ia tio n  and  
th u s  w ould be expected  to  w arm  th e  stra to sp h ere  
and  to  cool th e  tro p o sp h ere  and  th e  surface. A n in 
crease in s tra to sp h e ric  sulfuric aerosols from  an  in
creased carbony l sulfide (C O S) co n cen tra tio n  w ould 
have a  sim ilar effect, b u t w ith  longer te rm  im plica
tions. T he p o ten tia l effects of tro p o sp h eric  aerosols 
are m uch m ore difficult to  e s tim a te , p rim arily  be
cause th e  effects depend on th e  ty p e  of aerosols

and  env ironm enta l conditions such as the  u n d er
lying surface albedo  and hum idity . N evertheless, 
tropospheric  aerosols are an im p o rtan t fac to r for 
consideration  of regional c lim ate change.

Solar rad ia tio n  is th e  ex terna l d riv ing force for 
th e  E a r th ’s c lim ate system . M odel ca lcu la tions have 
ind icated  th a t  changes of the  solar irrad iance of only 
a  few ten th s  of one percen t w ould cause th e  global 
surface te m p e ra tu re  to  change a  few ten th s  of a  de
gree, p erhaps enough to  account for th e  tem p era 
tu re  changes observed du ring  th e  p as t cen tury . T he 
value of solar irrad iance, often  referred to  as th e  so
la r co n stan t, needs to  be known accurate ly , and  its 
possible varia tions on different tim e scales need to  
be understood .

H um ans have been changing th e  ch arac te ristics  
of th e  surface of th e  E a rth . These changes have 
been m anifested  in several w ays, such as the  regional 
a lbedo  change resu lting  from  changes of vegeta tion  
in several desert and  trop ica l forested  regions. Such 
changes of albedo and  vege ta tion  could p e r tu rb  the  
surface energy balance and  lead to  clim ate  change.

A no ther an th ropogen ic  p e r tu rb a tio n  to  th e  cli
m ate  system  is th e  ad d itio n  of w aste  h ea t to  the  
atm osphere . S u b stan tia l localized effects have re
su lted  from  th is h ea t over m any  regions of th e  in
dustria lized  w orld. Also, th e  am o u n t of w aste  hea t 
and  its  effect will grow as th e  w orld ’s need for vari
ous form s of energy grow s, p a rticu la rly  as th e  w orld 
becom es m ore industria lized .

T he various n a tu ra l and  an th ropogen ic  facto rs 
m entioned  above m ay affect th e  c lim ate on differ
en t tim e and  space scales. T he objective of th is 
ch a p te r is to  discuss these facto rs and , to  th e  ex
te n t possible, to  e s tim ate  p o ten tia l fu tu re  effects so 
th a t  C 0 2 -induced changes can be viewed in th e  con
te x t of th e  several types of p e r tu rb a tio n s  now un
derw ay. T he ch ap te r is organized in th e  following 
way. In Section 6.2, the  origins of th e  various n a tu 
ra l and  an th ropogen ic  p e r tu rb a tio n s  are described. 
T he discussion cen ters on trace  gases and  aerosols 
because of th e ir p o ten tia lly  large clim atic  effects. 
T he physical and  chem ical processes a re  discussed 
in Section 6.3, and  th e  in te rac tio n s of these p ro 
cesses a re  illu s tra ted  th rough  clim ate  m odel sensi
tiv ity  ca lcu lations. In Section 6.4, m odel pro jections 
of fu tu re  clim ate changes are  sum m arized. T his is 
followed in Section 6.5 by a  discussion of the  uncer
ta in tie s  associa ted  w ith  th e  cu rren t und erstan d in g
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TABLE 6.1
T race Gases W ith  P o ten tia lly  Im p o rta n t R ad ia tive  and Chem ical Effects on th e  G lobal A tm osphere

Chem ical Com position
Surface M ixing 

R a tio  (ppm )

E stim ates of R ecent |  
A nnual G row th " 

R a te  (percen t per year)
C arbon  D ioxide C O 2 340 0.4
S tra to sp h eric  Ozone O 3  (s tra t.) (0 . 1 - 1 0 ) “ 0-0.3®
Tropospheric Ozone O j (trop .) (0 .0 2 - 0 . 1 ) “ 0-0.7®
M ethane CH 4 1.7 1 - 2

C arbon  M onoxide CO 0 . 1 2 7

C hlorocarbons C FC I3 1.9 X  10-< 5-8
C F 2 CI2 3.5 X  ID -* 5-8

C H 3 CCI3 1.3 X  1 0 -* 5-8
CFC -113 0.3 X  1 0 -* 15-20

CCI4 1.5 X  1 0 -* 1-3
etc.

H ydrocarbons C 2 H 4 , etc. < 1 0 - s 7

N itrous Oxide N 2 O 0.3 0 . 2

N itrogen Oxides NO :t(NO +  N O 2 ) (3 X  10-® -  0 .015)“ 7

Sulfur C om pounds COS 5 X  1 0 -* 7

C S 2 0.3 X  1 0 -* 7

SO 2 1.0 X  1 0 -* 7

S tra tospheric
W ater V apor H 2 O (s tra t.) (3 -5 )“ 7

° R ange in co ncen tra tion  w ith a ltitu d e .
 ̂ E stim a ted  based on available ozonesonde and  U m kehr d a ta .

of th e  non-C 0 2  effect. Section 6 . 6  p resen ts  fu tu re  
research needs.

6.2 N A TU R A L AND A N T H R O P O G E N IC  
PE R T U R B A T IO N S

6.2.1 Trace G ases

T he num b er of rad ia tiv e ly  ac tiv e  trace  gases in the  
a tm o sp h ere , including  species th a t  chem ically in
fluence these gases, is large. H ow ever, by lim iting  
th e  discussion to  source gases affecting a tm ospheric  
chem istry  and  to  those gases m ost likely to  have sig
n ificant rad ia tiv e  effects in th e  foreseeable fu tu re , 
a  lim ited  list can be developed. T he listing  below 
briefly discusses each of th e  rad ia tiv e ly  ac tiv e  gases 
th a t  should be considered in o rder to  eva lua te  p ast 
and  p o ten tia l fu tu re  influences on th e  a tm osphere . 
Ozone, because of its  im p o rta n t c lim atic  influence 
in th e  n a tu ra l a tm osphere , is discussed in a  la te r 
section. T able 6 . 1  sum m arizes th e  p resen t concen
tra tio n  and  tren d  for th e  gases discussed below.

6.2.1.1 M ethane

T he cu rren t tropospheric  co n cen tra tio n  of m ethane  
(CH4) is a b o u t 1.7 p a r ts  per m illion by volum e 
(ppm ). Several m easu rem en t series ind icate  th a t
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a tm ospheric  C H 4  co n cen tra tio n s  have been increas
ing by 1-2%  per year since a t  least 1977 (R as
m ussen and  K halil 1981; B lake e t al. 1982; F raser et 
al. 1982; R ow land et al. 1982) and  m ay have been 
rising  for a  m uch longer period  of tim e. T he ev
idence for an  increase in C H 4  before 1977 is less 
d irec t. M easurem ents have been carried  o u t in
te rm itte n tly  since a tm ospheric  C H 4  was first m ea
sured 36 years ago. However, u n til recently, th e  
precision, accuracy, and  frequency of these m easure
m en ts have generally  been insufficient to  p erm it th e  
de tec tio n  of tren d s. Ice core sam ples (R obbins et 
al. 1973; C raig  and  C hou 1982; K halil and R as
m ussen 1982) suggest th a t  p re in d u stria l CH4 con
cen tra tio n s  m ay have been ab o u t h a lf the  cu rren t 
co n cen tra tio n . However, fu r th e r m easurem ents are  
needed to  clarify w hether these ice core sam ples are  
rep resen ta tiv e  of th e  p as t C H 4  concen tra tion .

M ost a tm ospheric  CH4 ap p ears  to  be biological 
in origin. T he increasing biogenic emissions con
nected  w ith  an  increasing  h u m an  popu la tion  are 
th e  m ost likely cause of th e  increasing CH4 concen
tra tio n . P ro d u c tio n  from  rice paddies appears to  
be a  m ajo r C H 4  source (E h h a lt and  Schm idt 1978; 
C icerone and  S h e lte r 1981). E h h a lt and Schm idt 
(1978) e s tim a ted  th a t  betw een  1964 and  1970, th e  
a rea  of rice paddies increased by ~ 45% , and Seiler
(1982) suggested th a t  a  su b s tan tia l p a r t  of the  CH4 
increase m ay be due to  increased em issions f r o m ^ ^ ^ k
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rice paddies. E n teric  fe rm en ta tio n  in m am m als m ay 
Iso be responsib le  for a  significant fraction  of the  
tm ospheric  C H 4  increase because of th e  increas

ing p o p u la tio n s  of fa rm  an im als (R asm ussen and  
K halil 1981; B lake e ta l .  1982; Seiler 1982). B iom ass 
bu rn ing , p a rticu la rly  in th e  trop ics, m ay be an 
o th er m ajo r an th ro p o g en ic  source of C H 4  (C ru tzen  
e t al. 1979). D irect an th ropogen ic  sources (e.g., in
d u stria l processes, coal and  lign ite  m ining, au to m o 
bile ex h au st) seem  to  be having  only a  m inor influ
ence on th e  m eth an e  budget. T he possib ility  th a t  
te rm ites  a re  a  m ajo r source of a tm ospheric  C H 4  has 
been th e  su b jec t of recent d eb a te  (Z im m erm an  et 
al. 1982; R asm ussen  and  K halil 1983b; Z im m erm an 
and  G reenberg  1983; Collins and  W ood 1984; Seiler 
e t al. 1984). W h e th e r te rm ite  p o p u la tio n  changes 
are co n trib u tin g  to  th e  C H 4  increase is highly uncer
ta in . H ow ever, as described above, an th ropogen ic  
influences resu ltin g  from  changes in land  use, in 
creasing h u m an  p o p u la tio n , and th e  correspond ing  
increases in an im al po p u la tio n s  m ay have accoun ted  
for significant changes in th e  C H 4  budget in recent 
decades.

A no ther possible ex p lan a tio n  for th e  CH4 in
crease is a  decrease in th e  co n cen tra tio n  of tro p o 
spheric hydroxy l rad ical (O H ). R eaction  w ith  OH 
is th e  m ajo r sink for CH4 in th e  atm osphere . An 
increase in tro p o sp h eric  CH4 could resu lt from  a 
decrease in OH  co n cen tra tio n , w hich in tu rn  m igh t 
resu lt from  an  increase in th e  co n cen tra tio n  of ca r
bon m onoxide (C O ). H ow ever, recent m easu rem en ts 
of CO  give conflicting resu lts  (see discussion on C O , 
Section 6 .2.1.4).

T he a tm o sp h eric  lifetim e of CH4 is ap p ro x i
m ately  7 years. C hanges in th e  CH4 con cen tra tio n  
m ay influence th e  global Os d is trib u tio n  because of 
its  reaction  w ith  hydroxyl rad icals and  o th e r trace  
gases and  also  its  im p o rtan ce  as an  a tm ospheric  
source of o th e r trace  gases. D ecom position of CH4 
is an  im p o rta n t source of a tm ospheric  CO . Also, w a
te r  vapor and  odd hydrogen species (O H , H O 2 ) are 
im p o rta n t p ro d u c ts  of CH4 ox idation  in th e  s t ra to 
sphere.

If changes in land  use and  p o p u la tio n  p rim ar
ily accoun t for th e  increasing CH4 co n cen tra tio n , 
th en  th is  is likely to  con tinue for a t  least th e  next 
cen tury . In ad d itio n , a tm ospheric  CH4 could in 
crease in th e  fu tu re  th ro u g h  th e  release of CH4 
from  C H 4  h y d ra te s  in co n tin en ta l slope sed im ents

as th e  oceans respond to  th e  a tm o sp h eric  w arm ing 
expected  from  the  increasing co n cen tra tio n s  of C O 2  

and  o th e r in frared-absorb ing  trace  gases (Bell 1982; 
N R C  1983). A ccording to  Revelle (N R C  1983), a t 
m ospheric m eth an e  from  th is  source could be in
creased by as m uch as 1-2 ppm  (3.2 -  6.4 x lO^^g) 
over th e  nex t century . To p u t th is  value in perspec
tive, th is  q u an tity  w ould be alm ost com parab le  to  
th e  p resen t ra te  of increase in CH4 co n cen tra tio n , 
w hich is ab o u t 2 -3  ppm  (7 x lO^^g) per century .

6 .2.1.2 C hlorocarbons

Large q u an titie s  of in d u stria lly  produced  C lC s are 
m ade for a variety  of uses, such as so lvents, refrig
e ran ts , and  spray can p ro p e llan ts . T he C lC s of p ri
m ary  concern cu rren tly  are C FC ls (also referred  to  
as C FC -11) and  C F 2 CI2  (C FC -12) because of their 
large p ro d u c tio n  ra te s , th e ir long a tm ospheric  life
tim es, and  the  significant ra te  of increase in CIC 
co n cen tra tio n s  (M olina and  R ow land 1974; Row
land  and  M olina 1975; C unnold  e t al. 1983a, 1983b; 
W uebbles 1983a). T he ch lo rocarbons C F C I 3  and 
C F 2 CI2  are well m ixed in th e  tro p o sp h ere  w ith  m ix
ing ra tio s  of app rox im ate ly  190 and  350 p a r ts  per 
trillion^ by volum e (p p t) (as o f early  1983), respec
tively. C o n cen tra tio n s of these tw o  ch lorocarbons 
con tinue to  increase by approx im ate ly  5-8%  per 
year, a lth o u g h  ra te s  of em ission have n o t increased 
significantly  since 1976.

T hese species are  no t reactive  u n til they  are  d is
socia ted  in th e  m iddle to  u p p er s tra to sp h ere . The 
chlorine a to m s released in th e  d issociated  process 
can th en  react to  destroy  O 3 . O th er C lCs rec
ognized as po ten tia lly  having significant im pacts 
on th e  atm osphere  are C C I4  (carbon  te tra ch lo 
ride), C H 3 C C I3  (m ethyl ch loroform ), C F C I 2 C F 2 CI 
(C F C -113), C F 2 C IC F 2 CI (C F C -114), C F 2 C IC F 3  

(C F C -115), C H F 2 CI (C F C -22), and  C H 3 CI (m ethyl 
ch loride). Several of these ch lo rocarbons (C H 3 CCI3 , 
C FC -113, C FC -22) have rap id ly  increasing concen
tra tio n s  (T able 6 .1). M ethyl chloride is th e  only 
ch lo rocarbon  th o u g h t to  com e p rim arily  from  n a t
u ra l sources. An in te rn a tio n a l effort has been de
vo ted  to  d eterm in ing  th e  h isto rica l release ra te s  of 
C F C I 3  and  C F 2 CI2 . U nfo rtunate ly , s im ilar eflForts 
a re  no t being u n d ertak en  for o th er chlorocarbons.

One p a r t pe r trillion  equals 10 - 1 2
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and estim ates  of th e ir  a tm ospheric  release ra te s  are 
of m uch po o re r quality .

T he s ta n d a rd  scenario  used in m odel stud ies 
(N R C  1976, 1979, 1984; W M O  1981) has assum ed 
co n stan t ch lo rocarbon  em issions indefinitely a t  1976 
(or la te r) ra te s . A lthough  p ro d u c tio n  ra te s  of C FC - 
11 and  C FC -12 have no t changed appreciab ly  over 
the  las t 6  years (C hem ical M anufac tu re rs  A ssocia
tion  [CMA] 1982), th e re  is no s tro n g  basis for select
ing th is  scenario  o th e r th a n  its  u tiliza tio n  in m odels 
is s tra ig h tfo rw ard . An exam ina tion  of C M A  (1982) 
d a ta  on th e  p ro d u c tio n  of C FC -11 and  C FC -12 sug
gests th a t  nonaerosol sp ray  use of these species in
creased by 4.0%  per year from  1976 to  1982 in th e  
com panies re p o rtin g  to  C M A  and  by as m uch as 
6.5% per year w orldw ide. D uring th is  tim e, in th e  
com panies re p o rtin g  to  C M A , aerosol spray  use de
creased from  56 to  34% of th e  to ta l C F C  p roduction .

6 .2.1.3 N onm ethane H ydrocarbons

Several of th e  n o n m eth an e  h y drocarbons (for ex
am ple, C 2 H 4  an d  C 2 H 6 ) m ay be of rad ia tiv e  and  
chem ical im p o rtan ce  if significant g row th  in th e ir 
em issions occurs. T he im p o rtan ce  of cu rren t non
m eth an e  h y d ro carb o n  co n cen tra tio n s  on th e  global 
a tm osphere  has n o t been fully determ ined . Few 
m easu rem en ts of these h y drocarbons cu rren tly  ex
ist, and  no m easured  tren d  in th e ir concen tra
tion  is ava ilab le  (Singh e t al. 1979; R udolph et 
al. 1981; R asm ussen  and  K halil 1983a; R asm ussen 
e t al. 1983; G reenberg  e t al. 1984).

B udget ana lyses suggest th a t  o x idation  of m eth 
ane and  of n o n m eth an e  h y drocarbons is a  m ajor 
source of a tm o sp h eric  CO  (Seiler 1976; Z im m erm an 
et al. 1978; Logan et al. 1981). S ignificant changes 
in th e  source ra te s  of these species could affect a t 
m ospheric ca rb o n  m onoxide concen tra tions, which 
in tu rn  could affect th e  tropospheric  ozone d is tr i
bu tion  (F ish m an  e t al. 1979). M ore ana lysis of the  
role of th e  n o n m eth an e  hydro carb o n s on th e  global 
a tm o sp h ere  is needed.

6 .2.1.4 C arb o n  M onoxide

M easurem ents of CO  have no t ind icated  any clearly 
defined difference in a tm ospheric  global CO  concen
tra tio n s  over th e  la s t few decades. No significant

change w as found in a  com parison of global m ea
su rem en ts m ade by Seiler (1974) du rin g  1 9 6 9 -1 9 7 2 ^ ^ ^  
an d  those presented  by Seiler and  F ishm an  (1 9 8 1 )^ ^ P  
for d a ta  from  1974. Seiler (1982) no ted  no signif
ican t change in his CO  m easu rem en ts a fte r 1977.
A  m ore recent analysis by Seiler (p riva te  com m u
n ica tio n , 1984) ind icates th a t  th e  CO  con cen tra
tio n  m ay be increasing by as m uch as 1 % per year. 
Several stud ies th a t  do ind icate  a  possible increase 
in  CO co n cen tra tio n  are  lim ited  in th e ir  usefulness 
by possible problem s w ith  accuracy, ca lib ra tio n , lo
cal sources, and  s ta tis tic a l significance (G raedel and  
M cR ae 1980; D ianov-K lokov and  Y urganov 1981). 
However, it is un certa in  w hether any of these p rob 
lem s app ly  to  the  recent work of K halil and  R as
m ussen (1984), w hich suggests a  6 % per year in
crease in CO  a t C ape M eares, O regon, du ring  1980- 
1982.

Several earlier stud ies had  assum ed a tm ospheric  
g row th  of CO  to  be p ro p o rtio n a l to  th a t  of C O 2 . 
H ow ever, th e  an th ropogen ic  em issions of C O  and  
C O 2  from  th e  burn ing  of fossil fuels com e largely 
from  different sources. An im p o rta n t an th ropogen ic  
source of C O 2  is from  th e  com bustion  of fossil fuels 
in pow er p lan ts  (C lark  e t al. 1982). T he an th ro 
pogenic p rod u c tio n  of th e  CO com ponen t com es p ri
m arily  from  tra n sp o r ta tio n  (au tom obiles, e tc .) and  
in d u stria l fossil fuel com bustion  processes (Seiler 
1974; Logan e t al. 1981), w ith  pow er p lan ts  th o u g h t 
to  be only a  m inor source. C arb o n  m onoxide con
ce n tra tio n s  could be increasing th ro u g h  increased 
fossil fuel use, b u t n o t in d irec t p ro p o rtio n  to  th e  
increase of C O 2 . C iv iliza tion ’s influence on th e  bio
sphere th ro u g h  defo resta tion , b iom ass bu rn ing , and  
m odification  of C H 4  sources could re su lt in changes 
in a tm ospheric  CO (C ru tzen  e t al. 1979; Logan et 
al. 1981). As th e  C H 4  co n cen tra tio n  increeises, a 
corresponding  increase in CO  w ould ac tu a lly  be ex
pected .

6.2.1.5 N itrous O xide

A tm ospheric  m easurem ents by W eiss (1981) ind i
ca te  a  possible global increase in n itro u s  oxide 
(N 2 O) co n cen tra tio n s of ap p ro x im a te ly  0 .2 % per 
year betw een th e  years 1976 and  1980. A sim ilar 
b u t som ew hat larger increase of 0.3 ± 0 .1 %  p e r year 
is found in  th e  m easurem ents of K halil and  R as
m ussen (1983) for the  years 1978 to  1981. D a ta ,
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a ttr ib u te d  to  W eiss (1981) b u t no t included in his 
published p ap e r, discussed in W M O  (1981) suggest 

I th a t  N 2 O co n cen tra tio n s  m ay have been increasing  
a t  th is  ra te  since a t  least 1960. T he cu rren t N 2 O 
co n cen tra tio n  in th e  tro p o sp h ere  is ab o u t 300 p a r ts  
p er billion^ by volum e (ppb). B ackw ard ex tra p o la 
tio n  of cu rren t g row th  ra te s  suggests th a t  th e  N 2 O 
co n cen tra tio n  in th e  p re in d u stria l a tm osphere  m ay 
have been as low as 280-285 ppb. T he cu rren t con
cen tra tio n  is a b o u t 300 ppb.

Weiss (1981) suggests th a t  a  su b s tan tia l fraction  
(if n o t all) of th e  m easured  increase in N 2 O m ay be 
explained by com bustion  of fossil fuels, an d  th a t  
N 2 O p ro d u c tio n  by fertilizer den itrifica tion  m ay be 
considerably  less th a n  previously  estim ated . How
ever, th e  evidence su p p o rtin g  th is  ex p lan a tio n  is 
lim ited . T he d o m in an t source of N 2 O in th e  a t 
m osphere is th o u g h t to  be biological, w ith  a  m a
jo r  source being th e  b ac te ria l process of n itrifica
tion  (B rem ner and  B lackm er 1978; B reitenbeck  et 
al. 1980; M cElroy 1980; L ipschultz e t al. 1981); th is  
source also has th e  p o ten tia l of changing th e  em is
sion ra te  w ith  tim e.

U ntil th e  N 2 O b u d g et an d  th e  reason for th e  cu r
ren t co n cen tra tio n  increase is b e tte r  u n d ers to o d , it 
will be difficult to  p ro jec t fu tu re  N 2 O grow th  ra tes . 
T he com bustion  source could increase if coal usage 
becom es an  increasingly  larger frac tio n  of to ta l  fossil 
fuel burn ing  in th e  fu tu re . F ertilizer den itrifica tion , 
even if no t im p o rta n t now , could becom e a  signif
ican t N 2 O source in th e  fu tu re . N a tu ra l sources 
m ay increase as th e  a tm o sp h ere  w arm s from  fu tu re  
increases in C O 2  (and  o th er trace  gas) co n cen tra 
tions.

6.2.1.6 N itrogen  O xides

A long w ith  n a tu ra l sources, n itrogen  oxides (NG^; 
=  NO +  N O 2 , som etim es referred  to  as odd  ni
trogen) are em itted  in to  th e  a tm osphere  by various 
tra n sp o r ta tio n  and  com bustion  sources a t  th e  su r
face and  by a irc ra f t in th e  u p p er tro p o sp h ere  and  
lower s tra to sp h e re . T he m ajo r source of n itrogen  
oxides in th e  s tra to sp h e re  is from  th e  d issocia tion  
of n itro u s oxide by excited  oxygen a tom s. N itrogen  
oxides, a lth o u g h  n o t im p o rta n t as greenhouse gases.

* One p a r t  pe r billion equals 10

ap p ear to  be im p o rta n t in determ in ing  th e  d is tr i
bu tion  of b o th  tropospheric  and  s tra to sp h e ric  Os. 
C u rren t th eo re tica l stud ies suggest th a t  increased 
n itrogen  oxide em issions in th e  troposphere  w ould 
increase tro p o sp h eric  Os co n cen tra tio n s , w hereas 
s tra to sp h eric  em issions w ould reduce s tra to sp h e ric  
Os am oun ts. L arge con cen tra tio n s of NO^ can re
su lt in significant local hea ting  of th e  a tm o sp h ere  
because of increased solar abso rp tion  by N O 2 .

A n thropogen ic p roduc tion  th ro u g h  fossil fuel 
com bustion  and  biom ass burn ing  ap p e a r to  be th e  
m ajor sources of NO^ in th e  lower troposphere  
(C ru tzen  e t al. 1979; B auer 1982; Liu e t al. 1983; 
Logan 1983). T he m ajo rity  of th e  com bustion  com 
p o n en t of th e  NOa; source occurs in m id la titu d es  
of th e  N orthern  H em isphere, w hereas th e  a n th ro 
pogenic com ponen t of th e  biom ass b u rn ing  occurs 
m ostly  in th e  trop ics. M easurem ents of tro p o 
spheric NOa are lim ited , b u t global con cen tra tio n s 
ap p ea r to  be in th e  30-100 p p t range in nonur- 
ban  areas. M odel calcu lations (e.g., F ishm an  and  
C ru tzen  1977; Liu et al. 1980; C allis e t al. 1983) 
have in d ica ted  th a t  m ore th a n  5 p p t of NO in th e  
a tm osphere  is sufficient to  influence tropospheric  
ozone concen tra tions. N itrogen oxides can also be 
im p o rta n t in th e  tropospheric  p ho tochem istry  of 
OH and HO 2  (Liu 1977; Logan e t al. 1981). T he 
OH d is trib u tio n  in th e  troposphere , in tu rn , is im 
p o r ta n t  in de term in ing  th e  a tm ospheric  lifetim es of 
a  num ber of trace  gases such as CH4, CHsCl, and  
CHsCCls.

R esults of several stud ies have in d ica ted  th a t  
N O i em issions from  a irc ra ft m ay have had  a  sig
n ificant im p ac t on u pper tropospheric  and  lower 
s tra to sp h eric  NO^ con cen tra tio n s over th e  laist tw o 
decades (Liu e t al. 1980; W uebbles e t al. 1983). 
However, m ajo r u n ce rta in tie s  ex ist in th e  ac tu a l 
g row th  ra te  of th e  a irc ra ft em issions, in tro p o 
spheric ozone chem istry , and  in th e  im p o rtan ce  of 
tropospheric  t ra n s p o r t  and  rem oval processes.

6.2.1.7 W ater V apor

T he sp a tia l d is tr ib u tio n  of tropospheric  w a te r vapor 
is chiefly determ ined  by th e  location  and  in ten sity  
of evap o ra tio n  and  p rec ip ita tio n  (condensation) and  
by tra n sp o r t processes. Because evaporation  and  
p rec ip ita tio n  depend on th e  tem p e ra tu re  and  th e
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d is trib u tio n  of w a te r vapor, and  the  am b ien t tem 
p e ra tu re , and  in tu rn  th e  tra n sp o r t processes are  
affected by changes in w a te r  vapor, th ere  is a  s tro n g  
coupling betw een these  various processes.

T he b u d g et of w a te r vapor is very com plex and  
has been th e  su b jec t of m uch stu d y  (for exam ple, 
see an  early  w ork by S ta rr  e t al. 1965). R ecently , 
P eixo to  and  O o rt (1983) have review ed th e  sub jec t, 
and  Salstein  e t al. (1983) have stud ied  th e  variab il
ity  in an n u a l hem ispheric w a te r vapor during  1958- 
1973. H ow ever, th e  ex isting  m easu rem en ts of t ro 
pospheric w a te r vapor a re  lim ited  in th e ir sp a tia l 
coverage because of th e  problem s of o b ta in in g  d a ta  
over th e  oceans an d  in high la titu d es . A lthough  
tropospheric  w a te r vapor m easurem ents have been 
exam ined to  d e term in e  possible global tren d s  (e.g., 
O o rt 1983), significant u n ce rta in tie s  ex ist because of 
th e  lim ited  sp a tia l coverage of such m easurem ents. 
No well-defined global tren d  has been estab lished .

T he s tra to sp h e re  is re la tively  dry (3 -4  ppm  H 2 O 
in th e  lower s tra to sp h e re ) com pared  w ith  th e  tro p o 
sphere, w here m ixing ra tio s  can reach several p a r ts  
p er th o u san d  near th e  surface. A lthough u n ce rta in 
ties rem ain , w a te r vapor in th e  lower s tra to sp h e re  
ap p ears  to  be con tro lled  p rim arily  by th e  tem p e ra 
tu re  of th e  tro p ica l tro p o p au se  (see B rew er 1949; 
E llsaesser e t al. 1980; Newell and  G o u ld -S tew art 
1981; D oherty  e t a l. 1984). T he w a te r vapor m ixing 
ra tio  increases w ith  a ltitu d e  in th e  s tra to sp h e re  to  
app rox im ate ly  5 -6  p p m  in th e  u pper s tra to sp h ere . 
T his increase w ith  a lt i tu d e  likely is due to  th e  oxi
d a tio n  of m ethane .

S ignificant changes in the  am o u n t of w a te r va
p o r reaching th e  s tra to sp h e re  could affect s t ra to 
spheric ozone co n cen tra tio n s  (Liu et al. 1976; C allis 
and  N a ta ra jan  1981; W uebbles et al. 1983). M ea
surem en ts of w a te r vapor in th e  s tra to sp h e re  are 
lim ited . However, several s tud ies (see E llsaesser et 
al. 1980) suggest a  possible increase from  1954 to  
ab o u t 1973, a  decrease to  1976, and  litt le  change 
th e reafte r . Such an  increase m ay be assoc ia ted  
w ith  increased s tra to sp h ere -tro p o sp h e re  exchange 
of H 2 O. In ad d itio n , an  increase in C H 4  em issions 
m ay lead to  an  increase in u pper s tra to sp h e ric  H 2 O 
due to  m eth an e  o x id a tio n  w ith  subsequen t c lim ate  
im plica tions due to  th e  H 2 O rad ia tiv e  effects.

A lthough  an th ro p o g en ic  em issions of w a te r va
por in th e  tro p o sp h ere  (often expressed in te rm s of

th e  th e rm a l value of th e  la te n t h ea t and  called th e r
m al po llu tion) a re  re la tively  sm all on a  global scale, 
an th ropogen ic  ac tiv ities  m ay be able to  m odify su r
face ch a rac te ris tic s  in such a  w ay as to  m odify the  
hydrologic cycle. T h u s , c rea tion  of an  oil film  on 
th e  ocean, changes in g round ch a rac te ris tic s , river 
runoff, irrig a tio n  p ractices, and  so fo rth , m ay lead 
to  significant changes in ev ap o ra tio n  and  p rec ip ita 
tion .

6.2.1.8 Sulfur Species

Sulfur-based gases a re  th e  p rim ary  p recursors of 
s tra to sp h eric  aerosols (C ru tzen  1976; T urco e t al. 
1980, 1982). Sulfur dioxide (SO 2 ) is an  im p o rta n t 
com ponen t of volcanic effluents. SO 2  (or hydrogen 
sulfide [H2 S], w hich w ould be oxidized to  SO 2 ) is 
often  in jected  d irectly  in to  th e  s tra to sp h ere  by m a
jo r e rup tions, in w hich th e  SO 2  reac ts  to  form  sul
furic acid aerosols (T urco  e t al. 1982; M cKeen et 
al. 1984). A lthough large am o u n ts  of SO 2  a re  em it
ted  a t  th e  surface, li tt le  of th is  w ater-so luble and  re
ac tive  gas ac tua lly  reaches th e  s tra to sp h ere . In fac t, 
during  periods of low volcanic ac tiv ity , carbony l sul
fide (CO S) ap p ears  to  be th e  d o m in an t su lfur source 
for th e  s tra to sp h eric  aerosol layer. Surface em is
sions of SO 2  m ay be im p o rta n t in th e  p roduc tion  of 
tropospheric  aerosols, thereby  in troducing  p o ten tia l 
clim atic  im p lica tions (cf. W M O  1983a, 1983b), b u t 
th e  m ain  effect is to  acidify p rec ip ita tio n  (acid ra in ).

T he few availab le  m easu rem en ts suggest th a t  
th e  COS m ixing ra tio  varies little  w ith  a ltitu d e  
in th e  tro p o sp h ere , w hich is consisten t w ith  the  
fact th a t  i t  has a  long tro p o sp h eric  lifetim e (Inn et 
al. 1979). C u rre n t tro p o sp h eric  co ncen tra tions are 
app rox im ate ly  500 p p t. R ecent m easurem ents of 
carbon  disulfide (C S 2 ) im ply very low background 
concen tra tions, on th e  o rder of 30 p p t (M aroulis and  
B andy 1980). T here  is som e ind ication  from  lab o ra 
to ry  k inetics m easu rem en ts th a t  CS 2  is converted  to  
COS in th e  tro p o sp h ere . C o n cen tra tio n s  of C S 2  are 
also highly variab le , suggesting  a  sh o rt lifetim e for 
th is  species (W ine et al. 1981). COS concen tra tions 
are th o u g h t to  decrease w ith  a ltitu d e  in th e  s tra to 
sphere as a  resu lt of pho to lysis an d  reaction  w ith  
hydroxyl (Sze and  Ko 1980; T urco e t al. 1980). Dis
sociation  of CO S is th o u g h t to  re su lt in  th e  form a
tion  of s tra to sp h e ric  su lfa te  aerosols (C ru tzen  1976; 
Turco e t al. 1980).
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M ajor u n ce rta in tie s  s till ex ist in th e  sources and  
^ in k s  of COS and  C S 2 . K now n sources include com- 

llustion, biom ass bu rn ing  an d  decay, an d , for CS 2 , 
In d u s tr ia l  p ro d u c tio n  (C ru tzen  e t al. 1979; T urco et 
al. 1980). Volcanic sources of these species ap p ear 
to  be sm all. A n th ropogen ic  p ro d u c tio n  from  com 
bu stio n  sources a re  th o u g h t to  accoun t for a  large 
frac tio n  of surface em issions, w ith  coal com bustion  
ap p earin g  to  be th e  la rg est single an th ropogen ic  
source of COS (T urco e t al. 1980). W hereas d irec t 
com bustion  is high in SO 2 , th e  use of scrubbers (to  
p rev en t SO 2  em issions) and  conversion p rocedures, 
such as synfuel p ro d u c tio n , coal gasification , and  
liquefication  an d  shale oil ex trac tio n , ten d  to  in
crease th e  fraction  of th e  sulfur co n ten t of th e  fuel 
em itte d  as CO S or SO 2  (P ey to n  e t al. 1976; Hof
m an n  and  R osen 1980; T urco e t al. 1980). C onver
sion of CS 2  m ay also be an  im p o rta n t COS source 
(Logan e t al. 1979; W ine e t al. 1981).

B ecause of th e  suspected  long tropospheric  life
tim e of CO S, fu tu re  em issions from  coal com bus
tio n  an d  o th e r an th ro p o g en ic  sources m ay lead to  
su b s tan tia l increases in th e  COS co n cen tra tio n . As 
m entioned  earlier, th e  re su lta n t increase in s t ra to 
spheric aerosols m ay have im p o rta n t c lim atic  im pli
ca tions. T he an th ro p o g en ic  em issions of SO 2  are of 
m uch cu rren t concern , b u t m ain ly  because of th e ir 
nonclim atic  effects.

6.2.2 Volcanic E ru p tio n s

Volcanic e ru p tio n s  can in ject large am o u n ts  of SO 2  

and  m ate ria ls  such as ash  in to  the  s tra to sp h ere  
(Newell and  D eepak 1982). B ecause of the  long res
idence tim e in th e  s tra to sp h e re , p a r tic u la te  m a tte r  
in jected  in to  and  form ed w ith in  th is  region tends 
to  s tay  long enough to  be sp read  over m uch of th e  
globe, thereby  p o ten tia lly  affecting th e  h ea t balance 
an d  c lim ate  (Newell an d  D eepak 1982). Volcanic 
aerosols a re  p rim arily  subm icron-sized sulfuric acid 
d ro p le ts  th a t  in te ra c t stro n g ly  w ith  so lar and  long
w ave (th e rm a l) ra d ia tio n . It is generally  believed 
th a t  an  increase in th e  s tra to sp h e ric  aerosol load
ing could lead to  a  w arm ing  of th e  s tra to sp h e re  and  
cooling of th e  ground an d  th e  troposphere .

A nu m b er of s tud ies have a tte m p te d  to  corre la te  
th e  p as t te m p e ra tu re  change w ith  volcanic ac tiv ity  
(L am b 1970; B aldw in e t a l. 1976; Pollack e t al. 1976; 
M ass and  Schneider 1977; H ansen e t al. 1978, 1981;

Kelly and  Sear 1984). However, th e  resu lts  are no t 
conclusive, p rim arily  because th e  u n ce rta in tie s  as
socia ted  w ith  the  aerosol com position  and  th e  tem 
p e ra tu re  record  are high.

T he 1883 eru p tio n  of K rak a to a  w as sp ec tacu 
lar. Sym ons (1888) has sum m arized  and  discussed 
m any v isual observations of abnorm al tw ilig h t and  
skyligh t phenom ena due to  K rak a to a  d u st. How
ever, availab le  stud ies ind ica te  th a t  th e  subsequen t 
c lim atic  effect ap p ears  to  be com parab le  in m ag
n itu d e  to  th e  m uch sm aller e ru p tio n  of A gung in 
1963. (B oth  volcanoes a re  located  in th e  trop ica l 
region an d  are  no t far from  each o th er.) T h is m ay 
be a  resu lt p a rtly  of th e  difference in th e  aerosol 
com position  betw een th e  tw o  erup tions.

T he 1982 eru p tio n  of th e  El C hichon volcano has 
d raw n  a  lo t of a tte n tio n  and  m ay p rovide th e  best 
recorded case for s tudy  of th e  possible effects of vol
canic aerosols on clim ate  (cf. N ational A eronau tics 
and  Space A d m in is tra tio n  [NASA] 1982; Pollack et 
al. 1983; M acC racken  and  L u ther 1984). Pollack 
and  A ckerm an (1983) have ca lcu la ted  th e  effects of 
El C hichon volcanic aerosols on th e  ra d ia tio n  b ud
get of th e  n o rth ern  trop ics during  th e  6 -m o n th  pe
riod  follow ing th e  e ru p tio n . T he resu lts  ind icate  
th a t  th e  p lan e ta ry  albedo  in th is  region m ay have in
creased by 1 0 %, th e  to ta l  so lar rad ia tio n  a t  g round 
level decreased by 2-3%  on cloudless days, and  the  
te m p e ra tu re  a t  an  a ltitu d e  of 24 km  increased by 3.5 
°C. T hey also ind icated  th a t  th e  m odel ca lcu la tions 
a re  com patib le  w ith  re levan t observations.

6.2.3 T ropospheric Aerosols

T ropospheric  aerosols co n trib u te  to  a tm ospheric  
opacity , b u t th e ir d is trib u tio n s  are spatia lly , tem 
porally , and  com positionally  heterogeneous (B ach 
1976). By in te rac tin g  w ith  b o th  so lar an d  te rres
tr ia l ra d ia tiv e  fluxes, aerosols m ay e ith er h ea t or 
cool th e  surface. Unlike th e ir  gaseous co u n te rp a rts , 
they  m ay increase p lan e ta ry  albedo  by sca tte rin g  so
la r rad ia tio n  back to  space, th u s  reducing th e  sh o rt
w ave dow nw ard  flux to  th e  surface (W M O  1980, 
1983b). T he n e t rad ia tiv e  effect on th e  a tm ospheric  
h ea t balance because of th e  presence of aerosols is 
de term ined  chiefly by th e ir in trin sic  op tica l p ro p e r
ties  including  th e  single sca tte rin g  albedo , th e  asym 
m etry  p a ram ete r, and  th e  o p tical d ep th  in th e  visi
ble sp ec tru m  and  a t  1 0  jum (w hich is rep resen ta tiv e
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of th e  th e rm a l rad ia tio n  effect). T hese p roperties  
a re  re la ted  to  b o th  com position  and  p artic le  size 
(Toon and  Pollack 1980; W M O  1983a, 1983b). T he 
n e t rad ia tiv e  effect depends also on ex trin sic  factors 
such as surface a lbedo  and  local re la tiv e  hum idity . 
Aerosol g row th  w ith  re la tiv e  h u m id ity  affects b o th  
th e  index of re frac tion  and  size d is trib u tio n  (H anel 
1972; W inkler 1973; Nilsson 1979).

T he com position , size, and  sp a tia l and  tem po
ral ch a rac te ris tic s  of ind iv idually  iden tifiab le  aero 
sol ty p es  a re  closely associa ted  w ith  specific sources. 
T hus, i t  is ap p ro p ria te  to  discuss b o th  aerosol op
tica l p ro p e rtie s  and  p o ten tia l c lim atic  im pacts  on 
a  regional source-specific basis. F ive such regional 
aerosol ty p es  m ay be identified , including  soot, su l
fa te , d ese rt, a rc tic  haze, and  m aritim e  (Junge 1977; 
Hanel an d  B ullrich 1978; S h e ttle  and  Fenn 1979). 
An a lte rn a tiv e  app ro ach  is th e  specification of a  
global background  aerosol m odel (Toon and  P o l
lack 1976). W hereas aerosol m easu rem en ts a t  back
ground  sites have generally  n o t suggested  s ta tis 
tically  significant in te ran n u a l tren d s  (Bigg 1977, 
1980; B odhaine 1983), various in d ica to rs  of subre
gional aerosol load ing  suggest th a t  increases m ay be 
occurring  (T rijon is 1979; H usar e t al. 1981).

6.2.3.1 Soot

R ecent stud ies have focused on th e  influence of soot 
(or a lte rn a tiv e ly  g rap h itic  or e lem enta l carbon) in 
th e  tro p o sp h ere  (B udiansky  1980; W olff and  Klim - 
ish 1982). Soot has been m easured  in b o th  u rb an  
(Rosen e t al. 1978, 1980; Y a sa e t al. 1979) and  ru ra l 
(M acias et al. 1981) se ttings. M easu rem en ts of th e  
absorb ing  and  sca tte rin g  coefficients of tropospheric  
aerosols a t  visible w aveleng ths in d ica te  typ ical sin
gle sca tte rin g  a lbedo  values of 0 .6 - 0 .7 for u rb an  and 
0 .8 -0 .9  for ru ra l sam ples. T h e  lower values in u rb an  
areas re su lt from  th e  carbonaceous com ponen ts in 
th e  aerosol (A ckerm an and  Toon 1981). A dd ition 
ally, soo t has been show n to  be p resen t in A rctic 
haze (Rosen e t al. 1981; H ein tzenberg  1982; Rosen 
and  H ansen 1984). B ecause soo t is highly absorb ing  
(T w itty  and  W einm an 1971), its  o p tica l p roperties  
differ considerably  from  m ost aerosol co n stitu en ts , 
which typ ically  ab so rb  litt le  rad ia tio n  (cf. Weiss et 
al. 1979). M easurem ents o f a tm ospheric  aerosol ab 
so rp tion  are  sub ject to  large differences because of 
th e  various m easurem ent techn iques em ployed, even

for w ell-characterized  sam ples (G erber and  H ind
m an 1981).

6.2.3.2 Sulfate Aerosols

A tm ospheric  su lfa te  aerosols a re  com posed o f a  va
rie ty  of com pounds, including  am m onium  su lfate , 
am m onium  b isu lfate , sulfuric acid , and  a  varie ty  of 
m eta l sa lts  th a t  re su lt from  th e  ox idation  of vari
ous su lfur com pounds (C raedel 1977; C harlson  e t 
al. 1978). T he chem ical, physical, and  op tical p rop 
e rties of su lfate  aerosols have been stud ied  ex ten 
sively (C harlson  et al. 1978; W hitby  1978; W ag
goner e t al. 1981). Sulfates have been identified 
as m ajo r co n stitu en ts  of th e  w a te r soluble, subm i
cron aerosol com ponen t in rem ote  oceanic (Fenn et 
al. 1963; F lyger et al. 1973, 1976; M eszaros and  
Vissy 1974; C uong e t al. 1974; M eszaros 1978), con
tin en ta l (M eszaros 1978; Hoffer e t al. 1979; Law son 
and  W inchester 1979; M acias e t al. 1981) and  u rb an  
(A ltshu ller 1973) areas. C o n cen tra tio n s  a re  gener
ally 1 - 2  /xg m~® in rem ote a reas , less th a n  1 0  /ig 
m “ ® in n o n u rb an  areas, and  g rea te r th an  1 0  /xg 
in u rb an  areas based on an n u a l average d a ta  (A lt
shuller 1973; Hidy e t al. 1978).

In tensive stud ies o f su lfa te  aerosol in m ajo r u r
ban  areas of th e  U nited  S ta te s  (K neip an d  Lipp- 
m ann  1979; Hidy e t al. 1980; W hite  et al. 1983) 
h igh ligh t th e  role of su lfa te  aerosol and  its  sources 
in th e  u rb an  env ironm en t. Long-range tra n sp o r t of 
su lfa te  aerosol and  its  p o ten tia l im pact on regional 
a ir q u a lity  is of p a rtic u la r  concern (O zkaynak et 
al. 1981). B ecause su lfa te  aerosols a re  p articu la rly  
efficient sca tte re rs  of visible ra d ia tio n , m uch a t te n 
tion  has recently  focused on th e  p o ten tia l d eg ra
d a tio n  of th e  v isual range w ith  increased su lfate  
aerosol loading on regional scales (C ass 1979; H usar 
et al. 1981; W hite  e t al. 1981).

6.2.3.3 D esert Aerosols

Fugitive (i.e., w ind-blow n) c ru s ta l m ate ria l such as 
soil and  sand  co n trib u te  to  th e  to ta l  loading of 
aerosol in w idespread areas over th e  trop ica l A t
lan tic  O cean (P rospero  and  C arlson  1972; P rospero  
e t al. 1981), sou thw estern  A sia (B ryson an d  B aer- 
reis 1967), and  th e  Pacific O cean (P rospero  and  
B o n a tti 1969; Duce e t al. 1980). O ptical dep th s
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are  often sufficient to  p erm it detec tion  by sa te l
lites (F rase r 1976). Locally, th e  phenom enon affects 

o st arid  regions (cf. G ille tte  et al. 1978). M easured 
size d is tr ib u tio n s  in d ica te  th a t  crusta l aerosol com 
po n en ts  a re  generally  in th e  larger p a rtic le  m odes 
w ith  p artic le  rad ii g rea te r th a n  1.0 /im  (G ille tte  
e t al. 1972). O p tica l p ro p erties  have been evalu
a ted  b o th  for a irb o rn e  soil and  S aharan  desert sand 
(G ram s e t al. 1974; P a tte rso n  e t al. 1977; C arlson  
and  B enjam in  1980; P a tte rso n  1981).

6.2.3.4 A rc tic  H aze

M uch effort h as  been sp en t a t  rem ote  a reas such 
as th e  A rctic  basin  to  de term ine  the  ch a rac te ris tic s  
of th e  background  aerosol (cf. F lyger e t al. 1973, 
1980). A p e rs is te n t w in te r diffuse haze layer in the  
region has been  know n for som e tim e , and  th ere  
have been m any  in d ica tio n s of long-range tra n sp o r t 
of an th ro p o g en ic  m id la titu d e  po llu tion  as a  p o ten 
tia l source (Fenn e t al. 1963; Robinson and  Rob
bins 1969; W eiss e t al. 1971). M ore recen t in te re st 
in th e  origin of th e  A rctic  haze layer (R ahn  and  
M cCaffrey 1980; B arrie  e t al. 1981; O tta r  1981; 
R ahn  1981; Hoff e t al. 1983; R adke e t al. 1984a, 
1984b; R ahn  an d  L ow enthal 1984) using elem en
ta l  tra c e r an a ly sis  techniques has led to  th e  ch ar
ac te riza tio n  o f th e  w in te r aerosol as being  con ti
n en ta l in orig in  w ith  a  m ajo r com ponen t derived 
from  aged p o llu tio n . Source regions for th is  com 
p o n en t a p p a ren tly  vary  seasonally , w ith  cen tra l and  
w estern  E u ra s ian  regions p red o m in a tin g  in w in ter 
an d  sp ring , respectively  (R aa tz  and  Shaw  1984). 
G rap h itic  ca rb o n  h as  been identified as one elem en
ta l  com ponen t (H ein tzenberg  1980, 1982; Rosen e t 
al. 1981) th a t  is co n sis ten t w ith  th e  abso rb ing  n a
tu re  of th e  aerosol (P a tte rso n  e t al. 1982; C larke  et 
al. 1984).

T he a p p a re n t an th ropogen ic  source of th e  pol
lu tion  derived  co m ponen t and  th e  overall environ
m en ta l sen sitiv ity  o f th e  p o la r ice cap  have raised 
concern regard ing  p o ten tia l c lim atic  im pacts . W ith  
an  abso rb ing  aerosol overly ing a  high a lbedo  su r
face, a  surface h ea tin g  effect is expected (Shaw and  
S tam nes 1980; P o rch  and  M acC racken  1982; Cess 
1983; V alero e t al. 1984; M acC racken  e t al. 1986).

6 .2.3.5 M aritim e Aerosols

A erosols in th e  m arine boundary  layer (Junge 1972; 
Podzim ek 1979, 1980) include b o th  a  co n tin en ta l
like background  ty p e  of subm icron-sized partic les 
consisting  generally  of w a te r soluble su lfates (p ri
m arily  am m onium ) and  a  sea sp ray -g en era ted  com 
p o n en t consisting  m ostly  of larger sea sa lt partic les 
(Junge and  Jaenicke 1971; M eszaros an d  Vissy 1974; 
P a tte rso n  e t al. 1980; G ras and  A yers 1983). I t is 
likely th a t  th ere  is a  pho tochem ical origin for th e  
su lfa te  com ponent in rem ote  areas (M eszaros 1973). 
H ow ever, th e  co n tin en ta l com ponen t m ay be influ
enced by an th ropogen ic  sources due to  long-range 
tra n s p o r t, especially above th e  b o u n d ary  layer. 
C onversely, th e  m arine boundary  layer aerosol m ay 
have ch a rac te ris tic s  found over co asta l regions. T he 
sea spray  com ponen t is generally lim ited  to  th e  low
est (1 -2  km ) levels of th e  b oundary  layer (Delany 
e t al. 1973; W ells e t al. 1977), being  locally gener
a ted  by th e  b u rstin g  of bubbles a t  th e  sea surface 
(W oodcock 1953; B lanchard  and  W oodcock 1957). 
A  tra n s ie n t and  highly w ind speed-dependen t fresh 
sea sp ray  aerosol exists in th e  low est few m eters  of 
th e  a tm o sp h ere  ju s t  above th e  surface (cf. G a th - 
m an  1983; P ro d i et al. 1983). O p tica l p ro p er
ties  of th e  sa lt com ponent a re  generally  tak en  from  
Volz (1972), w hereas B arn h a rd t an d  S tree te  (1970), 
W ells e t al. (1977), S hettle  and  Fenn (1979), and  
G a th m an  (1983) have determ ined  p ro p e rtie s  for m a
rine aerosols.

6.2.4 Solar C o n s ta n t and  Solar U ltrav io le t 
V ariations

Energy from  th e  Sun drives b o th  th e  c lim ate  and  th e  
chem istry  of th e  atm osphere . U n d erstan d in g  th e  
p o ten tia l effects o f v aria tio n s in so lar irrad iance  are 
th u s  fu n d am en ta l to  de term in ing  p a s t an d  fu tu re  
conditions.

6.2.4.1 Solar C o n s ta n t V ariation

T here  is a  long (a lm ost 150 years) h isto ry  of m ea
su rem en ts of th e  solar flux using ground-based  in
s tru m e n ts  (e.g., Foukal 1980; Frolich 1981). A fter 
ad ju s tm en t for th e  presence of th e  a tm o sp h ere  and
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w ith in  th e  lim its  of th e  accuracy of these observa
tions (generally  n o t b e tte r  th a n  ~ 1 % ), no system 
a tic  tren d s  have been d etec ted  in th e  so lar irra d i
ance a t  th e  to p  of th e  a tm osphere  (see H oyt 1979)— 
hence, th e  te rm  so lar co n stan t. B alloon- and  rocket- 
borne py rhe liom eters  have also failed to  show con
clusively any tem p o ra l v aria tio n s in th e  so lar con
s ta n t ,  p a r tly  because th e  problem s assoc ia ted  w ith  
th e  variab le  s tra to sp h e ric  tran sm issiv ity  (e.g., K on
d ra ty ev  and  N ikolsky 1970) and  th e  noncon tinuous 
n a tu re  of th e  m easu rem en ts  (W illson et al. 1980). 
However, in recen t years considerable progress has 
been m ade in im prov ing  th e  so lar irrad ian ce  m ea
su rem en ts, first w ith  th e  N im bus - 6  and  -7 sa te llites  
(Hickey et al. 1980) an d  la te ly  by th e  Solar M axi
m um  M ission (SM M ). B oth  reveal th a t  to ta l  so lar 
irrad iance  is indeed a t  least sligh tly  variab le , th a t  
is, th e  so lar c o n s ta n t is n o t co n stan t.

T here are  several possible processes th a t  m ay 
co n trib u te  to  these v aria tio n s, b u t a  recen t review 
by Newkirk (1983) has in d ica ted  th a t  a b o u t 3 0 - 
40% of th e  observed variance rem ains unexplained  
by th e  m odels used to  in te rp re t th e  SM M  d a ta . It 
is believed th a t  su n sp o ts  do m in a te  th e  v aria tio n s 
on tim e scales of days to  weeks and  th a t  these  ir ra 
diance dips a re  only sligh tly  com pensated  by m ore 
in tense em issions from  faculae (see N ewkirk 1983). 
T he p resen t d a ta  do no t lead to  any defin ite con
clusions over longer tim e scales, for exam ple, over 
th e  1 1 - and  22-year so lar cycles (H udson 1983). Be
cause of its  s tro n g  coupling to  th e  so lar lum inosity , 
possible changes in th e  so lar rad ius can also induce 
changes in so lar irrad iance.

N orth  e t al. (1983) s im u la ted  th e  possible cli
m atic  effects of so lar co n s tan t v aria tio n s on tim e 
scales of 1  m o n th  an d  longer using a  seasonal tw o- 
d im ensional (la titu d e-lo n g itu d e) energy balance m o
del. T he m odel response to  th e  high-frequency forc
ing w as found to  be negligible (~ 0 .0 1 °C ), w hereas 
th e  solar c o n s tan t v a ria tio n  caused by th e  ~  1 1 -year 
cycle suggested  by H oyt an d  Eddy (1983) could 
induce a  te m p e ra tu re  change of ~ 0 .1 °C . N o rth  et 
al. (1983) have also  in v estig a ted  th e  effect of th e  
v aria tio n  o f th e  an n u a l forcing caused by th e  E a r th ’s 
eccentric o rb it a ro u n d  th e  Sun, w hich corresponds 
to  a  v a ria tio n  in am p litu d e  of th e  in so la tion  by 
~ 3 .4% . T he m odel ca lcu la ted  a  te m p e ra tu re  change 
of ~ 1 °C  in co n tin en ta l a reas , b u t only ~ 0 .2 °C  in 
m id-oceans. Besides in v estig a tin g  th e  eccen tric ity

effect. G age and  Reid (1981) and  Reid an d  G age
(1983) have also a tte m p te d  to  assoc ia te  t r o p i c a ^ ^  
tro p o p au se  heigh t v aria tio n s w ith  v aria tio n s  in t h ^ ^ B  
su n sp o t cycle, b u t th e  resu lts  w ere n o t conclusive.

M olnar (1981), S ch a tten  e t al. (1982), an d  P it-  
tock (1978, 1983) have in v estig a ted  an d  review ed 
several effects of so lar v ariab ility  on th e  tro p o 
sphere, b u t no significant effects w ere found. O th er 
possible tro p o sp h eric  influences, such as th o se  asso
cia ted  w ith  th e  so lar w ind, th e  ga lac tic  cosm ic ray  
flux m o d u la tio n s , an d  th e  d irec t so lar co rpuscu lar 
rad ia tio n , ap p e a r to  be sm all (cf. Eddy 1982) and  
are  th e  least likely can d id a tes  to  provide th e  link be
tw een so lar variab ility  and  te rre s tr ia l w ea th e r and  
clim ate  (cf. P itto c k  1983). H ow ever, fu r th e r w ork is 
necessary to  look in to  th e  connections betw een  so
la r ac tiv ity  and  tro p o sp h eric  elec tric ity  (cf. M olnar 
1981; P itto c k  1983).

6 .2.4.2 Solar U ltrav io le t V ariation

T he so lar u ltrav io le t (UV ) flux, a lth o u g h  acco u n t
ing for less th a n  1 % of th e  to ta l  so lar irrad ian ce , ex
h ib its  ra th e r  large fluctua tions. Solar cycle-re la ted  
v aria tio n s a re  m uch sm aller, b u t s till app reciab le , in 
th e  UV co n tin u u m  (170-340 nm ); th e  flux in  th is  re
gion has a  very s tro n g  influence on th e  s tra to sp h e ric  
O 3  co n ten t.

V aria tions of th e  UV so lar flux over b o th  th e  
11-year su n sp o t cycle and  th e  27-day period  of so lar 
ro ta tio n  a re  well recognized, p a rticu la rly  in th e  Ly
m an  Q region and  a t  w aveleng ths sh o rte r th a n  1 0 0  

nm  (B rasseu r and  Sim on 1981; Lean an d  Skum anich  
1983). R esu lts of several stud ies have in d ica ted  th a t  
v a ria tio n s  in th e  UV so lar flux occur a t  w aveleng ths 
from  150-300 nm  over th e  11-year cycle (H eath  and  
T hekaekara  1977; W M O  1981; Lean 1983). P rio r 
observationa l stud ies (W ille tt 1962; H ines 1974; An- 
gell an d  K orshover 1976, 1978; Q uiroz 1979; Nas- 
tro m  an d  B elm ont 1978) have suggested  th a t  so
la r a c tiv ity  m ay affect s tra to sp h eric  ozone, tem p er
a tu re , an d  c ircu la tion . However, o th e r s tu d ies  have 
questioned  th e  valid ity  of som e of these  d a ta  an d  th e  
re su lta n t conclusions (London an d  H au rw itz  1963; 
P itto ck  1978; London an d  R eber 1979).

R ecen t m odeling stud ies have in d ica ted  th a t  
changes in th e  UV flux a t  w aveleng ths g re a te r  th a n  
180 nm  could affect s tra to sp h e ric  te m p e ra tu re s  and  
the  d is tr ib u tio n  of s tra to sp h e ric  ozone an d  o th e r
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m inor co n stitu en ts  (C allis and  Nealy 1978; P enner 
and  C hang  1978, 1980; B rasseur and  Sim on 1981; 

iN a ta ra ja n  e t al. 1981; W uebbles 1983b; G arc ia  et 
al. 1984). U n fo rtu n ate ly , cu rren tly  ava ilab le  m ea
su rem en ts a re  to o  lim ited  to  accura te ly  deduce th e  
s tren g th  of th e  so lar cycle varia tions a t  these w ave
lengths.

For th e  so lar flux v ariab ility  a t  w aveleng ths rel
evan t to  th e  s tra to p a u se  an d  below , th e  analyses of 
Lean e t al. (1982) an d  Lean (1983), using a  three- 
com ponen t m odel of em ission regions on th e  so lar 
disk, derived changes in so lar flux for w aveleng ths 
from  145-200 nm  (Lean e t al. 1982) and  200-300  nm  
(Lean 1983) over several so lar cycles. A ccording to  
th e  m odel of Lean (1983), th e  so lar UV irrad ian ce  
increased from  th e  m in im um  to  th e  m ax im um  of so
la r cycle 21 (m in im um , ap p ro x im a te ly  1975; m ax i
m um , end of 1979) by 25% a t  200 nm , by 10% a t 
w avelengths from  210-250 nm , and  by 2% a t  300 
nm . T his change is appreciab ly  less th a n  th e  vari
ab ility  suggested  by H eath  and  T hekaekara  (1977), 
b u t ap p ears  to  be co n sis ten t w ith  m ore recen t d a ta  
(B rasseur and  Sim on 1981).

A tm ospheric  m odeling stud ies, assum ing  sim ilar 
so lar flux v aria tio n s to  those ind icated  by Lean et 
a l. (1982) and  Lean (1983), derive increases in up 
p er s tra to sp h e ric  te m p e ra tu re  of 2-5° C, increases in 
u p p er s tra to sp h e ric  ozone of 5-10% , and  increeises 
in to ta l  ozone of 3 -4%  from  so lar m in im um  to  so
la r m ax im um  (B rasseu r an d  Sim on 1981; W uebbles 
1983b; G arc ia  e t al. 1984). G arc ia  e t al. (1984) 
suggest th a t  NO^ produced  in th e  therm o sp h ere  
by au ro ra l p a rtic le  p rec ip ita tio n  is tra n sp o r te d  to  
th e  s tra to sp h ere . T hey ca lcu la ted  a  significant de
crease (~ 40% ) in ozone co n cen tra tio n  in th e  p o lar 
w in ter u p p er s tra to sp h e re  from  so lar m in im um  to  
so lar m ax im um  because of th is  effect. G a rc ia  et 
al. (1984) also have derived a  sm all effect on s tra to 
spheric zonal w inds of 2 -3  m  s ”  ̂ over th e  so lar cycle. 
All of th e  th eo re tica l s tud ies suggest th a t  insignif
ican t solar cycle effects w ould be expected  in th e  
troposphere .

If th e  ac tu a l so lar cycle effect in th e  s tra to sp h e re  
is indeed as large as th a t  ca lcu la ted , it  could m ake 
d e tec tio n  of tren d s  in s tra to sp h e ric  ozone an d  tem 
p e ra tu re  caused by an th ro p o g en ic  influences m ore 
difficult to  in te rp re t.

6.2.5 W aste H eat

W henever energy is gen era ted  and  used, th e  resu l
ta n t  energy is tu rn ed  in to  h ea t. T h is  released h ea t 
is called waste heat because it can n o t be recap tu red  
and  p u t in to  a  usab le form . As po in ted  o u t by 
m any researchers, includ ing  th e  review by B ach et 
al. (1983), th is  h ea t can  be sizable for local regions. 
For exam ple, energy fluxes (or pow er densities) for 
regions such as C in c in n a ti, W est B erlin , an d  Los 
Angeles a re  26.2, 21.3, and  21.0 W m “ ^, respec
tively. An im p o rta n t question  is how th is  energy 
flux com pares w ith  n a tu ra l  am o u n ts  of energy in
p u t in to  th e  su rface-atm osphere  system .

F igu re  6 . 1  show s a  sum m ary  (from  B ach et 
al. 1983) of p resen t an d  fu tu re  energy fluxes from  
m any d ifferent sources as a  function  of th e  pow er 
density  and  th e  scale of in p u t. Also show n is the  
n e t rad ia tio n  a t  th e  surface. T h is  com parison  is 
q u ite  re levant because m ost of th e  w aste  h ea t en
te rs  th e  clim ate  system  near th e  surface. T h e  m ain  
p o in t to  be m ade from  th is  com posite figure is th a t  
m ost of th e  h ighest energy fluxes a re  p u t in to  very 
sm all scales, for exam ple , single cooling tow ers or 
pow er p lan ts . If m any m ore nuclear pow er p lan ts  
were to  be b u ilt, th en  we could expect th a t  they  
w ould have very large energy fluxes assoc ia ted  w ith  
th em  th a t  could have sizable effects on th e  sm all to  
m esoscale ( 1 0 ^ - 1 0 * m^) clim ate.

C ities and  m e tro p o litan  regions have energy 
fluxes of a  few to  800 W m “  ̂ over h o rizon ta l a r
eas of 10® to  10^^ m^. P o te n tia l c lim atic  effects 
on these scales will be discussed in a  la te r  section. 
On th e  larger synop tic  and  global scales, th e  en
ergy fluxes are  m uch sm aller, on th e  order o f 0.07 
to  a  few W m “ ^. R egions such as G erm any, J a p a n , 
p a r t  of th e  U nited  S ta te s , Ita ly , F rance, an d  th e  
cen tra l U .S .S .R ., for exam ple, have energy fluxes in 
th is  range. N ote also  th a t  B ach e t al. (1983) show 
co n tin en ta l values (e s tim a ted  for b o th  th e  p resen t 
and  th e  year 2050) o f app rox im ate ly  0 .02-0 .03  W 
m “ ^. Likewise th e ir  global values range from  0.015 
W m “  ̂ for th e  p resen t to  0 . 6  W m “  ̂ for th e  year 
2050. T hese values a re  q u ite  sm all com pared  w ith  
th e  net rad ia tiv e  balance a t  th e  E a r th ’s surface. Al
th o u g h  co n tin en ta l an d  global effects are  likely to  
be sm all, th e  m esoscale to  synop tic  in p u ts  o f w aste  
h ea t over in d u stria lized  regions can  be a  significant 
frac tio n  of th e  n e t ra d ia tio n  budget a t  th e  surface.
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F ig u r e  6 .1 . Pow er densities for some of so c ie ty ’s activ ities circa 1970 an d  for some coun tries now and  in th e  fu tu re . Source: B ach et 
al. (1983).

T herefore, so c ie ty ’s ac tiv ities  could be changing th e  
clim ate  in these regions by th e  ad d itio n  of w aste  
h ea t.

6.2.6 Surface A lbedo

C harney  (1975) suggested  th a t  th e  creation  of re
gional d ro u g h ts  and  deserts , in p a r t,  m ay be caused 
by feedbacks betw een biological and  physical (i.e., 
biogeophysical) processes. T he hypo thesis  is th a t  
th e re  could be a  change in th e  surface a lbedo  th a t  
w ould p e rp e tu a te  th e  desert-fo rm ing  process be
cause o f overgrazing an d  th e  d en u d a tio n  of surface 
v ege ta tion . T here  have been several stud ies of th e  
effects o f unfenced an d  uncon tro lled  grazing ad ja 
cen t to  fenced an d  con tro lled  grazing. T he evidence 
ind ica tes th a t  th e  a lbedo  changes are  d ra m a tic  and  
could have significant effects over space scales m uch 
larger th a n  th e  a rea  of th e  a lbedo  m odification.

6 .2.7 V egetation  Effects

As has been po in ted  o u t by m any  researchers, the  
surface of th e  E a r th  has been undergoing m any 
changes caused by civ ilization . I t has been sug
gested  th a t  th e  clearing of forests over large con ti
n en ta l regions m ay reduce ra in fa ll in those regions. 
S huk la and  M in tz (1982) an d  M in tz (1984) give an  
accoun t of som e h isto rical suggestions of th is  effect. 
T hey  quo te  from  a  b iography  of C h ris to p h er C olum 
bus by his son, who no ted  changes in th e  C anary , 
M adeira , and  A zore Islands as a  resu lt of defo resta
tion . A p p aren tly  before defo resta tio n  of these is
lands, th e re  w as m uch m ore ra in  and  m ist.

S huk la an d  M in tz (1982) p o in t o u t th a t  ob
served d a ta  suggest th a t  th e  m easured  river w ater 
d ra in ag e  is a b o u t one-th ird  of th e  m easured  precipi
ta tio n . T his w ould suggest th a t  ev ap o tran sp ira tio n  
is a b o u t tw o -th ird s  of th e  p rec ip ita tio n . F u rth e r
m ore, du rin g  th e  sum m er season th e  ev ap o tran sp i
ra tio n  can  exceed th e  p rec ip ita tio n  because of stored  
m o istu re  from  th e  earlier m on ths. T h is  effect m ay
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have an  im p ac t on regional c lim ate , especially in 
ligh t of tren d s  of defo resta tion . T he in te rac tio n s  be
tw een surface a lbedo  and  veg e ta tio n  preclude t r e a t 
m en t of th em  as sep a ra te  q u an titie s .

6.3 P H Y SIC A L  A N D  C H E M IC A L  
P R O C E S S E S

Increases of th e  a tm o sp h eric  co n stitu en ts  such as 
trace  gases and  aerosols m ay have th e  following 
th ree  effects on th e  physical processes of th e  cli
m a te  system . F irs t is a  d irec t rad ia tiv e  effect. Trace 
gases have in fra red  ab so rp tio n  bands and  could con
tr ib u te  to  th e  greenhouse effect w hile aerosols in te r
ac t w ith  b o th  th e  so lar and  th e rm a l rad ia tio n  and  
could a lte r  b o th  th e  so lar a lbedo  and  th e  green
house effect. T he second effect, caused by clim ate- 
chem istry  in te rac tio n s , arises because these a tm o 
spheric co n s titu en ts  play an  im p o rta n t role in a tm o 
spheric chem istry . For exam ple , increases in trace  
gas co n cen tra tio n s m igh t p e r tu rb  th e  d is trib u tio n  
and  colum n am o u n t of a tm o sp h eric  Os th a t  could, 
in tu rn , affect th e  clim ate; som e of th e  gases such as 
SO 2 , C O S, CS 2 , an d  NO m ay undergo  a tm ospheric  
chem ical reac tions an d  form  p artic les  co n ta in in g  ni
t r a te  and  su lfa te  aerosols, w hich m ay affect c lim ate 
by chang ing  th e  ra d ia tiv e  p ro p e rtie s  of th e  a tm o 
sphere. T h ird  is th e  dynam ica l feedback effect— 
clim ate  change induced by th e  previous effects m ay 
provide som e ad d itio n a l feedback effects associa ted  
w ith  changes of a tm ospheric  dynam ics. For exam 
ple, th e  a tm o sp h eric  co n s titu en t abundances m ay 
be a lte red  because of changes in th e  w inds caused 
by c lim ate  changes. O n th e  o th e r hand , changes of 
th e  so lar c o n s tan t, surface a lbedo , and  vegeta tion  
and  increases of w aste  h ea t affect d irec tly  th e  energy 
balance an d  th u s  could lead to  clim ate  changes.

We discuss th e  various asp ec ts  in th is  section. 
Included in th is  discussion are  various m odel sensi
t iv ity  s tud ies of possible c lim ate  p e r tu rb a tio n s .

6.3.1 T race G ases

S tudy  of th e  clim atic  effects of trace  gases requires 
a  com plete  tre a tm e n t of th e  physical processes of 
chem istry , dynam ics, and  rad ia tio n  and  of th e ir 
in te rac tio n s , an d  is therefo re  m ore com plex th an

th e  C O 2  clim ate problem . C om prehensive three- 
d im ensional m odels th a t  can include p roper t r e a t
m en t of these coupled processes a re  in an  early  s tage 
of developm ent. T herefore, w hereas th e  clim atic  
effects of C O 2  have been in v estig a ted  w ith  a  va
rie ty  of one- to  th ree-d im ensional c lim ate  m odels, 
p resen t knowledge a b o u t th e  clim atic  effects of trace  
gases is gathered  m ainly th ro u g h  th e  use of one
d im ensional m odels. T w o-dim ensional m odels have 
only recently  been used to  in v estig a te  th e  problem  
(cf. W ang and  M olnar 1985).

6 .3 . 1 . 1  D irect R ad ia tiv e  Effect

T he rad ia tio n  b udget and  th e  th e rm a l s tru c tu re  of 
th e  atm osphere  are influenced by th e  presence of 
trace  gases. The m ain rad ia tiv e  effect of the  gases 
is m odu lation  of th e  so lar rad ia tio n  and  th erm a l 
em ission. The principal gaseous abso rbers of solar 
rad ia tio n  are w a te r vapor in th e  troposphere  and  
Os in the  s tra to sp h ere . W ate r vapor absorbs p ri
m arily  in th e  near-in frared  sp ec tra l region, w hereas 
Os is m ost effective in th e  UV and  visible regions. 
B ecause of the  significant influence of a tm ospheric  
chem ical processes on O s, a  m ore th o ro u g h  discus
sion of th e  clim atic influence of Os is given in th e  
follow ing section.

In th e  in frared , H 2 O effectively blocks th e rm a l 
em ission from  th e  surface except for th e  w indow  re
gion betw een 7 and  12 f im  (800-1400 cm ~^) w here 
O s, C O 2 , and  several trace  gases (no tab ly  N 2 O, 
CH4, and C lCs w ith  s tro n g  ab so rp tio n  bands) con
tr ib u te  ad d itio n a l a tm ospheric  opac ity  (F igure 6.2; 
see W ang e t al. 1976). A bso rp tion  of ou tgoing  th e r
m al rad ia tio n  in th e  a tm osphere , followed by re ra 
d ia tio n  a t  th e  local te m p e ra tu re , can lead to  an  
increase of th e  surface te m p e ra tu re , th e  so-called 
greenhouse effect. In fac t, these trace  gaaes, to 
g e th er w ith  clouds, are m ainly  responsible for th e  
globally averaged te m p e ra tu re  of th e  E a r th  being 
288 K , som e 35 K w arm er th a n  th e  ca lcu la ted  tem 
p e ra tu re  for th e  p lan e t w ith  its  ex isting  albedo. 
C onsequently , a  change o f trace  gas concen tra tions 
in th e  a tm osphere  can affect th e  global c lim ate , ais 
d em o n stra ted  in th e  clim ate  m odel sensitiv ity  s tu d 
ies discussed below.

O ne-dim ensional m odel sensitiv ity  ca lcu lations 
are  in good agreem ent on th e  surface tem p era tu re  
increase due to  d irec t rad ia tiv e  effects associa ted
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w ith  increases of trace  gas concen tra tions. Table 6.2 
p resen ts  a  b rie f sum m ary  of these m odel resu lts, and  
d e ta ils  can be found in th e  cited  references. N ote 
th a t  th e  su rface-w arm ing  effect of ind iv idual trace  
gases could be sm all, b u t the  to ta l  com bined effect 
m ay be su b s ta n tia l. M ore discussion of th e  to ta l ef
fect and  com parison  w ith  th e  C 0 2 -induced w arm ing 
will be given in Section 6.4.

W ang and  M olnar (1985) have used a  coupled 
high and  low la titu d e  rad ia tiv e -d y n am ica l m odel to  
stu d y  th e  effect of surface te m p e ra tu re  resu lting  
from  increases of a tm ospheric  N 2 O, CH4, C FC ls 
and  C F 2 CI2 . C om parisons of th e  clim ate  change 
ca lcu la tions am ong  th e  one-dim ensional rad ia tive- 
convective m odel an d  th e  tw o-d im ensional m odel 
ind icate  th a t  th e  one-dim ensional m odel w ith  the  
com m only used 6.5°C  k m “  ̂ lapse ra te  for convec
tive a d ju s tm en t ten d s to  ca lcu la te  a  m uch larger 
surface w arm ing  effect th a n  th e  tw o-dim ensional 
m odel. O n th e  o th e r h an d , th e  rad ia tive-convective  
m odel based on th e  use of a  m o is t-ad iab a tic  lapse 
ra te , a lth o u g h  n o t s im u la tin g  p resen t tem p era tu re  
and  h um id ity  d is trib u tio n s  realistica lly , ca lcu lates 
th e  surface w arm ing  induced by tra c e  gases in close 
agreem ent w ith  th e  tw o-d im ensional m odel. T he 
tw o-d im ensional m odel resu lts  also suggest th a t  th e  
com bined effect on surface te m p e ra tu re  of increases 
of these gases is com parab le  to  th a t  due to  th e  C O 2  

increase.
D ickinson e t al. (1978) have in v estig a ted  th e  ef

fects of increased  ch lorofluorom ethanes on regional, 
zonal, and  g lobal c lim ate . A version of th e  N a
tio n a l C en te r for A tm ospheric  R esearch (N C A R ) 
G eneral C ircu la tio n  M odel (G C M ) w ith  5° la titu d e - 
long itude h o rizo n ta l grid  and  1 2  vertica l layers w as 
used. T h is m odel ad o p ted  realistic  co n tin en ta l o u t
lines, specified (observed) ocean tem p e ra tu re s , used 
sm oothed  o rog raphy  and  surface albedoes derived 
em pirically  from  sa te llite  observations. T he effect of 
a  20 ppb  CIC co n cen tra tio n  w as included  by a  sup
p lem en tary  h ea tin g  te rm  and  an  ad d itio n a l dow n
w ard  flux of in frared  energy a t  th e  surface. T his ad 
d itio n a l h ea tin g  ac ted  like o th er tra c e  gases in con
tr ib u tin g  to  th e  greenhouse effect. T here  w as a  net 
rad ia tiv e  cooling in th e  lower tro p o sp h ere  and  h ea t
ing of th e  u p p er tro p o sp h ere  in th e  m odel. W hen 
changes in surface te m p e ra tu re  w ere neglected , a
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F ig u r e  6 .2 . T ransm ission of th erm al rad ia tio n  by atm ospheric 
gases for p resen t-d ay  abundances. Source: W ang e t al. (1976).

net cooling near th e  surface and  w arm ing  in  th e  up
per tro p o sp h ere  occurred. In a  m ore realistic  sim u
la tio n , w arm ing  of the  ocean and  land  tem p era tu res  
w ould be expected  because of th e  increased dow n
w ard  in frared  rad ia tio n ; th is  w ould offset th e  lower 
tro p o sp h eric  cooling ra tes .

To es tim a te  th is  la t te r  effect, D ickinson and  
C hervin  (1979) increased th e  ocean surface tem p er
a tu re  in a  sep a ra te  m odel experim ent. T hey did not 
com pu te  explicitly  th e  ocean surface tem p e ra tu re  
response b u t e s tim ated  it by using resu lts  from  ( 1 ) 
R a m a n a th a n ’s (1975) energy balance clim ate  m odel 
w ith  10 p pb  C lC s, (2) th e  G C M  stud ies of M an- 
abe and  W etherald  (1975) for a  doubled C O 2  con
ce n tra tio n , an d  (3) W etherald  an d  M an ab e  (1975)

206 Projecting the Climatic Effects o f Increasing Carbon Dioxide



T a b le  6.2
Sensitiv ity  S tud ies in C hem ical and C lim ate M odels of P o te n tia l Trace Gas Influences on Surface T em pera tu re  and  T o ta l Osone 

C olum n

C hem ical S ensitiv ity  S tudy
C hange in Surface 
T em pera tu re  (°C )

C hange in T otal 
Ozone (percen t)

C O 2 330 —» 660 ppm +  1.5 to  + 4 .5 “ + 3.1‘
OH* 1.7 —* 3.4 ppm +0.2 to  + 0 .4 “ +  2.1 to  + 3 .3 ‘
C FC ls
C F 2 CI2

C o n stan t em issions 
a t  1977 ra tes:

0 1.0 ppb , C FC ls; 
0  2.7 ppb , C F 2 CI2

+ 0 .5 “' - 3 .3  to  - 5 .5 '

C o n stan t em issions 
a t  double 1983 ra tes:

0  — 1 . 8  ppb , C FC ls;
0 —* 5.0 p pb , C F 2 CI2 ;
0  1.5 ppb , C H sC C ls

+ 1 .0 '' - 1 5 .7‘

N 2 O 0.3 —* 0.6 ppm +0 .3  to  +0.4^ - 8 .7  to  - 1 0 .7 ‘
O 3 2 X  tropospheric  

d is trib u tio n
0 . 9 9

H 2 O S tra to sp h ere  
3 —* 6  ppm

O.O**

N E C  (1983).
W uebbles (1983b); W uebbles (unpublished  resu lts , 1984).
W ang et al. (1976); D onner and  R a m a n a th a n  (1980); Lacis et al. (1981).
E stim ated  based on W M O (1982); for deta iled  discussion of ind iv idual ClCs, see W M O (1982). 
N EC  (1984).
W ang et al. (1976); D onner and  R am an a th an  (1980).
F ishm an et al. (1980); H am eed e t al. (1980).
W ang et al. (1976).

re su lts  for a  2%  so lar co n s tan t varia tio n . In stead  
of d irec tly  co m p u tin g  th e  ocean te m p e ra tu re , D ick
inson and  C herv in  e s tim ated  th a t  th e  ocean tem 
p e ra tu re  change w ould be 2.0°C  in th e  tro p ics, in
creasing up  to  4°C  a t  60°N an d  60°S. T his should 
be viewed as a  p re lim inary  experim en t to  th e  one 
in w hich th e  ocean te m p e ra tu re  is explicitly  com 
p u ted . T he co n tin en ta l surface tem p e ra tu re s  were 
com pu ted , how ever. T hey found th a t  th ere  were 
large, s ta tis tic a lly  significant changes in th e  N o rth 
ern  H em isphere w in te r p lan e ta ry  w aves. R esu lts of 
th e ir experim en ts s trong ly  suggest th a t  m any of the  
regional changes in large-scale p lan e ta ry  p a tte rn s  
m ay be sensitive to  th e  ocean te m p e ra tu re  p a tte rn s  
im posed as b o u n d ary  conditions. T hey cau tioned  
ab o u t m aking  any defin itive s ta te m e n ts  ab o u t the  
p o ten tia l c lim atic  im p act of increased C lC s from  
these ex p erim en ts u n til physically  reasonab le  cou
pled ocean -a tm ospheric  m odels could be used.

6.3.1.2 C lim ate -C h em istry  In te rac tio n s

M uch of th e  concern a b o u t im p acts  of chem ical p ro 
cesses on th e  global a tm o sp h ere  has been d irec ted

to  possible changes in th e  Os d is trib u tio n  of th e  tro 
posphere and  s tra to sp h e re  and  its  subsequen t effect 
on biologically im p o rta n t UV flux and  on clim ate. 
T here are also a  nu m b er of o th e r w ays (see W ang 
et al. 1980; W ang and  Sze 1980; C allis e t al. 1983; 
Ow ens et al. 1985; and  o thers) in w hich a tm ospheric  
chem ical processes can influence c lim ate , p a r tic u 
larly  th ro u g h  in te rac tio n s w ith  species th a t  affect 
the  tem p era tu re  d is trib u tio n .

T he chem istry  of the  g lobal troposphere  is com 
plex, w ith  b o th  hom ogeneous and  heterogeneous 
processes p laying im p o rta n t roles. T he hom oge
neous chem istry  is governed by coupling am ong 
carbon-, n itrogen-, hydrogen-, and  oxygen-con tain 
ing species. G lobal tropospheric  chem istry  is gen
erally  considered to  have m ore u n ce rta in tie s  an d  to  
be m ore com plex th a n  th e  chem istry  of th e  s tra to 
sphere because of th e  presence of higher hy d ro car
bons, long pho tochem ical re laxation  tim es, h igher 
to ta l a tm ospheric  pressure, and  a  higher w a te r va
p o r m ixing ra tio  (NA SA  P anel for D a ta  E valua
tio n  1983). T he hydroxyl rad ical (OH) is probably  
th e  single m ost im p o rta n t trace  gas in tropospheric  
chem istry  because of its  im p o rtan ce  as a  reactive  
sink for CH4, C O , CHjCI and  m any hydrocarbons. 
Hydrogen oxide (HO* =  O H -b H O 2 ) chem istry  also
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ap p ears  to  be th e  p rim ary  chem ical sink for Os in 
th e  troposphere .

Several m echanism s for in te rac tiv e  tropospheric  
chem ical-clim atic  effects a re  now recognized. For 
exam ple, an  increase in th e  am o u n t of w a te r va
p o r as a  resu lt of a  w arm er clim ate  should resu lt 
in an  increase in th e  O H co n cen tra tio n , w hich can 
affect C H 4  an d  Os co n cen tra tio n s . T here  is a  close 
re la tio n sh ip  am ong OH, C H 4 , and  CO  concen tra
tions (a m ajo r source of CO  is C H 4  ox idation  and  
C O  is a  m ajo r chem ical sink for O H ); therefo re , an  
increase of any  one of these species has significant 
effects on th e  o th ers  and  on o th e r im p o rta n t trace  
gases (Levy 1971, 1972; Wofsy e t al. 1972; Wofsy 
1976; Sze 1977; C ham eides e t al. 1977; Cess 1982). 
H am eed and  Cess (1983) discuss how increased C H 4  

levels m ay re su lt from  biogenic sources in an  a tm o 
sphere w ith  a  w arm er c lim ate  and  w ith  an  increased 
C O 2  co n cen tra tio n . In ad d itio n , changes in tem 
p era tu re , the  am o u n t of clouds, and  th e  am o u n t of 
ra infall will affect th e  chem ical kinetics ra tes , which 
a re  im p o rta n t to  tro p o sp h eric  chem ical processes.

C arb o n  dioxide and  m ost of th e  o th er rad ia- 
tively  ac tive  trace  gases (e.g., C lC s) th a t  can have 
an  im p act on c lim ate  are n o t chem ically reactive 
in th e  tro p o sp h ere , w here th ey  have th e ir largest 
c lim atic  im p act. How ever, Os is m uch m ore com 
p licated . N ot only is O 3  chem ically reactive , b u t 
changes in b o th  tro p o sp h eric  and  s tra to sp h eric  Os 
can  affect c lim ate . T h e  discussion below is devoted 
to  giving an  overview  of w h a t is known ab o u t Os 
c lim ate-chem istry  in te rac tio n s.

Ozone is p roduced  p rim arily  in th e  m iddle and  
u p p er s tra to sp h e re  as a  resu lt of photo lysis of m olec
u la r oxygen (O 2 ) by so lar ra d ia tio n  of w avelengths 
less th a n  242 nm . T he re su lta n t oxygen a to m s re
ac t rap id ly  w ith  O 2  to  produce Os. T he d estru c
tion  of Os com es a b o u t p rim arily  th ro u g h  th e  c a t
a ly tic  effects o f various free rad ical species, includ
ing n itrogen  oxides, chlorine oxides, and  hydrogen 
oxides. T he sp a tia l d is tr ib u tio n  of s tra to sp h eric  Os 
is strong ly  influenced by s tra to sp h e ric  c ircu lation  
processes, w hich are  affected by tropospheric  dy
nam ics. T ropospheric  Os is derived in p a r t  from  
th e  tra n s p o r t  of Os from  th e  s tra to sp h ere , and  in 
p a r t  from  in s itu  pho tochem ica l p rod u c tio n  involv
ing n itrogen  oxides.

O zone is of m ajo r im p o rtan ce  in m ain ta in in g  
th e  th e rm a l s tru c tu re  in th e  s tra to sp h e re  th ro u g h

its  abso rp tion  of solar rad ia tio n  in th e  UV by the  
H artley  (200-290 nm ) and  Huggins (290-340 nm ) 
b an d s and  in th e  visible by th e  C happuis (500-700 
nm ) band . T he H artley  band  provides th e  m ajor 
h ea tin g  a t  a ltitu d es  above ~ 4 5  km . Below ~ 3 0  km , 
ab so rp tio n  by th e  C happu is ban d  dom inates th e  
hea ting . In fact, it  is believed th a t  s tra to sp h eric  
Os is largely responsible for th e  existence of the  
tro p o p au se , a  nearly  iso therm al region sep a ra tin g  
th e  rad ia tive ly  eq u ilib ra ted  s tra to sp h e re  from  th e  
m ore dynam ically  con tro lled  troposphere . For a 
m o d era te  change in th e  colum n in teg ra l of O s, the  
changes in UV flux a t  th e  surface a re  confined to  
th e  sp ec tra l region near 290 to  340 nm .

In th e  in frared . Os has a  nu m b er of v ib ra tion - 
ro ta tio n  ab so rp tio n  b ands th a t  ten d  to  cool th e  m id
dle and  u pper s tra to sp h e re  and  provide a  green
house effect for th e  low er s tra to sp h e re  and  th e  tro 
posphere. In p a r tic u la r , th e  narrow  9.57-/zm (1045 
cm “ ^) ab so rp tio n  ban d  is th e  m ost effective because 
it lies inside th e  a tm ospheric  w indow  w here H 2 O is 
a lm ost tra n sp a re n t. F u rth erm o re , th e  P lanck  func
tion  a t  th e  surface te m p e ra tu re  also peaks in  th is  
sp ec tra l region (near 10 //m ). Hence, Os can ab
sorb  a  large q u an tity  of h ea t em itted  from  th e  su r
face; sim ultaneously , it rad ia te s  h ea t dow nw ard to  
th e  troposphere  and  surface and  upw ard  in to  space. 
R am an a th a n  and  D ickinson (1979) stud ied  th e  role 
of seasonally  and  la titu d in a lly  varying Os in the  
troposphere-surface energy balance and  found th a t  
on an  an n u a l and  global basis. Os co n trib u tes  ab o u t 
2 0 % of th e  to ta l  th e rm a l dow nw ard flux from  the  
s tra to sp h e re  to  th e  tro p o sp h ere . T hus, i t  is qu ite  
clear th a t  Os p lays a  key role in th e  a tm ospheric  
h ea t balance.

R esults of stud ies based on th e  one-dim ensional 
m odels ind ica te  th a t  th e  com puted  tem p era tu re  
profile is sensitive to  b o th  th e  vertical d is trib u tio n  
and  th e  colum n am o u n t of Os (M anabe and  W ether
a ld  1967; Reck 1975; R a m a n a th a n  e t al. 1976; R a
m a n a th a n  1980; W ang e t al. 1980). T he resu lts  sug
gest th a t  the  larger th e  to ta l  Os colum n or th e  lower 
th e  heigh t of th e  m ax im um  Os co n cen tra tio n , th e  
w arm er th e  tem p era tu res  o f th e  troposphere  and  
th e  surface.

W ang e t al. (1980) in v estig a ted  fu rth e r th e  sep>- 
a ra te  solar and  th e rm a l effects o f a tm ospheric  Os
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in d e term in in g  th e  surface tem p e ra tu re  for a  ty p i
cal m id la titu d e  a tm o sp h ere . To do th is , th e  O 3  ra 
d ia tiv e  co n trib u tio n s  to  th e  th e rm a l cooling and  so
la r h ea tin g  w ere excluded in com puting  th e  th erm a l 
s tru c tu re . E xclusion of the  s tro n g  th erm a l green
house effect causes th e  surface te m p e ra tu re  to  de
crease by 2.6°C , w hereas om ission o f th e  so lar ef
fect w arm s th e  surface by only 0.2°C . T he resu lts  
ind ica te  th a t  th e  th e rm a l effect of Os is fa r m ore 
im p o rta n t th a n  th e  so lar effect in influencing the  
tropospheric  and  surface tem p era tu res .

T hese sim ple m odel resu lts  suggest th a t  Os has 
an  im p o rta n t influence on th e  cu rren t c lim ate . C er
tain ly , a  p e r tu rb a tio n  of th e  Os am o u n t in th e  a t 
m osphere will p e r tu rb  th e  th erm a l s tru c tu re  and  
h ea t balance o f th e  su rface-atm osphere  system  and 
eventually  could have d irec t and  ind irec t c lim atic 
effects.

D irect c lim atic  effects m ay follow from  th e  fact 
th a t  a  change in Os m ay change th e  w ay it  m od
u la tes th e  so lar and  th e rm a l rad ia tio n . For exam 
ple, a  reduction  of s tra to sp h e ric  Os m ay lower th e  
s tra to sp h eric  te m p e ra tu re , b u t w ould produce th e  
following com peting  effects on th e  tem p era tu res  of 
th e  tro p o sp h ere  an d  surface. F irs t, m ore solar UV 
and  visible ra d ia tio n  could reach  th e  troposphere  
and  th e  surface, th u s  causing a  w arm ing  effect. Sec
ond, th e  s tre n g th  of th e  greenhouse effect w ould be 
reduced w hich, in tu rn , w ould induce a  cooling ef
fect. C onsequently , th e  effects on th e  troposphere  
u ltim ate ly  depend  on th e  difference betw een  th e  tw o 
opposing effects.

S tudies based  on one-dim ensional rad ia tiv e -co n 
vective m odels show a  cooling of a  few te n th s  of a 
degree C elsius if th e  s tra to sp h e ric  Os co n cen tra tio n  
is uniform ly reduced  by 20-30%  (Reck 1975; W ang 
et al. 1976; R a m a n a th a n  et al. 1976). A m ore de
ta iled  s tu d y  by R a m a n a th a n  an d  D ickinson (1979), 
who considered th e  la titu d in a l an d  seasonal v aria
tion  of O s, confirm s th e  cooling effect, a lth o u g h  th e  
effect is found to  be sm aller because th e  p e r tu rb a 
tions in so lar an d  th e rm a l fluxes in to  th e  surface- 
troposphere  system  nearly  cancel. In ad d itio n , they  
have in d ica ted  th a t  th e  tropospheric  c lim ate  m ay 
be as sensitive to  a  re la tive ly  sm all v e rtica l red is tri
bu tion  o f Os as it is to  a  large uniform  reduction  of 
s tra to sp h eric  O s.

F ish m an  e t al. (1980) have stu d ied  th e  effect 
of a  tro p o sp h eric  O 3  p e r tu rb a tio n  on c lim ate . By

vary ing  th e  tropospheric  Os am o u n t, they  exam 
ined the  change in the  net rad ia tiv e  energy in p u t to  
th e  su rface-troposphere system  an d  e s tim ated  th a t  
halv ing  th e  tropospheric  Os co n cen tra tio n  m ay cool 
th e  surface by 0.5°C  and  doubling m ay w arm  it by 
0.9°C.

A sensitiv ity  stu d y  has been perform ed by W ang 
et al. (1980) (F igure 6.3) to  exam ine th e  surface 
te m p e ra tu re  sensitiv ity  as a  function  of Os per
tu rb a tio n s  a t  various a ltitu d es  for a  m id la titu d e  
and  a  trop ica l a tm osphere . On a  per m olecule b a 
sis, Os changes in th e  lower s tra to sp h e re  and  up
per tro p o sp h ere  are m ore effective th a n  changes in 
o th er regions of th e  atm osphere  in causing a  surface 
te m p e ra tu re  change. F u rth erm o re , th e  resu lts  sug
gest th a t  th e  m agn itude  of th e  surface tem p e ra tu re  
change also depends on th e  la titu d e  region, w ith  
larger changes found in th e  trop ics. T h e  fac t th a t  
th e  tro p ics  have a  sm aller Os colum n and  higher 
surface tem p e ra tu re  co n trib u tes  to  th e  larger su r
face te m p e ra tu re  sensitiv ity . T hese resu lts  fu rth e r 
d em o n stra te  th a t  a  p e r tu rb a tio n  to  th e  Os profile 
itse lf m ay affect the  clim ate even if th e  to ta l  colum n 
am o u n t rem ains re la tively  unchanged , and  th a t  in 
v estig a tio n  of th e  clim atic  effects of an  Os p e r tu rb a 
tio n  require  consideration  of la titu d in a l effects (tw o- 
or th ree-d im ensional m odels).

M any of th e  assessm ent stud ies in recen t years 
have been d irec ted  tow ard  d eterm in ing  th e  influence 
of em issions of th e  ch lo rocarbons CFCls and  CF2CI2 
on s tra to sp h e ric  ozone (W M O  1981). O f th e  po
ten tia l an th ropogen ic  influences on a tm ospheric  O 3 , 
surface em issions of these ch lo rocarbons rem ain  th e  
m ost im m ed ia te  and  largest concern  (W M O  1981; 
N R C  1984). S to larsk i and  C icerone (1974) p o stu 
la ted  th e  p o ten tia l role of inorganic chlorine species 
(ClOa;) in influencing O s, and  M olina  and  R ow land 
(1974) de term ined  th a t  th e  in d u stria lly  produced  
ch lo rocarbons CFCls and  CF2CI2 have sufficiently 
long a tm ospheric  lifetim es th a t  they  are  d issociated  
in th e  s tra to sp h e re  to  p roduce inorganic chlorine, 
thereby  affecting s tra to sp h eric  O s . O th er ch lo rocar
bons have also been recognized as being po ten tia lly  
significant sources of s tra to sp h eric  chlorine (Row 
lan d  an d  M olina 1975; M olina e t al. 1976; C ru tzen  
e t al. 1978; M cC onnell and  Schiff 1978; W M O  1981; 
W uebbles 1983a).

A  nu m b er of o th er p o ten tia l influences on s t r a t 
ospheric Os have been identified. C ru tzen  (1970)
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Figure 6.3. Sensitivity of change in surface temperature to 
changes in O3  concentration for midlatitude and tropical atmo
spheres. Source: Wang et al. (1980).

recognized th e  im p o rta n t role of in regu la ting  
s tra to sp h e ric  Og, an d  Jo h n s to n  (1971) and  C ru tzen  
(1971) suggested  th a t  th e  NO* em itted  by high
flying a irc ra f t could affect Og. Foley and  R uder- 
m an (1973) suggested  th a t  th e  a tm ospheric  nuclear 
w eapons te s ts  o f th e  la te  1950s an d  early  1960s 
should  have reduced  s tra to sp h e ric  Og because of th e  
NO* p roduced  by th e  explosions. C ru tzen  (1974) 
no ted  th a t  increases in  th e  global em issions of NgO 
could lead to  increased s tra to sp h e ric  NO^, thereby  
reducing ozone.

C ham eides e t a l. (1977) discussed th e  possible 
effects of increased  m eth an e  levels on tropospheric  
an d  s tra to sp h e ric  Og. B rom ine could affect s tra to 
spheric Og levels (W ofsy e t al. 1975), b u t cu rren t 
b rom ine co n cen tra tio n s  a re  to o  sm all to  be im por
ta n t .  T ropospheric  Og co n cen tra tio n s  m ay change 
ind irectly  because o f changes in s tra to sp h e ric  Og 
a n d /o r  changes in th e  stra to sp h eric -tro p o sp h eric  
exchange ra te , b u t th ey  also m ay change directly

because of chem ical influences, such as from  an 
th ropogen ic  sources of NO*, C O , or h y drocarbons | 
(Liu 1977; Logan et al. 1981; C allis e t al. 1983). 
It has also  been es tim ated  th a t  th e  concen tra tion  
of ozone in th e  u pper troposphere  m ight have in 
creased as a  resu lt of em issions of n itrogen  oxides 
from  subsonic a irc ra f t (Liu e t al. 1980; W uebbles et 
al. 1983). M any recen t stud ies have exam ined th e  
p a s t and  p o ten tia l fu tu re  effects of these chem ical 
influences on Og (e.g., C hang e t al. 1979; W uebbles 
1983b; W uebbles et al. 1983).

Besides d irec t chem ical in te rac tio n  w ith  Og, 
changes in th e  s tra to sp h eric  am o u n t of rad ia tive ly  
im p o rta n t species such as COg can ind irec tly  affect 
s tra to sp h e ric  Og by a lte rin g  the  tem p e ra tu re  d is tr i
b u tio n , w hich in tu rn  can affect th e  tem p era tu re - 
d ependen t chem ical reaction  ra te s  influencing Og. 
Increases in COg co ncen tra tion  reduce s tra to sp h eric  
tem p era tu res , resu lting  in an  increase in to ta l ozone 
by slowing down the  ra te s  of chem ical loss reactions 
involving ozone (B oughner and  R am an a th a n  1975; 
L u ther e t al. 1977). Because th e  Og p e rtu rb a tio n  
caused by COg increase peaks a t  ab o u t 40 km  and 
is very sm all below ~ 2 5  km , th e  associa ted  effect on 
surface tem p e ra tu re  from  CO g-induced Og change 
has been ca lcu la ted  to  be very sm all. R ecent m odel- 
ca lcu la ted  s tead y -s ta te  changes in th e  to ta l Og col
um n for assum ed changes of COg, CH4, ClCs, and  
NgO co n cen tra tio n s a re  shown in Table 6.2.

6 .3.1.3 D ynam ical Feedback

As changes occur in th e  d is trib u tio n  of rad ia tive ly  
ac tiv e  a tm ospheric  co n stitu en ts  such as Og and  
COg, th e  re su lta n t changes in te m p e ra tu re  s tru c 
tu re  could influence tropospheric  and  s tra to sp h eric  
d ynam ica l processes. C hanges in th e  dynam ics 
could, in tu rn , affect trace  gas d is trib u tio n . O nly a  
few stud ies have a tte m p te d  to  exam ine these com 
plex feedbacks.

T he G C M  resu lts  of Fels e t al. (1980) for p e r
tu rb a tio n s  of COg an d  Og suggest th a t ,  w hereas 
large rad ia tiv e  changes in th e  a tm osphere  are cal
cu la ted , tra n sp o r t  processes th ro u g h  m ost of th e  
s tra to sp h e re  m ay n o t be significantly  a lte red . T heir 
re su lts  for a  nonrealistic , uniform  50% Og reduction  
suggest th a t  changes in wave ac tiv ity  could occur 
in th e  tro p ica l low er s tra to sp h ere . Such changes 
could conceivably fu rth e r a lte r  th e  d is trib u tio n  of
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Os and  o th e r tra c e  gases. T he resu lts  of Geller and 
Ipert (1980) ind ica te  th a t  for significant changes 

in th e  zonal w inds below 35 km , corresponding 
changes in tro p o sp h eric  w ave s tru c tu re  could oc
cur. T hese re su lts  could p rovide a  possible m ech
an ism  for s tra to sp h eric -tro p o sp h eric  dynam ical in
te rac tio n s. If tro p o sp h eric  te m p e ra tu re  changes 
can  affect tro p o sp h eric -s tra to sp h eric  exchange p ro
cesses, such effects could be im p o rta n t to  th e  b u d 
gets o f ozone an d  o th e r trace  gases. U nfortunate ly , 
a  defin itive s tu d y  of p e r tu rb a tio n  to  th e  coupled 
rad ia tive-dynam ic-chem ical system  has yet to  be 
done.

6.3.2 Aerosols

A com plete  tre a tm e n t of aerosols w ould require  con
sidera tion  of m icrophysical processes (such as co
ag u la tio n  an d  scavenging), chem ical and  rad ia tiv e  
processes, and  th e  dynam ical in te rac tio n s  w ith  the  
atm osphere . As is th e  case for trace  gases, th e  p rob 
lem  is m ore com plex th a n  is th e  C O 2  c lim ate p rob 
lem . We will lim it th e  discussion here to  those as
p ec ts  of aerosol processes m ost d irec tly  re la ted  to  
p o ten tia l c lim ate  change, ra th e r  th a n  also  consider
ing processes affecting th e  a tm ospheric  lifetim e of 
th e  aerosols.

6.3.2.1 D irect R ad ia tiv e  Effect

Aerosols in te ra c t s trong ly  w ith  b o th  so lar and  th e r
m al ra d ia tio n . An increase of a tm ospheric  aerosol 
loading could cause e ither cooling or hea ting  of the  
su rface-atm osphere  system , depending  on th e  a lti
tu d e  an d  com position  o f th e  aerosol layer, th e  ch a r
ac te ris tic s  of th e  underly ing  surface, and  o th er fac
to rs . T he effects of aerosols on th e  rad ia tio n  budget 
have a lread y  been discussed in  som e d e ta il in C h ap 
te r  2 of th is  volum e. In th is  c h a p te r we co n cen tra te  
on th e  p o te n tia l c lim atic  effects of aerosols. B ecause 
th e  clim atic  effects of aerosols depend  significantly  
on th e  aerosol o p tica l p ro p e rtie s , we briefly discuss 
th e  im p o rta n t ra d ia tiv e  p a ram ete rs , an d  th en  th e  
m odel-calcu la ted  c lim atic  effects.

W h e th e r th e re  will be a  w arm ing  or a  cooling of 
th e  su rface-atm osphere  system  depends on th e  com 
p en sa tin g  changes o f th e  so lar a lbedo  (cooling) and  
th e rm a l greenhouse (w arm ing) effects (as discussed

T a b l e  6 .3
Range of th e  Aerosol R ad ia tiv e  C h arac teristics

Aerosol ty p e

R ad ia tiv e  C haracteristics'*

UJo
(0.55 pm) 1  -  g

Wq

( 1 0  pm )
ITe(lO pm ) 

<7 e(0 . 5 5  pm )
Soot 0.209 0 . 6 6 0 . 0 0.038
Oceanic 1 . 0 0 . 2 2 0.692 0.250
D ust-like 0.653 0 . 1 2 0.558 1.08
W ater Soluble 0.957 0.37 0.209 0.019
M aritim e 0.989 0.26 0.680 0.19
C o n tin en ta l 0.891 0.36 0.486 0.097
U rban 0.647 0.41 0.173 0.033
HzSO* (75%) 1 . 0 0.27 0 . 0 1 0 0.050
Volcanic 0.947 0.30 0.130 0.035

sca tte rin g  a lbedo; and  g is th e  asym m etry  facto r, so th a t  the  
b ack sca tte rin g  frac tion  Ri 1 -  j .  Source; W M O (1983b).

in Sections 6.2.2 and  6 .2 .3). T he so lar an d  th e r
m al rad ia tiv e  effects in tu rn  depend on th e  aerosol 
single sca tte rin g  albedo  ujq, th e  asy m m etry  fac to r 
g, and  th e  ex tinction  coefficients tTj a t  0.55 and  10 
pm . Physically , uiq is th e  fraction  of energy sca t
te red  by th e  aerosols and  g describes the  am o u n t of 
energy sca tte red  in the  forw ard  d irec tion . C onse
quen tly , larger values of <uo and  sm aller values of g 
co n trib u te  to  a  larger reflected energy and  a  larger 
p lan e ta ry  albedo.

T he th erm a l greenhouse effect depends strong ly  
on th e  values of o-j a t  10 pm . T he la rger th e  a t  
10 p m , th e  stro n g er th e  greenhouse effect. Values 
of these p aram eters , p resen ted  in Table 6.3, provide 
som e clues to  th e ir p o ten tia l c lim atic  effects, b u t 
q u a n tita tiv e  evalua tions m u st rely on c lim ate  m odel 
ca lcu lations.

A sum m ary  o f th e  clim atic  effects of s t ra to 
spheric and  tropospheric  aerosols is given in T able 
6.4. N ote th a t  th e  ca lcu la tions a re  based  on a  va
rie ty  of c lim ate  m odels for d ifferent aerosol com po
sitions an d  locations, an d  therefore it is very diffi
cu lt to  com pare these m odel resu lts. N evertheless, 
these resu lts  strong ly  suggest th a t  aerosols can  sig
nificantly  affect th e  clim ate.

T here  have been re la tive ly  few sen sitiv ity  s tu d 
ies of th e  effects of aerosols on th e  c lim ate  system  
using G C M s. R ecently , C oakley an d  Cess (1985) 
perform ed a  s tudy  of changes due to  th e  inclusion of 
tropospheric  aerosols in a  G C M . Covey e t al. (1984) 
and  A leksandrov and  S tenchikov (1983) published  
s tud ies using G C M  m odel ca lcu la tions of th e  po
ten tia l c lim atic  effects o f a  large-scale nuclear w ar. 
In these stud ies th e  solar rad ia tio n  tre a tm e n t w as
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T a b le  6 .4
C hange in th e  A verage Surface T em p era tu re  A T , and  of th e  S tra to sp h eric  T em p era tu re  A T .tro t Due to  an  Aerosol L ayer

Aerosol A T . A T .tra t
Sources L ocation C lim ate M odel UJQ A t o .s s (°C ) (°C ) ^
R asool and Hom ogeneous Energy balance 0.90 0.2 -2 .3

Schneider (1971) layer 0.99 0.2 - 3 .4
Y am am oto and E lterm an Energy balance 0.90 0.2 -2 .3

T an ak a  (1972) et al. (1969) 
profile

(solar energy) 0.99 0.2 - 3 .9

W ang and E lterm an R adiative- 0.25 -2 .1
D om oto (1974) et al. (1969) 

profile
convective

Reck (1976) Low layers R adiative-
convective

0.26 - 1 .0

H arsb v ard an  and S tra to sp h ere Energy balance 1.00 0.03 -1 .1
Cess (1976)

C harlock and Toon and R adiative- 0.994 0.125 -1 .5
Sellers (1980) Pollack  (1976) 

profile for 
s tra to sp h ere

convective 0.993 0.1275 -1 .4 -1-1.9

Pollack  e t al. S tra to sp h ere R adiative- 1.00 0.003 -t-0.01
(1981) convective 0.98 0.003 -1-0.1

Lenoble e t al. S tra to sp h ere Energy balance 0.998 0.003 1.1
(1982) 0.944 0.003 -0 .4 5

Coakley e t al. T roposphere Energy balance 0.96 Varying -3 .0
(1983) (solar only)

0.08
0.01

w ith
la titu d e
0.16
0.07

-3 .3
-2 .0

Source: W M O (1983b).

m odified to  acco u n t for aerosol load ing , a lb e it in a  
sim plified m anner.

T h e  effects of tro p o sp h eric  aerosols are  usually  
ignored in G C M s, an  assum ption  m ade b o th  be
cause of th e  sim plification  of th e  ca lcu la tion  an d  be
cause th e  aerosol bu rden  is often  assum ed to  rem ain  
co n stan t. B ased on th e  experim en ts of C oakley and  
Cess (1985), a b o u t 5 W m “  ̂ too  m uch solar ra d ia 
tio n  m ay be reaching  th e  surface in th e  m odels and  
th e  upw ard  flux a t  th e  to p  o f th e  a tm o sp h ere  m ay 
be u n d eres tim a ted  by 3.5 W m "^ . T h is am o u n t of 
energy is roughly  com parab le to  th a t  induced by a 
doubling  of th e  C O 2  co n cen tra tio n . In th e ir m odel
ing study , a  co n tro l experim ent w ith o u t aerosols was 
com pared  w ith  a  second experim en t w ith  aerosols. 
However, th e  snow cover, sea ice, an d  ocean surface 
te m p e ra tu re  d is tr ib u tio n s  w ere held fixed. T here
fore, it can n o t be com pared  d irec tly  w ith  C O 2  ex
p erim en ts  or o th e r clim ate  sen sitiv ity  experim ents 
in w hich these  feedback m echanism s w ould be al
lowed to  in te ra c t. T h e  so lar h ea tin g  ra te s  a re  th e  
p rincipa l forcing te rm s th a t  a re  m odified.

C oakley an d  Cess (1985) ran  experim en ts  for 
a b o u t 400 days. As expected , th ey  found in th e ir

Ju ly  s im u la tio n  less solar flux arriv ing  a t  th e  su r
face and  also less net flux a t  th e  to p  of th e  a tm o 
sphere. T he surface te m p e ra tu re  cooled by ab o u t 
0 .1 -0 .2°C  over m ost la titu d es . If ocean tem p era 
tu res  w ere allow ed to  change, it is expected  th a t  
th e  response w ould be m uch larger. In th e  vertical 
d im ension, th e  largest cooling occurred close to  300 
to  400 m b. T hey com pared  th e ir  resu lts  w ith  those 
of o th er m odeling stud ies using sim pler energy bal
ance m odels such as those  of N o rth  e t al. (1981) and  
C oakley et al. (1983) and  found sim ilar resu lts  for 
th e  sam e feedback restric tions.

A second series of experim en ts  concerns th e  
aerosol loading  o f th e  a tm osphere  because of large- 
scale nuclear w ar. In itia l s tud ies w ere carried  o u t by 
Turco e t al. (1983) using a  one-dim ensional m odel. 
T he s tud ies w ith  full th ree-d im ensional G C M s are  
qu ite  recen t an d  should  be viewed as pre lim inary  
because of th e  m any ad  hoc an d  sim plified *is- 
su m p tio n s a b o u t aerosol d is trib u tio n s  and  poorly  
know n physical processes. T h e  stu d y  by Covey e t 
al. (1984) used a  version o f th e  N C A R  com m u
n ity  c lim ate  m odel (C C M ), and  th e  Soviet s tu d y  
by A leksandrov  and  S tenchikov (1983) m ade use of
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>a  m odified version of th e  m odel developed a t  O re
gon S ta te  U niversity . A tw o-dim ensional (la titu d e- 
heigh t) m odel s tu d y  has also been perform ed by 
M acC racken  (1983a). In all of these experim ents 
th e re  w as v irtu a lly  com plete a tm ospheric  ab so rp 
tio n  of so lar ra d ia tio n  by th e  sm oke em itted  by fires 
caused by a  m ajo r nuclear w ar. T h is ab so rp to n  
ac ted  to  h ea t th e  u p p er troposphere  and  to  cool the  
surface significantly . T he d is trib u tio n  and  op tical 
tre a tm e n t o f th e  d u s t and  sm oke was highly  sim pli
fied. T here  w as no a t te m p t to  consider th e  rem oval 
of aerosols by various physical processes such as p re
c ip ita tio n  in these early  th ree-d im ensional m odeling 
stud ies, w hich are  now being im proved (e.g., M ac
C racken  an d  W alton  1984; M alone et al. 1985; Cess 
e t al. 1985).

T ypical o p tical d ep th s  being considered a re  of 
th e  o rder of 3.0. T h is w ould cause flux changes 
of g rea te r th a n  100 W m “ ^, w hich is significantly  
larger th a n  th e  C O 2  effect. W ith  th is  s tro n g  solar 
hea tin g , th e  en tire  a tm ospheric  c ircu la tion  is a lte red  
m uch m ore significantly  th a n  found in ty p ica l en
hanced  C O 2  experim en ts. These experim en ts  are, 
in som e w ays, n o t com parab le  to  C 0 2 -induced cli
m a te  change experim en ts  in  th a t  it  is assum ed th a t  
effects will p robab ly  be tran s ito ry  w hile th e  change 
b ro u g h t a b o u t by C O 2  will be essentially  p erm a
n en t. T hese nuclear w ar experim ents do, how ever, 
give a  m easure of th e  sensitiv ity  of th e  c lim ate  m od
els to  significant changes in th e  aerosol loading  of 
th e  a tm osphere .

6.3.2.2 C lim ate -C h em istry  In terac tions

Several m echanism s have been proposed in w hich 
th e  SO 2  from  volcanic eru p tio n s could affect Og 
and  o th er s tra to sp h e ric  chem istry  as th e  SO 2  is 
converted  to  sulfuric acid aerosol. C ru tzen  and  
Schm ailzl (1983) suggest th a t  the  photo lysis of SO 2  

following a  m ajo r volcanic e ru p tio n  m ay locally lead 
to  m uch enhanced  Os concen tra tions.

M cK een e t al. (1984) s ta te  th a t  a lth o u g h  cur
re n t theo ry  in d ica tes  th a t  a  decrease in  s tra to 
spheric O H rad icals  could  conceivably resu lt a fte r 
a  m ajo r e ru p tio n , a  sm all change in OH  co n cen tra 
tio n  ap p ears  to  be m ost consisten t w ith  th e  d a ta  
from  th e  El C hichon eru p tio n . T here is no  d irec t 
ind ication  o f a  change in O 3  co n cen tra tio n  from  
availab le  a tm o sp h eric  m easurem ents (a t th is  tim e

th ere  are conflicting resu lts  from  available ozone 
m easurem ents following th e  El Chichon eru p tio n ) 
and  no availab le m easu rem en ts of OH w ith in  a  vol
canic cloud. L ittle  is know n ab o u t the  d irec t chem 
ical in te rac tio n s  betw een aerosols and  trace  gases in 
e ith er th e  troposphere  or s tra to sp h ere .

6 .3.2.3 D ynam ical Feedback

D unkerton  (1983) p o in ts  ou t th a t  a  trop ically  con
fined volcanic aerosol h ea t source can generate  an  
upw ard  residual m ean m eridional c ircu la tion  w hich, 
given the  b est cu rren t e s tim ate  of rad ia tiv e  h ea t
ing, is capab le  o f re ta rd in g  th e  descent of th e  
d ow nw ard -p ropagating  quasi-b iennial m ean zonal 
w ind regim es. T h is m echanism  is suggested as a 
possible ex p lan a tio n  for a  stro n g , p ers is ten t eas t
erly shear zone du ring  th e  quasi-b iennial oscillation 
following th e  A gung eru p tio n  in 1963.

6.3.3 W aste H eat

G eneral c ircu la tion  m odels have been used to  study  
th e  effects of w aste  h ea t on th e  clim ate  system . Us
ing an  N C A R  grid po in t G C M , W ashington  (1971) 
added  24 W m “ * of w aste  h ea t to  all co n tin en ta l a r
eas as an  ad d itio n a l te rm  in th e  n e t energy balance 
a t  th e  surface. T he ra tio n a le  for such a  large (and 
unrealistic) in p u t w as to  see w hether u rb an  h ea t 
island  effects could be d etec ted  easily w ith  exagger
a ted  forcing. A m ore realistic  experim ent (W ash
ington  1972) w as perform ed a  year la te r  using the  
hea t in p u t suggested  by W einberg and  H am m ond 
(1970), w hich was p ro p o rtio n a l to  an  estim ated  fu
tu re  p opu la tion  density . T he am o u n t of w aste  hea t 
in p u t was six tim es less th an  th a t  used in th e  earlier 
studies.

Several experim en ts perform ed by M urphy et 
al. (1976) and  W illiam s e t al. (1977a, 1977b, 1979) 
were different from  th e  earlier N C A R  stud ies (see 
Llewellyn and  W ash ing ton  1977), in th a t  ocean en
ergy parks w ere sim u la ted . An energy park  is a  
sm all localized region w here electrical or th e rm a l 
energy is produced . M ost of th e  energy eventually  
w ould be released as h ea t. If th e  energy park  were
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F ig u r e  6 .4 . R esponse of g round  surface tem p era tu re  to  a  w aste h eat inpu t of 90 W m  ̂ over th e  easte rn  U nited  S ta tes for (A) Jan u a ry  
and  (B) July. T he s tipp led  a reas in d ica te  sta tis tica lly  significant differences a t th e  5% level. Source; C hervin (1980).

over th e  ocean , th en  a  sizable p o rtio n  of w aste  hea t 
w ould go in to  ev ap o ra tiv e  h ea t flux.

W ashington  and  C herv in  (1979) and  C hervin  
(1980) show ed in a  la te r  series of experim ents th a t  
w hen M a n h a tta n  Island energy fluxes of 90 W 
w ere in jected  along th e  east coast of th e  U nited  
S ta te s  in th e  G C M , th e  te m p e ra tu re  increase w ent 
up  to  a  m ax im um  of a b o u t 12°C in Jan u a ry  over th e  
region of th e  prescribed  change (F igure 6.4A ). T he 
response of th e  m odel in Ju ly  w as a b o u t 3°C less

(F igu re  6 .4B ). T he reason th e  response was la rg e r in 
w in te r th a n  sum m er w as th a t  th e  in p u t due to  w aste  
hea t w as a  larger frac tio n  of th e  n e t energy balance 
a t  th e  surface during  w in te r and  th a t  surface a ir  is 
m ore s tab le  in w in ter. In sum m er th e  solar flux is 
m uch larger and  th e  frac tio n  of th e  w aste  h ea t com 
pared  w ith  the  solar flux w ould  be sm aller an d  th u s  
associa ted  w ith  a  reduced tem p e ra tu re  change.

S ta tis tic a l te s ts  show ed th a t  th e  resu lts  were 
highly s ta tis tica lly  significant. In fact, m ost o f the
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response show ed a  significance level of 5% or less.
I A n o th er im p o rta n t aspect w as th a t  no teleconnec
tio n  was found w ith  o th er regions of th e  globe. M ost 
of th e  te m p e ra tu re  change due to  th e  added  w aste  
hea t occurred  over th e  p rescribed  regions w here th e  
changes w ere p resen t.

R obock (1978) has perform ed w aste  h ea t exper
im ents using a  zonal energy balance m odel. T he 
m odel does n o t explicitly  com pute  m otions; in s tead , 
th e  m odel re la tes  th e  m erid ional sensible h ea t flux 
to  th e  m erid ional te m p e ra tu re  g rad ien t. His resu lts  
showed th e  w aste  h ea t effect to  be ab o u t 1 0 % of 
th e  w arm ing  due to  a  C O 2  increase over th e  period  
1860-2000, du rin g  w hich tim e it w as assum ed th a t  
th e  C O 2  co n cen tra tio n  w ould change from  290 to  
375 ppm .

6.3.4 Solar C o n s ta n t

In s tu d y in g  th e  c lim ate  sensitiv ity  to  so lar co n stan t 
v aria tions, a  convenient and  often  used m easure is 
th e  p a ram e te r defined as

=  X 100,

w here T ,  is th e  global m ean surface te m p e ra tu re , 
an d  S  is th e  p resen t so lar co n stan t. T h is  clim ate  
sensitiv ity  p a ram e te r is a  m easure of th e  change in 
global average surface te m p e ra tu re  expected  in re
sponse to  a  1 % change in  th e  solar co n s tan t (m u lti
plied by 100). I t is im p o rta n t to  com pare  ji betw een 
different c lim ate  m odels, because th e  sensitiv ity  of 
a  m odel to  o th e r c lim ate  p e r tu rb a tio n s  is roughly 
p ro p o rtio n a l to  ^  (cf. N orth  et al. 1981). T able 6.5 
p resen ts values of ^  for several c lim ate  m odels.

These sim ple m odel resu lts  suggest th a t  a  1% in 
crease in S  could w arm  th e  surface by 1 .1-1 .5°C  for 
fixed cloud a ltitu d e  and  no ice a lb ed o -tem p era tu re  
feedback (i.e., is in th e  range of 110-150). How
ever, th e  surface w arm ing  m ay be au g m en ted  by the  
feedbacks from  ice a lbedo  and  clouds. Ice albedo- 
te m p e ra tu re  feedback re su lts  from  th e  possible de
crease in p o la r ice cover th a t  m ay occur w hen su r
face te m p e ra tu re  increases. T h is  could resu lt in 
a  fu rth e r increase in surface te m p e ra tu re  because 
of decreases in th e  reflected so lar rad ia tio n  from  
th e  ground . T h u s, ice a lb ed o -tem p era tu re  feedback 
m ay fu r th e r enhance th e  m odel c lim ate  sensitiv ity  
show n in th e  m odel ca lcu la tions c ited  in T able 6.5.

Table 6.5
M odel C lim ate Sensitiv ity  to  Solar C o n stan t Change

0 (K)

No Ice-A lbedo Ice-A lbedo
M odel Feedback Feedback

A. Zonal Energy B alance M odels
B udyko (1969) 155 400
Sellers (1969) 150 326
Lian and  Cess (1977) 147 184
Coakley (1979) 152 207
N orth  and  Coakley (1979) — 163 (167)“

FCA*' FCT*' FC A ‘ F C T ‘
B. V ertical E nergy B alance M odels

R odgers and  W alshaw 113
(1966)

M anabe an d  W etherald 128 (65) e

(1967)
Cess (1974) 125 231
R a m a n a th a n  (1976) 121 197
W ang et al. (1976) — 160
W ang and  Stone (1980) 110 135 138 188

Fixed C louds V ariable C louds
C. G eneral C ircu la tion  M odels

W etherald  and  M anabe  (1975) ~185<'
W etherald  and  M anabe (1980) 2 0 0 205

“ For th e  seasonal m odel.
 ̂ FCA = fixed cloud a ltitu d e , F C T  =  fixed cloud tem p era tu re .

° F ixed abso lu te  hum id ity  (all o th e r m odel resu lts in B use fixed 
re la tiv e  h u m id ity ).

^ A veraged from ex p erim en tal resu lts  for changes in so lar c o n stan t 
of ±  2 %.

K now ledge of th e  cloud feedback is lacking p ri
m arily  because of th e  in ad eq u a te  u n d erstan d in g  of 
th e  processes th a t  determ ine th e  fo rm ation , per
sistence, and  d issipa tion  of clouds. T his is one of 
several key areas identified to  be stum bling  blocks 
in c lim ate  research (cf. N R C  1983). T he one
d im ensional rad ia tive-convective  m odels usually  as
sum e e ith e r fixed cloud a ltitu d e  (FC A ) or fixed 
cloud te m p e ra tu re  (F C T ) for c lim ate studies. In 
th e  case of a  w arm ing  c lim ate , th e  cloud tem p era 
tu res  are lower in th e  F C T  tre a tm e n t th a n  in the  
FC A  tre a tm e n t. C onsequently , th e  F C T  p aram e
te riza tio n  ca lcu lates a  sm aller ou tgoing  th e rm a l ra 
d ia tio n  flux from  clouds th a n  th e  F C A  p a ram e te ri
za tion  and  th u s  can yield a  la rger surface w arm ing, 
as can  be seen in th e  m odel resu lts.

C louds are  generated  in th e  G C M s. However, 
W etherald  and  M anabe (1980) have com pared  the  
m odel sensitiv ity  betw een fixed clouds and  clouds 
th a t  w ere g enerated  based on th e ir com puted  cli
m ate . T hese early  resu lts  in d ica te  th a t  th e  cloud 
feedback effect ap p ears  to  be sm all, p rim arily  be
cause of th e  sm all changes in overall cloudiness and  
th e  co m pensa ting  changes of cloud solar albedo  and
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the  th erm a l greenhouse effect. Hansen et al. (1984), 
how ever, suggest th a t  th e  cloud feedback processes 
m ay be im p o rta n t. T h is  d isagreem ent will n o t be 
resolved easily.

6.3.5 Surface A lbedo

T here have been several sensitiv ity  stud ies on th e  
im p act of surface a lbedo  changes on th e  clim ate. 
O riginal s tud ies by C harney  (1975) involved th e  use 
of a  sim ple th eo re tica l m odel of th e  d irec tly  driven  
c ircu la tion  caused by a  change in th e  h ea tin g  p a t
te rn  induced by a  surface a lbedo  change. Because 
th is  stu d y  requ ired  m any  assum ptions, C harney  et 
al. (1977) perfo rm ed  a  m ore realistic  experim ent 
w ith  th e  NASA G o d d ard  In s titu te  for Space S tu d 
ies (GISS) G C M . In th is  experim ent th e  a lbedo  over 
desert regions w as increased from  0.14 to  0.35. Sep
a ra te  experim en ts w ere carried  o u t assum ing fixed 
ground w etness an d  surface hydrology. T he precip
ita tio n  w ith  each ty p e  of surface w etness decreased 
over th e  deserts , re su ltin g  in an  increase of surface 
albedo. T he surface a lbedo  increased to  th e  so u th  
of th e  deserts.

S im ilar ex p erim en ts  w ere perform ed w ith  th e  
tw o-d im ensional zonal average a tm ospheric  m odel 
by E llsaesser e t a l. (1976). T hey  found th a t  in
creased albedo  in th e  region led to  pronounced  de
creases of p rec ip ita tio n  over and  around  deserts  and  
increases in p rec ip ita tio n  to  th e  sou th  of th e  desert. 
C hervin  (1979) conducted  sim ilar experim ents w ith  
th e  N C A R  th ird -g en e ra tio n  G C M  in w hich th e  su r
face albedo  over th e  m odeled U nited  S ta te s  and  Sa
h a ra  desert regions w as increased from  0.07 to  0.17 
for th e  form er region an d  from  0.08 to  0.45 for th e  
la t te r . C herv in  also  found changes in th e  p a tte rn  
of p rec ip ita tio n  sim ilar to  those  of earlier stud ies. 
By using s ta n d a rd  m eth o d s of m easuring  s ta tis tic a l 
significance, he found  th a t  th e  differences w ere sig
nificant a t  th e  5% level. In sum m ary , th e  resu lts  
su p p o rt th e  general h y po thesis  th a t  b iogeophysi
cal processes involving increased  surface a lbedo  can 
lead to  fu r th e r d ry ing , w hich in tu rn  can lead  to  an  
even higher surface albedo .

6.3.6 V egetation  Effects

S hukla and  M in tz  (1982) perform ed tw o clim ate 
sensitiv ity  experim en ts on th e  role of ev ap o tran 
sp ira tio n  on th e  clim ate  system  w ith  th e  G C M  a t 
th e  NASA G o d d ard  L abora to ry  for A tm ospheres 
(G L A ). T hey assum ed ex trem e conditions for th e  
changes in evapora tive  processes a t  th e  surface. In 
one experim en t it w as assum ed th a t  the  land  surface 
w as com pletely  s a tu ra te d  as if it  were a  sw am p (i.e., 
pe rp e tu a lly  w e t). In th e  second experim ent, th e  
surface w as assum ed to  be com pletely dry  so th a t  
no evapora tion  took  place. In reality , of course, n a 
tu re  is usually  som ew here betw een th e  tw o. Shukla 
an d  M in tz (1982) found very large changes in m any 
of th e  m odel variab les, including surface pressure, 
p rec ip ita tio n , and  tem p era tu re . For exam ple, the  
local p rec ip ita tio n  d ropped  by a  fac to r of th ree  or 
m ore and  th e  tem p e ra tu re  increased by 15-25°C  in 
th e  dry  case. T h e  reason  for th e  large changes can 
be un d ersto o d  in te rm s of sim ple therm odynam ics, 
in th a t  th e  d ry  soil experim en t did  n o t have evap
o ra tiv e  cooling tak in g  place, and  th e  surface tem 
p e ra tu re  increased as a  consequence. F u rth erm o re , 
S huk la and  M intz (1982) found th a t  th e  cloudiness 
changes also p rovided  a  feedback in th a t  less cloudi
ness in th e  d ry  experim en t resu lted  in increased so
la r flux a t  th e  surface.

T he im p o rta n t p o in t to  be m ade here is th a t  
C 0 2 'in d u ced  clim ate  changes could be m asked  by 
changes in th e  surface v eg e ta tio n , w hich w ould  have 
a  large effect on th e  ev ap o tran sp ira tio n . T hese la t
te r  changes a re  n o t well und ersto o d , a lth o u g h  th ere  
a re  som e suggestions th a t  defo resta tion  m ay play an  
im p o rta n t role. E x p erim en ts  should be conducted  
w ith  m odels th a t  have m ore realistic  p aram eteriza- 
tions of v eg e ta tio n  an d  surface processes such as soil 
m o istu re , as suggested  by D ickinson (1984).

M in tz  (1984) has review ed o th e r G C M  experi
m en ts and  has found sim ilar clim ate  sensitiv ity  to  
surface processes th a t  is above the  m odel-sim ulated  
n a tu ra l variab ility . However, because of m any com 
p en sa tin g  m echanism s, such as changes in  cloud 
cover, w hich are poorly  u n d ers to o d  an d  rep re
sen ted , the  u n ce rta in ty  of th e  m odel response is 
q u ite  su b s tan tia l.
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6.4 M O D E L  P R O JE C T IO N S

t  is im p o rta n t to  m ake p ro jec tions of th e  possi
ble c lim ate  change th a t  m ay re su lt from  th e  above- 
m entioned  p e r tu rb a tio n s  to  provide a  reference and  
com parison  to  th e  expected  C O 2  c lim atic  effects. 
However, i t  is an  extrem ely  difficult task  because 
of th e  m any  fac to rs  involved. For exam ple , one of 
th e  m ajor u n ce rta in tie s  for th e  p ro jec ted  effects of 
trace  gas changes on clim ate  is th e  p ro jec ted  em is
sion ra te  of these rad ia tiv e ly  and  chem ically  ac tive 
gases, because th e  em ission ra te s  depend highly on 
th e  grow th  ra te  of energy consum ption , ag ricu ltu ra l 
developm ent, lan d  use, and  o th er fac to rs. A few 
stud ies have a tte m p te d  to  e s tim a te  g row th  ra te s  
and  th en , using m odels, to  in v estig a te  th e  possible 
effects on th e  a tm osphere . Several of these  stud ies 
a re  discussed in th is  section.

6.4.1 T race G ases

A nalyses of ca lcu la ted  tren d s in Os and  tem p er
a tu re  for p a s t decades and  for p o te n tia l fu tu re  
changes in trace  gas co n cen tra tio n s  have been p er
form ed p rim arily  w ith  one-dim ensional vertica l cou
pled rad ia tiv e -ch em ica l-tran sp o rt m odels (Lacis et 
al. 1981; W uebbles 1983b; W uebbles e t al. 1983; 
W ang e t al. 1984; O w ens e t al. 1985; R am an a th a n  
e t al. 1985). T hese various m odel re su lts  ten d  to  be 
in good ag reem en t w ith  each o th er. In th is  section , 
for illu s tra tiv e  purposes, discussions focus m ainly  on 
th e  resu lts  ca lcu la ted  from  th e  Law rence L iverm ore 
N atio n al L ab o ra to ry  (LLNL) an d  A tm ospheric  and  
E n v iro n m en ta l R esearch, Inc. (A E R ) m odels.

I t should  be no ted , how ever, th a t  these one
d im ensional m odels rep resen t only th e  global and  
an n u a l m ean cond itions. T herefo re, com parisons 
of m odel-calcu la ted  Os and  te m p e ra tu re  w ith  d a ta  
m easured  a t  selected  sites or averaged  over lim ited  
regions should  no t be expected  to  be to ta lly  com 
patib le . N evertheless, these com parisons a re  useful 
as a  consistency check of the  h y po thesis  th a t  several 
d ifferent an th ro p o g en ic  influences are  affecting the  
p resen t g lobal a tm osphere .

6 .4.1.1 P a s t  T rends in Ozone and  T em p era tu re

G lobal d a ta  w ith  w hich to  com pare ca lcu la ted  
tren d s in th e  O 3  and  te m p e ra tu re  d is trib u tio n s  have 
only been availab le for th e  la s t few decades. C om 
parisons of these d a ta  w ith  m odel sim u la tions have 
been perform ed based on th e  LLNL m odel (W ueb
bles 1984b). C alcu la ted  tren d s  in to ta l O 3  for the  
1970s (app rox im ately  a  0.45%  global increase for 
th e  decade) based on increasing C O 2 , C H 4 , N 2 O, 
C lCs and  NO^ co n cen tra tio n s  (discussed in Section 
6 .2 .2 ) com pare well w ith  th e  sm all increase d e te r
m ined by s ta tis tic a l analysis of Dobson d a ta  (see 
Table 6 .6 ).

A sm all increase also w as ca lcu la ted  for th e  
1960s. H ow ever, it is necessary to  consider th e  ef
fect of th e  a tm ospheric  nuclear te s t series during  
th is  earlier period. C alcu la tions exam ining  effects 
from  th e  n itrogen  oxides produced  in th e  nuclear 
te s ts  gave a  decrease in to ta l O 3  of a b o u t 2.5% 
(W uebbles 1983b), w hich is consisten t w ith  analyses 
of th e  availab le  O 3  m easurem ents from  th a t  period 
(Reinsel 1981). T h is  consistency can n o t, how ever, 
be considered as p roof of an  an th ropogen ic  effect on 
O 3  because of the  lim ited  Os d a ta  th a t  are available.

Table 6.6
Sum m ary of C om parison Betw een C alcu lated  

and  O bserved T rends for 1970-1980
C alcu lated O bserved Source

T o ta l Ozone +0.45% + 0.49  ±  1.35% Reinsel (1981)
Ozone D istrib u tio n

2 - 8  km -  + 6 % ~  +7% Angell (1982a)
8-16  km ~  +3% Some + Angell (1982a)

16-31 km -  + 1 % L ittle  change Angell (1982a)
38-43 km -3 .0  to  -4 .4 % — 3 to +  4% R einsel e t al. 

(1984)
S tra to sp h eric  T em pera tu re

26-35 km - 0 .2  to  + 0 .6°C - 1 .5  to + 3 °C Angell (1982b)
38-45 km - 1 .2  to  + 1 .7°C - 2 .5  to  + 3 .5°C Angell (1982b)
48-55 km - 1 .4  to  + 1 .5°C - 3 .5  to + 5 °C Angell (1982b)

Source: W uebbles (1983b).

A lthough  th e  to ta l  O 3  colum n was ca lcu la ted  to  
have increased du ring  th e  1970s, th is  increase was 
a  resu lt of th e  cancella tion  of su b s tan tia l, b u t op
posing, changes in O 3  w ith  a ltitu d e . A m axim um  
decrease of 4.4% in u pper s tra to sp h e ric  Os w as cal
cu la ted  near 40 km  for th e  1970s. T his resu lt com 
pares well w ith  recen t, b u t pre lim inary , tren d  esti
m ates  from  sa te llite  and  U m kehr d a ta  (see F igure 
6 .5). In th e  m odel ca lcu la tions, th is  decrease in O 3  

resu lted  largely from  th e  effect of CIC em issions over

P otentia l C limatic E ffec tt o f Perturbations Other Than Carbon Dioxide 217



th is  period . T he increasing  C O 2  co n cen tra tio n s  re
duced th e  CIC im p ac t. W hen only CIC em issions 
were considered, a  5.6% decrease in O 3  a t  40 km  
w as ca lcu la ted  for th e  1970s. T h e  case w ith  CIC 
em issions only ap p ears  to  be incom patib le  w ith  th e  
m easured tren d s  in th e  vertica l Og d is trib u tio n .

LU
>

CE
I
LU

3

Umkehr decadal trend 1970-1980

Wuebbles et al (1983)
 Wuebbles (1984)

Reinsel et al (1984)
(observed mean trend)

CHANGE IN OZONE (%)
F ig u r e  6 .5 . C om parison of tren d  e stim a te  of to ta l  O s colum n 
from U m kehr d a ta  for 1970-1980 w ith LLNL m odel calculations.

T he ca lcu la ted  decrease in u p p er s tra to sp h eric  
Os during  th e  1970s w as ap p ro x im ate ly  balanced  by 
an increase in Og co n cen tra tio n s a t  a ltitu d e s  below 
ab o u t 30 km . T he Og co n cen tra tio n  a t  25 km  was 
ca lcu la ted  to  have increased by a b o u t 1 % during  th e  
1970s. B ecause th is  is th e  a ltitu d e  of m ax im um  Og 
co n cen tra tio n , th is  sm all percen tage  of change con
tr ib u ted  significantly  to  th e  overall increase in to ta l 
Og over th e  decade. Increasing COg and  C H 4  con
cen tra tio n s, p lus th e  Og recovery m echanism  (in- 
creajsed pho to lysis o f m olecular oxygen producing  
Og a t  a ltitu d e s  below  an  Og decrease), co n trib u ted  
to  th e  ca lcu la ted  Og increase a t  th is  a ltitu d e .

In th e  u p p er tro p o sp h ere , an  increase in Og d u r
ing th e  1970s of 6.7%  (a t 8 -9  km ) w as ca lcu la ted  for 
th e  N o rth ern  H em isphere because of a irc ra f t em is
sions and  an  increasing  C H 4  co n cen tra tio n . L ittle  
change a t  these  a lti tu d e s  w ould be  expected  in  th e  
Sou thern  H em isphere during  th e  1970s. By com par
ison, ozonesonde m easu rem en ts in th e  tro p o sp h eric  
layer from  2 - 8  km  in n o rth ern  tem p e ra te  la titu d e s  
suggest nearly  a  7% ozone increase du rin g  th e  la s t 
decade, w ith  l i tt le  change found in th e  S ou thern  
H em isphere. H ow ever, th e  lim ited  am o u n t of d a ta

m akes in te rp re ta tio n  of these analyses highly un 
certa in . In general, ozonesonde an d  U m kehr d a ta i  
suggest s im ilar observed tren d s  to  those ca lcu la ted  
below  30 km , b u t th ere  are  few s ta tio n s  an d  th e  
ten ta tiv e ly  identified  tren d s  m u st be considered to  
have large u n ce rta in tie s  a t  th is  tim e  (A ngell and  
K orshover 1983a; Reinsel e t al. 1984).

T he ca lcu la ted  decrease in u p p e r a ir tem p e ra 
tu res  during  th e  1970s is in good q u a lita tiv e  agree
m en t w ith  availab le  observations (A ngell and  K or
shover 1983b). H ow ever, th e  ca lcu la ted  decrease 
in te m p e ra tu re  of 1.7°C a t  2.4 m b  w as ap p rec ia
bly sm aller th a n  th e  2 .5-3 .5°C  decrease determ ined  
from  rocketsonde d a ta . T he m easured  decrease of 
3 .5 -5°C  near th e  s tra to p a u se  is unexp lained  by cu r
re n t theory . C alcu la tio n s for th e  first 3 years of th e  
1980s suggest th a t  tren d s  in Og and  te m p e ra tu re  
a re  con tinu ing  a t  s im ilar ra te s  to  those ca lcu la ted  
for th e  1970s.

6.4.1.2 F u tu re  P ro jections

T h e  possible effect of fu tu re  em issions of C lC s, 
C O 2 , C H 4 ,  N 2 O, an d  N O j w ere also  ca lcu la ted  w ith  
th e  LLNL m odel (W uebbles e t al. 1984; W uebbles 
1984a). M odel ca lcu la tions th a t  include th e  effect 
of ch lo rocarbon  em issions only (scenario  D in F ig
ure 6 .6 a) resu lt in a  steady  decline in th e  to ta l  Og 
colum n. These resu lts , w hich assum e co n s tan t em is
sions of th e  C lC s a t  1982 levels, give a  s te ad y -s ta te  
Og change of -4 .6 % , including te m p e ra tu re  feed
back effects.

As show n in F igure 6 .6 a, w hen th e  effects of 
o th e r trace  gases ( C O 2 ,  C H 4 ,  N 2 O ,  NO^^) know n 
to  now have increasing  co n cen tra tio n s a re  included, 
a  sm all increase in to ta l Og is ca lcu la ted  for the  
nex t 70 years. H ow ever, significant decreases in to 
ta l Og could resu lt if ch lo rocarbon  em issions were 
to  increase by as m uch as 3% p e r year (scenario  B 
in F igure 6 .6 b). Declining ch lo rocarbon  em issions 
(scenario  C) w ould add  sligh tly  to  th e  increases in 
to ta l  Og.

A lthough  th e  ca lcu la ted  Og colum n show s little  
change over th e  n ex t 70 years for scenario  A , the  
ca lcu la ted  Og d is tr ib u tio n  is significantly  affected 
in th e  tro p o sp h ere  and  s tra to sp h ere . T he change 
in Og w ith  pressure level over th is  period  is show n 
in F igure 6.7. S im ilarly , a  significant tem p e ra tu re  
decrease of ap p ro x im a te ly  12°C a t  a b o u t 40 km  is
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F ig u r e  6 .6 . (a) C a lcu la ted  changes in th e  to ta l  O j colum n re su lt
ing from  ch lorocarbon  em issions only (scenario D) an d  from ClCs, 
C O 2 , CH 4 , N jO , an d  N O i em issions using  th e  LLNL m odel, (b) 
C alcu lated  changes in to ta l  ozone for co n stan t CIC em issions a t 
1983 levels (scenario  A ), 3% p e r  y ear increase in CIC em issions 
a fte r  1983 (scenario B ), an d  3% per y ear decline in em issions (sce
nario  C) using th e  LLNL m odel.

ca lcu la ted  for th e  u pper s tra to sp h e re  over th e  pe
riod from  1983 to  2050 in scenario  A.

T he p o ten tia l com bined effects on Og an d  tro 
pospheric an d  s tra to sp h e ric  te m p e ra tu re  because of 
p as t and  p ro jec ted  releases of a tm o sp h eric  NO^, 
C H 4 ,  N 2 O ,  C O 2  and  C F C l s  an d  C F 2 C I 2  have also 
been estim ated  using th e  A E R  m odel (cf. W ang 
1984; W ang e t al. 1984). P a r tic u la r  em phasis has 
been placed on th e  effect on tro p o sp h eric  c lim ate  of 
th e  O 3  change induced  by c lim ate-chem istry  in te r
actions. In th e  A E R  ca lcu la tions, b o th  th e  C H 4  and 
N 2 O co n cen tra tio n s  a re  assum ed to  increase w ith  
grow th  ra te s  a t  1 . 2  an d  0 .2 % p er year, respectively , 
a fte r 1960. T h e  ca lcu la ted  surface m ixing ra tio s  a t  
ab o u t 2 0 1 0  a re  2.4 ppm  for C H 4  an d  0.32 p p m  for 
N 2 O. T he g ro w th  ra te  for C O 2  a f te r 1980 is assum ed

C H A N G E  IN O Z O N E  C O N C E N T R A T IO N  (% )

F ig u r e  6 .7 . C alcu la ted  changes in th e  O 3  d is tr ib u tio n  re su lt
ing from assum ed fu tu re  em issions of ch lorocarbons only and  w ith 
C O 2 , C H 4 ,  N 2 O, and  N O i emission scenarios using  th e  LLNL 
m odel.

to  be 0.5% p er year, w hich is regarded  as a  conser
vative e s tim a te  (see C lark et al. 1982). A t 2010, 
th e  C O 2  co n cen tra tio n  w ould reach 389 ppm , an  in
crease of 27 and  15%, respectively, w hen com pared  
w ith  1950 and  1980 values. T he em ission ra te  for 
C lC s betw een th e  years 1950 and  1980 w as based 
on h isto rica l d a ta  from  th e  C hem ical M an u fac tu re rs  
A ssocia tion  (1982). T he em ission ra te  a fte r 1980 is 
assum ed to  be co n s tan t a t  the  1980 p ro d u c tio n  ra te . 
T he p as t and  p ro jec ted  NO^ in jection  ra te s  w ere 
tak en  from  B auer (1982) and  O liver e t al. (1977), 
w ho es tim ated  th a t  th e  NO* em ission w as 5.4 x 
10^ kg y “ * in 1950 and  could reach 2.64 X  10® kg 
y “  ̂ in 1990 an d  th en  rem ain  co n stan t afte rw ard s. 
These scenarios a re  q u a lita tiv e ly  sim ilar to  those of 
th e  LLNL study .

B ased on these  scenarios, th e  Os p e r tu rb a tio n  
ca lcu la ted  for th e  period  1950-2010 is show n in F ig
ure 6 .8 . I t can  be seen th a t  Og increases below  ~ 2 6  
km  and  decreases above it. T he m ax im um  Os in
crease of ~ 36%  occurs a round  7 km  due, in p a r t,  
to  a irc ra ft NO^ em issions and , in p a r t,  to  th e  el
eva ted  level of tro p o sp h eric  C H 4 .  T he m ax im um  
Og dep letion  of ab o u t 22%, how ever, is found a t  
42 km  because o f th e  increase of C lCs. B ecause of 
th e  com pensa ting  changes in Og in th e  s tra to sp h e re  
an d  tro p o sp h ere , th e  net increeise in th e  Og colum n 
is sm all (~ 1 .0 % ). T he Og colum n increases for th e  
p eriods 1950-1980 and  1980-2010 are  ca lcu la ted  to
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be + 0 .5  and  + 0 .4% , respectively. For th e  la t te r  pe
riod , th e  a ltitu d e  d is tr ib u tio n  of th e  changes (F ig 
u re 6.9) is very sim ilar to  th e  to ta l  change over th e  
period  1950-2010, b u t w ith  sm aller m agnitude. A 
m ax im um  dep letion  of 15% a t  42 km  and  a  m axi
m um  increase of 16% a t  7 km  were calcu lated .

TEMPERATURE CHANGE(K)

TEMPERATURE CHANGE(K)

60

1950-2010
50

"e 40

L U

AT

< 20
AO

30 -20 -10 10 20 30 400
OZONE CHANGE (%)

F ig u r e  6 . 8 . O ne-dim ensional m odel-calcu lated  changes of a tm o 
spheric O s and  tem p e ra tu re  betw een  1950 and  2010 from com 
bined an th ro p o g en ic  em issions of N O x, CH^, N jO , C O 2  and  ClCs. 
Source: W ang et al. (1984).

T he effect on surface tem p e ra tu re  due to  such 
an  Og p e r tu rb a tio n  is, how ever, n o t sm all because 
of th e  large increases of Og in th e  u p p er troposphere  
an d  lower s tra to sp h e re , w here surface tem p era tu re  
sensitiv ity  is high (see F igu re  6 .3). Table 6.7 shows 
th e  com pu ted  surface te m p e ra tu re  change A T , for 
th e  periods 1950-1980 and  1980-2010 from  a n th ro 
pogenic em issions of C O 2  only (case A) and  of N O i, 
C H 4 ,  N 2 O , C O 2 , an d  C lC s (case B ). N ote th a t  th e  
la t te r  case includes th e  effect due to  th e  associa ted  
Og p e rtu rb a tio n s .

T he resu lts  in d ica te  th a t  increases of C O 2  alone 
could increase th e  surface te m p e ra tu re  by 0.25 and  
0.39°C  respectively , for th e  tw o  periods. However, 
th e  re su lts  also suggest th a t  th e  surface w arm ing  
caused  by increases of o th e r gases is th e  sam e as 
th a t  caused by C O 2  in th e  1950-1980 period  and

1980-2010

AT

L U
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30
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_j< 20
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-15 -10 10 15 205 0 5
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F ig u r e  6 .9 . Same as in F igure  6 .8 , b u t betw een 1980 an d  2010. 
Source: W ang et al. (1984).

T a b le  6 .7
C alcu lated  Surface T em p era tu re  C hange A T , for th e  P eriods 1950- 
1980 and  1980-2010 C aused by th e  C om bined Effect of S im ultane
ous Increases of A tm ospheric T race G ases and  th e  A ssociated  O 3  

P e rtu rb a tio n
A T ,(°C )

Case Scenario 1950-1980 1980-2010

A C O 2 -1-0.25 -1-0.39
B C O 2  N O i "t C H 4  -f- -+-0.50 -(-0.80

N 2 O -f- O 3  ClCs
N ote: Physical param ete riza tio n s used in th e  one-dim ensional
m odel are fixed cloud a ltitu d e , fixed re la tive  hum idity , an d  no ice- 
a lbedo  feedback. Source: W ang et al. (1984).

becom es slightly  larger in th e  1980-2010 period; for 
exam ple, for th e  la t te r  period , an th ropogen ic  em is
sions o th er th an  C O 2  could w arm  the  surface by 
0.41°C . It is im p o rta n t to  no te  th a t  th e  w arm ing  
effect for changes o th er th a n  th a t  of th e  C O 2  con
cen tra tio n  can be a ttr ib u te d  (roughly) equally  to  
th e  d irec t rad ia tiv e  effects of NO,,, C H 4 , N 2 O, and  
C lC s and  to  th e  ind irec t rad ia tiv e  effect associa ted  
w ith  th e  induced Og p e r tu rb a tio n s  of these a n th ro 
pogenic em issions.

T h e  com bined effect on s tra to sp h eric  tem p era
tu re  for th e  period  1950-2010 is shown in F ig u r
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6 .8 . It can  be seen th a t  a  sm all w arm ing  is calcu- 
a ted  betw een  1 2  and  18 km  w hile th e  m iddle and  

u p p er s tra to sp h e re  is cooled, w ith  a  m axim um  cool
ing of 5.5°C  occurring  a t  ab o u t 48 km , w hich is a 
few k ilom eters h igher th a n  th e  p o in t of m axim um  
O 3  dep le tion . T he d is trib u tio n  o f th e  tem p e ra tu re  
change for th e  period  1980-2010 (F igure  6.9) is very 
sim ilar to  th a t  for th e  to ta l  period  show n in F igure 
6 .6 . T he m ag n itu d e  of s tra to sp h e ric  tem p e ra tu re  
change is sm aller, how ever, w ith  a  m axim um  tem 
p e ra tu re  decrease of 3.5°C a t  a b o u t 48 km . These 
resu lts  suggest th a t  to  d e tec t an th ro p o g en ic  influ
ences on th e  s tra to sp h e re , i t  m ay be  m ore useful to  
m on ito r changes in th e  vertica l d is tr ib u tio n  of ozone 
and  te m p e ra tu re  d is trib u tio n  th a n  to  rely p rim arily  
on m easu rem en ts of th e  to ta l ozone colum n.

R ecently , W ang and  M olnar (1985) have used 
a  sim ple tw o-dim ensional ( la titu d e -a ltitu d e ) m odel 
to  e s tim ate  th e  p o ten tia l greenhouse effects due to  
increases of N 2 O , C H 4 ,  and  C F C s on th e  tim e scale 
of decades. In th is  study , th e  effect of O 3  p e r tu r
b a tio n s asso c ia ted  w ith  th e  increases of these trace  
gas co n cen tra tio n s was n o t included. T he resu lts  
suggest th a t  these trace  gases could p o ten tia lly  aug 
m en t th e  surface w arm ing  due to  a  C O 2  increase by 
m ore th a n  60%.

6.4.2 A erosols

B oth  s tra to sp h e ric  and  tro p o sp h eric  aerosols have 
th e  p o ten tia l to  induce significant c lim atic  effects. 
However, a t  p re sen t, th e  p rim ary  facto rs p reven ting  
reliable p red ic tion  of the  fu tu re  effect of aerosols on 
clim ate a re  large u n ce rta in tie s  a b o u t aerosol op tical 
p ro p erties , p a r ticu la rly  an th ropogen ic  aerosols, and  
lack of know ledge of how these will change in the  
fu tu re .

6.4.3 W aste H eat

T he w aste  h ea t experim en ts  th a t  have been p er
form ed th u s  fa r w ith  general c ircu la tio n  m odels are 
lim ited . B ecause th e  am o u n t of energy flux over 
large regions is sm all for p resen t energy use levels, 
no experim en ts have been carried  o u t th a t  consider 
fu tu re  p ro jec tions of energy use.

6.5 U N C E R T A IN TIE S AND D ISA G R E EM E N T S 
O F M O D E L  RESU LTS

6.5.1 Sim ple M odels

T he vast m ajo rity  of m odel ca lcu la tions of the  po
ten tia l clim ate-chem ical effects on th e  global a tm o 
sphere have been done w ith  one-dim ensional m od
els of a tm ospheric  processes. A lthough such m od
els can include detailed  rep resen ta tio n s of the  v e rti
cal d is trib u tio n  of a tm ospheric  chem ical and  ra d ia 
tive processes, these m odels only crudely represent 
th e  effects of tra n sp o r t processes and  do no t con
sider ad eq u ate ly  the  varia tions w ith  season and  la t 
itu d e  th a t  m ay be im p o rta n t in determ in ing  long
te rm  tren d s  in Os levels and  tem p era tu re . How
ever, m ore lim ited  stud ies w ith  h igher-dim ensional 
m odels have generally  verified th e  resu lts  from  one
d im ensional m odel studies.

M uch effort has been p u t in to  a tte m p ts  to  val
id a te  th e  d iagnostic  and  prognostic  capab ilities of 
these sim ple m odels. However, m easurem ents of 
th e  d is trib u tio n  of rad ia tiv e  p ro p erties  and  trace  
species co ncen tra tions in th e  g lobal a tm osphere  are 
lim ited . T he resu lts of com parisons w ith  th e  present 
a tm o sp h ere  a re  inconclusive because of th e  lim ited  
num b er of m easurem ents. Such com parisons, while 
necessary, are no t a  sufficient cond ition  for the  va
lid ity  of a  m odel’s prognostic capab ilities. A ttem p ts  
a t  va lida ting  th e  prognostic  capab ility  have also 
been inconclusive, a lthough  these a tte m p ts  have 
provided som e increased confidence in th e  overall 
rep resen ta tiveness of the  m odels in tre a tin g  a tm o 
spheric processes.

A nalyses of th e  effects on O 3  chem istry  from  
solar p a rtic le  cap tu re  even ts (C ru tzen  e t al. 1975; 
H eath  e t al. 1977), th e  nuclear te s t series (C hang  et 
al. 1979; W uebbles 1983b), so lar eclipses (W uebbles 
and  C hang  1979; S ta rr  e t al. 1980), and  the  few 
com parisons w ith  m easurem ents o f d iu rnal varia
tions of trace  gases have helped th e  validation  p ro 
cess. C om parisons of th e  observed tren d s in ozone 
and  o th er gases over recent decades w ith  m odel cal
cu la tions have been surprising ly  good (W uebbles 
1983b; W uebbles et al. 1983; R einsel e t al. 1984), 
b u t un fo rtu n a te ly , th e  incom pleteness of th e  d a ta  
base g reatly  lim its th e  significance of such com par
isons. Likewise, com parisons of m odel resu lts  w ith  
observed tren d s  in upper a tm ospheric  tem p era tu res
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are also lim ited  by the  availab le d a ta  (W uebbles 
1983b).

A nu m b er of stud ies have a tte m p te d  to  a n a 
lyze h isto rical records to  de term ine  ac tu a l global 
changes in surface tem p e ra tu re  over the  las t cen-, 
tu ry  (see C h ap te r 4 of th e  SOA on D etection  of C li
m ate  C hange). H ansen e t al. (1981) and  o th ers  have 
invoked changes in a tm ospheric  C O 2 , s tra to sp h eric  
aerosols from  volcanic e rup tions, and  solar ac tiv ity  
to  a tte m p t to  explain  m any of th e  general featu res 
of th e  global tem p e ra tu re  v aria tio n s over the  last 
100 years. How ever, as discussed by N R C  (1983) 
and  M acC racken (1983b), th ere  are m any uncer
ta in tie s  associa ted  w ith  these analyses (see W igley 
et al. 1985).

6.5.2 Trace Gases

A lthough  it is qu ite  clear th a t  p e r tu rb a tio n  of trace  
gas co ncen tra tions and  th e ir associa ted  changes in 
O 3  can influence th e  clim ate; th e  m agn itude, and 
som etim es (particu larly  for th e  effect of Os change) 
even th e  sign, how ever, rem ains uncerta in .

From  th e  discussion p resen ted  in th e  previous 
sections and  in C h ap te r 2 of th is  volum e, it is ev
iden t th a t  the  accuracy of th e  trace  gas clim ate- 
chem istry  calcu lations depends on th e  accuracy of 
the  spectroscopic d a ta , rad ia tio n  ap p rox im ations 
ad o p ted  in th e  m odels, a tm ospheric  chem istry, the  
abundance and  d is trib u tio n  of th e  trace  gases, and 
o th er dynam ical and  physical processes. T he avail
able spectroscopic d a ta  and  rad ia tiv e  tran sfe r a l
go rithm s used in th e  m odels have alw ays been as
sum ed to  be ad eq u ate . How ever, m odel com par
ison stud ies (cf. L u th er 1982) have ind icated  th a t  
th e  range of u n ce rta in ty  in th e  C O 2  th e rm a l rad i
a tio n  flux ca lcu la tions betw een different m odels is 
qu ite  large, because of th e  differences in th e  gaseous 
ab so rp tio n  d a ta  as well as th e  ap p ro x im a te  ra d ia 
tion  tre a tm e n ts  ad o p ted  in the  m odels. S im ilar rea
sons w ere found for the  large difference in th e  cal
cu la ted  clim atic  effect of increasing concen tra tions 
of C lC s betw een different m odels (see R am an a th an  
1975; W ang et al. 1976; H ansen e t al. 1981; C lark  
et al. 1982).

In ad d itio n , m odel-calcu lated  trace  gas clim atic 
effects also depend on th e  m odel p aram ete riza tio n s 
of hum id ity , cloud, and  ice a lbedo  feedbacks. For

exam ple, the  range of the  calcu lated  surface w arm - 
ing in one-dim ensional m odels caused by an in c re a s ^ ^ B  
of CIC co ncen tra tions from  0 to  2 ppb  is found 
lie in th e  range of 0 .3 -0 .9°C  (see Table 6 . 8 ). T he 
difference in m odel resu lts  depends on th e  p aram e
te riza tio n s of th e  physical processes th a t  are used. 
B ecause th e  physical processes influencing th e  con
cen tra tio n s  of rad ia tive ly  im p o rta n t chem ical trace  
gases are no t well u n d ersto o d , p roper analysis of 
th e  rad ia tiv e  effect involves com plex consideration  
of rad ia tiv e , dynam ica l, and  chem ical processes and  
th e ir in te rac tio n s . P a rtic u la r  regard  m u st be paid  
to  s tra to sp h eric -tro p o sp h eric  exchange m echanism s 
and  to  th e  a tm ospheric  w ate r budget.

Table 6 . 8

Effects of P hysical P a ram ete riza tio n s on O ne-D im ensional V erti
cal R ad iative-C onvective  M odel-C alcula ted  Surface T em pera tu re  
Increase A T , C aused by Increases of ClCs from  0 to  2 ppb

A T . (°C)

C alcu lation  by
Case C alculation W ang e t al.

w ith  D a ta  of (1976) w ith
K agann D a ta  of

et al. (1983) V aranasi and
Ko (1977)

1. 6.5 °C km * critical lapse ra te
A. FR H  +  FC A  + No lAT 0.46 0.39
B. FR H  + FC A  + lAT 0.52
C. FR H  -1- F C T  + No lAT 0.68 0.57
D. FR H  + FC T  + lAT 0.94

2. M oist-ad iabatic  critical lapse ra te
A. FR H  -1- FC A  -1- No lAT 0.26

A bbrev iations; FR H , fixed relative hum id ity ; FCA, fixed cloud al
titu d e ; FC T , fixed cloud tem p era tu re ; lA T, ice a lb ed o -tem p era tu re  
feedback. Source: W ang et al. (1984).

It is difficult to  assess q u an tita tiv e ly  u n ce rta in 
ties in th e  m odel-calculated  c lim ate-chem istry  in te r
ac tions, especially based on one-dim ensional m odel 
resu lts. However, sources of un ce rta in tie s  in the  
m odel-calcu lated  effects on O 3  and  clim ate  m ay 
arise from  ( 1 ) th e  tre a tm e n t of hum id ity , clouds, 
and  th e  use of th e  average critica l lapse ra te  to  
ap p ro x im a te  th e  vertical tra n sp o r t  of h ea t by a t 
m ospheric m otions; ( 2 ) th e  com plexity  and  incom 
plete  u n d erstan d in g  of th e  a tm ospheric  chem istry ; 
and  (3) th e  inadequacies in th e  basic fo rm ulation  
of one- and  tw o-dim ensional m odels. P resum ably  
som e of th e  u n ce rta in tie s  discussed here m ay be 
narrow ed when m ore a tm ospheric  d a ta  and  m ore 
so p h istica ted  m odels becom e availab le  (e.g., W ang 
and  M olnar 1985).
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O ne of th e  m ost significant u n ce rta in tie s  in anal- 
ses of effects from  p as t an d  possible fu tu re  changes 

trace  gas co n cen tra tio n s  has been th e  choice of 
scenarios used in m odel ca lcu la tions of th e  trace  
gas effects. S ignificant u n ce rta in tie s  rem ain  in un
ders tan d in g  th e  bu d g ets  an d  global tren d s of such 
gases as C H 4 , N 2 O, C O , several of th e  chlorocar- 
bons, m ost of th e  hyd ro carb o n s, and  NO^ em is
sions from  surface an d  a irc ra f t sources. A regularly  
u p d a ted  reference set o f scenarios w ould provide a  
com m on basis for m odel in tercom parisons.

D espite recen t im provem en ts in th e  u n d e rs ta n d 
ing of overall s tra to sp h e ric  chem istry , m uch rem ains 
to  be done, for exam ple, to  quan tify  erro rs, to  iden
tify preferred  reac tion  p a th w ay s, and  to  m easure re
ac tions u nder a tm o sp h eric  conditions. These uncer
ta in tie s  a re  p a rticu la rly  re levan t in th e  lower s t ra to 
sphere w here pressure an d  te m p e ra tu re  dependen
cies of ra te  coefficients a re  m ost critica l. M any of 
th e  changes in th e  sensitiv ity  of p e r tu rb a tio n  re
su lts  for Os over recen t years have been because of 
changes in ra te  coefficients involving H O i species. 
S ignificant u n ce rta in tie s  rem ain  in th e  chem istry  of 
these species.

D espite th e  im p o rtan ce  o f g lobal tropospheric  
chem istry  to  u n d ers tan d in g  th e  com position  of b o th  
th e  tro p o sp h ere  and  s tra to sp h e re , m any u n ce rta in 
ties rem ain . T he m ost im p o rta n t sink for m any of 
th e  im p o rta n t trace  gases is reaction  w ith  O H , yet 
very few m easu rem en ts of OH exist e ith er in the  tro 
posphere or s tra to sp h e re . T he role of nonm ethane 
hydro carb o n s in de term in in g  th e  trop o sp h ere  OH 
d is trib u tio n  is essen tially  unknow n. Lack of d a ta  on 
th e  N O i co n ten t of th e  tro p o sp h ere , is an o th e r sig
n ificant u n ce rta in ty . T he contro lling  facto rs in the  
origin and  d estru c tio n  of tropospheric  Os have been 
con troversia l for som e tim e  (C ham eides and  W alker 
1973; P ruchniew iez 1973; C ru tzen  1974; C hatfield  
an d  H arrison  1976; F ish m an  and  C ru tzen  1977; Liu 
e t al. 1980; F ishm an  1981; Logan e t al. 1981). T he 
d is tr ib u tio n  of O 3  in th e  troposphere  depends c r it
ically on th e  am o u n t of NO^ and  on th e  role of dy 
nam ical processes th a t  a re  not yet well u n d ers to o d .

M any of th e  feedbacks betw een trace  gases and  
th e  global chem ical-clim ate system  are poorly  un 
derstood . As an  exam ple, th e  rem oval ra te s  of w a te r 
soluble gases and  th e ir dependence on tropospheric  
w a te r co n ten t a re  only crudely  known.

6.5.3 Aerosols

ft is very difficult to  com pare m odel ca lcu la tions of 
aerosol clim atic  effects because th e  op tical p ro p e r
ties used in the d ifferent m odels a re  q u ite  d ifferent, 
as discussed in Section 6.3.2. However, in recogniz
ing th e  im portance  of aerosols on c lim ate , a  m odel 
in tercom parison  p rog ram  has been recently  o rga
nized to  com pare th e  resu lts  from  clim ate m odels 
w ith  specified aerosol in p u ts  (cf. W M O  1983b).

6.5.4 W aste H eat

F u tu re  changes in w aste  h ea t a re  strongly  influenced 
by u n ce rta in tie s  in fu tu re  energy grow th . In ad 
d itio n , p ast m odel stud ies have inserted  th e  w aste  
h ea t in th e  surface energy balance, w hereas it re
ally should be p u t in as a  com ponent to  th e  surface 
boundary  layer p aram ete riza tio n . T h is  w ould allow 
for im m edia te  d ispersion  of h ea t (or m oistu re) as 
lofted plum es. T here is also large seasonal and  daily 
v aria tio n  in w aste  energy th a t  has n o t been included 
in m odeling studies. P erh ap s these effects could 
be m odeled w ith  sm aller-scale m odels and  th en  p u t 
in to  G C M s in param eterized  form  because th e  de
ta ils  canno t be adequately  accounted  for w ith  th e  
availab le G CM  grid  sizes.

6 . 6  SUM M ARY

In th is  ch ap te r th e  various n a tu ra l and  a n th ro 
pogenic factors (o th er th an  C O 2 ) th a t  m ay affect 
th e  clim ate  have been review ed. T he purpose is to  
sum m arize our u n d ers tan d in g  of these facto rs and  
th e ir  p o ten tia l fu tu re  clim atic  effects so th a t ,  on th e  
tim e scale of a  few decades, C 0 2 -induced clim ate  
change can be viewed in a  p ro p er con tex t. T he fac
to rs  we discussed include trace  gases, an th ropogen ic 
and  volcanic aerosols, v aria tio n  of the  solar con
s ta n t, change of surface ch arac te ris tic s , and  releases 
of w aste  heat.

We have discussed th e  orig ins of th e  various n a t
u ra l and  an th ropogen ic  p e r tu rb a tio n s , th e  physi
cal and  chem ical processes and  th e ir in te rac tio n s, 
m odel sensitiv ity  ca lcu la tions, and  m odel projec
tions of th e ir p o ten tia l fu tu re  clim atic  effects. T he 
discussions cen te r on trace  gases and  aerosols be
cause of th e ir p o ten tia lly  large clim atic effects.
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I t ap p ears  th a t  th e  increases of a tm ospheric  
trace  gases could have im p o rta n t clim atic  effects. 
T he m odel ca lcu la tions suggest th a t  th e  com bined 
effect of increasing  a tm ospheric  trace  gases and  the  
associa ted  change of a tm ospheric  ozone an d  w ate r 
vapor d is trib u tio n s  could p o ten tia lly  w arm  th e  cli
m ate  to  a  m ag n itu d e  com parab le to  th a t  from  the  
increase in C O 2 . A erosols of an th ropogen ic  ori
gins m ay have su b s tan tia l effects on regional cli
m ate  w hereas volcanic aerosols m ay have an  effect 
on large-scale c lim ate  for up to  a  few years a fte r 
in jection  in to  th e  atm osphere .

C hanges of surface ch a rac te ris tic s  and  releases 
of w aste  h ea t m ay also have su b s tan tia l effects on 
th e  regional clim ate , b u t these effects a re  m ost likely 
to  be sm all w hen com pared  w ith  th e  effect of a  C O 2  

increase. C hanges in th e  so lar co n stan t could have 
an  effect on th e  global scale, b u t th e  tim e scale is 
m uch longer.

T here is m uch m ore th a t  needs to  be learned 
w ith  regard  to  th e  n a tu ra l an d  an th ropogen ic  fac
to rs  m entioned  above th a t  m ay affect the  clim ate. 
A brief sum m ary  of those  needs is p resen ted  in th e  
nex t section.

6.7 F U T U R E  R E SE A R C H  N EED S

In th is  section , som e of th e  m ost im p o rta n t research 
needs are ou tlined  (based on th e  p rio r discussion) 
before an  ad eq u a te  analysis of th e  role of trace  gases 
and  o th er p e r tu rb a tio n s  can be addressed  w ith in  the  
C O 2  assessm ent p rogram . We re s tr ic t our discus
sion to  those  th a t  differ from  th e  needs to  stu d y  the  
c lim atic effects of C O 2  a lready  recognized. Some 
of th e  m ost im p o rta n t needs are  listed  u nder each 
research area . T he ordering  does no t im ply re la tive  
priority .

6.7.1 M odeling A ctiv ities

M odeling will con tinue to  play an  essen tial role in 
eva lua ting  fu tu re  p e r tu rb a tio n s . A num ber of ac
tiv ities  m u st be pursued:
1. T he developm ent of m ultid im ensional (tw o- and  

th ree-d im ensional) m odels th a t  include th e  feed
back processes affecting a tm ospheric  chem istry , 
dynam ics, an d  rad ia tio n .

2. T he developm ent of trace  gas (C O 2 , C H 4 ,  N 2 O, 
C O 2 , C lC s, N O i, COS, e tc .) scenarios for esti- _ 
m a tin g  q u an tita tiv e ly  th e ir clim atic  effects a n d ^ ^ ^  
for m odel in tercom parison  purposes (see below).

3. B e tte r  u n d ers tan d in g  of th e  source and  sink 
processes affecting trace  gas con cen tra tio n s and  
aerosols.

4. In tercom parison  of m odels and  d a ta  to  b e tte r  
u n d e rs ta n d  th e  agreem ents and  d isagreem ents 
betw een m odels and  betw een m odels an d  d a ta .

5. M odel sensitiv ity  ca lcu la tions to  link causes 
an d  effects associa ted  w ith  trace  gases, aerosols, 
w aste  h ea t, and  changes of surface ch a rac te ris
tics.

6.7.2 L ab o ra to ry  M easurem ents

L ab o ra to ry  m easurem ents are needed in order to  
p rovide in p u t d a ta  for m odeling chem ical an d  ra 
d ia tiv e  processes. T he following task s  are of special 
im portance .
1. Refined techniques for m easuring  HO^ k in e t

ics under tropospheric  and  s tra to sp h eric  condi
tions.

2. M easu rem en ts of the  tem p e ra tu re  and  pressure 
dependences of trace  gas infrared abso rp tion  
b an d  s tren g th s .

3. E valu a tio n  of th e  possible im p o rtan ce  of mole- 
cule-m olecule reactions under tropospheric  and  
s tra to sp h e ric  conditions.

4. M easu rem en ts of aerosol op tical p ro p erties  such 
as th e  index of refraction .

5. Refined techniques for study ing  heterogeneous 
an d  liquid phase chem istry.

6.7.3 A tm ospheric  M easurem ents

Some q u an titie s  and  processes m ust be m easured  in 
th e  env ironm en t. T he in fo rm ation  is necessary bo th  
to  carry  o u t th e  m odeling calcu lations an d  to  ver
ify th a t  th e  calcu lations are correct. T he following 
o bservations a re  of p a rtic u la r  im portance .
1. L ong-term  tren d s of im p o rtan t trace  gases, in

cluding  C H 4 ,  C O 2 , N 2 O , C lC s, C O S, O s, and  
o th e r species.

2. G eographical d is trib u tio n s  of tropospheric  and  
s tra to sp h e ric  tem p era tu res  and  Os co n cen tra
tions.

3. Surface fluxes of trace  gases.
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4. T ropospheric  and  s tra to sp h e ric  co ncen tra tions 
of sho rt-lived  gases (e.g., N O, N O j, O H , H O 2  

SO 2 ) and  th e  longer-lived reservo ir gases (e.g., 
chlorine n i tra te  [CIONO 2 ]).

5. A ccu ra te  m easu rem en ts  of th e  so lar co n stan t.
6 . M easu rem en ts of a tm ospheric  aerosol loadings, 

w aste  h ea t release, and  surface albedo  and  veg
e ta tio n  changes.

7. M easu rem en ts to  estab lish  th e  im p o rta n t p ro 
cesses govern ing  tro p o sp h eric -s tra to sp h eric  ex
change of a tm o sp h eric  co n stitu en ts .
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7.1 IN T R O D U C T IO N

^The study  of p a s t c lim ates co n trib u tes  key in form a
tion  to  th e  u n d ers tan d in g  of how fu tu re  increases in 
a tm ospheric  co n cen tra tio n s  of ca rbon  dioxide (C O 2 ) 
and  o th er tra c e  gases m ay affect th e  clim ate. Re
search using long-term  in s tru m en ta l and  n o n in s tru 
m en ta l records can ( 1 ) illu s tra te  th e  n a tu ra l vari
ab ility  of p a s t c lim ates on several tem p o ra l and 
sp a tia l scales, ( 2 ) provide d a ta  th a t  m ay be used 
in developing scenarios for possible fu tu re  clim ates, 
(3) increase th e  fu n d am en ta l u n d e rs tan d in g  of the 
causes of clim atic  change, and  (4) p rovide indepen
den t d a ta  for te s tin g  m a th em atica l m odels th a t  sim 
u la te  c lim atic  conditions.

R ecent clim ate  m odel sim u la tions ind ica te  th a t  
the global m ean te m p e ra tu re  m ay increase by 1.5 
to  4.5°C  if th e  a tm ospheric  co n cen tra tio n  of C O 2  is 
doubled over th e  nex t 50 to  150 years (N ationa l Re
search C ouncil 1983; Schlesinger 1983; C h ap te r  4 
of th is  volum e). T he tim e scale of th is  p red ic ted  
change has s tim u la te d  de ta iled  s tud ies of in s tru 
m ental records of te m p e ra tu re  from  th e  p as t 1 0 0  

years (W igley et al. 1985). T hese records show 
th a t  th e  p red ic ted  change is m uch larger th a n  any 
recorded change in hem ispheric or global average 
tem p e ra tu re  from  th is  tim e period  (C lark  1982). 
T his fact has led to  stud ies of paleoc lim atic  records 
for tim es in te rp re ted  as possibly hav ing  a  h igher 
global m ean te m p e ra tu re  th a n  to d ay , for exam 
ple, th e  m id-H olocene— 8000 to  4000 years Before 
P resen t (B .P .) (Kellogg 1978; B u tzer 1980). Even 
though  th e  g lobal m ean te m p e ra tu re  for th is  m id- 
Holocene period  m ay never have been as m uch as 
1.5°C higher th a n  today , s tu d y  of th is  and  o ther 
periods w ith  w arm  c lim ates or w ith  increasing  tem 
p era tu res  (e .g ., 16,000 to  10,000 B .P .) m ay reveal 
p o ten tia lly  useful in fo rm ation  for u n d ers tan d in g  the  
ch a rac te ris tic s  of fu tu re  w arm  clim ates. Such infor
m atio n , w hen p o rtray ed  as m aps show ing th e  m ag
n itude and  sp a tia l scale of changes in tem p e ra tu re , 
p rec ip ita tio n , and  m oistu re  balance w hich m igh t be 
associa ted  w ith  an  increase in th e  global m ean tem 
p era tu re , com plem ents th e  o u tp u t of general c ircu
la tio n  c lim ate  m odel s im u la tio n s of a  fu tu re  high- 
C O 2  w orld (such as those of M anabe  an d  Stouf- 
fer 1980; M an ab e  e t al. 1981; and  o th e r s tu d ies  re
p o rted  in C h ap te rs  4 and  5 of th is  volum e).

K now ledge of how v aria tio n s in th e  global m ean 
te m p e ra tu re  a re  re la ted  to  v aria tio n s in regional 
c lim ate is fu n d am en ta l to  u n d ers tan d in g  clim ate 
change. F rom  such know ledge can com e th e  ab il
ity  to  co n stru c t useful scenarios for possible fu tu re  
w arm  clim ates. C u rren t a t te m p ts  a t  co n stru c tin g  
scenarios requ ire  cau tio n , how ever, because m any 
of th e  fac to rs  and  processes ac tive  du ring  previous 
large (1 -5°C ) changes in th e  global m ean tem p er
a tu re  will n o t be applicable to  th e  nex t 50 to  150 
years w hen th e  C 0 2 -induced changes are p ro jected  
to  occur. For exam ple, during  th e  period  of m a
jo r te m p e ra tu re  rise from  16,000 to  10,000 B .P ., 
b o th  th e  global ice ex ten t and  seasonal inso lation  
changed m arkedly. C O 2  co ncen tra tions m ay also 
have changed  by 40-80  p a r ts  per m illion by volum e 
(ppm ) (N eftel e t al. 1982), b u t th e  role of these 
changes is n o t yet fully understood .

T he m ain  p o rtio n  of th is  ch ap te r is broken in to  
th ree  sections. T he first provides a  background dis
cussion of ( 1 ) th e  evidence th a t  p a s t c lim ate changes 
m ay have been induced by changes in a tm ospheric  
C O 2  co n cen tra tio n s, ( 2 ) th e  developm ent of clim ate 
scenarios, and  (3) m odel validation  w ith  paleocli
m atic  d a ta . T he second section describes clim ate 
scenarios th a t  a re  based on in s tru m en ta l d a ta , and  
th e  th ird  section describes th e  global d a ta  base for 
6000 B .P . an d  its  in itia l use for validating  th e  resu lts  
of a  g lobal c ircu la tio n  m odel.

7.2 B A C K G R O U N D

7.2.1 Possib le  Role of C arbon  D ioxide in 
P a s t  C lim ate  C hange

In te rp re ta tio n  of p a s t d a ta , especially in searching 
for causes of c lim ate  change, requires an  under
stan d in g  of how th e  clim ate  system  w orks. Such an 
u n d ers tan d in g  is essential in order to  iso late C O 2  ef
fects from  o th e r causal factors. In recen t years C O 2  

has becom e im p lica ted  as a  p o ten tia lly  im p o rtan t 
causal fa c to r in  explain ing p a s t changes in clim ate 
on a  varie ty  of tim e scales. To illu s tra te  th is  fact, we 
consider exam ples w hich involve C O 2  as a  possible 
forcing m echanism  and  d em o n stra te  the  ubiqu ity  of 
changing a tm o sp h eric  C O 2  levels.
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In th e  la te  1970s th e  C L IM A P (C lim ate: Long- 
R ange In v estig a tio n , M app ing  A nd P red ic tion ) P ro 
gram  d em o n stra ted  th a t  changes in th e  E a r th ’s or
b ita l p a ram ete rs  m u st have been th e  p rim ary  facto r 
in causing th e  q uasi-regu lar g lacia l-in terg lacial cy
cles th a t  have affected th e  global clim ate  for a t  least 
th e  p a s t 1.7 m illion years (H ays e t al. 1976). M od
eling exercises, how ever, have n o t alw ays been able 
to  s im u la te  th e  m ag n itu d e  of th e  observed changes 
betw een to d ay  and  full glacial conditions a t  18,000 
B .P . T h is lack of success has been a ttr ib u te d  e ither 
to  m odel deficiencies or to  th e  neglect of som e o th er 
causal facto r. T h e  la t te r  possib ility  was recently  
d em o n stra ted  by th e  ana lysis of a ir sam ples trap p e d  
in bubbles ex tra c ted  from  ice cores which showed 
th a t ,  a t  th e  peak of th e  las t g lacia tion , C O 2  levels 
were a ro u n d  2 0 0  p p m , a  value considerably  lower 
th an  th e  p re in d u stria l level (N eftel e t al. 1982).

T he d irec t effects o f a  g lacia l-in terg lacial C O 2  

change of 4 0 -80  ppm  are  subject to  som e uncer
ta in ty . T hey can  be e s tim a ted  using th e  logarithm ic 
re la tionsh ip  for th e  equ ilib rium  tem p e ra tu re  change 
(A T ) th a t  w ould re su lt from  a  C O 2  co ncen tra tion  
change from  Cq to  c (viz. A T  =  A T 2 x ^ « (c /c o )/£ n 2 , 
w here A T 2 X is th e  p ro jec ted  te m p e ra tu re  change 
for a  doubling of th e  C O 2  concen tra tion ; see Au- 
gustsson  and  R a m a n a th a n  1977). T his re la tionsh ip  
gives a  range of possib le A T  values betw een 0.4 and  
2.2°C , w hen u n ce rta in ty  in changes in C O 2  concen
tra tio n  and  in A T 2 X a re  considered. M ore deta iled  
m odeling suggests th a t  th e  range in A T  because 
of th e  effects of C O 2  alone m ay be sm aller th a n  
th is, p erhaps only 0 .3 -0 . 6 °C (H ansen e t al. 1984). 
These values a re  considerab ly  less th a n  th e  observed 
g lacia l-in terg lacial A T  of 4 -6° C and  ind icate  th a t  
C O 2  is n o t th e  w hole answ er to  th e  problem  of ex
plain ing  th e  m ag n itu d e  of g lacia l-in terg lacial tem 
p e ra tu re  changes. T here  is, nevertheless, a  possi
b ility  th a t  C O 2  is an  im p o rta n t fac to r in th e  feed
back m echanism s th a t  m ay am plify th e  o rb ita l forc
ing of g lacia l-in terg lacia l c lim ate  change (H ansen et 
al. 1984; K err 1984; P is ias  and  Shackleton 1984).

Processes th a t  m ig h t cause th e  observed changes 
in C O 2  co n cen tra tio n  have been suggested  a  sev
eral au th o rs , including  m ost recently  B roecker and  
T akahashi (1984), K nox an d  M cElroy (1984), Sarm i- 
en to  and  Toggw eiler (1984), and  S iegenthaler and  
W enk (1984). T hese w orks ou tline  m echanism s 
th ro u g h  w hich C O 2  changes of th e  o rder of 50 ppm

could occur on tim e scales of the  o rder of cen tu ries, 
m uch less th an  th e  g lacia l-in terg lacial tim e scale. 
O bservational evidence from  ice cores su p p o rts  th e  
possib ility  of such rap id  C O 2  fluctua tions (S tauffer 
e t al. 1984). T hese d a ta  show th a t  C O 2  levels were 
n o t only low during  th e  la s t glacial period , b u t also 
m ay have varied  con tinually  on th e  1 0 - to  1 0 0 0 -year 
tim e scale. A t th e  sh o rte r end of th is  range, s ta 
ble ca rbon  iso topes in tree  rings provide evidence 
of frequen t flu c tu a tio n s of ab o u t ± 1 5  ppm  in C O 2  

co n cen tra tio n s du rin g  th e  la.st 2000 years (S tu iver 
e t al. 1984). A t th e  long end of th e  range, th e  ice 
core d a ta  have been su p p o rted  by stab le  ca rbon  iso
to p e  d a ta  from  deep sea sed im ent cores (Shackleton  
e t al. 1983) th a t  show , for exam ple, th a t  th e  con
cen tra tio n  of C O 2  du ring  a t  least p a r t  of th e  la s t in
terg lacial period  (a round  1 2 0 , 0 0 0  B .P .) w as as high 
as or h igher th an  th e  p re in d u stria l ( la te  Holocene) 
level.

On a  m uch longer tim e scale, th e  C retaceous 
period  (ab o u t 1 0 0  m illion years ago) was a  tim e 
of global w a rm th , w ith  high la titu d e  regions be
ing m ore th a n  10°C w arm er th an  they  are  to d ay  
(F rakes 1979; W igley 1981). Because th e  con ti
n en ts  th en  were in diflferent positions, B arron  et. 
al. (1981) p o s tu la ted  th a t  th e  C retaceous w a rm th  
p robab ly  resu lted  from  th e  d ifferent co n tin en ta l po
sitions, coupled w ith  a  different la titu d in a l d is tr ib u 
tion  of a lbedo  and  a  necessarily very diflferent sys
tem  of ocean cu rren ts . W hen, how ever, a tte m p ts  
w ere m ade to  s im u la te  th e  c lim ate of th e  period  us
ing a  general c ircu la tio n  m odel, th e  p red ic ted  global 
m ean tem p e ra tu re  fell well sh o rt of th a t  im plied 
by th e  paleoc lim atic  evidence (B arron  e t al. 1981; 
B arron  and  W ashington  1982, 1984). A lthough  
several ex p lan a tio n s ex ist for th is  discrepancy, th e  
m ost p robab le  is th a t ,  during  the  C retaceous, a tm o 
spheric C O 2  levels w ere su b stan tia lly  above those 
ex isting  today . Independen t geological evidence 
su p p o rts  th is  possib ility  (B erner e t al. 1983; see also 
Schneider and  bon d er 1984, pp. 241-247; T rab alk a  
e t al. 1985).

O th er exam ples (e.g., Owen e t al. 1979; H un t 
1984), to g e th er w ith  th e  cases described above, in 
d ica te  th a t ,  fa r from  being a  co n stan t, a tm ospheric  
C O 2  levels in th e  p a s t have probab ly  varied con
tinuously  on all tim e scales from  ~ 1 0 0  years up
w ards (T rab alk a  e t al. 1985). S tudies of p a s t cli
m ates  m u st, therefo re , seriously consider C O 2  as a
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possible causal facto r. Paleoclim ato logy , in its  de- 
klineation of th e  d e ta ils  of p a s t c lim ate  and  the  m ech
anism s of c lim ate  change, is in tim a te ly  linked w ith  
th e  stu d y  of th e  influences of C O 2  on the  global 
c lim ate  system . In th is  lig h t, fu tu re  an th ropogen ic  
em issions of a tm o sp h eric  C O 2  and  trace  gases and  
th e  a n tic ip a ted  changes in c lim ate  th a t  m ay occur 
as a  re su lt can be viewed as an  escalation  of the  
n a tu ra l processes of clim atic  change.

7.2.2 C lim ate  Scenarios

T he m ost significant effects of increased a tm o 
spheric C O 2  on clim ate  will be m anifest in regional 
changes of m o istu re  and  te m p e ra tu re  p a tte rn s . T he 
increase in availab le energy in th e  lower troposphere  
resu lting  from  C 0 2 -induced changes in th e  ra d i
a tio n  balance will p e r tu rb  th e  w hole a tm ospheric  
circu la tion  system . C hanges in pressure p a tte rn s , 
b o th  geographical and  seasonal, will in tu rn  affect 
ra in fall, tem p era tu res , and  w inds: all th e  m eteo ro 
logical variab les th a t  co n trib u te  to  th e  overall cli
m ate  a t  a  given place. To assess th e  effects of such 
changes in clim ate  on h u m an  ac tiv itie s , deta iled  re
gionally and  seasonally  specific s im u la tio n s of fu tu re  
C 0 2 *induced c lim ate  change are  required . Increas
ing co n cen tra tio n s of o th er rad ia tiv e ly  ac tive trace  
gases (m eth an e , ozone, n itro u s  oxide and  chloroflu
o rocarbons) m ay well add  significan tly  to  any C O 2 - 
induced w arm ing . B ecause such trace  gas effects 
can n o t easily be d istingu ished  from  th e  effects of 
C O 2 , m ost references to  C O 2  in th is  ch ap te r should 
be considered as app ly ing  to  th e  com bined effects of 
C O 2  and  o th er trace  gases.

B ecause reliable regional and  seasonal deta il 
can n o t yet be o b ta in ed  by m odeling  th e  fu tu re  cli
m ate  w ith  ap p ro p ria te  general c ircu la tio n  m odels 
(G C M ), th e re  has been in te re st in using p a s t cli
m a te  d a ta  as an  analog  for th e  fu tu re . P itto ck  
and  Salinger (1982) have d istingu ished  th ree  dif
fe ren t app roaches to  ana log-based  scenario  devel
opm ents. T he first is to  use a  su itab ly  defined en
sem ble of w arm  years from  th e  recen t in s tru m en ta l 
record  an d  to  com pare th is  e ith e r w ith  th e  long
te rm  m ean or w ith  a  sim ilarly  defined cold-year en
sem ble (W igley e t al. 1980; W illiam s 1980; N am ias 
1980; Jag e r and  K ellogg 1983). T he second is to  
use regional reco n stru c tio n s  of paleoc lim ate  during

p as t w arm  periods. F lohn (1977) suggested a  n u m 
ber of possible periods; th e  M edieval W arm  Epoch 
(ca. 800-1200 A .D .); th e  tim e of proposed m ax 
im um  Holocene w a rm th  (often referred to  as th e  
H ypsitherm al, ca. 8000 to  4000 B .P .); and  th e  las t 
(E em ian) in terg lacia l ab o u t 120,000 B .P. A th ird  
app ro ach  is to  use a tm ospheric  dynam ical a rg u 
m en ts to g e th er w ith  a  knowledge of em pirical cli
m atic  re la tionsh ips and  corre la tions to  develop a  
scenario  by an  educated  guess (B ryson 1974; F lohn 
1979; P itto ck  and  Salinger 1982).

O f these possib ilities, in stru m en ta lly  based sce
narios have been m ost extensively developed and  
will be discussed in d ep th  in Section 7.3. Kel
logg (1977, 1978), Kellogg and  Schw are (1981), and  
B u tzer (1980) have all pursued  th e  second approach  
and  m apped  th e  clim atic  conditions from  th e  m id- 
Holocene (4000 to  8000 B .P .) as a  possible an a 
log for fu tu re  w arm  clim ates. This work is c r iti
cally review ed in Section 7.4. T he o th er tw o possi
ble w arm -w orld  analogs m entioned  above (th e  M e
dieval W arm  E poch  and  th e  Eem ian) have n o t been 
extensively discussed in th e  lite ra tu re , largely be
cause of incom plete  d a ta  coverage. W illiam s and  
W igley (1983) have show n th a t  th e  form er period  
w as n o t one of consisten t w a rm th  even in th e  N o rth 
ern  H em isphere. T he w a rm th  w as largely confined 
to  th e  N orth  A tlan tic  basin  region (th e  region w ith  
m ost d a ta !) and  w as in terspersed  by sh o rte r tim e 
scale ( < 1 0 0  years) changes in clim ate th a t  show lit
tle  sp a tia l coherence. F lohn (1980, 1981) has con
sidered the  E em ian  as a  w arm -w orld  analog, and  
th e  recently  published C L IM A P (1984) d a ta  m ay 
allow m ore de ta iled  in te rp re ta tio n s  of th is  period. 
It is of p a r tic u la r  in te re st because of the  evidence 
of h igher sea levels a t  th is  tim e, th o u g h t to  be the  
resu lt of p a r tia l m elting  of A n ta rc tic  ice. A sim ilar 
sea level rise has been suggested as a  possible ex
trem e fu tu re  consequence of C 0 2 -induced w arm ing 
(M ercer 1978).

F lohn (1980, 1981) has also considered m ore dis
ta n t  c lim ates as possible analogs for a  fu tu re  C O 2 - 
w arm ed  w orld. T hese include the  period  2.4 m il
lion years ago when ice w as com pletely absen t from  
th e  A rctic  (Shackleton  e t al. 1984). W ith  u n ipo lar 
g lac ia tion , th e  global clim ate  system  w ould becom e 
even m ore asym m etrica l th a n  to d ay  w ith  possible 
n o rth w ard  d isp lacem ents of th e  in te rtro p ica l con
vergence zone (IT C Z ) an d  sub trop ica l anticyclones
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by 2° la titu d e  or m ore. T he possib ility  th a t  A rc
tic  ice m igh t d isap p ea r, a t  least seasonally, w as first 
suggested  by B udyko  (1962, 1969). C om ple te  d is
app earan ce  is now  th o u g h t to  be unlikely for any  fu
tu re  an tic ip a te d  C O 2  level. H ow ever, because of the  
sim plified n a tu re  of sea ice m odels applied  to  th is  
p rob lem  (see, e.g ., S em tner 1984), and  th e  general 
difficulties in m odeling long-term  sea ice varia tions 
(Sear 1984), th e  question  rem ains open.

7.2.3 M odel V alidation

A lthough  paleoc lim atic  d a ta  m ay have only lim 
ited  value in developing scenarios for C O j-induced  
c lim ate  change, such d a ta  m ay be of considerable 
value in te s tin g  c lim ate  m odels because p a s t cli
m ates  p rovide independen t d a ta  sets for m odel val
id a tio n . T h e  cred ib ility  of m odels used to  e s tim ate  
fu tu re  c lim ates w ould be considerably  enhanced  if 
they  w ere able to  produce reasonab le sim u la tio n s of 
p as t c lim ates.

W ork to w ard  th is  goal of s im u la ting  p as t cli
m ates has only recently  begun, and  m uch of the 
in itia l work has focused on sim u la tions of ice age 
(18,000 B .P .) c lim ates (W illiam s et al. 1974; G ates 
1976; M an ab e  an d  H ahn 1977; H ansen e t al. 1984). 
T he research  to  sim u la te  in terg lac ia l c lim ates is 
even m ore recen t (K u tzbach  1981; K u tzbach  and  
O tto -B liesner 1982; K u tzbach  and  G u e tte r  1984a, 
1984b), and  th e  m ethods and  c r ite ria  for verifying 
th e  resu lts  of th is  w ork are  still being fo rm ulated . 
D ifficulties can arise  because of u n ce rta in tie s  con
cerning b o th  th e  causal fac to rs influencing p as t cli
m ates  and  th e  correc t es tim atio n  of th e  differences 
betw een p as t and  p resen t c lim ates. T hese uncer
ta in tie s  need to  be decreased or b e tte r  u nderstood  
before th e  m odel perform ance can  be fully judged . 
An ite ra tiv e  ap p ro ach  will p robab ly  be necessary 
in w hich a  series of ex p erim en ta l s im u la tio n s are 
com pleted  an d  te s ted  ag a in st paleoclim atic  d a ta . If 
properly  im p lem en ted , th is  app ro ach  will lead to  
g rea te r c e rta in ty  concerning b o th  th e  causes and  the  
observations of p a s t clim atic  p a tte rn s  (see H ansen 
e t al. 1984, pp. 153-154). Key te s ts  of m odel p e r
form ance m ay th en  be possible.

7.3 C L IM A T E  SC EN A R IO S B A SED  ON 
IN ST R U M E N T A L  DATA

7.3.1 B ackground

T he use of p as t w arm  periods as p o ten tia l analogs of 
a  w orld w ith  high C O 2  co n cen tra tio n s is based on 
th e  assum ption  th a t ,  given sim ilar b oundary  con
d itions (as represen ted  by th e  s ta te  of th e  oceans, 
th e  land  surface, and  th e  cryosphere), th e  general 
c ircu la tion  of th e  lower a tm o sp h ere  will respond in 
a  s im ilar w ay, even w ith  d ifferen t forcing m echa
nism s (W igley et al. 1980). If th is  w ere correct, th en  
p a s t c lim ate  p a tte rn s  or p a tte rn s  of clim ate  change 
could be used as C O 2  analogs, even if th e  causes of 
these p a tte rn s  w ere unknow n. M anabe  and  W ether
ald (1980) and  H ansen et al. (1984) have provided 
som e evidence to  su p p o rt th is  assum ption  in  th e ir 
num erical m odeling w ork. T hey applied  tw o differ
en t forcing m echanism s to  th e ir  G CM s: increased 
levels of C O 2  and  increased values of so lar insola
tion . In b o th  cases, the  near-surface response of the 
m odel clim ate  w as sim ilar. In M anabe and  W ether- 
a ld ’s case, how ever, they used a  re la tively  sim ple 
G C M  w ith  highly idealized geography and  w ith o u t 
seasonal dependence, and  th u s  th e ir  resu lts a re  no t 
easily tran sfe rred  to  th e  real w orld.

T here  is ad d itio n a l m odel an d  observational ev
idence b o th  for and  ag a in st th e  assum ption  th a t  
th e  p a tte rn s  of c lim ate change are  largely indepen
d en t o f th e  underly ing  forcing. T he m odel evidence 
ag a in s t th e  assum ption  com es from  stud ies of the  
t ra n s ie n t response of th e  c lim ate  system . M ost 
m odel s tud ies of C O 2  effects, including th e  work 
c ited  above, have considered only th e  equilibrium  
response to  a  specified (e.g., doubling  or q u ad ru 
pling) step -function  increase in  a tm ospheric  C O 2  

co n cen tra tio n . In reality , th e  changes in C O 2  are 
co n tin u al, and  it is th e  tim e-d ep en d en t evolution of 
clim ate  th a t  is im p o rta n t, m ore th an  th e  final s ta te  
yielded by an  equilib rium  response study. Because 
of th e  th e rm a l in e rtia  of th e  ocean, th e  clim atic  re
sponse to  ex terna l forcing is significantly  dam ped , 
and  th e  response a t  any given tim e m ay lag con
siderably  behind  th e  in s tan tan eo u s  equilibrium  re
sponse (H ansen e t al. 1984; W igley and  Schlesinger 
1985; an d  C h ap te r  5 of th is  volum e). The am o u n t 
of lag itse lf m ay be tim e vary ing , b u t it should 
be of th e  o rder of decades. B ecause th e  response
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tim e of th e  ocean is a  function  of location  (see, 
e.g., H ansen e t al. 1984), th e  sp a tia l p a tte rn s  of the  
tra n s ie n t response to  a  stead ily  increasing level of 
C O 2  should  differ from  those  for th e  s te ad y -s ta te , 
a sy m p to tic  response to  a  s tep -function  C O 2  change. 
T h is possib ility  w as first po in ted  ou t by Schneider 
an d  T hom pson  (1981). L a te r w ork by B ryan  et 
al. (1982) and  Spelm an an d  M anabe (1984), using 
a  m odel w ith  highly idealized geography, suggested 
th a t  th e  m ag n itu d e  of th e  differences in th e  la t i tu 
d inal d is tr ib u tio n  of changes m igh t be q u ite  sm all. 
T hom pson an d  Schneider (1982) have carefully  de
fended th e ir  p o sition  in  a  response to  th e  p ap e r by 
B ryan  e t a l., n o tin g  in ad d itio n , th a t  it is th e  lon
g itu d in a l d e ta il th a t  is m ost im p o rtan t.

These m odel-based  arg u m en ts  are  com plem en t
ed by observational evidence. In th e  early  decades 
of th e  2 0 th  cen tu ry , th e  availab le in s tru m en ta l 
records show th a t  th e  E a r th  w arm ed a t  th e  sam e 
tim e th a t  C O 2  levels rose (see W igley e t al. 1985), 
and  it  is possib le th a t  a  p a r t  of th e  w arm ing  was 
due to  th is  C O 2  increase. W igley and  Jones (1981, 
F igure 3 there in ) have show n th a t ,  in th e  N orthern  
H em isphere, th e  zonal and  seasonal p a tte rn s  of th is 
early  2 0 th  cen tu ry  w arm ing  were rem arkab ly  sim i
lar to  those p red ic ted  by th e  equ ilib rium  response 
in th e  G C M  stu d y  of M anabe  and  S touffer (1979,
1980). If th is  s im ilarity  w ere a  resu lt of C O 2  forcing, 
th en  it w ould ind ica te  th a t  equ ilib rium  m odels can 
give realistic  resu lts , and  th a t  th e  tra n s ie n t response 
influence on sp a tia l d e ta il is re la tively  sm all, a t  least 
when one considers seasonal d a ta  and  zonal av e r
ages covering a b o u t 30° of la titu d e . H ow ever, when 
long itud inal d e ta ils  are considered, th e  p a tte rn s  of 
c lim ate  change show  li tt le  tem p o ra l s tab ility . Jones 
and  Kelly (1983) com pared  th e  p a tte rn s  of tem p e r
a tu re  change du rin g  th e  early  2 0 th  cen tu ry  w arm ing  
w ith  th e  p a tte rn s  of change du ring  th e  cooling from  
1940 to  th e  m id-1960s an d  w ith  those for th e  w arm 
ing th a t  has occurred  subsequently . T hey found 
m arked  differences betw een  these periods. A gainst 
th is , how ever, one can  argue th a t  th e  noisiness of 
th e  clim ate  system  m ay obscure th e  sp a tia l signal 
on th e  scale of Jones an d  K elly’s s tudy , given the  
re la tively  sm all te m p e ra tu re  changes involved.

In sum m ary  th en , th e  scenario  ap p ro ach  is nei
th e r convincingly su p p o rted  nor co n trad ic ted  by 
availab le th eo re tica l evidence or observational d a ta . 
A lthough th e  issue has n o t yet been fully resolved,

th ere  are s tro n g  a rg u m en ts  to  suggest th a t ,  when 
b o th  lo n g itu d in a l and  la titu d in a l deta ils  are consid
ered, tra n s ie n t p a tte rn s  of change m ay differ from  
th a t  for th e  equ ilib rium  response. If th is  is correct, 
th en  th e  p a tte rn s  of clim atic  response m ay differ 
according to  th e  ty p e  of forcing, and  m ay depend 
crucially  on th e  tim e scale of th e  forcing. T his casts 
d o u b t, n o t only on th e  valid ity  of in s tru m en ta l sce
narios as analogs for th e  fu tu re , b u t also on th e  
usefulness of equ ilib rium  general c ircu lation  m odel 
ca lcu la tions in provid ing  insigh t in to  fu tu re  clim atic 
conditions. N either m ethod  can reliably  p red ic t th e  
de ta ils  of fu tu re  c lim ate , w hich is why we deliber
ately  use th e  w ord scenario  here. Scenarios are no t 
m ean t to  be p red ic tions of fu tu re  clim ate; ra th e r 
they  are in tended  to  be in te rn a lly  consisten t pic
tu res  of a  p lausib le  fu tu re  clim ate  th a t  provide a  b a
sis for o th er w orkers to  evaluate  th e  possible range 
of im p acts  of clim ate  change on society.

7.3.2 Scenario C o n stru c tio n

In s tru m en ta l scenarios are  based on diflferences be
tw een p as t w arm  and  cold periods, as ind icated  in 
records of average global surface a ir tem p era tu re . 
Because global m ean tem p era tu res  are n o t know n, 
how ever, they  are  usually  e s tim ated  from  N orthern  
H em isphere d a ta . T he basic m eth o d  is to  select a  
set of w arm  years an d  a  set o f cold years and  to  p ro
duce regional com posites of th e  differences in  p res
sure, te m p e ra tu re , and  p rec ip ita tio n  betw een the  
tw o  sets. In th a t  way, sp a tia lly  de ta iled  scenarios 
can be p roduced  dow n to  th e  m on th ly  tim e scale 
(a lthough  published  w orks have considered only sea
sonal or an n u a l scenarios).

T here  a re  a  num ber of different facto rs th a t  
m u st be considered w hen selecting years for scenario  
co n stru c tio n , im posed by th e  need to  s im u la te  as 
closely as possible cond itions in a  h igh-C 0 2  w orld. 
F irs t, th e  te m p e ra tu re  difference in th e  in stru m en 
ta l record  should  be m axim ized. A lthough  W illiam s 
(1980) co n stru c ted  scenarios by com paring  w arm  
years w ith  th e  long-term  m ean, m ost o th er w ork
ers have com pared  a  se t of w arm  years w ith  a  set of 
cold years to  p roduce th e  g rea tes t possible tem p e r
a tu re  c o n tra s t from  th e  availab le d a ta .

Second, th e  g rad u a l b u t stead y  rise in th e  a t 
m ospheric C O 2  co n cen tra tio n  will cause th e  cli
m atic  eflfects to  develop re la tively  slowly an d  to  be
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associa ted  w ith  im p o rta n t changes in oceanic and  
cryospheric b oundary  conditions. The m ethod  of 
selecting ind iv idual w arm  or cold years and  form 
ing these in to  a  com posite , as followed by W igley 
e t al. (1980), W illiam s (1980), N am ias (1980), and  
P itto c k  an d  Salinger (1982), fails to  allow for th is 
p rob lem  because in te ra n n u a l clim ate  fluctua tions 
occur on too  sh o rt a  tim e scale (P itto ck  and  Salinger 
1982). O ne way to  sim u la te  th e  effects of th e  
g rad u al increase in  a tm o sp h eric  C O 2  is to  ex tra c t 
blocks of w arm  and  cold years from  the  in s tru m en 
ta l record  ra th e r  th a n  ind iv idual ex trem e years, an 
app ro ach  used by Jag e r an d  Kellogg (1983), Lough 
e t al. (1983), and  P a lu tik o f e t al. (1984). (As it 
happens, because th e  ind iv idual years used in th e  
stud ies m entioned  above ten d  to  be closely g rouped , 
they  m ay also  reflect slow changes.)

F inally , an  a p p ro p ria te  d a ta  set m ust be chosen 
from  w hich to  select th e  sam ple years. Because nu 
m erical m odeling w ork suggests th a t  th e  effect of in 
creased C O 2  co n cen tra tio n s on tem p era tu res  will be 
m anifest m ost s trong ly  a t  high la titu d es , W igley et 
al. (1980) used an n u a l surface a ir  tem p e ra tu re s  for 
h igh n o rth e rn  la titu d e s  (65°-85°N ) as th e ir source 
d a ta  se t. M odeling w ork also shows te m p e ra tu re  
increases to  be g rea tes t in th e  w in ter season (D e
cem ber th ro u g h  F eb ru ary ) so th a t  w in ter tem p er
a tu re  d a ta  m igh t be m ore ap p ro p ria te  for defining 
w arm  (and  cold) years on th e  g rounds th a t  th is  sea
son show s th e  g rea tes t sensitiv ity  to  changes in C O 2 . 
However, even though  th e  proposed  C O 2  signal m ay 
be h ighest in high la titu d e s  and  in w in ter, th is  re 
gion and  season need n o t be th e  m ost su itab le  as 
an  in d ica to r of clim atic  change. A choice m igh t be 
m ore ap p ro p ria te ly  based on th e  signal-to-noise ra 
tio , w hich is h ighest in m id la titu d e  sum m er (Ju n e  
th ro u g h  A ugust) or N o rth e rn  H em isphere an n u a l 
te m p e ra tu re s  (W igley and  Jones 1981).

A n a lte rn a tiv e  ap p ro ach  to  scenario  co n stru c
tion  has been em ployed by w orkers in th e  Soviet 
Union (B udyko et al. 1978; G roism an 1981; and  
V innikov an d  K ovyneva 1983), based on earlier 
w ork by D rozdov (1966, 1974) and  on th e  em pirical 
m odeling resu lts  of V innikov and  G roism an (1979) 
and  G ro ism an  (1979). E ssentially , linear re la tio n 
ships a re  developed betw een local, seasonally spe
cific c lim ate  d a ta  an d  th e  N o rth ern  H em isphere

(17.5°-87.5°N ) surface a ir tem p e ra tu re  record  of 
Borzenkova et al. (1976) and  V innikov et al. (1980):

Ci — oTi + 6 C; , (7.1)

w here C, is th e  year-i value of a  chosen local cli
m ate  variable (e.g., tem p e ra tu re  or p rec ip ita tio n ), 
Ti is th e  N orthern  H em isphere tem p e ra tu re  av er
aged over th e  1 2  preceding m on ths, a and  b a re  re 
gression coefficients, and  Cj is an  erro r te rm . H aving 
determ ined  a  and 6 , th e  change in the  chosen cli
m ate  variable can be e s tim a ted  for any given N o rth 
ern H em isphere tem p e ra tu re  change, and  regionally  
and seasonally  specific scenarios can be developed. 
As no ted  by P a lu tik o f et al. (1984), th e  resu lts  p ro 
duced by th is  m eth o d  m ust be sim ilar to  those p ro 
duced by the  m ethod  of com positing  th e  differences 
betw een w arm  and cold years.

Some Soviet resu lts  have been presented  as fore
casts ra th e r th an  scenarios. For th e  case w here Ci 
is local tem p era tu re , Jones and  Kelly (1983) have 
shown th a t  th e  co rre la tion  coefficient betw een Cj 
and  Ti (and  hence th e  regression coefficient, a) de
pends critica lly  on th e  tim e period  considered. T his 
tem p o ra l in s tab ility  casts  d o u b t on th e  valid ity  of 
E quation  (7.1) as a  fo recasting  too l (and on th e  va
lid ity  of all in s tru m en ta lly  based  scenarios as fore
casts). However, w hereas em pirically  based fore
casts of fu tu re  clim ate  change are  of doubtfu l re lia
bility , th is  fac t does n o t preclude th e  use of em piri
cal d a ta  for th e  co n stru c tio n  of c lim ate scenarios.

T he m ost de ta iled  scenarios produced to  d a te  
a re  those of Lough e t al. (1983) and  P a lu tik o f et 
al. (1984). These w orkers com pared  the  resu lts  ob
ta ined  by a  variety  of m ethods for choosing analog  
years. T hey  placed g rea tes t confidence on scenarios 
th a t  exploit th e  early  2 0 th  cen tu ry  w arm ing, w hich 
as already n o ted  m ay have been partia lly  caused 
by increasing C O 2  levels. W arm  and  cold year en
sem bles were chosen using th e  w arm est and  coldest 
20-year periods from  th e  N o rth e rn  H em isphere su r
face a ir tem p e ra tu re  record  of Jones et al. (1982), 
viz. 1934 to  1953 an d  1901 to  1920. Lough et 
al. (1983) p resen ted  regional scenarios for E urope 
and  discussed th e  im p lica tions of these for energy 
dem and  and  for ag ricu ltu re . T h eir m ost surprising  
resu lt is th a t  w in ter tem p e ra tu re s  over a  su b stan tia l 
p a r t  of E urope w ere colder and  showed g rea ter in te r
annual variab ility  du rin g  th e  hem ispherically  w arm  
period , p robab ly  as a  resu lt of increased blocking
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F ig u re  7.1. W inter pressure (A) and tem perature (B) scenarios for Europe showing higher pressure in the north and a band of cooler 
conditions across central Europe. Isobars are given in millibars (1000 mb =  100 kPa). The values shown here are differences between
the 1934-1953 and 1901-1920 mean values and correspond to a warming of the Northern Hemisphere of about 0.5°C. Source: Palutikof 
et al. (1984.)

(F igure 7.1). R ainfall p a tte rn s  show ed overall de
creases du rin g  springs an d  sum m ers of w arm  years, 
and  increases in a u tu m n s  and  w in ters.

F u rth e r d e ta ils  of these E uropean  scenarios a re  
given by P a lu tik o f e t al. (1984), along  w ith  sim ilar 
scenarios for N o rth  A m erica. T h e  N o rth  A m eri
can  scenarios for te m p e ra tu re  and  p ressure exh ib it 
m uch less in terseasonal c o n tra s t th a n  is th e  case 
for E urope . T em p era tu re s  a re  show n to  be gen
erally  h igher an d  less variab le  th ro u g h o u t th e  year 
in a  w arm  w orld , a lth o u g h  th ere  is a  b an d  of cooler 
cond itions th a t  ru n s across th e  co n tin en t betw een 
ab o u t 50° and  60°N in all seasons. M ost of the  
co n tin en t so u th  of 50° N show s considerab le w arm 
ing, especially  in sum m er (F ig u re  7.2). P rec ip ita 
tion  p a tte rn s  a re  com plex w ith  su b s ta n tia l a reas of 
increase an d  decrease (F igure  7.2).

A d isad v an tag e  of th e  in s tru m en ta l scenario  
m eth o d  is th a t  th e  scenarios a re  based  on re la tively  
sm all hem ispheric  te m p e ra tu re  changes com pared

w ith  those  expected  to  resu lt from  fu tu re  increases 
in th e  a tm ospheric  C O 2  concen tra tion . M anabe and  
S touffer’s (1979, 1980) m odel, for exam ple, shows 
te m p e ra tu re  increases rang ing  from  ab o u t 3°C a t 
th e  eq u a to r to  over 13°C in high n o rth ern  la titu d es  
for a  quad ru p lin g  of a tm ospheric  C O 2 . Because the  
te m p e ra tu re  response to  C O 2  changes is app rox i
m ately  logarithm ic, these resu lts  im ply a  range of 
from  1.5° to  6.5°C  for a  C O 2  doubling. By com 
pariso n , th e  in s tru m en ta l record  for th e  N orthern  
H em isphere yields m axim um  w arm -cold differences 
of a b o u t 2°C for A rctic la titu d e s  and  0.5°C  for the  
N o rth e rn  H em isphere as a  whole. T hus, in s tru m en 
ta l scenarios can only be tak en  as being ind icative 
of cond itions during  th e  early phase of C 0 2 -induced 
w arm ing , changes w hich are  expected  to  tak e  place 
by th e  early  decades o f th e  2 1 s t century.
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F ig u re  7.2. Summer tem perature (A) and precipitation (B) scenarios for North America. The precipitation changes are shown in 
multiples of the local standard  deviation (s). The dots on the lower diagram show the locations of precipitation stations used. The 
values shown here are differences between the 1934-1953 and 1901-1920 mean values and correspond to a warming of the Northern 
Hemisphere of about 0.5°C. Source: Palutikof et al. (1984.)

7.4 G LO B A L C L IM A T E  DATA BASE 
F O R  6000 Y EA R S A G O

7.4.1 P urpose

A p rogram  to  m ap  th e  c lim ate  p a tte rn s  a t  6000 B .P. 
has been u nder w ay for som e tim e. T h e  in itia l goal 
in assem bling a  global set of paleoc lim atic  d a ta  for 
th is  tim e period  w as to  s tu d y  ce rta in  of th e  regional 
c lim atic  im p lica tions of a  rise in th e  g lobal m ean 
tem p era tu re . T he p lan  w as to  p roduce a  com pu ter 
ta p e  of th e  d a ta  used, to  m ap  th e  c lim ate  p a tte rn s  
derived from  th is  d a ta  se t, and  to  provide q uan
t i ta tiv e  estim ates  for th e  regional c lim atic  differ
ences betw een to d ay  and  6000 B .P ., a  tim e when the  
g lobal m ean te m p e ra tu re  m igh t have been higher 
th a n  th a t  of today . Kellogg (1977, 1978) and  B utzer 
(1980) pioneered s tud ies of th is  ty p e  and  have p ub
lished global m aps of possible m o istu re  differences 
betw een to d ay  and  th e  m id-H olocene, w hich began 
a t  8000 B .P . and  ended a t  5000 B .P . (B u tzer 1980)

or 4500 B .P. (K ellogg 1978). T heir s tud ies produced 
q u a lita tiv e  m aps w ith o u t full do cu m en ta tio n  of th e  
d a ta  used and  m ixed to g e th er d a ta  from  a  3000- or 
3500-year period  w hen th e  regional clim ates varied 
in m ajor w ays, th e  L auren tide  ice sheet re trea ted  
and  d isap p eared , and  th e  seasonal solar rad ia tio n  
a t  the  to p  of th e  a tm osphere  changed significantly 
(B erger 1978). T he reason th a t  m ore recent eflForts 
have focused on 6000 B .P. was to  narrow  th e  tim e 
in terva l rep resen ted  by th e  d a ta  and  to  avoid m ixing 
d a ta  from  a fte r 6000 B .P. w ith  d a ta  from  8000 and  
7000 B .P. w hen th e  L auren tide  ice sheet still cov
ered a  significant a rea  of N orth  A m erica (D enton 
and  Hughes 1981). T h is research  is ju s t  reaching 
its  first m ajo r s tage of synthesis and  is described 
below.

A second goal in com piling d a ta  from  6000 B .P. 
was to  gain average tem p e ra tu re  estim ates for re
gions, co n tin en ts , an d  even th e  globe to  show how 
m uch th e  tem p e ra tu re s  differed betw een 6000 B .P. 
and  now. T he m ajo r w ork on th is  goal has yet to  
begin and  aw a its  th e  descrip tion  and  pub lication
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of th e  global d a ta  base. A th ird  goal has recently  
isen. F rom  m odel s im u la tio n  stud ies, K u tzbach  
981) has show n th e  p o te n tia l im p o rtan ce  of th e  

E a r th ’s o rb ita l v a ria tio n s  in affecting regional cli
m atic  p a tte rn s  during  th e  Holocene. T his w ork has 
identified one of th e  p o te n tia l causes for th e  differ
ences in c lim ate  betw een  6000 B .P. and  to d ay  and  
has created  a  new critica l use for th e  global d a ta  
set from  6000 B .P .: th a t  of tes tin g  c lim ate  m odel 
s im ula tions. W ork to w ard  th is  th ird  goal is ju s t be
ginning and  is described  in Section 7.4.4.

7.4.2 D a ta  and  A nalysis

T he cu rren t global d a ta  set of paleoclim atic  d a ta  
from  6000 B .P. (W ebb 1984, 1985a, 1985b) includes 
pollen, lake-level, and  m arine  p lan k to n  d a ta  (F igure 
7.3). C overage is m ost dense in N orth  A m erica, E u 
rope, A frica, an d  New Z ealand and  is incom plete  in 
so u th east A sia, A n ta rc tic a , and  G reen land  an d  the  
cen tra l Pacific O cean. D a ta  a re  only included if they  
a re  reliably  d a ted  (usually  by in te rp o la tio n  of rad io 
carbon  d a tes) and  a re  know n to  d a te  from  6000 B .P. 
T he d a ta  base includes full d o cu m en ta tio n  ab o u t 
th e  d a tin g  an d  loca tion  of th e  sam ples w ith  each 
ty p e  of d a ta  an d  can  be easily u p d a ted  or ed ited . 
U nlike K ellogg’s (1978) d a ta  w hich cam e variously 
from  4500 to  8000 B .P . (K ellogg an d  Schw are 1981), 
th e  cu rren t d a ta  set is m ore tim e specific w ith  d a ta  
from  ju s t  6000 B .P . w ith  an  average u n ce rta in ty  of 
± 3 0 0  years for te rre s tr ia l d a ta  (W ebb 1982) and 
± 1 0 0 0  years for m arin e  p lan k to n  d a ta . W ith  fu r
th e r w ork, global d a ta  sets for o th er d a tes , e.g. 9000, 
8000, or 3000 B .P ., can  be com piled, and  A ndrew s 
(1984) has recen tly  com piled an  an n o ta te d  b ibliog
raphy  th a t  will a id  th is  ta sk . C L IM A P (1976, 1981), 
S arn th e in  (1978), and  P eterso n  e t al. (1979) have a l
ready described an d  m ap p ed  th e  availab le  d a ta  for
18,000 B .P.

T he d a ta  com pila tion  has focused on pollen, 
lake-level, an d  m arine  p lan k to n  d a ta  because all 
th ree  types of d a ta  com e from  con tinen t-w ide to  
ocean-w ide netw orks o f sam ples and  can  be cali
b ra te d  in clim atic  te rm s to  produce q u a n tita tiv e  es
tim a te s  of p as t te m p e ra tu re  or p rec ip ita tio n  (W ebb 
1985a). Energy budget-hydro log ical m odels exist 
for th e  e s tim atio n  of p rec ip ita tio n  from  lake-level

in fo rm ation  (K u tzbach  1980), and  m ultip le  regres
sion techniques have been developed for th e  cali
b ra tio n  of pollen and  m arin e  p lan k to n  d a ta  (Im brie 
and  K ipp 1971; K ipp 1976; Sachs e t al. 1977; Im 
brie  and  W ebb 1981; Howe and  W ebb 1983). T he 
global iso therm  m ap of sea-surface tem p e ra tu re s  for
18,000 B .P . (C L IM A P 1976) was developed by use 
of these m u ltiv aria te  techn iques on m arine p lan k to n  
d a ta .

7.4.3 R egional C lim ate  E stim a tes

For 6000 B .P ., B artle in  and  W ebb (1985) used a 
series of m ultip le  regression equations to  produce 
iso th erm  m aps from  th e  pollen d a ta  in easte rn  
N orth  A m erica (F igu re  7.4). H untley  an d  P ren tice  
(1986) have done th e  sam e for E urope, an d  P e te r
son (1983, 1984) has ca lcu la ted  tem p e ra tu re  es ti
m ates  from  pollen d a ta  a t  four sites in th e  w estern  
Soviet U nion (T able 7 .1). O th er te m p e ra tu re  esti
m ates  from  pollen d a ta  a t  iso lated  sites in th e  C an a
d ian  A rc tic  (A ndrew s et al. 1981), B ritish  C olum bia 
(M athew es and  H eusser 1981), and  C hile (H eusser 
and  S tree te r 1980) are  described in W ebb (1985a). 
K ay and  A ndrew s (1983) and  H eusser e t al. (1985) 
have added  estim ates  for th e  A rctic and  w estern  
N orth  A m erica. R udd im an  and  M ix (1986) and  
M arvil and  P rell (1986) have produced estim ates  
of sea-surface tem p e ra tu re s  from  th e  m arine p lan k 
to n  d a ta  in th e  A tlan tic  and  Ind ian  O ceans. T he 
s ta n d a rd  erro rs of e s tim a te  for th e  tem p e ra tu re  
equa tions range from  0.8° to  1.7°C and  are  of the  
sam e m ag n itu d e  as th e  estim ated  tem p e ra tu re  dif
ferences betw een 6000 B .P. and  today. Confidence 
in th e  sign and  even th e  m agn itude  of th e  esti
m ates  is gained from  m aps and  tim e series p lo ts 
th a t  show th a t  independen t resu lts  from  widely sep
a ra te d  cores are b o th  sp a tia lly  and  tem pora lly  con
sis ten t.

T ab le  7.1
Estim ates for Mean July Tem perature from the 

W estern Soviet Union.

Site Latitude Longitude
Tem perature 

Present 6000 B.P.

Orshinskii Mokh 56°57’N 36°20’E 18.2°C 19.8°C
Osechenskoe 57°31’N 34°50’E 18.0°C 19.4°C
Ivanovskoe 57°50’N 30°00’E 18.4°C 19.8 °C
Polovetsko-Kupanskoe 57°34’N 37°54’E 18.2°C 20.2°C

Source: Peterson (1983)
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F ig u re  7.3 Location of sites with paleoclimatic da ta  for 6000 B.P. (Webb 1985a, 1985b): pollen data  ( + ), marine plankton data  (x ) , 
and lake-level da ta  (•). Pollen data  from South America are being added to the da ta  set. All of the sites shown have met prescribed 
standards for radiocarbon dating.

E stim a te s  of p rec ip ita tio n  a t  6000 B .P . (F igure 
7.5; T able 7.2) a re  availab le  from  pollen d a ta  in cen
tra l  N orth  A m erica (B artle in  et al. 1984) and  n o rth 
w est Ind ia  (Sw ain e t al. 1983) an d  from  lake-level 
d a ta  in cen tra l an d  east A frica (K u tzbach  1980; 
H a ste n ra th  and  K u tzbach  1983) and  n o rth w est In
d ia  (Sw ain et al. 1983). In a  com parison  of th e  cal
ib ra tio n  m eth o d s, Sw ain e t al. (1983) show ed th a t  
b o th  th e  pollen and  lake-level d a ta  yielded a  sim ilar 
es tim ate  of ab o u t 200 m m  m ore ra in fall a t  6000 B .P. 
in n o rth w est Ind ia  (T able 7.2). B artle in  et al. (1984) 
have described independen t paleoc lim atic  evidence 
w ith in  th e  M idw est th a t  agrees w ith  th e ir  clim atic  
reconstruc tions there .

7 .4 .3 . 1  T em p era tu re  E stim a te s  for
E as te rn  N o rth  A m erica an d  E urope

In easte rn  N orth  A m erica, th e  e s tim a ted  m ean Ju ly  
tem p era tu res  for 6000 B .P. d isplay  a  n o rth -to -so u th  
g rad ien t from  8 ° to  27°C ju s t  like those  for to d ay  
(F igure 7.4). T he region w ith  th e  steepest tem p er
a tu re  g rad ien t, how ever, was m uch  fa rth e r to  the  
n o rth  a t  6000 B .P . th a n  i t  is today . T h is  band , 
from  12° to  21°C , lay betw een  th e  U nited  S ta tes  
and  C an ad ian  bo rd er and  cen tra l Q uebec a t  6000

B .P . (F igure  7.4A ), b u t to d ay  it is betw een th e  18° 
and  22°C iso therm s and  is located  so u th  from  the  
U nited  S ta te s  and  C an ad ian  b o rd e r to  P ennsy lvan ia 
an d  so u th ern  M ichigan (F igure  7.4).

T he e s tim a ted  m ean  Ju ly  tem p era tu res  for 6000
B .P . w ere h igher th a n  those  of to d ay  in  a  re
gion from  cen tra l Q uebec to  th e  sou th ern  U nited  
S ta te s  (F igu re  7 .4). T h is  region of h igher tem 
p e ra tu re s  narrow s to  th e  w est an d  ex tends across 
M an ito b a  in to  Saskatchew an. T h e  tem p e ra tu re  es
tim a te s  w ere m uch lower th a n  those  observed to 
day  in n o rth ern  Q uebec an d  L abrador. A  sm all 
residual ice sheet of insignificant size still existed  
in th e  cen te r o f th is  region, an d  its  presence m igh t 
be tied  to  th e  colder cond itions th a t  were es tim ated  
for th is  a rea  of th e  n o rth . T he p a tte rn  of tem p er
a tu re  change for E urope is b roadly  sim ilar to  th a t  
in easte rn  N orth  A m erica, except th a t  th e  tem p er
a tu re  differences w ere no t negative  in  th e  n o rth  (I.
C. P ren tice  an d  B. H untley^). T he Scandinavian  
ice sheet had  long since d isap p eared  by 6000 B .P. 
T h e  te m p e ra tu re  p a tte rn s  for N o rth  A m erica and

I. C. Prentice and B. Huntley, personal communications.
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Table 7.2
Precipitation Estim ates for East Africa and India for 6000 B.P.

r A nnual Precipitation

Site Today 6000 B.P. D ata Source Reference

Lake Naivasha, Kenya 900 mm 990-1055 mm® W ater level H astenrath and Kutzbach
1983

Sambhar Lake, India 470 mm 500-670 mm*’ W ater level Swain et al. 1983

Lunkaransar Lake, India 340 mm 519 mm*’ Pollen Swain et al. 1983

Lake Chad, Chad 350 mm 650 mm'’ W ater level Kutzbach 1980

“ Estim ates apply to 5650 to 9200 B.P.
Estim ates apply to 3500 to  10,500 B.P.

'  Estim ates apply to 5000 to 10,000 B.P.

E urope differ from  those sim u la ted  by general cir
cu lation  m odels for a  w orld w ith  h igher C O 2  con
cen tra tio n s . T hese sim u la tions show tem p era tu re  
differences th a t  increase from  m id to  high la titu d e s  
(M anabe and  S touffer 1980; W etherald  and  M anabe 
1981).

7.4.3.2 Sea Surface T em p era tu re  E stim a te s

T he m aps of e s tim a ted  sea surface te m p e ra tu re  in 
th e  A tlan tic  O cean show anom aly  p a tte rn s  betw een 
6000 B .P. an d  to d ay  th a t  a re  sim ilar for b o th  F eb ru 
ary  and  A ugust (R udd im an  and  M ix 1986). Tem 
p e ra tu res  n o rth  of 60°N and  so u th  of 2 0 °S were 
m uch higher th a n  th e  tem p era tu res  today , b u t tem 
p era tu res  in betw een  are  sim ilar to  those for to 
day. M ore sites a re  needed to  fill in the  d a ta  base, 
b u t enough d a ta  ex ist to  ind icate  th a t  a t  6000 B .P. 
sea surface te m p e ra tu re s  were no t uniform ly higher 
th a n  to d a y ’s tem p era tu res .

7.4.3.3 P rec ip ita tio n  E stim a tes  for the  
A m erican  M idw est

B etw een 8000 and  2000 B .P ., th e  p ra irie -fo rest bor
der was ea s t of its  cu rren t location  in M inneso ta , 
Iowa, and  Illinois (F igure 7.5). B artle in  e t al. (1984) 
have recently  u p d a te d  th e  w ork of W ebb an d  B ryson 
(1972) and  have show n th a t  th is  v eg e ta tio n a l change 
w as assoc ia ted  w ith  an n u a l p rec ip ita tio n  values 1 0 -  
20% below  those  of today . T h is p a tte rn  of change, 
along w ith  th e  im plied  increase in th e  frequency and  
d u ra tio n  of d ry  w estern  a ir  m asses, is s im ilar to  the

clim ate changes du rin g  the 1930s d u st bowl years in 
th is  a rea  (B orchert 1950).

7.4.3.4 G lobal M aps of Lake Levels

T he global m aps show th a t  th e  w a te r levels in lakes 
in A u stra lia , Ind ia, Saudi A rab ia , and  n o rth ern  and 
easte rn  A frica w ere higher a t  6000 B .P. th an  a t 
p resen t (F igure 7.6). These m odern a rid  to  subhu- 
m id regions had  m uch different clim atic  conditions 
a t  6000 B .P . th a n  occur there  today . T he S ahara  
and  R a jas th an  deserts  p robably  w ere replaced by 
d ry  savannas and  steppes a t  6000 B .P . In A frica 
and  Ind ia  e s tim ates  of an n u a l p rec ip ita tio n  were as 
m uch as 300 m m  (or 50 to  100%) higher th an  today  
(T able 7.2).

7.4.4 Was th e  E a r th  W arm er T han  
Today a t  6000 B .P.?

T he period  of 6000 B .P. was chosen for s tu d y  be
cause it  fell w ith in  th e  tim e in terv a l usually  asso
cia ted  w ith  th e  A ltith e rm al or H ypsitherm al, b u t 
was la te  enough th a t  the  L au ren tid e  ice sheet had  
shrunk  to  insignificant size (D en ton  and  Hughes
1981). Kellogg and  Schw are (1981, p. 157) claim ed 
th a t  “D uring th e  A ltith e rm al th e  E a r th  w as gener
ally several degrees w arm er th a n  th e  p resen t . . .” 
Was it?  W h a t is th e  geological evidence th a t  sup
p o rts  th is  s ta tem en t?  Local and  reg ional evidence
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F ig u re  7.4. Isotherm  maps; (A) for the present climate, (B) for 6000 yr B.P., and (C) for the difference between 6000 yr B.P. and the 
present (in °C) estim ated from pollen da ta  (Bartlein and Webb 1985). Positive differences indicate th a t the estim ated tem peratures at 
6000 yr B.P. were higher than  those today. Sites w ith pollen da ta  are indicated by triangles.

for h y p sith e rm al cond itions is ab u n d a n t, b u t w h a t 
a b o u t evidence for a  global hyp sith erm al s ta te ?

A search of th e  lite ra tu re  showed th a t  li tt le  d i
rect evidence ex ists, a lth o u g h  th e  idea th a t  a  pe
riod  of m ax im u m  global w a rm th  had  occurred  d u r
ing th e  p resen t in terg lac ia l period  has long been 
accep ted  (D eevey an d  F lin t 1957). T erm s like a l
tith e rm a l, xero therm ic , postg lacial, an d  clim atic  
o p tim um  w ere coined to  describe it. Deevey and  
F lin t (1957) form ally  defined th e  te rm  H y p sith er
m al, w hich is c lim atically  descrip tive of high tem 
p e ra tu re  cond itions, b u t they  gave it  a  chronos- 
tra tig ra p h ic  defin ition  as th e  tim e period  during  
w hich ce rta in  D anish  pollen zones form ed. Since 
th en  its  ch ro n o stra tig rap h ic  usage (i.e., reference 
to  a  specific tim e period) has been n e ith er s tr ic t 
nor frequen t, an d  its  m ost com m on ap p lica tio n  is 
as a  regional c lim a to s tra tig rap h ic  te rm  (i.e., refer
ence to  a  c lim atic  cond ition) of som ew hat vague 
definition (W rig h t 1976). In fact, W atson  and  
W right (1980) have d em o n stra ted  why it  can n o t 
be app lied  b o th  ch ro n o stra tig rap h ica lly  an d  cli- 
m a to s tra tig rap h ic a lly  w hen descrip tive of local and  
regional pa leoc lim atic  d a ta . A  way o u t o f th is  
d ilem m a is to  use th e  te rm  H ypsitherm al in  th e  cli
m atic  sense th a t  Deevey an d  F lin t (1957) in tended ,
i.e., as th e  tim e perio d  during  th e  Holocene when 
th e  g lobal m ean  te m p e ra tu re  w e i s  higher th a n  it  is 
today , an d  to  cease using i t  to  describe local evi
dence for a  th e rm a l m axim um . Local o r regional

h y p sith erm al conditions m ay be q u ite  un re la ted  to  
th e  tim ing  of such conditions globally.

T he problem  is to  find evidence from  th e  p ast
1 0 , 0 0 0  years for a  tim e w hen th e  global m ean tem 
p e ra tu re  w as higher th a n  it  is to d ay , because no 
d a ta  a re  known th a t  p rovide d irec t in form ation  
ab o u t th e  global m ean tem p era tu re . M ost claim s 
for a  H ypsitherm al period in th e  m id-H olocene 
(Deevey and  F lin t 1957; W right 1976) a re  based on 
regional or local d a ta  from  n o rth ern  m id la titu d es 
w here Ju ly  tem p era tu res  m ay have been 1° to  3°C 
higher th an  those of today. T hese regional estim ates 
a re  from  a  sm all a rea  of th e  globe and  can hard ly  
be cited  as rep resen ta tiv e  of th e  an n u a l global m ean 
tem p era tu re .

Oxygen isotope d a ta  from  deep-sea cores pro
vide d a ta  in te rp re ted  to  reflect global c lim atic  vari
a tio n s  (Shackleton and  O pdyke 1973; H ays et al. 
1976). T he m ajor Q u a te rn ary  v aria tio n s in these 
d a ta  reflect th e  changes in global ice volum e, and 
over an  ap p ro p ria te ly  long tim e scale th e  global 
m ean te m p e ra tu re  should be p ro p o rtio n a te ly  re
la ted  to  global ice volum e. T he m ain  decrease in 
th e  ra tio  of to  ended ab o u t 6000 ±  2 0 0 0  

B.P. (see F igure 1 in Shackleton e t al. 1983), w hich 
is a b o u t th e  tim e when th e  L auren tide  ice sheet fi
nally  d isappeared . No clear tren d  is ev iden t in the  
oxygen iso tope d a ta  since th en , and  m ost varia tions 
w ith in  th e  p as t 6000 years are  w ith in  0 .2 °/oo? which 
is close to  th e  noise level for th e  m easurem ents. T he
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F ig u re  7.5 (A) Isochrone map (contour values are in thousands of years) for 20% prairie forb pollen Artemi$ia + Aml>ro»ta+ Compoaitae +  
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of the prairie-forest border. (B) Ratio between estim ated annual precipitation at 6000 B.P. and observed annual precipitation a t present. 
(C) Observed values of annual precipitation in mm. (D) Estim ates of annual precipitation a t 6000 B.P. calculated from pollen da ta  by 
regression analysis. Source: Bartlein et al. (1984, reprinted by permission of Quaternary Research 22, 361-374.)

recen t v a ria tio n s  in a re  sm all in com parison
to  th e  1.7 ±  0.1°/oo decrease th a t  occurred  since 
th e  la s t glacial m ax im um  a t  18,000 B .P. and  coin
cided w ith  a  decrease in global ice volum e and  an 
e s tim a ted  increase in th e  global m ean te m p e ra tu re  
by 5° ±  1°C (M anabe  and  H ahn 1977). A  change 
in th e  global m ean te m p e ra tu re  by m ore th a n  1°C 
since 6000 B .P ., therefo re , seem s unlikely.

7.4.5 C lim ate  M odel V alidation

An im p o rta n t use for th e  paleoclim atic m aps for 
6000 B .P. will be in te s tin g  th e  resu lts from  m odel 
s im ula tions. In w ork in progress, W ebb e t al.^ have 
show n th a t  th e  p a tte rn  of tem p era tu re  differences 
for easte rn  N orth  A m erica is s im ilar to  th e  p a tte rn  
generated  w ith  th e  N atio n al C en ter for A tm ospheric

 ̂ T. Webb, P. J. Bartlein, and J. E. K utzbach, unpublished 
data.
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R esearch (N C A R ) atm ospheric  G CM  by K utzbach  
and  G u e tte r  (1984a). T h eir experim ent w as sim i
lar to  th e  w ork of K u tzbach  (1981), K utzbach  and  
O tto -B liesner (1982), and  K u tzbach  and  G u e tte r 
(1984b) for 9000 B .P . They ran  th e  m odel using the  
Ju ly  so lar rad ia tio n  values for 6000 B .P. w hich were 
a b o u t 5 to  6 % h igher th a n  to d ay  for all la titu d es  
of th e  N o rth e rn  H em isphere. (T h is am plification  of 
the  seasonal cycle of so lar rad ia tio n  a t  6000 B .P. 
was re la ted  to  th e  d ifferent tim e of perihelion  and 
d ifferent inc lina tion  of th e  E a r th ’s axis th en . J a n 
uary  so lar rad ia tio n  values were 5% low er th a n  they 
are today .) T he m odel resu lts  also yielded higher 
ra infall in A frica and  Ind ia, w here lake-level d a ta  
(F igure 7.5) and  o th e r c lim ate  estim ates  ind icate  
m ore m oist cond itions a t  b o th  9000 and  6000 B.P. 
(T able 7.2).
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F ig u re  7.6. W ater levels in lakes for the present (A) and 6000 
B.P. (B). Symbols indicate high w ater levels (above 70% of the 
maximum level recorded for the basin) (•); interm ediate levels ( o ) ;  

and low w ater levels (below 15% of the maximum level recorded 
for the basin) (A). Source: S treet-Perro tt and Harrison (1985, 
reprinted by permission of J. Wiley i  Sons, Inc.)

Full evaluation  of th is  first m odel experim ent 
for conditions a t  6000 B .P. is s till in progress, b u t ; 
th e  w ork so far d em o n stra te s  th e  prom ise for us
ing paleoclim atic d a ta  in te s tin g  th e  resu lts sim u
la ted  by G CM s. O ne of the  m ain  effects of increased 
am o u n ts  of C O 2  in th e  a tm osphere  i§ to  change th e  
rad ia tiv e  forcing and  energy balance of the  clim ate 
system . T ests a re  needed to  show how well th e  m od
els can s im u la te  c lim ate p a tte rn s  when th e  rad ia tiv e  
forcing is changed. Because th e  o rb ita l varia tions 
a lte r  th is  forcing, th e  experim en ts w ith  th e  paleo
clim atic  d a ta  provide ju s t such a  tes t.

T he paleoclim atic d a ta  and  m odeling resu lts  for 
9000 and  6000 B .P. show th a t  th e  5-7%  change 
in N orthern  H em isphere sum m er rad ia tio n  betw een 
th en  and  now had  a  m ajor effect on clim ate. T he 
d em o n stra tio n  of th e  c lim atic  significance of these 
re la tive ly  sm all changes in rad ia tio n  is one im por
ta n t  consequence of th is  syn thesis of m odeling and  
paleoclim atic  research . T he d ifferent seasonal rad i
a tio n  conditions a t 6000 B .P . a re  also an  im p o rtan t 
reason why the  clim ate for 6000 B .P. can n o t serve 
as an  exact analog for th e  clim ates th a t  m ay occur 
w hen C O 2  co ncen tra tions double.

7.4.6 C onclusions

T he clim ate  around  6000 B .P . w as significantly  dif
feren t from  today , and  m aps of estim ated  m ean July  
te m p e ra tu re s  show p a tte rn s  w ith  regions of higher 
as well as lower tem p era tu res  in n o rth ern  m iddle to  
high la titu d es . M ore d a ta  (and  derived tem p era tu re  
es tim ates) are needed before it can be d em onstra ted  
th a t  th e  global m ean tem p e ra tu re  was h igher a t  
6000 B .P . th an  it is today . T he cu rren t d a ta  sug
gest th a t  th e  global m ean te m p e ra tu re  a t  6000 B .P. 
w as p robab ly  w ith in  1°C of to d a y ’s tem p era tu re . If 
th is  e s tim ate  is co rrect, th en  th e  d a ta  for m oistu re 
cond itions a t  6000 B .P. are im pressive because they 
show  th a t  large changes in b o th  p rec ip ita tio n  and  
th e  ex ten t of deserts  and  g rasslands can be £issoci- 
a ted  w ith  relatively  sm all v aria tio n s  in th e  global 
m ean  tem p era tu re . F u rth e r s tudy  of th is  and  o ther 
periods w ith  w arm  clim ates or w ith  increasing tem 
p e ra tu re s  (e.g., 16,000 to  10,000 B .P .) should be 
helpful in producing p o ten tia lly  useful in form ation  
for im proving  our u n d ers tan d in g  of fu tu re  w arm  cli
m ates . T h is  ty p e  of s tudy  should include p rep a
ra tio n  of m aps showing th e  m ag n itu d e  and  sp a tia l
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scale of changes in tem p era tu re , p rec ip ita tio n , and 
o is tu re  balance th a t  m igh t be associa ted  w ith  a 

re la tive ly  sm all change in the  global rad ia tio n  bud
get. Such in fo rm ation  should  be used cau tiously  
u n til th e  exac t causes of p a s t and  fu tu re  clim ate 
changes are  know n.

7.5 R E SE A R C H  R E C O M M E N D A T IO N S

T he m ost im p o rta n t conclusions and  recom m enda
tions arising  from  th is  review and  from  research to  
d a te  are:

1 . T he m ag n itu d e  of th e  p red ic ted  changes in 
global m ean tem p e ra tu re  th a t  m ay be induced 
by increasing C O 2  and  trace  gas co ncen tra tions 
over th e  nex t 1 0 0  years m ay be sim ilar to  or 
g rea te r th an  changes observed over the  p ast
10,000 years. Specific knowledge of p a s t cli
m atic  variab ility  on tim e scales of 1 0  ̂ to  1 0  ̂
years is therefore re levant to  th e  greenhouse gas 
issue. M ore d a ta  are required  for selected in
terva ls du rin g  the  p a s t 1 0 , 0 0 0  years in order 
to  d em o n stra te  and  quan tify  th e  p as t “n a tu ra l” 
v ariab ility  of c lim ate  in b o th  tim e and  space and 
to  o b ta in  e s tim ates  for th e  global m ean tem p er
a tu re  and  its  varia tion .

2. In fo rm ation  from  p as t c lim ates can help in con
s tru c tin g  c lim ate scenarios, b u t p as t clim ates 
can n o t serve as exact analogs for fu tu re  clim ate 
changes. S tudies of p a s t c lim ates are, nev erth e
less, requ ired  in order to  show th e  geographical 
p a tte rn s  of c lim ate change associa ted  w ith  p ast 
periods of global w arm ing or cooling on different 
tim e scales. Such stud ies will allow possible sim 
ila rities  in th e  p a tte rn s  of c lim ate change th a t  
have been identified on different tim e scales to  
be m ore firmly estab lished  and  understood .

3. D a ta  a b o u t p ast c lim ates are needed for use in 
v a lid a tin g  th e  resu lts  of clim ate  m odels, includ
ing general c ircu lation  m odels. T ests are re
quired  to  show how well th e  m odels can sim 
u la te  clim ate  p a tte rn s  when th e  rad ia tio n  p a t
te rn s  are  changed and  w hen th e  changes in cli
m ate  are large re la tiv e  to  those recorded by in
s tru m en ts  over th e  p as t 100 years. G lobal sets 
of paleoc lim atic  d a ta  a re  needed to  m ake these 
te s ts  possible.
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8.1 IN T R O D U C T IO N

or alm ost a  cen tu ry , it  has been recognized th a t  
changes in th e  a tm o sp h eric  ca rb o n  dioxide (C O 2 ) 
co n cen tra tio n  could a lte r  th e  E a r th ’s clim ate. P re 
lim inary  com pila tions of m easu rem en ts in d ica ted  a 
C O 2  increase s ta r t in g  in th e  19th  cen tury . M ore 
definitive m easu rem en ts m ade since th e  In te rn a 
tio n a l G eophysical Year (IG Y ) in 1957-1958 have 
confirm ed a b o u t a  25% increase in C O 2  con cen tra
tio n  since a b o u t 1850, caused in its  in itia l s tages by 
defo resta tion  an d  now prim arily  by fossil fuel com 
b ustion . In itia l s tud ies of th e  p o te n tia l c lim atic  con
sequences of increasing  C O 2  co n cen tra tio n  ind icated  
th a t  su b s tan tia l w arm ing  w ould occur, b u t im por
ta n t  ap p ro x im a tio n s and  sim plifica tion  in th e  early 
stud ies in tro d u ced  m any  u n ce rta in tie s . T he need 
to  resolve these u n ce rta in tie s  and  to  carry  o u t m ore 
accu ra te  an d  com plete  assessm ents p ro m p ted  the  
in itia tio n  of a  carbon  dioxide research  p rog ram  by 
th e  U.S. D e p artm en t of Energy. P rogress in these 
areas is described in these S ta te -o f-th e -A rt rep o rts .

A m ore th o ro u g h  assessm ent of th e  p o ten tia l cli
m atic  effects of th e  increasing  C O 2  co n cen tra tio n  
will require a  b e tte r  u n d ers tan d in g  of th e  various 
com ponents of th e  clim ate  system  and  th e ir  in te r
actions. B ecause of th e  com plex coupling am ong 
physical, chem ical, rad ia tiv e , an d  dynam ical p ro
cesses in th e  clim ate  system , it is n o t possible to  
derive an  an a ly tic  expression th a t  describes how 
th e  clim ate p a ram ete rs  will change as th e  com po
sition  of th e  a tm o sp h ere  is changed . R a th e r, the  
system  of non linear equa tions th a t  is used to  de
scribe th e  c lim ate  system  m u st be solved num eri
cally. T he resu ltin g  system  of eq u a tio n s an d  solu
tion  techn iques is referred  to  as a  c lim ate  m odel, 
and  m odels vary g rea tly  in com plexity , depending  
on th e ir in ten d ed  app lica tio n . To address th e  m any 
clim ate re la ted  questions assoc ia ted  w ith  an  in
crease in a tm ospheric  C O 2  co n cen tra tio n , a  h ie ra r
chy of m odels has been developed rang ing  from  the 
sim pler energy balance m odels to  com plex, three- 
dim ensional general c ircu la tion  m odels (G C M s) of 
th e  a tm o sp h ere  and  th e  oceans. Som e m odels p ro 
vide s te ad y -s ta te  so lu tions, w hereas o th ers  provide 
tran s ien t so lu tions. E ach class of m odels has m ade 
valuable co n trib u tio n s  to  th e  u n d ers tan d in g  of the  
p o ten tia l c lim atic  effects of th e  increasing  C O 2  con
cen tra tio n .

Volume Sum m ary

O bservational d a ta  p lay an  im p o rta n t role in 
th e  validation  of th e  clim ate  m odels and  as in p u t 
to  th e  m odel ca lcu la tions. T he s tu d y  of p a s t cli
m ates  is useful for illu s tra tin g  th e  n a tu ra l variab il
ity  of th e  clim ate  on several tem p o ra l and  sp a tia l 
scales. Confidence in th e  m odels’ ab ility  to  sim u
la te  th e  p o ten tia l c lim atic  effects of changes in a t 
m ospheric com position  is derived from  th e  ab ility  
of th e  m odels to  s im u la te  th e  p resen t clim ate  and  
observed c lim ate  v aria tio n s for w hich th e  p e r tu rb a 
tions are know n. V alidation  of th e  m odels includes 
te s tin g  th e  accuracy of th e  tre a tm e n t of each p ro 
cess separa te ly  as well as te s tin g  th e  m odel as a 
w hole. For th is  purpose , d a ta  w ith  b ro ad  sp a tia l 
and  tem p o ra l coverage and  w ith  sufficient accuracy 
are needed. U n fo rtu n ate ly , m ost d a ta  sets do no t 
m eet all of these conditions.

O ver th e  p a s t 10 years, significant progress has 
been m ade in our u n d erstan d in g  of th e  various p ro 
cesses th a t  m ake up th e  clim ate  system . T hese p ro 
cesses include physical, chem ical, rad ia tiv e , and  dy
nam ical processes th a t  affect th e  a tm osphere , th e  
hydrosphere  (th e  oceans and  w ate r d is tr ib u te d  on 
th e  lan d ), th e  cryosphere (th e  snow and  ice on, 
a t ,  or b en ea th  th e  E a r th ’s surface), an d  th e  bio
sphere. Im provem en ts have been m ade in our ab il
ity  to  m odel these processes th ro u g h  a  com bination  
of th eo re tic a l research  and  th e  collection and  in te r
p re ta tio n  of observational d a ta . T his ch ap te r sum 
m arizes th e  significant p rogress th a t  is rep o rted  in 
m ore d e ta il an d  w ith  com plete  references in th e  ea r
lier ch ap te rs  of th is  volum e.

8.2 C L IM A T E  SY ST E M  C O M P O N E N T S  
A ND P R O C E S S E S  (C H A P T E R  1)

T he global energy balance provides a  physical basis 
for re la tin g  energy tran sfe r processes to  th e  s ta te  
of th e  c lim ate  system . P e rtu rb a tio n s  to  th e  cli
m a te  system  o rig in a te  as p e r tu rb a tio n s  to  one or 
m ore energy tran sfe r processes. In th e  case of in
creasing C O 2  co n cen tra tio n , th e  forcing m echanism  
leading to  c lim ate  change is a  p e rtu rb a tio n  to  the  
rad ia tio n  balance of th e  E a r th /a tm o sp h e re  system . 
O th e r energy tran sfe r processes w ith in  th e  a tm o 
sphere include th e  tran sfe r of sensible an d  la te n t 
h ea t by convection and  by th e  w inds. T he p ro
cesses o f ev ap o ra tio n  and  condensation  affect the  
tran sfe r of la te n t h ea t betw een th e  surface and  the
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atm osphere . T he exchange of energy betw een the  
a tm o sp h ere  and  th e  surface (land  and  oceans) also 
depends on th e  large-scale circu la tion  and  m ixing 
w ith in  th e  oceans and  on th e  surface ch a rac te ris
tics such as sea ice, snow cover, soil m o istu re , and  
ty p e  of v eg e ta tio n . These processes are coupled by 
physical, chem ical, rad ia tiv e , and  dynam ica l in te r
actions.

C hanges in a tm o sp h eric  com position  (radia- 
tively  ac tiv e  gases, clouds, or aerosols) affect lo
cal h ea tin g  ra te s  w ith in  th e  a tm o sp h ere  and  change 
th e  energy balance a t  th e  E a r th ’s surface and  a t 
th e  to p  of th e  a tm osphere . C hanges in th e  ra d ia 
tive  fluxes a t  th e  surface affect th e  ra te s  of evap
o ra tio n  and  convection o f h ea t aw ay from  th e  su r
face, w hich in tu rn  affect th e  am o u n t of m o istu re  in 
th e  a tm o sp h ere  and  th e  p rec ip ita tio n  ra tes . T he re
su ltin g  change in te m p e ra tu re  affects chem ical ra te s  
of reac tion  w ith in  th e  a tm o sp h ere , leading to  fu r
th e r changes in com position  th a t  also affect ra d ia 
tive processes. T he changes in tem p e ra tu re  s tru c 
tu re  an d  rad ia tiv e  h ea tin g  ra te s  affect th e  large- 
scale dynam ics, w hich in tu rn  changes on th e  dis
tr ib u tio n  of species co n cen tra tio n s  w ith in  th e  a t 
m osphere, thereby  a lte rin g  fu r th e r th e  tem p e ra tu re  
and  chem ical ra te s  of reaction . T hus, th e  c lim ate 
system  responds to  p e r tu rb a tio n s  in a  com plex, cou
pled m an n er u n til a  balance is resto red  in b o th  the  
n e t energy b udget an d  in th e  bu d g ets  of th e  various 
chem ical species.

P rogress has been m ade in u n d erstan d in g  the  
rad ia tiv e  p ro p e rtie s  of C O 2 , trace  gases, and  ae r
osols and  in th e  ab ility  to  t re a t  th e  basic ra d ia 
tiv e  effects of these co n s titu en ts  in clim ate  m odels. 
T he basic ra d ia tiv e  p ro p e rtie s  of C O 2  have been 
know n for m any years, b u t th e re  is a  need to  un 
d e rs tan d  b e tte r  how to  tre a t  th e  overlap  of th e  long
w ave ab so rp tio n  b ands of C O 2  w ith  those of w a te r 
vapor (H2O) and ozone (O3). Im provem ents have 
been m ade in com pila tions of th e  spec tra l line d a ta  
for C O 2 , H 2 O, and  O s, and  spectroscopic m easure
m en ts have been m ade for m any trace  gases for the  
first tim e. As a  re su lt, i t  has been possible to  as
sess th e  rad ia tiv e  im p o rtan ce  of CO2, H2O, Os, and 
m any  of th e  o th er trace  gases in te rm s of th e ir  role 
in th e  p resen t a tm o sp h ere  and  th e ir  p o ten tia l cli
m atic  im p act in th e  fu tu re  as th e ir  co ncen tra tions 
increase.

W ith  th e  developm ent of larger and  faste r com 
p u te rs , it  has been possible to  inco rp o ra te  m o re -^ ^ ^  
deta iled  rep resen ta tio n s  of th e  energy tran sfe r p ro -^ ^ B  
cesses in to  clim ate  m odels. In m any m odels th e  
solar and  longw ave rad ia tio n  tran sfe r rou tines have 
been upgraded  to  include th e  cu rren t u n d ers tan d in g  
of th e  rad ia tiv e  p ro p erties  of th e  gases and  im proved 
so lution techniques. Im provem ents have been m ade 
in th e  p aram ete riza tio n  of b oundary  layer processes 
in G C M s, and  th ere  have been m ajor im provem ents 
in th e  tre a tm e n t of oceans in these m odels. E arly  
versions of these m odels used fixed sea surface tem 
p era tu res . L ate r th e  sea surface tem p era tu res  were 
ca lcu la ted  by assum ing th a t  they  were shallow  lay 
ers w ith o u t a  c ircu la tion  (sw am p m odel). O ceans 
were nex t tre a ted  as having  a  fixed m ixed-layer 
d ep th  b u t no h ea t tra n sp o r t  by ocean cu rren ts . 
M odels have progressed an d  varied in com plexity  
to  th e  ex ten t th a t  som e m odels now have variable 
m ixed-layer d ep th  or even full three-d im ensional 
reso lu tion  in w hich th e  ocean c ircu lation  is driven  
by ocean in te rac tio n s  w ith  th e  atm osphere .

M odels have also progressed in th e ir ab ility  to  
t re a t  th e  tra n s ie n t effects of th e  increasing C O 2  con
cen tra tio n . U ntil a  few years ago, c lim ate m odels 
tre a ted  only annua l-m ean  s te ad y -s ta te  conditions; 
G C M s were generally  ru n  for fixed seasons (usually  
Jan u a ry  and  Ju ly ), and  th e ir  resu lts  were in te rp o 
la ted  to  cover th e  rest of th e  year. T he m odels are 
now able to  handle seasonal v aria tions, and  th e  tim e 
response of th e  oceans is being included w ith  in
creasing soph istication ; th e  ab ility  to  t re a t  ocean 
cu rren ts  is also being added . Some of the  sim plified 
m odels are able to  in v estig a te  th e  tran s ien t effects 
of a  tim e-dependen t increase in th e  C O 2  concen
tra tio n . However, in th e  m ost physically com plete 
m odels such ca lcu la tions a re  very expensive an d  are 
n o t likely to  be rep ea ted  frequen tly ; therefore, they  
have been postponed  u n til th e  recent m odel im 
p rovem ents have been m ore com pletely tes ted  and  
verified.

By com paring  resu lts  from  different clim ate  
m odels, it has been possible to  assess th e  effects 
of various m odeling approaches on th e  ab ility  of the  
m odels to  sim u la te  th e  p resen t clim ate and  th e ir 
sensitiv ity  to  a  doubling of th e  C O 2  concen tra tion . 
A lthough  th ere  is re la tively  good agreem ent am ong 
m odels on th e  change in global m ean surface a ir
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te m p e ra tu re  for a  doubling  of the  C O 2  co n cen tra
tion , th ere  a re  sign ifican t differences in th e  la ti tu d i
nal and  reg ional p a tte rn s  of th e  ca lcu la ted  changes 
in te m p e ra tu re . T h e  m odels also differ in th e ir as
sessm ents o f th e  la titu d in a l and  regional changes in 
p rec ip ita tio n . T he causes of these differences are 
under ac tiv e  in v estig a tio n . T he tre a tm e n t of the  
oceans has been show n to  have a  significant effect, 
and  differences in th e  cloud cover p rescrip tions are 
likely to  be im p o rta n t co n trib u to rs  to  th e  differ
ences.

It is generally  agreed th a t  im provem ents need to  
be m ade in th e  cloud cover p rescrip tions an d  in the  
p rescrip tion  o f th e  rad ia tiv e  p roperties  of clouds, 
b u t th ere  has n o t been an  ad eq u ate  d a ta  base from  
which new p rescrip tio n s could be developed. In re
cent years th e re  has been significant im provem ent 
in th e  u n d ers tan d in g  of th e  effects of th e  finite sizes 
of clouds. A lthough  p aram ete riza tio n s have been 
developed to  include th e  effects of th e  finite sizes 
of clouds in ra d ia tio n  tran sfe r ca lcu la tions, these 
p aram ete riza tio n s  have n o t been ad a p te d  in cli
m ate  ca lcu la tions because th e  geographical d is tr ib u 
tion  of th e  requ ired  cloud p aram ete rs  is largely un 
know n. R ecently , th e  In te rn a tio n a l S a te llite  C loud 
C lim atology P ro jec t (ISC C P) w as in itia te d  by the  
W orld M eteorological O rgan ization  w ith  th e  scien
tific ob jectives of ( 1 ) p roducing  a  global in frared  
and  visible rad ian ce  d a ta  set from  w hich cloud p a
ram e ters  can  be derived , ( 2 ) deriv ing and  validating  
a  global cloud clim atology, and  (3) im proving  p a
ram ete riza tio n s  of clouds in c lim ate m odels. T his 
p ro ject prom ises to  p rovide the  needed d a ta  and 
p aram ete riza tio n s  for im proving  th e  c lim ate  m od
els.

T he research  conducted  in recent years has led 
to  a  b e tte r  u n d e rs tan d in g  of th e  c lim ate system  and 
how th e  c lim ate  m ig h t change in th e  fu tu re . De
sp ite  these im pro v em en ts, significant u n ce rta in tie s  
rem ain  in assessm ents of th e  c lim ate sensitiv ity  to  
an  increased C O 2  co n cen tra tio n . In th e  following 
sections, cu rren t u n d ers tan d in g  of various aspects 
of th e  p o ten tia l changes resu lting  from  th e  increas
ing C O 2  co n cen tra tio n  is sum m arized.

8.3 R A D IA T IV E  E F F E C T S  O F C A R B O N  
D IO X ID E  AND T R A C E  G A SES 
(C H A P T E R  2)

M any gases have ab so rp tio n  bands in th e  longw ave 
region (w avelengths g rea te r th a n  4 yum). A m ong 
these, C O 2 , H 2 O, and  Os are  th e  m ost im p o rtan t. 
C arb o n  dioxide has s tro n g  ab so rp tio n  b ands in th e  
15-/zm region and  w eak abso rp tion  b ands near 10 
pim. W ate r vapor abso rp tion  b ands span  m ost of 
th e  longw ave region, b u t the  ab so rp tio n  is weak in 
the  8-12 /zm region. O zone has tw o  narrow  abso rp 
tion  b ands cen tered  near 9.6 /zm an d  a  w eak band  
centered  a t  14 ^ m  th a t  overlaps th e  s tro n g  15-/zm 
band  of C O 2 . T here is re la tively  litt le  a tm ospheric  
ab so rp tio n  in th e  region betw een 8  an d  1 2  /zm com 
pared  w ith  th e  rest of th e  longw ave spec trum . Be
cause th e  a tm osphere  is essentially  tra n sp a re n t in 
th is  p o rtio n  of th e  longw ave regim e, th is  region is 
called th e  a tm ospheric  w indow. However, th e  ab 
so rp tion  b ands of m any trace  gases lie w ith in  th e  
a tm ospheric  w indow. Because they  do  n o t overlap  
s tro n g  ab so rp tio n  b ands of o th er co n stitu en ts , ab 
so rp tion  bands in th e  w indow  region can be very 
effective in decreasing th e  longwave rad ia tio n  em it
ted  to  space. M any of th e  trace  gases have band  
s tren g th s  th a t  are g rea te r th a n  th e  band  s tren g th  
of the 15-/zm C O 2  band , b u t because of th e ir  sm all 
co n cen tra tio n s , these gases do n o t have rad ia tiv e  ef
fects as large as th a t  o f C O 2 . A lthough  th e  rad ia tiv e  
effects of trace  gases cu rren tly  are  sm all, they  could 
increase significantly  in th e  fu tu re  because th e  con
cen tra tio n s  of m any of th e  gases a re  p ro jected  to  
increase d ram atica lly  as a  resu lt of an th ropogen ic  
ac tiv ity .

T he th ree  techniques used to  ca lcu la te  th e  rad ia 
tive effects of gases in th e  longw ave regim e include 
the  line-by-line technique, narrow  ban d  m odels, and  
w ide ban d  m odels. T he line-by-line technique is 
th e  m ost accu ra te . C om parisons of lab o ra to ry - 
m easured  tran sm itta n ce s  w ith  line-by-line calcu
la ted  tran sm itta n ces  for C O 2  have generally shown 
ag reem en t to  w ith in  5-10%  over narrow  sp ec tra l in
terva ls and  to  w ith in  several te n th s  of a  percen t for 
to ta l ban d  abso rp tio n . E ach of th e  approaches has 
an  ap p lica tio n  to  clim ate  m odeling. T he line-by-line 
ca lcu la tions provide a  reference ag a in s t w hich the  
less so p h istica ted  techniques can be checked. T he 
narrow  ban d  m odel ca lcu la tions are  p articu la rly
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useful for one-dim ensional m odel s tud ies requiring  
high re la tive  accuracy. T he w ide band  m odel calcu
la tio n s  a re  best su ited  for th e  rap id  ca lcu la tions nec
essary for m any clim ate  stud ies, p a rticu la rly  those 
involving G C M s.

A com parison  o f m odel ca lcu la tions (the  In te r
com parison  of R ad ia tio n  C odes in C lim ate  M odels) 
showed th a t  th e  line-by-line m odels w ere in very 
good agreem ent w ith  each o ther; th a t  is, typ ically  to  
w ith in  a  few W m “  ̂ or ab o u t 1%. T he narrow  band  
m odels show ed a  sp read  of 10-15%  in th e  calcu la
tions of th e  dow nw ard  flux a t  th e  surface for five ref
erence a tm ospheres. C alcu la tio n s of th e  change in 
n e t flux a t  th e  tro p o p au se  w hen th e  C O 2  con cen tra
tion  is doubled ranged  from  —4.3 to  - 7 .4  W m ~^  for 
cloud-free cond itions. T he w ide b an d  m odel resu lts  
were very sim ilar to  th e  narrow  ban d  m odel resu lts, 
in sp ite  of th e  fac t th a t  th e  w ide band  m odels are 
designed to  achieve high co m p u ta tio n a l efficiency. 
T he com parison of ca lcu la tions w ith  flux observa
tions from  w ith in  th e  a tm o sp h ere  generally  have 
show n ag reem en t of th e  order of ± 5%  for cloud- 
free, low aerosol co n ten t conditions. In te rm s of 
overall c lim ate  m odel perfo rm ance, th e re  is less dis
crepancy am ong ca lcu la ted  rad ia tio n  budgets  and  
flux p e r tu rb a tio n s  th a n  th e re  is betw een elem ents 
of th e  hydrologic cycle, ca lcu la ted  h um id ity  fields, 
and  cloud am o u n ts  an d  th e ir sp a tia l d is trib u tio n .

M odel ca lcu la tions show th a t  m ost of th e  dow n
w ard  em ission by C O 2  to  th e  surface com es from  the  
cen tra l p o rtio n  of th e  Ib -p m  ban d  in w hich th e re  are 
m any s tro n g  sp ec tra l lines. B ecause o f sa tu ra tio n  of 
s trong  lines, m ost of th e  change in longw ave ab so rp 
tio n  and  em ission resu ltin g  from  an  increase in C O 2  

occurs in th e  w eaker ab so rp tio n  regions on e ither 
side of th e  15-//m  b an d . As a  re su lt, th e  change 
in rad ia tiv e  forcing due to  an  increase in th e  C O 2  

co n cen tra tio n  varies logarithm ically  w ith  respect to  
C O 2  co n cen tra tio n . O n th e  o th e r h an d , th e  ab so rp 
tio n  lines of trace  gases a re  n o t s a tu ra te d  (because 
th e  gas co n cen tra tio n s  a re  sm all). C onsequently , 
th e  rad ia tiv e  effects of trace  gases essentially  are 
d irectly  p ro p o rtio n a l to  th e ir concen tra tions.

Because convective m ixing leads to  s tro n g  cou
pling betw een th e  u p p er and  lower tro p o sp h ere , as 
well as betw een th e  tro p o sp h ere  and  th e  E a r th ’s 
surface, changes in th e  n e t flux a t  th e  tro p o p au se  
affect tem p era tu res  th ro u g h o u t th e  tro p o sp h ere  and

a t th e  surface. A  basis for es tim atin g  th e  cli
m ate  change re su ltin g  from  a  p e rtu rb a tio n  to  th e  
a tm ospheric  com position  is to  ca lcu la te  th e  effect 1 

th a t  th e  p e r tu rb a tio n  has on th e  net flux a t  th e  
tro p o p au se . T he d irec t rad ia tiv e  h ea tin g  of th e  
su rface /tro p o sp h e re  system  resu lting  from  a  dou
bling of C O 2  co n cen tra tio n , assum ing th a t  a tm o 
spheric te m p e ra tu re s  and  w ate r vapor am o u n t do 
n o t change, is a b o u t 4 W m ~^  averaged hem ispher
ically, rang ing  from  nearly  5 W a t low la titu d es  
to  a b o u t 2 W m~^ a t  high la titu d es . T h is forcing 
has a  seasonal v a ria tio n  w ith  little  am p litu d e  a t  low 
la titu d e s  an d  a  range of a b o u t 1 W  m ”  ̂ a t  high la ti
tudes. B ecause of th e  a tm ospheric  tem p e ra tu re  and  
w a te r vapor d is tr ib u tio n , the  m axim um  h ea tin g  oc
curs in sum m er an d  th e  m in im um  in w in ter.

T he trace  gases th a t  have th e  largest rad ia tiv e  
effects (a lthough  still sm all) in th e  p resen t a tm o 
sphere are m eth an e  (CH4), n itro u s oxide (N 2 O ), 
and  ch lo rocarbons (CFCls and CF2CI2). T he cu r
ren t tro p o sp h eric  co n cen tra tio n  o f C H 4  is ab o u t 1.7 
p a r ts  per m illion by volum e (ppm ), and  m easure
m en ts ind ica te  th a t  th e  con cen tra tio n  has been in 
creasing a t  a  ra te  of ab o u t 1% per year. A n th ro 
pogenic influences resu ltin g  from  changes in land  
use, increasing  h u m an  po p u la tio n , an d  th e  corre
sponding  increasing  an im al p opu la tions m ay h a \ 
accoun ted  for significant changes in th e  a tm ospheric  
CH4 budget. T he cu rren t tropospheric  con cen tra
tion  of N 2 O is a b o u t 300 p a r ts  p er billion by vol
um e (p p b ), an d  m easu rem en ts ind ica te  th a t  N 2 O is 
increasing  a t  a  ra te  o f a b o u t 0.2% per year. A su b 
s ta n tia l frac tio n  of th e  increase in N 2 O is a ttr ib u te d  
to  th e  com bustion  of fossil fuels. C h lorocarbons 
CFCls and  CF2CI2 are  well m ixed in th e  tro p o 
sphere and  have co n cen tra tio n s  of ab o u t 190 and  
350 p a r ts  per trillio n  by volum e (p p t) , respectively. 
A lthough  th e  p ro d u c tio n  of CFCls and CF2CI2 has 
rem ained  a lm o st c o n s tan t since ab o u t 1974, th e  a t 
m ospheric co n cen tra tio n s  of these species con tinue 
to  increase because of th e ir  long lifetim es. T he com 
bined rad ia tiv e  effect of these four trace  gases over 
th e  p a s t decade has been es tim ated  to  be nearly  
equal to  th a t  of th e  change in C O 2  co n cen tra tio n  
over th e  sam e period . T he re la tive  effect of trace  
gases an d  C O 2  w ill con tinue to  sh ift to w ard  trace  
gases in  th e  near fu tu re .

264 Projecting the Climatic Effects o f Increasing Carbon Dioxide



8.4 M E T H O D S  F O R  D E T E R M IN IN G  
T H E  C L IM A T IC  R E SP O N SE  
(C H A P T E R  3)

A nalyses of th e  c lim ate  of th e  las t 100 years ind ica te  
th e  presence of b o th  sh o rt- te rm  v aria tio n s and  long
te rm  tren d s . T hese analyses alone, how ever, do no t 
provide un ique iden tification  of th e  possible roles of 
various causal fac to rs, such as volcanic, C O 2 , and  
so lar varia tions. B ecause we can n o t de term ine  the  
causes of p a s t c lim ate  changes, it is n o t possible 
to  p red ic t th e  fu tu re  clim ate  by sim ply ex tra p o 
la tin g  tren d s  from  th e  recen t p ast. A tte m p ts  have 
been m ade to  de term ine  em pirically  th e  sensitiv ity  
of th e  c lim ate  system  by exam ining th e  changes in 
rad ia tiv e  fluxes and  tem p e ra tu re  th a t  occur during  
th e  no rm al change of seasons and  as th e  resu lt of 
sm all-scale p e r tu rb a tio n s . These app roaches have 
no t proved successful because th e  tim e and  space 
dom ains of these analyses have n o t been com parable 
to  those assoc ia ted  w ith  th e  increasing C O 2  concen
tra tio n . T he only way know n to  stu d y  th e  deta ils  
of th e  m any physical processes responsib le  for the  
s tru c tu re  and  v aria tio n  of c lim ate , and  to  develop a 
reliable cap ab ility  for p ro jec ting  fu tu re  clim ates, is 
to  co n stru c t m a th em atica l m odels based  on th e  full 
set of fu n d am en ta l physical principles governing the  
clim ate  system .

T he basic physical law s governing th e  behav io r 
of m ost of th e  com ponents of th e  c lim ate  system  
(and  on w hich a  c lim ate  m odel therefo re  can  be 
based) are re la tive ly  well know n, as a re  th e  physics 
of th e  various in te rac tiv e  processes th a t  serve to  link 
th e  com ponents. In th e  a tm o sp h ere  these  laws are 
expressed by th e  eq ua tions for th e  conservation  of 
h ea t, m o m en tu m , m ass, and  m o istu re . Sm all-scale 
processes th a t  can n o t be explicitly  resolved in the  
m odel m u st be tre a te d  param etrica lly .

Sim plified c lim ate  m odels a re  developed by av 
erag ing  over one or m ore d im ensions. A veraging 
over all d im ensions yields a  m odel for th e  glob
ally averaged  clim ate  in w hich th e  globally aver
aged te m p e ra tu re  and  w a te r vapor am o u n ts  a re  the  
d ep en d en t variab les and  th e  m otion  of th e  a tm o 
sphere is im plicitly  included. Such a  g lobal energy 
balance m odel is developed using a  b udget equa
tion  for th e  fluxes of rad ia tio n  (so lar and  longw ave) 
and  sensible and  la te n t h ea t a t  th e  surface. O th er

energy balance m odels have been developed by av
eraging only in th e  vertica l and  long itud inal direc
tions, in w hich case th e  zonal m ean tem p era tu re  
an d  w ate r vapor am o u n ts  a re  determ ined  as func
tions of la titu d e . In th is  m odel the  m eridional tran s
p o rts  of h ea t and  m o istu re  m ust be param eterized . 
R ad iative-convective m odels resolve only th e  vari
a tio n  of th e  te m p e ra tu re  w ith  respect to  a ltitu d e . 
T hey com bine th e  effects of solar and  longwave ra 
d ia tiv e  h ea t tran sfe r along w ith  th a t  due to  vertical 
convection.

T he m ost com plex c lim ate  m odels are  those in 
w hich no explicit sp a tia l averag ing  is in troduced . 
T he governing equa tions a re  in teg ra ted  in  tim e over 
th e  globe in these th ree-d im ensional C C M s. These 
m odels have a  h o rizon ta l reso lu tion  of several hun
dred  k ilom eters, b u t t ra n s p o r t  processes on sm aller 
scales m ust be p aram eterized . T hese m odels calcu
la te  the  changes in a tm ospheric  dynam ics (resu lt
ing from  various p e rtu rb a tio n s ), w hich are  no t cal
cu la ted  explicitly  in th e  one- and  tw o-dim ensional 
m odels. T he com pu ter costs associa ted  w ith  ru n 
ning C C M s can be up  to  several o rders of m agn itude  
g rea te r th a n  th a t  of th e  one- and  tw o-dim ensional 
m odels because of th e ir  larger co m p u ta tio n a l re
qu irem ents.

B ecause th e  C C M s ac tu a lly  resolve large-scale 
eddies th a t  m ake up  th e  day -to -d ay  w eather, i t  is 
necessary to  average th e ir  re su lts  over sufficient tim e 
periods to  acquire rep resen ta tiv e  an d  stab le  c lim ate 
s ta tis tic s  in th e  presence of these essentially  sh o rt
te rm  fluctua tions. T h is  m akes th e  d e tec tion  of th e  
regional deta ils  (and  even th e  la titu d in a l varia tion  
of som e variables) of a  s im u la ted  clim ate change a  
form idable s ta tis tic a l task .

W hen used w ith  prescribed  b oundary  conditions 
based on observational d a ta ,  a tm ospheric  C C M s 
a re  capable of s im u la tin g  a lm o st all of th e  observed 
large-scale fea tu res of th e  c lim ate , including th e  av 
erage d is trib u tio n  of th e  pressure, te m p e ra tu re , and  
w ind speed b o th  near th e  surface an d  alo ft. These 
m odels also reproduce th e  seasonal changes of th e  
c ircu la tion  from  w in te r to  sum m er. T he C C M s do 
n o t yet, how ever, ad eq u ate ly  rep resen t all o f th e  ob
served regional fea tu res needed for m aking  deta iled  
clim ate  pro jections.
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M odels also have been developed for th e  oceanic, 
cryospheric, and  lan d  surface com ponen ts of th e  cli
m a te  system . In m odeling th e  oceans, th e  con tin u 
ity  equ a tio n  for sa lin ity  replaces th a t  for w a te r va
por. O ceanic G C M s successfully p o rtra y  th e  aver
age large-scale d is tr ib u tio n  of oceanic tem p era tu re , 
salin ity , an d  cu rren t speed in response to  realis
tic  surface forcing and  realistic  basin  geom etry, b u t 
they  are n o t yet p a rticu la rly  successful in rep resen t
ing observed oceanic fluc tua tions and  vertical m o
tions. T he observed average seasonal d is trib u tio n  
of sea ice also h as  been successfully sim ula ted  by 
specialized sea m odels, b u t n o t yet com pletely ad 
equately  by sim plified m odels of th e  surface m ixed 
layer of th e  ocean. Only a  few m odels have included 
coupling of th e  a tm o sp h eric  and  oceanic general c ir
cu la tions, and  assessm ents of th e ir  success in repre
sen ting  th e  observed cond itions a re  now under way.

8.5 C LIM A TIC  SE N S IT IV IT Y  T O  AN 
IN C R E A SE D  C A R B O N  D IO X ID E  
C O N C E N T R A T IO N  (C H A P T E R  4)

A hierarchy  of c lim ate  m odels has been used to  sim 
u la te  the  change in th e  equ ilib rium  clim ate of the  
E a r th  resu lting  from  an  a b ru p t increase in the  C O 2  

co n cen tra tio n , such as a  doubling  from  300 ppm  
(ch arac teris tic  of th e  early  2 0 th  cen tu ry ) to  600 ppm  
(a value p ro jec ted  for la te  in th e  nex t cen tu ry ). T he 
earliest e s tim ates  of th e  C 0 2 -induced tem p era tu re  
change were o b ta in ed  from  surface energy balance 
m odels, w herein  th e  energy balance condition  was 
applied  a t  th e  E a r th ’s surface. L a te r, p lan e ta ry  en
ergy balance m odels were used, w herein th e  balance 
condition  w as app lied  a t  th e  to p  of th e  a tm osphere . 
T he change in global m ean surface a ir  tem p era tu re  
resu lting  from  an  increased C O 2  co n cen tra tio n  de
term ined  by these early  stud ies differed significantly 
because of th e  neglect of ce rta in  energy fluxes in 
som e m odels (so th a t  energy w as n o t conserved) and  
th e  inab ility  of these  m odels to  adequate ly  include 
feedback processes.

T he first s tu d y  w ith  a  rad ia tive-convective  m o
del of C 0 2 -induced te m p e ra tu re  change was carried  
o u t in 1967. Subsequently  th e re  have been m any 
ca lcu la tions w ith  rad ia tive -convective  m odels th a t  
have differed in th e ir  tre a tm e n ts  of physical p ro 
cesses. T he diflferences are m ain ly  in th e  tre a tm e n t 
or assum ed behav io r of th e  surface energy fluxes.

th e  response of w a te r vapor (re la tive  hu m id ity ) to  
tem p e rtu re  changes, th e  effect of convection on tro 
pospheric lapse ra te s , th e  tre a tm e n t of clouds, and  
th e  v aria tio n  of surface albedo as th e  surface tem 
p e ra tu re  changes. T he changes in surface a ir  tem 
p e ra tu re  sim u la ted  by rad ia tive-convective m odels 
for a  doubling of C O 2  show a  range of from  0.48 to  
4.2°C. T hey also  show  th a t  tem p era tu res  increase in 
th e  trop o sp h ere  an d  decrease in th e  stra to sp h ere . 
C alcu la tions of th e  tem p e ra tu re  change w ith o u t 
feedbacks show very good agreem ent am ong m od
els, being in th e  range 1 .2-1.3°C  for a  doubling 
of th e  C O 2  concen tra tion . In th is  case, th e  su r
face an d  tro p o sp h eric  tem p era tu res  a re  assum ed to  
change by th e  sam e am o u n t, b u t th e  boundary  con
d itions and  com position  of th e  a tm osphere  a re  kep t 
co n stan t (no change in w a te r vapor or cloudiness). 
T he difference betw een m odel resu lts  is due to  dif
ferences in th e  tre a tm e n t of feedback processes, 
w hich are  generally  positive (tend ing  to  increase 
th e  change in tem p era tu re ) w hen they  ac t ind iv id 
ually. V ariable cloud cover and  variab le  cloud op
tica l d ep th  feedbacks m ay ac t as negative feedback 
m echanism s w hen they  are included along w ith  th e  
positive w a te r vapor feedback.

C C M s require  extensive com pu ter tim e to  sim 
u la te  th e  tra n s ie n t c lim ate response to  a  p e r tu r
b a tio n  las tin g  several decades or m ore. In o rder 
to  reduce th e  com pu ter tim e required  for th e  cal
cu la tions, s im u la tions have m ost often  been m ade 
of th e  equ ilib rium  change in clim ate  due to  a  sud 
den increase in C O 2  co n cen tra tio n  (usually  a  dou
bling) ra th e r  th a n  of th e  tim e-dependen t (tran s ie n t)  
changes th a t  w ould resu lt from  a  g radual rise in  th e  
C O 2  co n cen tra tio n .

For a  doubling  of th e  C O 2  co n cen tra tio n , th e  
change in g lobal m ean  surface a ir  tem p e ra tu re  cal
cu la ted  by C C M s has ranged  from  1.5 to  4.5°C . Re
su lts  from  th e  m ost recent C C M  calcu la tions ten d  
to  fall near th e  high end of th is  range. T he m odel 
resu lts  have been show n to  be ra th e r  sensitive to  th e  
tre a tm e n t of th e  oceans (e.g., sw am p ocean versus 
m ixed layer) and  of cloud feedback processes.

T he com pu ted  changes in global m ean condi
tions are s im ilar for th e  C C M  calcu la tions, b u t th e  
la titu d in a l an d  regional d is trib u tio n s  of th e  changes 
reveal significant differences. T he C C M  resu lts  are 
generally  sim ilar in th a t  m ost show g rea te r w arm 
ing a t  high la titu d e s  th a n  a t  low la titu d e , b u t th e
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m ag n itu d e  of th e  p o la r am plification  differs am ong 
th e  m odels. T h e  m odels p ro jec t a  w arm ing  of 2 -3 °C 

'n e a r  th e  eq u a to r , b u t th e  m axim um  zonal-average 
w arm ing  a t  h igh  n o rth e rn  la titu d e s  ranges from  4 
to  16°C in w in ter. T he m odels are  consisten t in 
show ing a  m ax im u m  w arm ing  in w in ter a t  m iddle 
an d  high la titu d e s  an d  a  m in im um  in sum m er. T he 
w arm ing  is generally  g rea te r over land  th a n  it is 
over th e  oceans.

T he m odels p red ic t w arm ing  in th e  troposphere  
an d  cooling in th e  s tra to sp h ere . M ost m odels 
pro jec t a  m ax im u m  w arm ing  in th e  u p p er tro p o 
sphere a t  eq u a to ria l la titu d es . T here  a re  m ajo r dif
ferences in th e  p ro jec ted  la titu d in a l d is trib u tio n  of 
changes in lapse ra te  in th e  lower troposphere .

T here  is less ag reem en t am ong th e  m odel cal
cu la tions for th e  p ro jec ted  changes in p rec ip ita tio n  
resu lting  from  a  doubling of th e  C O 2  co n cen tra tio n . 
T he m odels p ro jec t an  increase in global m ean p re
c ip ita tio n , b u t th e re  are  significant a reas  w here p re
c ip ita tio n  decreases. T here  are m ajo r differences in 
th e  regional p a tte rn s  of th e  change in p rec ip ita tio n , 
b u t p rec ip ita tio n  generally  increases a t  m iddle and  
high la titu d e s  and  decreases a t  low la titu d es . Be
cause th e  p rec ip ita tio n  d a ta  a re  noisy (i.e., large 
n a tu ra l v aria tio n s), th e  s ta tis tic a l significance of th e  
pro jec ted  p a tte rn s  of p rec ip ita tio n  change can  be 
low, p articu la rly  a t  high la titu d es.

8 . 6  R A T E  O F C L IM A T E  C H A N G E  F R O M  
T H E  IN C R E A SIN G  C A R B O N  D IO X ID E  
C O N C E N T R A T IO N  (C H A P T E R  5)

R ecords show th a t  th e  clim ate  has exh ib ited  vari
ab ility  over a  w ide range of tim e scales an d  th a t  th e  
c lim ate  is rarely , if ever, in a  steady  s ta te . T he cli
m a te  record  over th e  p as t 1 0 0  years shows a  com plex 
p ic tu re  including  in te ran n u a l variab ility  an d , p er
haps, som e sy stem atic  tren d s. F rom  1880 to  1940 
N orthern  H em isphere surface a ir te m p e ra tu re s  over 
land  areas w arm ed  by m ore th an  0.5°C . T h is  w as 
followed by a  g rad u a l te m p e ra tu re  d ro p  of a b o u t 
h a lf th is  am o u n t betw een 1940 and  1970, a f te r  w hich 
th e  surface a ir  te m p e ra tu re  has increased , nearly  
reaching  th e  1940 peak. T h is record  show s no clear 
ind ica tion  of a  m onoton ic  w arm ing  over th is  period , 
as m igh t be an tic ip a ted  from  th e  ap p a ren tly  co n tin 
uous bu ildup  of C O 2  in th e  a tm osphere . T hese and
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o ther changes are  described m ore fully in th e  com 
panion S ta te-o f-th e-A rt volum e en titled  D etecting  
the C lim atic E ffects  o f  Increasing Carbon D ioxide.

T his variab le  p a tte rn  likely reflects th e  effect of 
forcing by facto rs in ad d itio n  to  th e  increasing C O 2  

concen tra tion , w ith  v aria tio n s in inciden t solar flux, 
volcanic aerosol loading, trace  gases, an d  in tern a l 
ocean dynam ics probab ly  being th e  m ost influen
tia l factors. T ran sien t clim ate  m odels a re  needed 
to  address w hether h isto rical records a re  consisten t 
w ith  p red ic tions of p as t w arm ing from  th e  increas
ing C O 2  co n cen tra tio n , as well as w here and  w hen a  
c lim ate change is likely to  occur in th e  fu tu re . E x
te rn a l and  in te rn a l forcing facto rs ac tin g  sim u ltan e
ously w ith  increasing C O 2  m ust also be included in 
these assessm ents.

D e te rm in atio n  of th e  ra te  of clim ate  change re
quires th a t  p ro p e r accoun t be tak en  of n o t only th e  
ra te  a t  w hich th e  a tm ospheric  C O 2  con cen tra tio n  
is changing an d  will change, b u t also of th e  various 
c lim ate system  m echanism s th a t  con tro l th e  ra te  a t  
w hich th e  clim ate  changes. T he coupling of th e  var
ious th e rm a l reservoirs of th e  clim ate  system  th a t  
can sto re  h ea t is a  cen tra l fea tu re  of th e  tran s ien t 
problem , along w ith  th e  re laxation  tim es of th e  h ea t 
sto rage reservoirs. O n th e  tim e scale of th e  C O 2  

problem , these reservoirs should  include a t  least th e  
a tm osphere , lan d  surface, u pper m ixed layer of th e  
oceans (including sea ice), and  th e  deep sea.

In th e  long te rm , w ell-tested , coupled atm os- 
phere-ocean G C M s m ay be able to  serve as opera
tional too ls for s im u la tin g  tran s ien t c lim ate  changes, 
b u t these are  n o t yet available . A h ierarchy  of cli
m ate  m odels is under developm ent w ith  th e  goal of 
p red ic ting  th e  tra n s ie n t c lim ate response from  in
creases in th e  C O 2  concen tra tions. C erta in  essential 
featu res of th e  problem , how ever, can be illu stra ted  
w ith  sim pler energy balance m odels. Energy bal
ance m odels th a t  in co rp o ra te  h o rizon ta l averaging 
dep ic t global m ean cond itions, and  these m odels are 
useful for s tu d y in g  th e  tim e scales associa ted  w ith  
the  various energy s to rag e  reservoirs in th e  clim ate  
system , p articu la rly  w ith  regard  to  th e  response of 
the  oceans. T hese m odels have show n th a t  th e  re
sponse of global tem p e ra tu re s  to  ex te rn a l forcing is 
n o t in s tan tan eo u s  b u t is delayed by th e rm a l dam p
ing, p rim arily  by th e  oceanic m ixed layer and  th e  
u pper therm ocline  of th e  ocean. T h erm al storage
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and  m ixing by these  reservoirs can cause a  lag re l
a tiv e  to  im posed cooling or w arm ing  tendencies of 
ab o u t 1 0 - 2 0  years (a lth o u g h  som e m odels ind icate  
ocean lags as large as 100 years). T he resu lts  de
pend on th e  w ay th a t  th e  ocean h ea t tra n sp o r t  is 
m odeled and  th e  values assum ed for th e  coefficients, 
since th e  h ea t diffusion ra te  in to  th e  deep sea sig
nificantly  affects th e  te m p e ra tu re  evolu tion  a t  th e  
E a r th ’s surface. A lthough  th e  h ea t capacity  and  re
sponse tim e of th e  ocean do n o t affect th e  even tua l 
equilib rium  clim ate  change, th is  equilib rium  m ay 
never be achieved because of changes in o th er fac
to rs .

A class of zonally averaged  energy balance m od
els has been developed to  s tu d y  th e  la titu d in a l vari
a tio n  of th e  tra n s ie n t c lim ate  response. M odel s tu d 
ies show th a t  th e  tra n s ie n t c lim ate  response can 
vary m arkedly  w ith  la titu d e  owing to  varia tions in 
surface h ea t cap ac ity  assoc ia ted  w ith  varia tions in 
la titu d in a l la n d /s e a  fractions. P ositive and  nega
tive feedback processes have a  significant effect on 
m odel sensitiv ity  an d  response tim e. M odels w ith  
g rea te r c lim ate  sen sitiv ity  tak e  longer to  reach a 
new equilib rium  s ta te .

T he developm ent of re liab le  p red ic tions of t r a n 
sien t c lim ate  change is ham pered  by th e  lack of a  
clear validation  s tra teg y  for te s tin g  m odels ag a in st 
observed d a ta . T he seasonal response can be used 
as a  te s t for la titu d e -re so lv in g  m odels since b o th  th e  
solar forcing and  th e  observed th e rm a l response are 
reasonably  well know n. H ow ever, o th er m eans m ust 
be developed to  te s t th e  response of th e  m odels on 
th e  longer tim e scale assoc ia ted  w ith  th e  increase 
in C O 2  co n cen tra tio n . It has been no ted  th a t  the  
surface te m p e ra tu re  d is tr ib u tio n  produced  by th e  
an n u a l m ean inso la tion  is n o t th e  sam e as th e  an 
nual m ean surface te m p e ra tu re  driven  by th e  sea
sonally  vary ing  inso la tion . T h is suggests th a t  sea
sonal cycles m ay have to  be resolved in long-term  
sim ulations.

T ransien t c lim ate  m odels, w hen ru n  w ith  s ta n 
d ard  scenarios of fossil fuel C O 2  em issions, ind icate  
th a t  th ere  will be a  g lobal w arm ing  of ab o u t 1°C 
by th e  year 2000 re la tiv e  to  th e  year 1850, and  an  
ad d itio n a l w arm ing  of a  few degrees C elsius over 
th e  nex t cen tu ry . E s tim a te s  of th e  rise in surface 
a ir  tem p e ra tu re  betw een  1850 an d  th e  p resen t re
su lting  from  C O 2  a lone range from  0.5°C  to  m ore 
th a n  1.0°C, reflecting differences in th e  sensitiv ity

of th e  m odels and  differences in th e  lag tim e of 
th e  oceans as depicted  in th e  m odels. It is e s ti
m a ted  th a t  v aria tio n s in solar forcing (m easured to l  
be ab o u t 0 .2 %) m ay accoun t for fluctua tions in su r
face a ir  tem p e ra tu re s  of a  few ten th s  of a  degree 
Celsius. D ecreases in a tm ospheric  ab so rp tan ce  re
su lting  from  s tra to sp h eric  d u s t loadings from  m ajo r 
volcanic e ru p tio n s a re  es tim ated  to  cause surface 
cooling of a  few te n th s  of a  degree Celsius for pe
riods of a  few years. T hese es tim ates  ind icate  th a t  
th e  c lim atic  effects of solar varia tions and  volcanic 
aerosols a re  considerably  sm aller in m agn itude  an d  
sh o rte r in d u ra tio n  th a n  th a t  p ro jected  for an  in
crease in C O 2  concen tra tion .

8.7 C LIM A TIC  E F F E C T S  O F T R A C E  
GA SES (C H A P T E R  6 )

T race gases m ay affect th e  clim ate  e ither d irec tly  
by th e ir own rad ia tiv e  p roperties  or ind irectly  by 
in te rac tin g  chem ically  or clim atically  w ith  species 
th a t  a re  rad ia tiv e ly  im p o rta n t. T he trace  gases 
N2O, CH4, CFCI3, and  CF2CI2 are  th e  m ost im 
p o r ta n t rad ia tiv e ly -ac tiv e  gases, each having  s tro n g  
ab so rp tio n  b ands in th e  longw ave regim e. In ad 
d itio n , these gases in te ra c t chem ically so as to  af
fect O 3  e ith er d irec tly  or ind irectly  th ro u g h  th e ir  
influence on o th e r species th a t  affect Os. N itro u s 
oxide is an  im p o rta n t source of n itric  oxide (N O ) 
and  n itrogen  dioxide (N O 2 ) in th e  s tra to sp h ere . A l
though  NO and  NO2 are  n o t im p o rta n t rad ia tive ly , 
they  are  im p o rta n t in determ in ing  th e  d is tr ib u tio n  
of b o th  tropospheric  and  s tra to sp h eric  O 3  an d  in 
th e  tro p o sp h eric  p h o tochem istry  of hydroxyl (OH) 
and  perhydroxy l (HO2). These oxides of hydrogen  
provide th e  p rim ary  sink for O 3  in th e  troposphere , 
and  th e  OH d is tr ib u tio n  in th e  troposphere  is im 
p o r ta n t in d e term in in g  the  a tm ospheric  lifetim es of 
a  num ber of trace  gases, such as CH4, m ethy l chlo
ride (CH3CI), and  m ethy l chloroform  (CHsCCls). 
R eaction  w ith  OH is th e  m ajo r sink for CH4 in th e  
atm osphere . D eg rad atio n  of CH4 is an  im p o rta n t 
source of a tm o sp h eric  carbon  m onoxide (C O ). In 
th e  s tra to sp h e re , H2O, OH, an d  HO2 are  also  im 
p o r ta n t p ro d u c ts  of CH4 oxidation . Increases in 
CO due to  an th ro p o g en ic  em issions w ould be ex
pec ted  to  reduce th e  OH co n cen tra tio n , w hich in
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tu rn  wouJd lead to  an  increase in CH4. In th e  s t ra to 
sphere, CFCls and  CF2CI2 are pho to lyzed , p ro d u c
ing Cl and  CIO, w hich destroy  O3. T h u s, m any 
of th e  tra c e  gases in te ra c t photochem ically  th ro u g h  
m any reac tio n  p a th w ay s. M odeling th e  chem istry  of 
th e  a tm o sp h ere  requires th e  sim u ltaneous d e te rm i
n a tio n  o f th e  co n cen tra tio n s  of dozens of chem ical 
species an d  includes tre a tm e n t o f over a  hundred  
pho tochem ical reactions.

C hanges in clim ate  can affect th e  co n cen tra
tions of chem ical species by changing  tem p era tu re - 
d ep en d en t chem ical reac tion  ra te s . In ad d itio n , the 
co n cen tra tio n  of w a te r vapor in th e  a tm o sp h ere  is 
expected  to  change in response to  th e  c lim ate  per
tu rb a tio n , w hich in tu rn  aflPects a tm o sp h eric  chem 
istry . S ignificant changes in th e  am o u n t of w a te r 
vapor reach ing  th e  s tra to sp h e re  could affect s t r a to 
spheric Os concen tra tions. Increased w a te r vapor 
in th e  tro p o sp h ere  as a  resu lt of a  w arm er clim ate 
should resu lt in an  increased OH co n cen tra tio n , 
w hich w ould affect th e  C H 4  and  Os concen tra tions. 
C hanges in a tm ospheric  dynam ics (i.e., w ind p a t
te rn s) resu ltin g  from  clim ate  p e r tu rb a tio n s  could 
also affect th e  co n cen tra tio n s of th e  trace  gases. 
T hus, th e re  is a  coupling am ong rad ia tiv e , chem 
ical, and  dynam ica l processes in th e  atm osphere . 
C om prehensive th ree-d im ensional m odels th a t  can 
include p ro p e r tre a tm e n t of these  coupled processes 
a re  in an  early  s tage  of developm ent. C onsequently , 
m ost of th e  p resen t know ledge a b o u t th e  clim atic  
effects of trace  gases has been g a th ered  th ro u g h  the  
use of one-dim ensional m odels.

C lim ate  m odel ca lcu la tions suggest th a t ,  on the 
tim e scale of decades, th e  com bined c lim atic  effects 
of increases of a tm ospheric  N 2 O, CH4, CFCls, and 
C F 2 CI2  co n cen tra tio n s  and  th e ir induced change in 
Os from  c lim ate-chem istry  in te rac tio n s  could be a t 
least as large as th a t  e s tim ated  from  th e  expected 
increase in th e  C O 2  co n cen tra tio n  alone. T he com 
p u ted  te m p e ra tu re  profile is sensitive to  b o th  the 
vertical d is tr ib u tio n  and  th e  colum n am o u n t of 
Os; th e  la rger th e  to ta l  Os colum n or th e  lower 
th e  he igh t of th e  m axim um  Os co n cen tra tio n , the  
w arm er th e  te m p e ra tu re  of th e  tro p o sp h ere  and  the  
surface. E s tim a te s  of the  change in Os in th e  year 
2010, assum ing  co n stan t em ission ra te s  for CFCI3 
and  C F 2 CI2  an d  using p ro jec ted  em issions of o ther 
trace  gases, show only a  sm all net increase in the 
Os colum n ( ~ 1 % ), b u t th e re  is a  significant change
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in th e  vertica l d is tr ib u tio n  of Os. T he Os concen
tra tio n  decreases in th e  upper s tra to sp h e re  an d  in
creases in th e  lower s tra to sp h e re  and  troposphere. 
If C F C ls and  C F 2 CI2  em issions a re  assum ed to  in
crease a t  a  ra te  of 3% per year, th en  a  significant 
decrease in to ta l Os could resu lt.

8 . 8  LESSO NS F R O M  T H E  PA ST  
(C H A P T E R  7)

T he s tu d y  o f p as t c lim ates co n trib u tes  to  th e  u nder
s tan d in g  of how fu tu re  increases in th e  a tm ospheric  
C O 2  co n cen tra tio n  m ay affect th e  clim ate. No close 
analog  to  th e  p ro jected  C O 2  w arm ing  exists in th e  
paleoc lim atic  records, b u t th e re  have been a  few 
periods in th e  p as t 2 0 0 , 0 0 0  years th a t  have a p p a r
en tly  been  as m uch as a  few degrees Celsius w arm er 
th a n  th e  p resen t over broad  geographical regions. 
T hree  such periods have been considered: (1) th e  
M edieval W arm  E poch  (ca. 800-1200 A .D .), (2) 
th e  tim e  of m ax im um  w arm th  during  the  Holocene 
period  (4000 to  8000 years B .P .), and  (3) th e  las t in
terg lacia l period  a ro u n d  120,000 years B .P. P eriods 
(1) an d  (3) have n o t been analyzed  as m uch as pe
riod ( 2 ), th e  reason being th a t  th e  d a ta  coverage is 
less com plete  for these periods and  th e  w a rm th  m ay 
no t have been global in ex ten t du rin g  th e  M edieval 
W arm  Epoch.

T he cu rren t g lobal set of paleoclim atic  d a ta  
for th e  m id-H olocene period  includes pollen, lake- 
level, and  m arine  p lan k to n  d a ta . D uring  th e  m id- 
Holocene period  (also referred to  as th e  H ypsither
m al), th e  global m ean te m p e ra tu re  m ay have been 
1°C w arm er th a n  a t  p resen t, b u t lim ited  d a ta  cover
age m akes precise d e te rm in a tio n  of th e  global m ean 
te m p e ra tu re  difficult. H ow ever, th e  c lim ate d u r
ing th is  period  w as significantly  d ifferent from  th a t  
o f to d ay , and  m aps o f e s tim ated  Ju ly  tem p era tu res  
show p a tte rn s  w ith  regions of h igher as well as lower 
te m p e ra tu re s  in n o rth e rn  m iddle to  high la titu d es. 
P a t te rn s  of p rec ip ita tio n  show larger changes th a n  
do th e  te m p e ra tu re  p a tte rn s . In th e  U.S. M idw est, 
th e  an n u a l p rec ip ita tio n  was 1 0 - 2 0 % less th a n  it 
is today . T h is p a tte rn  of change, along w ith  th e  
im plied  increase in th e  frequency and  d u ra tio n  of 
dry w este rn  a ir m asses, is sim ilar to  th e  clim ate  
changes du ring  th e  1930s D ust Bowl period  in th e  
M idw est. In A frica and  India, estim ates  of annual 
p rec ip ita tio n  w ere as m uch as 300 m m  (or 50 to
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100%) higher th a n  cu rren t levels. T he p resen t Sa
h a ra  an d  R a ja s th an  D eserts p robab ly  were covered 
by dry  savannas and  steppes. T he m oistu re  d a ta  
are  im pressive because they  show th a t  large changes 
in b o th  p rec ip ita tio n  and  th e  ex ten t of deserts and  
grasslands can be associa ted  w ith  re la tively  sm all 
v aria tio n s in th e  global m ean  tem p era tu re .

A n o th er ap p ro ach  to  th e  ana lysis of p as t cli
m ates  is to  use th e  in s tru m en ta l records of clim ate 
p a ram ete rs  over th e  p a s t 1 0 0  years and  com pare 
differences betw een  w arm  and  cold periods. T his 
app ro ach  has th e  ad v an tag e  th a t  it does n o t re
quire  th e  use of n o n in s tru m en ta l d a ta  to  es tim ate  
te m p e ra tu re  an d  p rec ip ita tio n , b u t i t  has th e  d is
ad v an tag e  in th a t  over th is  ra th e r  sh o rt tim e period  
th e  differences ten d  to  be sm all. By using ensem 
bles of d a ta  from  w arm  and  cold years (chosen us
ing th e  w arm est and  coldest 2 0 -year periods from  
th e  N o rth e rn  H em isphere surface a ir tem p e ra tu re  
record), d e ta iled  p a tte rn s  of change have been de
veloped. A su rp ris ing  resu lt w as th a t  w in ter tem 
p e ra tu res  over a  su b s tan tia l p a r t  of E urope were 
colder and  show ed g rea te r in te ran n u a l variab ility  
du ring  th e  hem ispherically  w arm  period , p robab ly  
as a  resu lt of increased blocking. R ainfall p a t
te rn s  show ed overall decreases in spring and  sum 
m er and  increases in au tu m n  and  w in ter during  pe
riods of global w arm ing . T he N orth  A m erican p a t
te rn s  for te m p e ra tu re  and  pressure showed m uch 
less in terseasonal co n tra s t th a n  was th e  case for 
E urope. T em p era tu res  generally  were shown to  be 
h igher and  less variab le  th ro u g h o u t th e  year in a 
w arm  w orld. C hanges in p rec ip ita tio n  p a tte rn s  are 
com plex, w ith  su b s ta n tia l a reas of increase and  de
crease. T h e  in s tru m en ta l record  for th e  N orthern  
H em isphere yields m axim um  w arm -cold  differences 
of a b o u t 2°C for A rc tic  la titu d e s  and  0.5°C  for the  
N orthern  H em isphere as a  whole, w hich is in quali
ta tiv e  ag reem en t w ith  m odel sim u la tions th a t  show 
an  am plification  of th e  te m p e ra tu re  change a t  high 
la titu d es .

8.9 C O N C LU SIO N S

T he clim atic  effects of increasing  C O 2  an d  trace  
gas co n cen tra tio n s  a re  com plex and  n o t fully un 
derstood . N evertheless, th ere  are aspects  of the  
p ro jected  c lim atic  effects th a t  a re  well s tu d ied , so 
changes in fu tu re  assessm ents in m ost instances will

be q u a n tita tiv e  ra th e r  th a n  q u a lita tiv e  in na tu re . 
C onsequently , som e conclusions can be m ade th a t  
are no t likely to  change in th e  fu tu re .

•  C O 2  is an  effective ab so rb er (and  em itte r) of 
longw ave rad ia tio n , b u t a  weak absorber of solar 
rad ia tio n .

•  As th e  C O 2  con cen tra tio n  increases, C O 2  ac ts  
to  reduce the  outgoing longw ave rad ia tio n  em it
ted  to  space a t  th e  to p  of th e  a tm osphere  and  
increases th e  dow nw ard longw ave rad ia tio n  inci
d en t a t  th e  E a r th ’s surface. T he change in net 
incom ing solar rad ia tio n  a t  th e  top  of th e  a t 
m osphere w ould be negligible unless significant 
changes in cloud cover were to  occur.

•  If th e  outgoing  longw ave rad ia tio n  a t  the  to p  of 
th e  atm osphere  is reduced, th en  th e  global aver
age em ittin g  tem p e ra tu re  of th e  clim ate system  
m u st increase to  resto re  th e  equilibrium  betw een 
th e  ou tgoing  longwave rad ia tio n  and  th e  n e t in
com ing so lar rad ia tio n .

•  B ecause over 90% of th e  longw ave rad ia tio n  
em itted  to  space com es from  th e  troposphere 
(~ 80% ) and  th e  surface ( ~ 1 2 % ), an  increase 
in g lobal average em ittin g  te m p e ra tu re  im plies 
th a t  th e  com bined em ission to  space from  the  
tro p o sp h ere  and  surface m u st increase.

•  B ecause of convection and  m ixing w ith in  th e  
tro p o sp h ere , a  s tro n g  coupling exists betw een 
th e  tem p e ra tu re  changes a t  th e  surface and  
those occurring  th ro u g h o u t th e  troposphere; 
th u s  th e  changes in global m ean surface an d  tro 
pospheric tem p era tu res  b o th  will have th e  sam e 
sign. C onsequently , th e  requ irem en t to  increase 
longw ave rad ia tio n  to  space leads to  w arm ing  of 
th e  troposphere  and  th e  surface (the  greenhouse 
effect).

•  W hen th e  C O 2  co n cen tra tio n  increases, th e  in
crease in longw ave em ission from  th e  s tra to 
sphere (upw ard  to  space an d  dow nw ard to  the  
troposphere) is g rea te r th a n  th e  increase in ab
so rp tion  of longw ave ra d ia tio n  received from  be
low. C onsequently , th ere  is a  n e t loss of ra d ia 
tive energy and  th e  s tra to sp h e re  cools.

•  As th e  atm osphere  w arm s, th e  ab ility  of th e  
a tm o sp h ere  to  hold w a te r v apor increases and  
th e  ra te  of evaporation  a t  th e  surface also in
creases. C onsequently , th e  am o u n t of w a te r va
por p resen t in th e  a tm o sp h ere  increases.
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•  B ecause w a te r v apor is also a  greenhouse gas, 
an  increase in th e  am o u n t of w a te r vapor also 
leads to  w arm ing  of th e  tro p o sp h ere  and  surface. 
C onsequently , th e  increase in w a te r vapor en
hances th e  w arm ing  th a t  w ould be experienced 
if C O 2  a lone w ere to  increase (th e  enhancem ent 
is e s tim a ted  to  be a b o u t a  fac to r of 2 ).

•  A n increase in g lobal m ean  tem p e ra tu re  does 
n o t m ean th a t  every location  on th e  E a r th  will 
experience th e  sam e change. T here  also can  be 
regions of cooling an d  am plified w arm ing.

•  To m a in ta in  equ ilib rium  betw een th e  in p u t and  
o u tp u t of m o istu re  in th e  a tm osphere , th e  global 
ra te  of p rec ip ita tio n  m u st increase in  response 
to  an  increase in th e  ra te  of evapora tion . The 
increase, how ever, w ill be nonuniform  and  m ay 
increase or decrease a t  p a r tic u la r  locations.

•  As th e  c lim ate  w arm s, th e  am o u n t of sea ice 
and  th e  ex ten t o f snow  cover will generally  be 
reduced. In very cold regions (for exam ple, in 
A n ta rc tic a ), snow fall m ay acu ta lly  increase d u r
ing the  early  s tag es  of th e  w arm ing  because of 
increased m o istu re  co n ten t of th e  a ir, a t  least 
un til th e  increased  snow fall is m elted  as a  resu lt 
of fu rth e r w arm ing .

•  B ecause of th e  large  reflectiv ity  of snow an d  ice 
re la tiv e  to  th e ir  underly ing  surfaces, reductions 
in sea ice and  snow  cover will lead to  increased 
solar ab so rp tio n  a t  th e  surface. T h is  increase in 
solar ab so rp tio n  leads to  w arm ing  of th e  tro 
posphere and  surface, thereby  am plify ing the  
w arm ing  due to  th e  ra d ia tiv e  effects of th e  in
creasing C O 2  co n cen tra tio n , especially a t  high 
la titu d es . T h is  p o la r am plification  also occurs 
because of th e  near-su rface tem p e ra tu re  inver
sion a t  high la titu d e s  and  th e  in su la tin g  effect 
o f snow an d  ice.

•  C louds m ay play  an  im p o rta n t role in fu rth e r 
am plify ing or m o d era tin g  clim ate  changes. In 
sum m er, increases in p o la r s tra tu s  clouds m ay 
increase a lbedo  an d  help  com pensa te  for snow 
an d  ice changes, w hereas in w in ter such clouds 
m ay w arm  th e  surface by trap p in g  in frared  ra d i
a tio n . C hanges in  cloud am o u n t, op tica l th ick 
ness, and  v ertica l ex te n t all m ay induce tem 
p e ra tu re  changes, an d  these processes m ay be 
in tro d u cin g  large u n ce rta in tie s  in to  th e  m odel 
s im ula tions.

•  Feedbacks and  in terac tio n s of m any o th e r types 
can also occur am ong elem ents of th e  c lim ate 
system . For exam ple, dry ing  of th e  land  surface 
can lead to  w arm ing  because of reduced evapo- 
tran sp ira tio n  or cooling due to  a  higher albedo 
and  lessened so lar absorp tion ; usually th e  for
m er effect dom inates, depending on th e  a tm o 
spheric response. W hile m any processes have 
been identified , it is likely th a t  o thers have not. 
T he u n ce rta in tie s  in troduced  in to  C O 2  assess
m en ts by th e  p robab le lack of com plete know l
edge a b o u t and  tre a tm e n t of th e  clim ate system  
are  n o t possible to  evaluate  directly. Successful 
com parison  of m odel resu lts  w ith  observations 
can, how ever, provide ind irect evidence th a t  the  
u n ce rta in tie s  a re  m odest.

•  N um erical m odels have been developed th a t  a t 
tem p t to  ca lcu la te  th e  coupled effect of th e  m ost 
im p o rta n t feedback processes. These m odels 
have been used to  s im u la te  the  p resen t clim ate, 
including th e  seasonal cycle, and  th e ir rep resen
ta tio n  of large-scale clim atic featu res is qu ite  
reasonable. For th e  sim ula tion  of regional fea
tu res , th e  m odel resu lts  are n o t yet ad eq u ate  
and  p ro jec tions of such featu res m ust be viewed 
as highly uncerta in .

•  T hese m odel resu lts  suggest th a t  global average 
tem p e ra tu re s  will w arm  by 1.5 to  4.5°C  once 
equilib rium  is achieved a fte r th e  C O 2  concen
tra tio n  has doubled. C on tinu ing  increases in 
th e  C O 2  co n cen tra tio n  above those levels w ould 
w arm  th e  E a r th  still fu rth e r. Such changes 
w ould be large in com parison to  th e  decadal 
average te m p e ra tu re  changes of the  la s t 1 0 , 0 0 0  

years, du rin g  w hich prolonged, global-scale vari
a tio n s  have probab ly  only rarely  been m ore th an  
a b o u t 1 °C.

•  O n a  m olecule-for-m olecule basis, a  nu m b er of 
trace  gases have even m ore p o ten tia l th a n  C O 2  

to  induce w arm ing. A lthough th e  co n cen tra
tions of these gases cu rren tly  are sm all, th e ir 
co n cen tra tio n s are  increasing rapidly. M odel 
s tud ies in d ica te  th a t  th e  w arm ing  due to  trace  
gases could aug m en t th e  p o ten tia l C O 2  p e r tu r
b a tio n  by form  50% to  m ore th a n  100% over the  
nex t cen tu ry . I t is essential th a t  th e  p o ten tia l 
effects of trace  gases be investigated  fu rth e r.

•  T he large h ea t capacity  of th e  oceans will ac t 
to  slow th e  clim ate  system  response to  changes
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in a tm ospheric  com position  and  o th er forcing 
facto rs. T he vertical b ehav io r of th e  oceans is 
n o t u n d ers to o d  well enough, how ever, to  p er
m it precise es tim atio n  of th is  effect, b u t es ti
m ates  a re  th a t  th e  a tm o sp h ere  requires from  
2 0  to  1 0 0  years to  achieve tw o -th ird s  of th e  ex
pec ted  equ ilib rium  te m p era tu re  response. As a 
re su lt, su b s tan tia l fu r th e r w arm ing  m ay occur, 
even if C O 2  an d  trace  gas co n cen tra tio n s  do not 
increase above th e ir p resen t co n cen tra tio n s  as 
th e  c lim ate  a tte m p ts  to  fully reach  a  new equi
lib rium  s ta te .

In sum m ary, we have a  sound q u a lita tiv e  un 
d erstan d in g  of th e  causes of th e  w arm ing th a t  is oc
curring  and  is p ro jec ted  to  occur as a  resu lt of th e  
increasing C O 2  and  trace  gas concen trations. O ur 
q u an tita tiv e  u n d ers tan d in g  rem ains lim ited , p a r tic 
u larly  regard ing  th e  regional and  seasonal p a tte rn  
of th e  w arm ing and  th e  ra te  a t  which it will be oc
curring . C h ap te r 9 sum m arizes th e  research  th a t  
m u st be done to  reduce un ce rta in tie s  sufficiently for 
useful assessm ents to  be undertaken .
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9.1 IN T R O D U C T IO N

To provide a  basis for inform ed decision m aking, a 
cap ab ility  to  accu ra te ly  p ro jec t th e  c lim atic  effects 
of th e  increasing  carbon  dioxide (C O 2 ) concen tra
tion  an d  o th e r p e r tu rb a tio n s  is needed. C onsider
ing lo n g -term  effects, C O 2 , trace  gases, and  aerosols 
have th e  g rea te s t p o ten tia l for affecting th e  clim ate. 
C oupling of these facto rs th ro u g h  chem ical, ra d ia 
tive , and  dynam ica l in te rac tio n s  m akes th e  problem  
very com plex. P ro jec tions of th e  c lim atic  effects 
of th e  increasing  C O 2  co n cen tra tio n  over the  next 
several decades m u st consider th e  com bined effects 
of m any  sim u ltan eo u s p e rtu rb in g  fac to rs  along w ith  
th e  m any feedback processes th a t  a re  operative . Be
cause of th is  com plexity , we will con tinue to  rely on 
num erical m odels as th e  p rim ary  m eans for m aking 
these pro jections.

A lthough  significant progress has been m ade 
over th e  la s t decade in im prov ing  th e  u n d erstan d in g  
o f ind iv idual processes an d  th e  roles of various per
tu rb in g  facto rs, i t  is no t yet possib le to  p ro ject the  
clim atic  effects o f coupled p e r tu rb a tio n s  w ith  ad e
q u a te  confidence or accuracy. T h e  de ta iled  p ro jec
tions of changes in a tm ospheric  p a ram e te rs  th a t  are 
p articu la rly  re levan t to  e s tim a tin g  societa l im pacts  
can n o t be p rov ided  a t  th is  tim e; in p a r tic u la r , p ro 
jections of c lim ate  changes can n o t yet be provided 
on a  regional an d  seasonal basis. To p ro jec t the  
im p act on ag ricu ltu re , for exam ple , changes in the 
occurrence of s itu a tio n s  th a t  a re  p articu la rly  stress
ful to  crops (such as th e  frequency and  in ten sity  of 
d ro u g h t and  th e  tim e of th e  first and la s t freezes) 
m u st be es tim a ted . T he goal of th e  research  th a t  is 
cu rren tly  ongoing and  th a t  is recom m ended for the 
fu tu re  is to  p rovide a  stro n g er scientific and  techn i
cal basis for m aking  p ro jec tions in these areas. T he 
em phasis up  u n til now has been m ainly  on p ro jec t
ing changes in hem ispheric and  global m ean condi
tions. R esearch du rin g  th e  nex t decade will m ove 
m ore to w ard  m aking  p ro jec tions on sm aller sp a tia l 
scales an d  to w ard  consideration  o f h igher order s ta 
tis tica l v a ria tio n s  in clim atic  p a ram ete rs .

Im provem en t of c lim ate  m odeling capab ilities  
requires a  research  effort sp ann ing  a  b ro ad  range 
of ac tiv ities . T he s tra teg y  to  im prove our u nder
s tan d in g  of c lim ate  processes an d  th e  cap ab ility  to  
p ro ject fu tu re  c lim ate  change is based  on th e  use 
of a  h ierarchy  of m odels. E ach  class of m odel has

its  p a r tic u la r  s tren g th s  and  weaknesses, and each 
is best su ited  to  p a rticu la r specialized applications. 
For th is  h ierarchy  of m odels, m odel im provem ent 
will com e a b o u t th ro u g h  a  com bination  of studies 
d irec ted  tow ard  im proved u n d erstan d in g  of clim ate 
processes and  feedback m echanism s (and th e ir roles 
in th e  clim ate  system ), inclusion of these processes 
and  m echanism s in th e  clim ate  m odels (including 
im provem ents in the  param eteriza tio n  of subgrid  
scale processes in th e  m odels), and  detailed  ana l
ysis of m odel s im ula tions carried  o u t to  exam ine 
the  c lim atic  sensitiv ity  to  increasing concen tra tions 
of C O 2  and  trace  gases and  to  changes in o ther fac
to rs . In associa tion  w ith  these ac tiv ities , th e  tes tin g  
and  validation  of th e  m odels by com parison w ith  ob
servations is essential. Confidence in the  ab ility  of 
th e  m odels to  sim u la te  th e  p resen t clim ate and  its  
v aria tio n  (including th e  sensitiv ity  of th e  clim ate to  
various p e rtu rb a tio n s) rests  on p roper validation  of 
th e  clim ate  m odels.

T he research  th a t  is recom m ended for th e  m a
jo r  a reas of scientific investigation  is described in 
th e  following sections. It is n o t th e  in ten t of th is  
ch ap te r to  provide a  deta iled  research p lan  for ac
com plishing these tasks. R a th e r, th e  purpose of th is  
ch ap te r is to  p resen t th e  overall p ic tu re  of th e  m a
jo r research needs and  p rio rities , h igh ligh ting  those 
areas w here special em phasis and  effort should be 
d irec ted  to  address key issues. M ore detailed  rec
om m endations for specific research in th e  various re
search areas can be found a t  th e  end of each ch ap te r 
in th is  volum e.

9.2 U N D ER STA N D IN G  O F  C LIM A TE 
P R O C E S S E S  A N D  FE E D B A C K  
M EC H A N ISM S

M odels require accu ra te  rep resen ta tio n  of all im por
ta n t  c lim ate  processes and  feedback m echanism s. 
T he h ighest p rio rity  should be placed on im proved 
u n d erstan d in g  of how oceans and  clouds affect en
ergy tra n s p o r t  processes in  th e  clim ate system . 
Once th e  roles of the  oceans and  clouds a re  b e t
te r  u n d ersto o d , then  they  can  be m ore accura te ly  
rep resen ted  in th e  clim ate  m odels. P rogress in these 
tw o areas will require  coo rd in a ted  field experim ents 
and  m odeling  ac tiv ities . T h e  W orld O cean C ircu
la tio n  E x p erim en t (W O C E ) and  th e  In te rn a tio n a l
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S ate llite  C loud  C lim ato logy  P ro jec t (IS C C P ) p ro 
vide th e  p o te n tia l for g a th erin g  th e  d a ta  th a t  will 
enable oceanic and  cloud processes to  be sim ula ted  
m ore accu ra te ly  in clim ate  m odels. Im provem ents 
in th e  rep resen ta tio n s  of th e  p lan e ta ry  boundary  
layer, p rec ip ita tio n , and  surface hydrology m ust 
also be  m ade if e s tim ates  of th e  equ ilib rium  sensitiv 
ity  of m odels a re  to  be m ade w ith  g rea te r confidence 
an d  less d isag reem en t betw een  m odels.

G o a l 1 . E v a lu a te  a n d  im p ro v e  re p re s e n ta tio n s  o f  
im p o r ta n t  c lim a te  p ro cesses  a n d  feed b ack  m ech 
an ism s  in  c lim a te  m o d els .

9.2.1 O ceanic Processes

O ceanic processes a re  im p o rta n t because they  have 
a  significant effect on th e  tim e ra te  of change of th e  
c lim ate  in response to  a  p e r tu rb a tio n . E fforts to  
s im u la te  th e  changes in clim ate  th a t  have occurred  
since th e  m iddle of th e  las t cen tu ry  caused by vari
a tio n s  in th e  co n cen tra tio n s  of C O 2 , trace  gases, 
and  aerosols and  efforts to  p ro jec t fu tu re  changes 
in  c lim ate  over th e  nex t several decades b o th  re 
quire p ro p er rep resen ta tio n  of th e  th e rm a l in e rtia  
and  h ea t tran sfe r effects of th e  oceans. For these 
reasons, it  is im p o rta n t th a t  oceanic processes and  
o cean -a tm osphere  coupling be  tre a te d  m ore accu
ra te ly  in c lim ate  m odels.

R e c o m m e n d a tio n  lA .
The dynam ics and therm odynam ics  o f  the ocean 
m u st be included in climate models. Currents, up- 
welling, and bottom water form a tion  m ust be rep
resented so that potential changes can be inves t i
gated. The transport o f  heat fro m  the mixed layer 
to deeper levels in the oceans m u s t  be explicitly 
treated. F ield  observations are probably required  
to gather the data needed to achieve better under
standing o f  ocean processes.

9.2.2 C loud Processes

Im provem ents need to  be m ade to  th e  tre a tm e n t of 
feedback processes in c lim ate  m odels. C loud feed
back processes a re  th e  least u n d ersto o d  of th e  m a
jo r  c lim ate  feedback m echanism s. D epending on 
how cloud p ro p e rtie s  change in response to  a  cli
m a te  p e r tu rb a tio n , th e  clim atic  response m ay e ither

be enhanced or d im inished . C louds m ay change in 
a  com bination  of w ays, including changes in cloud 
cover (am o u n t), cloud a ltitu d e  and th ickness, and 
cloud optical p roperties.

R e c o m m e n d a tio n  IB .
The potential for  clouds to amplify or moderate  
climate perturbations m u s t  be investigated thor
oughly. B etter  representations m ust be developed 
for  projecting changes in the physical and radia
tive properties o f  clouds as other climatic param 
eters change.

9.2.3 Sea Ice and  Snow C over

T he c lim ate m odel sim u la tions of the  w arm ing  
caused by an  increase in th e  C O 2  concen tra tion  
show an  am plification  a t  high la titu d es. T h is  am pli
fication  is caused in p a r t  by th e  reduction  in ex ten t 
of sea ice and  snow cover in  response to  th e  w arm ing 
caused by th e  increased C O 2  concen tra tion . W ith  
less snow and  ice, m ore so lar rad ia tio n  is absorbed  
a t  th e  E a r th ’s surface, w hich leads to  fu rth e r w arm 
ing. T he enhanced  w arm ing  a t  high la titu d es  resu lts  
in a  change in th e  m erid ional g rad ien t of tem p er
a tu re  in th e  lower tro p o sp h ere , which can  signifi
can tly  affect a tm ospheric  circu lation . T he coupling 
betw een changes in ice and  snow ex ten t and  changes 
in surface tem p e ra tu re  is one of th e  strongest feed
back m echanism s affecting th e  sensitiv ity  of th e  cli
m ate  to  p e rtu rb a tio n s .

R ec o m m e n d a tio n  1 C.
More accurate trea tm ent o f  the growth and m elt
ing o f  sea ice and snow cover and the concom itant  
effect on energy exchange in the boundary layer is 
required in models so that the high-latitude te m 
perature changes can be accurately projected.

9.2.4 C oupling of C lim ate  System  
C om ponen ts

B ecause of th e  im p o rtan ce  th a t  feedback processes 
have been show n to  have on clim ate  sensitiv ity , it  
is essential th a t  th e  m any  coupled processes and  
feedback m echanism s p resen t in th e  clim ate sys
tem  be included in th e  c lim ate  m odels. For ex
am ple, aa has already  been discussed, a tm ospheric  
and  oceanic processes m u st be considered together.
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T he prob lem  th a t  th is  p resen ts  is th a t  th e  a tm o 
sphere and  th e  oceans have m uch d ifferent th e rm a l 
response tim es. In tim e-d ep en d en t ca lcu la tions, th e  
tim e s tep  is ad ju s ted  accord ing  to  th e  response tim e 
of th e  system ; system s w ith  longer response tim es 
can use la rger tim e steps, thereby  reducing  the  com 
p u ta tio n a l b u rd en . W hen processes w ith  m uch dif
feren t response tim es are coupled , th e  sh o rte r tim e 
s tep  m u st be used, w hich is num erically  inefficient 
for tre a tin g  th e  process w ith  a  long tim e  co n stan t. 
Some approaches developed to  t r e a t  th e  coupling 
betw een th e  a tm o sp h ere  and  oceans so as to  reduce 
overall co m p u te r tim e usage have in ad v erten tly  af
fected th e  re p resen ta tio n  of energy tran sfe r betw een 
these tw o  system s. How best to  ca lcu la te  th e  ef
fects of coupling  betw een  system  com ponen ts  hav 
ing ch a rac te ris tica lly  different response tim es m ust 
be d eterm ined .

R e c o m m e n d a tio n  ID .
Research is needed to develop better numerical ap
proaches fo r  coupling climate sys tem  com ponents  
and processes with characteristically different time  
constants, such as coupling between small-scale, 
large-scale, and vertical transport in the oceans 
and between the oceans and the atmosphere.

9.3 C O U P L E D  M O D E L IN G  O F
SIM U LTA N EO U S PE R T U R B A T IO N S  
T O  T H E  C L IM A T E

Several fac to rs  (such as C O 2 , trace  gases, volcanic 
em issions, and  so lar varia tio n s) are sim ultaneously  
affecting th e  c lim ate . An accu ra te  e s tim a te  of th e ir 
coupled effects can n o t be de term ined  by ev a lu a t
ing th e  p e r tu rb a tio n s  sep a ra te ly  an d  add ing  th em  
to g eth er. T he c lim atic  effects re su ltin g  from  these 
forcings m u s t be tre a te d  sim u ltaneously  because of 
th e  s tro n g  coupling betw een rad ia tiv e , chem ical, 
and  dynam ical processes in th e  a tm o sp h ere . T he 
s trong  coupling requ ires th a t  these processes and  
feedback m echan ism s be in teg ra ted  to g e th e r in th e  
m odels. As m ore coupled processes have been incor
p o ra ted  in to  th e  m odels, previously  unrecognized 
feedback m echan ism s have been uncovered. F ur
th e r in v estig a tio n  is needed to  ensure th a t  im p o r
ta n t  processes an d  m echan ism s a re  n o t s till being 
overlooked. Specialized m odels (ra th e r  th a n  general 
c ircu la tion  m odels) can  help add ress som e aspects  of

these issues, w ith  p a rticu la r em phasis being placed 
on rad ia tiv e , chem ical, and  dynam ical processes as 
a p p ro p ria te .

G o a l 2. D evelop  m o d e ls  t h a t  in c lu d e  all id e n ti
fied a n d  re le v a n t feed b ack  m ech a n ism s  a n d  th a t  
a c c u ra te ly  t r e a t  th e  co u p lin g  b e tw e e n  ra d ia tiv e , 
ch em ica l, a n d  d y n a m ic a l p ro cesses.

9.3.1 T race G ases

M odel ca lcu la tions ind icate  th a t  increasing trace  
gas co n cen tra tio n s could su b s tan tia lly  am plify the  
expected  w arm ing  from  th e  increasing C O 2  concen
tra tio n . It is e s tim ated  th a t  th e  increase in surface 
te m p e ra tu re  caused by trace  gases for th e  nex t 50 
years could be a t  least as large as th a t  due to  the  
increased C O 2  concen tra tion . T herefore, it is es
sen tia l th a t  th e  em issions, tran sfo rm atio n s, ra d ia 
tive  in te rac tio n s , and  chem ical rem oval m echanism s 
re la ted  to  these species be thorough ly  investigated  
so th a t  these processes can even tua lly  be included 
in th e  clim ate  m odels. To im prove assessm ents of 
th e  effects o f trace  gases, a tte n tio n  m ust be given 
to  th e ir  rad ia tiv e  and  chem ical p roperties . Inpu t 
d a ta  to  th e  ca lcu la tions could be im proved by lab 
o ra to ry  m easurem ents of ab so rp tio n  bands and  ki
netics ra te s . T he varia tion  of th e  ab so rp tio n  band  
p a ram e te rs  w ith  respect to  changes in tem p era tu re  
an d  pressure p articu la rly  needs to  be addressed.

R e c o m m e n d a tio n  2 A.
Projections o f  the sensit iv i ty  o f  future climate to 
increasing trace gas concentrations m ust be coor
dinated  and integrated with projections o f  the e f
fects o f  the increasing CO 2  concentration.

R e c o m m e n d a tio n  2B .
M ethods for  treating the radiative, chemical, and 
climatic interactions o f  the m a n y  trace gases m ust  
be developed, tested, and included in  climate m od
els.

R e c o n u n e n d a tio n  2 C.
M onitoring  and laboratory programs are required 
to provide the data needed to determ ine the global 
fluxes, balances, and  trends o f  the im portan t trace 
gases.
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9.3.2 O th e r P e rtu rb a tio n s  to  th e  C lim ate

P ertu rb in g  fac to rs  in ad d itio n  to  th e  increasing con
cen tra tio n s  of C O 2  an d  trace  gases also have p o ten 
tia lly  significant clim atic  effects. Aerosols re su lt
ing from  volcanic e ru p tio n s  and  v aria tio n s in the  
so lar irrad ian ce  m ay affect th e  clim ate  over peri
ods las tin g  m o n th s  to  decades. I t is n o t possible 
to  p red ic t w h a t th e  clim atic  forcing from  these p e r
tu rb a tio n s  will be in th e  fu tu re , b u t u n d erstan d in g  
th e  role of p e r tu rb a tio n s  such as these on th e  cli
m a te  of th e  p a s t 100 years is im p o rta n t. U ntil th e  
c lim ate  changes th a t  have been observed over th is  
tim e period  a re  ad eq u ate ly  explained , th ere  will be 
significant u n ce rta in ty  a b o u t th e  ab ility  of m odels 
to  p ro ject fu tu re  c lim ate  change.

R ec o m m e n d a tio n  2 D .
The causes o f  observed climate variations over the 
past 100 years m u s t  be adequately explained. R e 
search m u s t  be directed at s im ulations o f  s im ulta 
neous coupled perturbations and m ust  also address 
the issue o f  climatic f luctuations in ternal to the 
climate system .

9.4 T E S T IN G  AN D  V A LID A TIO N  O F 
M O D ELS

Differences in resu lts  am ong m odels pose a  serious 
problem  in developing confidence in sensitiv ity  cal
cu lations. M odels m u st be thorough ly  com pared  to  
un d ers tan d  th e  basis for differences in m odel be
hav io r and  to  ev a lu a te  th e  accuracy  of subm odels. 
Differences can  arise  because of different ap p ro x im a
tions in rep resen ting  th e  p resen t clim ate; for exam 
ple, inclusion of seasonal v a ria tio n s in clim ate  sim 
u la tions has led to  increased sensitiv ity  com pared  
to  m odels averag ing  over th e  annual cycle. T h e  ef
fect of including finer scale sp a tia l varia tions in th e  
clim ate m odel assessm ents also needs to  be d e te r
m ined.

T he issue of how b est to  te s t and  va lida te  cli
m a te  m odels has received rep ea ted  (a lthough  som e
tim es less th a n  ad eq u a te ) a tte n tio n . O ver th e  p ast 
few years, a c tiv ity  has becom e m uch m ore vigorous 
in th is  area. T he tw o  basic app roaches have been 
to  com pare m odels w ith  observational d a ta  an d  to  
conduct com parisons of d ifferen t m odels or d ifferent 
versions of th e  sam e m odel. By com paring  m odels.

it has been possible to  identify effects of various as
sum ptions and  approaches and  to  iso late areas of 
m odel perform ance th a t  need m ore a tten tio n . T he 
accuracy of th e  tre a tm e n t of ind iv idual processes 
in clim ate  m odels can be eva lua ted  by com paring 
highly accu ra te  ca lcu la tions w ith  th e  param eterized  
sub rou tines used in th e  clim ate m odels. T he rad i
a tio n  tran sfe r su b ro u tin es  are already  undergoing 
such a  com parison  in th e  In tercom parison  of R ad i
a tio n  C odes in C lim ate  M odels (IC R C C M ) study.

9.4.1 S im ulation  of P resen t and  P a s t C lim ate 
B ehavior

T he observational d a ta  th a t  are useful for m odel val
id a tio n  include th e  annua l, seasonal, and  m onth ly  
varia tions of c lim ate  p aram ete rs , including th e  fre
quency of anom alies and  ex trem e events. T he vari
a tio n s  in these p a ram ete rs  in response to  known 
p e r tu rb a tio n s  could also be useful, b u t, w ith  th e  
exception of a  few volcanic e ru p tio n s, th e  p e r tu rb 
ing cond itions for th e  p e r tu rb a tio n s  are  usually  not 
well enough know n for such cases to  serve as defini
tive m odel va lida tion  tests . A n o th er problem  is 
th a t  th e  p e r tu rb a tio n s  th a t  have occurred during  
tim es when observations were m ade have n o t lasted  
for tim e periods ap p ro p ria te  to  th e  C O 2  problem . 
T h u s, these cases can n o t adequate ly  serve to  te s t 
m odel response to  long-term  forcing.

A lthough  d a ta  bases are lim ited  in b o th  tem 
pora l an d  sp a tia l coverage, th e  s tudy  of p a s t cli
m ates  can co n trib u te  to  the  u n d e rstan d in g  of how 
fu tu re  increases in th e  a tm ospheric  C O 2  concen tra
tion  m ay affect th e  clim ate. T he clim ate  reconstruc
tions co n trib u te  to  such stud ies by providing infor
m atio n  ab o u t th e  c lim atic  p a tte rn  during  w arm  (or 
cold) periods in th e  E a r th ’s p a s t an d  by providing 
cond itions th a t  can  be used to  te s t th e  ab ility  of the  
m odels to  s im u la te  c lim atic  v aria tio n s on a  range of 
tim e scales. T he h isto rical c lim ate  record  has been 
ex tended  back to  a b o u t 1850, b u t th e re  is a  sp ar
sity  of d a ta  over m any  regions of th e  E a r th , p a rticu 
larly  p rio r to  1900 an d  in the  S ou thern  H em isphere. 
D a ta  a re  p rim arily  for N orthern  H em isphere con ti
n en ta l locations, so it is difficult to  d eterm ine accu
ra te  g lobal average o r la titu d in a l average p e r tu rb a 
tions. E fforts to  im prove and  ex tend  th e  h isto rical 
record  w ould aid  in  th e  evalua tion  of the  tem p o ra l
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response of th e  c lim ate  to  increases in th e  C O 2  con
c e n tra tio n  an d  o th er clim atic  fac to rs over th e  p as t 

50 years.

G o a l 3. T h e  a b il i ty  o f  c lim a te  m o d e ls  to  s im u la te  
o b se rv ed  c lim a te  b e h a v io r  m u s t  b e  m o re  th o r 
o u g h ly  in v e s tig a te d .

R e c o m m e n d a tio n  3A .
The results o f  climate models m ust  be more thor
oughly compared with observations o f  the present  
climate. It  is o f  special im portance to improve the 
ability o f  climate models to simulate the regional 
and seasonal variations o f  climate parameters.

R e c o m m e n d a tio n  3B .
The substantial differences in  the character o f  the 
results o f  different climate models when present  
and perturbed climates are simulated m ust be 
identified and resolved.

R e c o m m e n d a tio n  3C .
To the ex ten t data can be assembled, climate m od
els should be tested to determ ine i f  they can s im 
ulate past variations in  climate. The potential  
im portance o f  such a test jus tif ies  a program to 
assemble data and investigate the causes o f  past  
climate changes.

9.4.2 R egional and  Seasonal C lim atic  
V ariab ility  and  th e  F requency of 
E x trem e E ven ts

M any societa l ac tiv itie s  (e.g., ag ricu ltu re , w a te r re
sources) are m ore influenced by c lim atic  ex trem es 
and  v aria tio n s (e.g., freeze, floods, d ro u g h t) th an  
by sm all changes in th e  m ean. It is essen tial to  de
velop th e  cap ab ility  to  p ro jec t how th e  frequency 
an d  m ag n itu d e  of ex trem e even ts  m ay change.

D eveloping an d  ev a lu a tin g  th is  cap ab ility  will 
be ex trem ely  difficult. T he first task  will be to  de
te rm in e  how well (or poorly ) availab le  m odels rep 
resen t such variab ility . D eterm in ing  th e  ab ility  to  
s im u la te  s to rm  track s is now an  im p o rta n t aspect 
o f th e  verification  of w ea th e r forecast m odels, and  
should  be ex tended  to  clim ato logical tim e scales. 
A t th e  tim e scale of m o n th s to  a  few years, th e  ab il
ity  of th e  m odels to  rep resen t g lobal scale ocean- 
a tm o sp h ere  coupling can  be in v estig a ted  by com 
p arison  w ith  observationa l d a ta  for even ts  such as 
El N ino an d  th e  S o u th e rn  O scillation . A tte m p ts

to  s im u la te  th e  effects of changes in solar irra d i
ance and  aerosol con cen tra tio n s over tim e periods 
of years or longer need to  be pursued.

In th e  p as t, em phasis has been placed on th e  
com parison of p a ram eters  averaged  over large areas 
(hem ispheric average or la titu d in a l varia tions), b u t 
fu tu re  research  m ust place increasing em phasis on 
th e  pro jection  of changes on a  regional basis. T his 
will require com parison of regional clim ate records 
w ith  m odel s im ula tions. A tten tio n  should also m ove 
to w ard  com parison  of h igher order s ta tis tica l v aria
tions on these scales (e.g., th e  frequency and  in ten 
sity  of anom alies and  ex trem e events) ra th e r th an  
sim ply annual and  seasonal averages.

G oa l 4. In c re a se d  effo rt m u s t  b e  d ev o ted  to  p ro 
je c tio n  o f  reg io n a l a n d  sea so n a l c lim a te  ch an g es 
a n d  a s so c ia te d  ch an g es  in  c lim a tic  v a riab ility , th e  
freq u en cy  o f  e x tre m e  e v e n ts , a n d  o th e r  a sp e c ts  o f 
in te re s t  fo r  im p a c t s tu d ie s .

R e c o m m e n d a tio n  4A .
The ability o f  ocean-atmosphere climate models 
to represent the regional and seasonal variability 
o f  the present climate m ust be improved.

R ec o m m e n d a tio n  4B .
Consideration m ust  be given to the development 
o f  new methodologies for projecting changes in 
the frequency o f  ex treme events. Statistical and  
analog methods m ay prove to be useful.

R e c o m m e n d a tio n  4C .
M eans o f  sum m ariz ing  fu ture climate projec
tions m ust  be enriched so that changes in the 
variability and details o f  climate projections can 
be o f  greater value for  im pact studies.

9.5 SUM M ARY

A broad  p ro g ram  of research  has been ou tlined  to  
address th e  key issues re la tin g  to  pro jection  of th e  
c lim atic  effects of increasing  C O 2  concen tra tion  and  
o th e r p e rtu rb in g  influences. T he research  involves 
co o rd in a tio n  betw een th eo re tica l and  em pirical re
search approaches. P rogress m ade over th e  las t 
decade has co n trib u ted  to  th e  ex p ecta tio n  th a t  con
tin u ed  efforts over th e  com ing decade will lead to  
significant co n trib u tio n s  to  th e  goal of providing a  
stro n g er scientific basis for th e  assessm ent stud ies 
th a t  could p rovide th e  basis for decision m aking.
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A .l IN T R O D U C T IO N

^Three diflFerent ty p es  of clim ate  m odels have been 
used to  s im u la te  th e  change in th e  equ ilib rium  
clim ate  resu ltin g  from  an  increase in  th e  carbon  
dioxide (C O 2 ) co n cen tra tio n : energy balance m od
els (E M B s), rad ia tive-convective  m odels (R C M s), 
an d  general c ircu la tio n  m odels (G C M s). T h is ap 
pendix  p resen ts  a  d e ta iled  analysis of th e  resu lts  
from  EB M s an d  R C M s. A sum m ary  of th is  analysis 
is p resen ted  in Section 4.2 of C h ap te r 4 of th is  vol
um e. T he discussion of th e  G C M  sim u la tio n s of th e  
change in equ ilib rium  c lim ate  resu lting  from  an in
crease in C O 2  co n cen tra tio n  is included in C h ap te r 
4. T he discussion in th is  append ix  places em phasis 
on th e  q u a n tita tiv e  u n d ers tan d in g  of c lim ate  feed
back processes. For th is  reason , th e  discussion nec
essarily  involves a  highly m a th em atica l app roach . 
T h is app roach  is helpful for analyzing  th e  differ
ences in sensitiv ity  am ong clim ate  m odels.

A.2 E N E R G Y  B A L A N C E  M O D ELS

Energy balance m odels p red ic t th e  change in tem 
p e ra tu re  a t  th e  E a r th ’s surface th a t  re su lts  from  a 
change in h ea tin g  based  on th e  requ irem en t th a t  
th e  n e t Hux of energy does no t change. T he earliest 
estim ates  of th e  C 0 2 -induced te m p e ra tu re  change 
were ob ta ined  from  surface energy balance m odels 
(SEB M s) w herein  th e  energy balance cond ition  was 
app lied  a t  th e  E a r th ’s surface. L ate r, p lan e ta ry  en
ergy balance m odels (P E B M s) w ere used to  d e te r
m ine th e  C 0 2 -induced te m p e ra tu re  change from  th e  
balance cond ition  app lied  a t  th e  to p  of th e  a tm o 
sphere. In th is  section we review these EB M  s tu d 
ies of C 0 2 -induced  te m p e ra tu re  change, beg inning  
w ith  th e  h isto rically  first SEBM s, and  concluding 
w ith  PE B M s. T h is fo rm u la tio n  also fac ilita te s  th e  
q u a n tita tiv e  ev a lu a tio n  of feedback, th u s  enabling  
com parison  of EM B s am ong them selves an d  w ith  
th e  R C M s and  G C M s.

A.2.1 G eneralized  F orm ula tion

Energy balance m odels p red ic t th e  change in tem 
p e ra tu re  a t  th e  E a r th ’s surface (A T .) from  th e  re
q u irem en t th a t  A N  =  0, w here N  is th e  n e t energy 
flux expressed by

N  = N { E , T „ I ) .  (A .l)

Here E  is a  vec to r of q u an titie s  th a t  can be regarded  
as ex ternal to  th e  c lim ate  system , th a t  is, q u a n ti
ties whose change can lead to  a  change in c lim ate , 
b u t w hich a re  independen t of clim ate. /  is a  vector 
of q u an titie s  th a t  a re  in te rn a l to  th e  clim ate  sys
tem , th a t  is, q u an titie s  th a t  can change as th e  cli
m ate  changes an d , in so doing, feed back to  m odify 
th e  clim ate change. T he ex terna l q u an titie s  include, 
for exam ple, th e  solar co n s tan t, th e  op tically  ac tive 
ejec ta  from  volcanic e rup tions, trace  gas co n cen tra 
tions and , for purposes of th is  rep o rt, th e  C O 2  con
cen tra tio n  (a lthough  even tua lly  the  C O 2  co n cen tra
tion  also m ay change in response to  c lim ate  change). 
T he clim atic  effects of th e  first th ree  ex terna l facto rs 
are discussed fu r th e r in C h ap te r 6  of th is  volum e.

T he in te rn a l q u an titie s  include all th e  variables 
of the  clim ate  system  o th er th an  T ,. B ecause T , is 
th e  only dep en d en t variab le  in an  EB M , th e  in te rn a l 
q u an titie s  m u st be represen ted  there in  by

L =  L { T , ) . (A.2)

A sm all change in th e  energy flux A N ,  therefore , 
can be expressed by E q u atio n s  (A .l)  and  (A .2) as

i *

I  d N  ^  d N  d h \  ^

T his can be w ritten  in a  m ore convenient and  in
s tru c tiv e  w ay as

A N  = A Q -  G J ^ A T ,  , (A .4)

w here

is the  change in N  due to  a  change in one or m ore 
ex terna l q u an titie s  ( A E i ) ,  and

d N d N
w .

is the  change in N  re su ltin g  from  a  tem p e ra tu re  
change A T ,. F rom  E q u a tio n  (A.4) th e  energy bal
ance requ irem en t, A N  =  0, gives

A T , =  G f  A Q
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from  w hich it is seen th a t  G / is the  gain (o u t
p u t / in p u t)  of th e  system .

It is useful to  express G f  as

G 7 ^ = G o ^ F , (A . 8 )

w here
f d N

(A.9)

is the  c lim ate  system  gain in th e  absence of feed
backs and

^ ^  d N  d L
F  =  > ----------- -

^  d L  d T ,
0

(A.IO)

represen ts th e  feedbacks. T hen , by E q u atio n  (A .7),

Go
A T ,  =

1  -  G oF
A Q  . ( A . l l )

T his re la tio n  can be rep resen ted  by a  system  block 
d iag ram  as show n in F igure A .l .  If N  is indepen
den t of th e  in te rn a l q u an titie s  / ,  or if I  is indepen
den t of T ,, th en  F  =  0 an d  th e  in p u t A Q  to  the  
system  is d irec tly  tran sfe rred  to  th e  o u tp u t

AT. =  (AT,)o =  G o A Q (A .12)

by m eans of only those  processes for w hich N  ex
plicitly  depends on T ,. H ow ever, if N  also depends 
im plicitly  on T ,, th ro u g h  its  dependence on th e  in
te rn a l q u an titie s  and  th e ir dependence on T ,, p a r t  
of the  o u tp u t is tran sfe rred  th ro u g h  a  feedback loop 
back to  th e  in p u t. T h en , as can be seen from  F igure 
A .l ,  th e  in p u t to  th e  c lim ate  system  J  is

J  =  A Q L A J  , 

w here A Q  is th e  ex te rn a l forcing and  

A J  =  F A T .

(A.13)

(A .14)

is th e  co n trib u tio n  of th e  feedbacks, and  th e  o u tp u t 
of th e  clim ate  system  is

AT. =  G o J  =  G o  ( A Q  +  F A T , )  . (A.15)

Solving for A T . th en  gives E q u atio n  ( A . l l ) .  C on
sequently , th e  response of th e  surface te m p e ra tu re

A J

J
Go

A T *

+ j y

F

F ig u r e  A . l .  Block d iagram  of the  clim atic  system  w ith a feedback 
loop.

A T . to  th e  forcing A Q  is analogous to  th a t  of a  
system  w ith  feedback.

T he effect of th e  feedback can be characterized  
on the  basis of th e  ra tio  of the  A T . w ith  feedback to  
th a t  w ith o u t feedback. T hus, by E quations (A .7), 
( A . l l ) ,  and  (A .12), we define th e  feedback gain  ra tio

=  A T , / ( A T , ) o  =  G f / G o  =
1

1 - /
(A.16)

w here
f  = G o F (A.17)

is th e  feedback fac to r (B ode 1975, p. 32) or, here, 
sim ply th e  feedback.^ For /  =  0, i?/ =  1; hence 
(A T .)o  rep resen ts  th e  zero-feedback tem p era tu re  
change. B ecause 0 <  F f  < 1  for /  < 0 , th e  la t
te r  represen ts negative feedback (see F igure A .2). 
As negative feedback increases indefinitely, i? / —> 0 
and  A T . 0; how ever, it is im p o rtan t to  note 
th a t  A T . does no t change sign as /  —> - c x > .  Be
cause R f  > I for 0  < /  < 1 , th e  la tte r  represen ts 
positive feedback. As positive feedback approaches
unity , R f  oo and  A T . —> oo. If th e  positive
feedback could be ex tended  beyond unity , R f  would 
change sign and  app ro ach  zero from  negative values 
as /  —> oo. C learly , th e  region /  >  1 is physi
cally m eaningless.^ H owever, as we shall see, one 
SEBM  has e s tim a ted  de facto  such strong  positive 
feedbacks th a t  /  > 1  and  a  tem p era tu re  decrease 
A T . <  0 w as o b ta in ed  for h ea tin g  A Q  > 0!

* H ansen e t al. (1984) call /  ( their g) th e  system  gain and R f  

(th e ir / )  th e  net feedback factor.
* If /  > 1, an  increase in energy A Q  > 0 for exam ple from  an 

increase in th e  so lar c o n stan t, would resu lt in a  cooling A T ,  < 0 ,  
and  a  decrease in energy A Q  < 0 in a  w arm ing A T ,  > 0.
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FEEDBACK f

P o sitiveN egotive
Feedbock

F ig u re  A .2 . The feedback gain ratio  R f  versus the feedback / .

From  E q u a tio n s (A .5), (A .9), (A .IO ), (A .16), 
an d  (A .17) we can  w rite

w here

A T , =  ^ A Q  ,

f - r  S -  
^  d L  dT ,

3 ^
- 1

and

d N  
d T ,

(A .18)

(A .19)

(A .20)

(A .21)

A .2.2 Surface Energy B alance M odels

T he n e t dow nw ard  energy flux a t  th e  E a r th ’s surface 
(N j) can be expressed by

K  = S , - R , - E , - H , (A .22)

w here S', is th e  net dow nw ard  solar rad ia tio n  flux, 
is th e  net upw ard  longw ave rad ia tio n  flux. Eg 

is th e  n e t upw ard  flux of la te n t h ea t due to  evap
o ra tio n  of w a te r and  su b lim ation  of snow an d  ice, 
and  Hg is th e  net upw ard  sensible h ea t flux. In 
SEB M s th e  tem p e ra tu re  T , is th e  tem p e ra tu re  of 
th e  E a r th ’s surface, T ,.

T h e  resu lts  from  th ree  SEBM s are p resen ted  in 
T able A .l in te rm s of th e  th erm a l forcing A Q  for 
a  frac tio n al increase in C O 2  con cen tra tio n  A C /C ,  
th e  system  gain G f , and  th e  surface tem p e ra tu re  re
sponse A T g . T he tab le  shows th a t  th e  values of A T, 
for a  C O 2  doubling range over a lm ost tw o o rders of 
m ag n itu d e , from  ab o u t 0.2°C  to  a lm ost 10°C. T h is 
w ide range is due to  differences in b o th  A Q  and  
G f  am ong th e  m odels, w ith  A Q  varying by a  fac to r 
of a b o u t 7, and  G / by a  fac to r of ab o u t 30. Be
cause th e  differences show n in Table A .l  for A Q  
can be v irtu a lly  e lim inated  by th e  use of con tem 
porary  line-by-line or ca lib ra ted  band  m odels of ra 
d ia tiv e  tran sfe r (see C h ap te r 2 and  L u ther 1984), 
we re s tr ic t a tte n tio n  here to  an  exam ina tion  of th e  
reasons for th e  large v aria tio n  of G f .

T ab le  A .l
Forcing, Gain, and Response of Selected SEBMs

Model A C  1C
AQ  

(W m -* )
G f

°C(W m-=*)
A T .
(“C)

Callendar (1938) 1.0 6.72 0.195 1.3
Moller (1963) 1.0 3.08 3.113 9.6
Newell and 0.8 1.0 0.237 0.24
Dopplick (1979)

T h u s, th e  d e te rm in a tio n  of A T , induced  by an  
increeise in C O 2  co n cen tra tio n  requires know ledge 
of th e  assoc ia ted  th e rm a l forcing A Q ,  th e  zero- 
feedback gain  of th e  sy stem  Go, an d  th e  feedback 
/ .  These in tu rn  requ ire  know ledge of the  p a r tia l 
deriva tives of N  w ith  resp ect to  th e  C O 2  co n cen tra
tio n , th e  te m p e ra tu re , an d  th e  in te rn a l q u an titie s , 
as well as th e  to ta l  d eriv a tiv e  o f th e  in te rn a l q u an 
titie s  w ith  respect to  th e  te m p e ra tu re . In th e  nex t 
section  we exam ine th e  SEB M s from  th is  van tage  
p o in t.

A .2 .2.1 C allendar

O ne of th e  ea rliest ca lcu la tions of C 0 2 -induced 
w arm ing  was perform ed by C allendar (1938) w ith  
an  SEBM . In his s tudy  5 , ,  Eg, and  H ,  w ere ignored 
so th a t  E q u a tio n  (A .22) becom es

Ng = R i { C )  -  a T t  , (A .23)

w here and  aT*  a re  th e  dow nw ard and  u pw ard  
longw ave fluxes, respectively, C  represen ts th e  C O 2
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Table A .2
Gain and Feedback Characteristics of Selected Surface £nergy Balance Models

Model Fluxes Included
V.

(m 8~^)
Go

(°C(W  m “ 2 ) - i) I t r f w R

Feedbacks 
f w E  I t h /

G f  \
(°C(W m -2 )-» )

Callendar (1938) — 0.1950 0 0 0 0 0 0.195
Moller (1963) R ^ c T f ,  S. — 0.1850 0.6122 0.3284 0 0 0.9406 3.113
Newell and Dopplick i i i ,  o T f ,  S. ,  E „  H. 0 0.1633 0.8411 0 0 0 0.8411 1.028

(1979) 3 0.0260 0.1342 0 0 0 0.1342 0.030
6 0.0142 0.0733 0 0 0 0.0733 0.015

Illustration Based on r I ,  oT,*, s . ,  E „  H, 0 0.1633 0.8411 0 0 0 0.8411 1.028
Newell and Dopplick 3 0.0260 0.1342 0 0.6431 0.1958 0.9731 0.967
(1979) 6 0.0142 0.0733 0 0.7024 0.2139 0.9896 1.365

co n cen tra tio n , an d  a  is th e  S tefan-B oltzm ann  con
s ta n t  (5.6687 X 10“ * W m “  ̂ K “ ^). B ecause is 
no t explicitly  a  function  of Tj, th e  zero feedback 
gain is, by E q u a tio n s (A.20) and  (A .23),

Go =  {AaTf)- (A .24)

(A.25

d T d T
(A.26)

M oller p rescribed  Tq =  -5 5 ° C  in th e  s tra to sp h e re  
and  T  = T  — Tz in th e  troposphere , w here z  is 
a ltitu d e , w ith  lapse ra te  F =  6.5°C  k m “ ^. In stead  
of d e term in in g  /  by E quation  (A .26), M oller de
te rm ined  d N g / d T  =  d R ^ / d T  ~  4£tT’® by com puting  
N ,  from  a  ra d ia tio n  d iag ram  for several values of T , , 
each w ith  th e  a t te n d a n t  change in T^, an d  th en  by 
expressing th e  resu lt as N , { T )  by an  ap p ro x im a te

in te rp o la tio n  form ula. T he resu lt can be w ritten  by 
E quation  (A .6 ) as

G ,  =
d N ,

d T
=  0.477°C (W  m “ =“) - i  , (A .27)

T hus, Go rap id ly  decreases w ith  increasing T -  For 
T  =  283 K , as assum ed by C allendar, Gq =  0.195°C 
(W  m “ ^)~^. C allendar did  n o t consider any feed
back, hence as shown in T able A .2, /  =  0 and  
G / =  Go =  0.195°C  (W  m - 2 ) - i .

A .2.2.2 M dller

M oller (1963) considered th ree  SEBM s. F irs t, 
M oller assum ed th a t  th e  surface energy flux was

w hich is in agreem ent w ith  th e  value found sim ilarly  
by P lass (1956). T hen  by E q u a tio n  (A.16) we find 
th a t

/  — I t r  — 1 ~
G ^
G f

0.6122 (A.28)

B ecause th is  positive feedback is due to  th e  increase 
in R^ th a t  occurs when T„ increases, th e  la tte r  as 
a  resu lt of th e  increase in T ,  we shall call it a  tem 
p e ra tu re /ra d ia tio n  feedback [ / t r ]  (T able A .2).

As a  second SEBM , M oller assum ed th a t

w here rep resen ts  the  vertica l profile of a tm o 
spheric te m p e ra tu re . A gain, because R^ is no t ex
plicitly  a  func tion  of T ,  th e  zero feedback gain is 
given by E q u a tio n  (A .24) as Go =  0.185°C  (W 
m - 2 ) - i  fQj. assum ed T  =  288 K. T he in te rn a l 
variab les in th is  m odel are th e  a tm ospheric  tem p er
a tu res , so by E q u a tio n s  (A .19) and  (A .25)

w here
N , = R i { C , T , W )  -  a T t  , (A .29)

P O O

=  /  Pa^a dz  (A.30)
Jo

W

represen ts th e  to ta l am o u n t of w a te r vapor in the  
a tm ospheric  colum n, w ith  Pa being a ir density  and  
Qa being specific hum idity . T he in te rn a l variables 
are  Ta an d  W ,  and

/  — f xR  +  Go
d R ^  d W  
d W  W ,

(A.31)

A gain M oller did  no t de term ine  /  from  E quation  
(A .31), b u t in stead  he de term ined  d N , /d T ,  by com 
p u tin g  N ,  from  a  rad ia tio n  d iag ram  for several val
ues of T  w ith  th e  re la tiv e  h u m id ity  { R H )  assum ed 
to  be c o n s tan t a t  75%. In th is  case, Ta and  W  in 
crease as T  increases, th e  la t te r  by E q u atio n  (A.30) 
because Qa =  R H  q * { T ,p ) ,  w here q* is th e  s a tu ra 
tion  specific hum id ity , and  q* increases rap id ly  w it
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m

Tg. F rom  an ap p ro x im a te  in te rp o la tio n  fo rm ula  for 
{ T „ W ) ,  M oller o b ta in ed  G f  =  -2 .8 6 4 “C (W 

2 ) - i  T hen  by E q u a tio n s (A .28) and  (A .31) we 
find /  =  1.0646 and

fwLR  =  ^ 0  ^  ^  =  0.4524 , (A .32)

w here fwLR  is a  w a te r  v apor/longw ave rad ia tio n  
feedback caused by th e  increase in as W  in
creases, th a t  is, th e  greenhouse effect for w a te r va
por, an d  th e  increase in W  w ith  caused by the  
co n s tan t R H .

T h e com bination  of fj-jt and  fwLR  is larger th an  
unity , hence these p ositive  feedbacks com bine to  
yield th e  physically  un rea lis tic  resu lt th a t  A T , < 0  

for A Q  > 0. M oller realized  th is  inconsistency and  
therefore proposed  a  th ird  SEBM , nam ely.

K  = S ,{ W )  + R ^ { C , T , , W )  -  aT*

T hen ,

w here

/  — f x R  +  f w L R  +  f w S R  1

f w S R  =  G o
d s ,  dW
m  I t ,

(A .33)

(A .34)

(A .35)

f w R  — f w L R  +  f w S R  — 0.3284 . (A .36)

A .2.2.3 Newell and  Dopplick

Newell and  D opplick (1979), concerned ab o u t th e  
2-3° C w arm ing  of th e  tro p ica l oceans sim u la ted  by 
rad ia tive-convective  and  general c ircu la tion  m odels 
for a  C O 2  doubling, in v estig a ted  th e  effects of th e  
la te n t and  sensible h ea t fluxes on th e  C 0 2 -induced 
tem p e ra tu re  change. T h eir SEBM  is described by

N , ^ S , { C , q : )  + R i { C ,T ^ ,q ^ )
-  aT* -  E ,  {T„q^) -  H ,  (T.,T<,) , (A .37)

w here

and

E ,  = 6080 V, {q: -  g„) ,

H ,  =  2.51 K  (T, -  T^) .

(A .38) 

(A .39)

Here T„ and  q^ represen t th e  tem p e ra tu re  and  spe
cific hum id ity  of th e  surface a ir, V, th e  surface wind 
speed (m  s “ ^), and  q* th e  sa tu ra tio n  specific h u 
m id ity  a t  T,  and  surface pressure p, (mb®). From  
E q u atio n  (A .20) we find

- 1

4 a T ^  +  V. 6080 ^  + 2  
dT ,

.5 1 ) ; (A .40)

is a  w a te r vapor-so lar ra d ia tio n  feedback. M oller de
te rm ined  d N , / d T ,  from  his rad ia tio n  d iag ram  an d  a 
m odel for th e  so lar ra d ia tio n  and  found G f  =  3.113 
°C (W  m “ ®)“ .̂ T hen  by E q u a tio n s (A .28), (A .32), 
and (A .34), /  =  0.9406 and  J w s r  — -0 .1 2 4 0 . T he 
w a te r vapor-so lar ra d ia tio n  feedback is negative  be
cause 5s decreases as W  increases, and  W  increases 
w ith  T,  for fixed R H .  T h e  tw o  effects of w a te r va
p o r on rad ia tio n  can be com bined in to  a  single w a te r 
vapor-so lar ra d ia tio n  feedback { / w r )  as

C om paring  th is  w ith  E q u atio n  (A .24) shows th a t  Go 
depends on w hich fluxes a re  included in th e  surface 
energy  budget; here, it depends on V, as well as  T,.  
(T h is defin ition  of Gq is n o t unique. A lterna tive ly , 
Go can be defined as in E q u atio n  (A.27) w ith  E ,  and  
H ,  th en  co n trib u tin g  only to  / . )  F rom  E q u a tio n  
(A.19)

/  — I t r  +  f w R  +  f w E  +  I t h

w here

f x R  —
d R i  dT^

T he com bined effect of th e  tem p era tu re -rad ia tio n  
and  w a te r v ap o r-rad ia tio n  feedbacks is strong ly  pos
itive  (see Table A .2).

f w R  — G q

d T ,  dT,  ’ 

' d R ^  d S ,  

, dqa ^  d q .

f w E  — —G o
d E ,  dq,  
d q ,  dT,

=  Go (6080 V,) dqg
dT,

(A.41)

(A .42)

(A .43)

(A .44)

and

® 1 0 0  m b equals 10 kPa.
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fxH  — - G q
d H ,  dT^
dT ^  dT.

=  Go (2.51 V.)
dT.

(A.45)

f w E  rep resen ts  a  w a te r  v apor-evapora tion  feedback, 
and  Jt h  is a  tem p era tu re -sen sib le  h ea t feedback.

Following th e  ap p ro ach  tak en  by P lass (1956) 
an d  M oller (1963), Newell an d  D opplick determ ined  
th e  equivalen t value for Jt r I G q from  an  expression 
for aT *  -  R ^{T .,qa )  given by P r iv e tt  (1960). T he 
resu lt can be w ritte n  as

I t r  =  Go (o A 7 4  +  0 .0 7 5 y /q ^p j0 .6 2 2 ^  .

(A .46)
In so doing, because Rj; is n o t explicitly  a  func
tio n  of Ts, i t  wa.s im plicitly  assum ed  th a t  Ta is n o t 
co n s tan t, b u t ra th e r  changes as T.  changes. How
ever, Newell and  D opplick o therw ise explicitly  as
sum ed th a t  b o th  Ta and  qa do n o t change as T. 
changes; hence by E q u a tio n s  (A .4 3 )-(A .4 5 ), it was 
assum ed th a t  f w j i  =  f w E  =  f r a  — 0  an d , therefore, 
/  =  I t r -  It is ev iden t th a t  f -m  ^  0  and  / t h  =  0  

are  consisten t for th is  m odel only for V, =  0 .
For T. =  300 K , =  15 x 10“ ®, as selected by 

Newell and  D opplick , and  p , =  1000 m b

Go =  (6 .1 2 2 +  10.757 K ) - i  (A .47)

an;

f  =  f T R  = 5.16 G o (A.48)

w ith  th e  values show n in T able A.2 for =  0, 3 and  
6  m  s “ ^. For =  0, Go is sm aller th a n  th e  values 
given by C allen d ar (1938) an d  M oller (1963) as a 
re su lt of th e  large (tro p ica l) value for T ..  Also, / t r  
is larger th an  th e  values given by C allendar (1938) 
an d  M oller (1963) because of th e  large (trop ical) 
values for C onsequently , for th e  case of no la 
te n t and  sensible h ea t tran sfe r, th a t  is, V.  =  0,  G f  
o b ta in ed  by Newell an d  D opplick is com parab le  to  
th a t  o b ta in ed  by M oller (1963) w ith  only th e  tem 
p e ra tu re /ra d ia tio n  feedback. H ow ever, as ev ident 
from  E q u a tio n s  (A .46) and  (A .47) and  Table A .2, 
b o th  Go and  / t r  rap id ly  decrease as V,  increases, 
resu lting  in th e  decrease of G / from  1.028 to  0.030°C 
(W  m “ ®)“  ̂ as th e  w ind increases from  0 to  only 3 
m  s “ ^. T h is decrease in Gy w ith  increasing  V, when 
th e  la te n t and  sensible h ea t fluxes a re  included in

the  SEBM  has som etim es been called negative feed
back. H ow ever, as show n in T able A .2, the  feedback 
/  =  fx R  is ac tua lly  positive . T he decrease in Gy i s ^ ^ |  
p red o m in an tly  th e  resu lt of th e  decrease in th e  z e r o - ^ ^  
feedback gain  Go w ith  increasing V..

T he value of G y  =  0.24 given by Newell and  
D opplick (T able A .l)  w as ob ta in ed  as a  w eighted 
average of th e  3 m  s“  ̂ value of G y  =  0.030 for the  
92% tro p ica l ocean a rea , and  th e  value by M oller 
of G y  =  0.477 for /  =  / t r  for th e  8 % trop ica l 
land  area . T h is resu lt w as th en  m ultip lied  by a 
fac to r of 3.5 to  accoun t for th e  effect of a  nonzero 
w a te r v ap o r-rad ia tio n  feedback. T he clim atic gain 
o b ta in ed  by Newell and  D opplick has been cited  by 
Idso (1980) in su p p o rt of his em pirical resu lt (see 
A ppendix  B of th is  volum e).

T he cause of th e  d ra m a tic  decrease in G y  w ith  
increasing V, is th e  assum ption  th a t  T„ and  
do n o t change. T h is  fac t can be d em onstra ted  
by choosing w h a t could be called th e  o ther lim it, 
nam ely, th a t  T, -  Ta an d  q* — qa do no t change. In 
th is  lim it, by E q u a tio n s (A .44) and  (A .45),

fw E  =  6080 V . %  Go =  8.244 V.Go ,(A .49) 
o l .

and

Jt h  =  2.510 V.Go  , (A .50)

w ith  th e  resu lts  show n in T able A.2. For Vg =  0, 
hence no la te n t or sensible h ea t, G y  is as before. 
H ow ever,for V, 0 , b o th  fw E  j j R  are positive , 
w ith  fw E  — and  increase w ith  increasing
V.. Even ignoring fw R ,  th e  sum  of th e  feedbacks 
now increases w ith  Vg. G y  still decreases from  V. =  
0  to  V, =  3 m  s “ ^, b u t m uch less th a n  for th e  Newell 
and  D opplick lim it, and  now increases from  V, =  3 
to  Vj =  6  m  s~^.

A .2 .2.4 Sum m ary

T he w ide range in th e  values of G y  obtained  from  
SEBM s show n in T ables A .l  and  A.2 is, in p a r t,  a  
consequence of th e  non linear dependence of G y  on 
/ .  F rom  E q u atio n  (A .6 )

God G t
d f  (1 -  f Y

(A .51)

hence, th e  change in G y  resu ltin g  from  a  given 
change in /  rap id ly  increases as /  —» 1  (F igure A.2)
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T his sen sitiv ity  of G / to  /  m eans th a t  /  m u st be 
^determ ined w ith  b o th  high accuracy  an d  precision. 
"The difficulty of ach ieving th is  has been due to  th e  
neglect of ce rta in  fluxes in th e  earlier SEB M s, and 
to  th e  in ab ility  o f SEB M s in general to  de term ine  
th e  b eh av io r of th e  clim ate  system  aw ay from  the  
surface energy balance level.

T he surface and  th e  tro p o sp h ere  a re  strongly  
coupled; hence, n e ith e r th e  surface nor th e  a tm o 
sphere can be  considered in iso lation . B ecause of 
th e  in h eren t difficulty of specifying th e  b ehav io r of 
th e  a tm o sp h ere  in te rm s of th e  surface te m p e ra tu re  
in SEBM s, th a t  is, / ( T J ,  and  th e  large sensitiv ity  
of A Tj in SEB M s to  th is  specification, it is p refer
able to  use m odels th a t  ca lcu la te  th e  a tm o sp h ere ’s 
behav io r based  on th e  fu n d am en ta l law s of physics.

A .2.3 P la n e ta ry  E nergy B alance M odels 

T he p lan e ta ry  rad ia tiv e  energy b u d g et is 

1 -

No = * ^ 0  “ (A .52)

w here No is th e  net rad ia tio n  a t  th e  to p  of th e  a t 
m osphere, So is th e  so lar c o n s tan t (~ 1 3 7 0  W m “ ^), 
R q is th e  u p w ard  longw ave rad ia tio n  flux a t  th e  to p  
of th e  a tm o sp h ere , and  ttp is th e  p lan e ta ry  albedo  
(~ 0 .3  To balance th e  p lan e ta ry  ra d ia tiv e  energy 
budge: requires th a t  No =  0 ; hence,

Ro = So ~  240 W m '^  . (A .53)
4

An effective ra d ia tin g  te m p e ra tu re  of th e  E a r th  (Tg) 
can be defined by

Ro
1/4

T , ^  ~  255 K . (A .54)

Hence, by E q u a tio n s  (A .52) and  (A .54), 

1 -

5o -  c T *  . (A .55)

0.6 . (A.56)

T hen  by E q u a tio n  (A.55)

No =  ’- A  . (A .57)

L ettin g  T , =  T^, th e  zero-feedback gain Go is given 
by E q u a tio n s (A .9) and  (A .57) as

and

Go =  (4ep<rT«)-^ , 

T
( 1  -  ap)So

(A .58a)

(A .58b)

w hich can  be com pared  w ith  E q u a tio n  (A .24). It 
can be seen th a t  Gq depends on Tg and  Cp (or ctp and  
^o) of th e  u n p ertu rb ed  clim ate  an d , in co n tra s t to  
SEBM s, does n o t depend on th e  ty p e  and  tre a tm e n t 
of th e  physical processes in th e  m odel. Taking Tg as 
being ap p ro x im a te ly  equal to  th e  observed surface 
a ir  te m p e ra tu re , =  288 K , gives Go ~  0.3°C  (W

T h e feedback /  is given by
m

r — r' V'
^ d i j  dTg ’

(A.59)

No can  be expressed in te rm s of Tg ra th e r  th an  
Tg by in tro d u c in g  an  eflFective p lan e ta ry  em issiv ity  
(cp) as

. r  x4

w here th e  I j  a re  again  th e  in te rn a l variables o f th e  
c lim ate  system . I t can be seen here th a t  th e  feed
back depends on th e  specification  of th e  behavior 
of th e  a tm o sp h ere  and  th e  E a r th ’s surface. T hus, 
P E B M s also have th e  sam e prob lem  as SEBM s, 
nam ely, th e  need to  t re a t  th e  behav io r of th e  cli
m a te  system  aw ay from  th e  energy balance level. In 
P E B M s th is  has been done sem i-em pirically  follow
ing th e  in itia l s tud ies by B udyko (1969) and  Sell
ers (1969). T he equ ilib rium  surface tem p era tu re  
change for a  C O 2  doubling ranges in P E B M s from  
0.6°C  (R asool and  Schneider 1971) to  3.3°C (Ra- 
m a n a th a n  e t al. 1979).

A.3 R A D IA T IV E -C O N V E C T IV E  M O DELS

As w as ev iden t from  th e  discussion of th e  preced
ing section , th e  essential d ifficulty  in  using EB M s to  
d eterm ine clim atic  change lies in th e ir inab ility  to  
accu ra te ly  and  precisely d e term in e  th e  feedbacks. 
T h is  occurs because of th e  lim ited  se t of in te rn a l 
variab les th a t  can be selected in  these m odels and  
because of th e  lim ited  know ledge of th e  re la tio n 
ships of th e  chosen in te rn a l variab les to  the  surface
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tem p era tu re . Sim ply s ta te d , EB M s are lim ited  be
cause they  do n o t have a  physically  based m odel of 
th e  a tm osphere .

W h a t physical processes m u st be included in 
such a  m odel of th e  a tm osphere  if th e  objective is 
to  sim u la te  th e  change in th e  surface tem p e ra tu re  
ATs induced by a  change in th e  C O 2  con cen tra tio n  
A C ? If we knew AT^ observationally , as p resum 
ably we will in th e  fu tu re , th en  we could answ er 
th e  question  by sequentia lly  in serting  different p ro 
cesses in to  th e  m odel and  re ta in in g  only those  th a t  
significantly  co n trib u te  to  AT^.  B ecause we can n o t 
do th is  yet, we can tak e  th e  no t unreasonab le  ap 
proach  of d eterm in ing  w hich processes are required  
in th e  m odel to  reproduce th e  p resen t-day  tem p er
a tu re  profile of th e  a tm osphere , T { z ) .  P roceeding 
in th is  way, how ever, does n o t g u aran tee  th a t  som e 
physical processes essential to  th e  d e te rm in a tio n  of 
ATs m ay n o t be im p o rta n t for th e  rep ro d u ctio n  of 
T { z ) ,  an d , therefore , th a t  som e essen tial physical 
processes (and feedbacks) are n o t left o u t of the  
m odel. We will discuss th is  issue la ter.

A .3.1 M odel F o rm ula tion

T he tran sfers  of so lar an d  longw ave rad ia tio n  are 
essen tial physical processes in estab lish ing  th e  a t 
m ospheric te m p e ra tu re  profile. A ccordingly, a  th e r
m odynam ic clim ate  m odel based solely on th e  th e r
m odynam ic energy equ a tio n  can be developed th a t  
includes only th e  h ea tin g  an d  cooling by so lar and  
longw ave ra d ia tio n , respectively, th a t  is.

d T d S
d z ’

(A.60)

w here t is tim e , z  is a ltitu d e , p is density , Cp is th e  
h ea t capacity  a t  co n s tan t pressure, S  is th e  dow n
w ard  solar rad ia tio n  flux and  R  is th e  net upw ard  
longw ave rad ia tio n  flux. T he ca lcu la tion  of th e  ra 
d ia tiv e  fluxes requires a  rad ia tiv e  tran sfe r m odel 
(see C h ap te r  2) and  know ledge of th e  vertica l d is tr i
b u tio n s  of th e  gaseous ab so rb ers— principally  w a te r 
vapor, carbon  dioxide, ozone, an d  clouds— w hich 
m ay be p rescribed  along w ith  th e  solar co n stan t, 
th e  solar zen ith  angle, and  th e  albedo  of th e  E a r th ’s 
surface. T he a tm o sp h ere  m ay th en  be subd iv ided  
vertically  in to  layers, and  th e  rad ia tiv e -eq u ilib riu m  
te m p e ra tu re  for each layer m ay be de term ined  by

in teg ra tin g  E q u a tio n  (A .60) in tim e from  an a rb i
tra ry  in itia l te m p e ra tu re  u n til d T / d t  = 0  for all lay
ers. Such a  purely  rad ia tiv e  therm o d y n am ic  clim ate  | 
m odel is successful in reproducing  th e  observed ver
tica l te m p e ra tu re  d is trib u tio n  of th e  s tra to sp h ere , 
b u t it gives tem p e ra tu re s  th a t  a re  colder in th e  
upper tro p o sp h ere  an d  w arm er near th e  surface 
th an  those observed (M anabe and  S trick ler 1964). 
T he re su ltan t tropospheric  tem p e ra tu re  lapse ra te , 
F =  - d T / d z ,  is la rger th a n  th e  dry  ad iab a tic  lapse 
ra te , Fda «  1 0 °C k m “ ^, w hich defines th e  neu
tra l s tra tifica tio n  for th e  vertica l d isp lacem ent of 
u n sa tu ra te d  a ir. T h is su p erad iab a tic  s tra tifica tio n  
F > Fda is u n s tab le  and  can n o t persis t in th e  ac
tu a l a tm osphere  due to  th e  am elio ra ting  processes 
of convection. A ccordingly, E q u atio n  (A .60) m u st 
be m odified to  include th e  n o n rad ia tiv e  tran sfe r of 
energy from  th e  surface to  th e  a tm osphere  (Qsfc)) 
as well as th e  convective red is trib u tio n  of energy 
w ith in  th e  a tm o sp h ere  (Qconv)? th a t  is,

PCp 'm d z
d R
d z +  Qsfc +  Qc (A .61)

T he physical processes th a t  com prise Qsfc and  
Qconv are com plex because they  involve th e  tu rb u 
len t tran sfe r of energy in b o th  u n sa tu ra te d  an d  s a t
u ra ted  cond itions, and  w ould, if explicitly  tre a te d , 
place an  im p rac tica l co m p u ta tio n a l burden  on th e  
m odel. C onsequently , sim plified (p aram eterized ) 
tre a tm e n ts  of these processes have been in use since 
th e  p ioneering w ork of M anabe and  S trick ler (1964), 
in which was determ ined  as an  equivalen t ra 
d ia tive  energy exchange and  Qconv w as determ ined  
by convective ad ju s tm en t. In th e  la t te r , th e  tem 
p era tu res  of consecutive m odel layers are ad ju s ted  
in an  energetica lly  conservative m anner such th a t  
the  lapse ra te  is resto red  to  a  prescribed  value Fp 
w henever F > Fp. T h is ty p e  of m odel is called 
a  rad ia tive-convective  m odel or R C M  an d , as  first 
shown by M an ab e  and  S trick ler (1964), is capable 
of reproducing  m any  of th e  observed featu res o f the  
tem p e ra tu re  profiles in b o th  th e  s tra to sp h e re  and  
troposphere.

Since th e  developm ent of th e  first R C M  by 
M anabe and  S trick ler (1964), a  large n u m b er of 
R CM s have been co n stru c ted  w ith  different ra d ia 
tive tran sfe r m odels, different p a ram ete riz a tio n s  of 
Qsfc and  Qconv, an d  ad d itio n a l physical processes
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m

and  feedbacks of p o ten tia l im p o rtan ce  for C O 2 - 
^induced (and  o th er) c lim ate  changes. It will be 

seful in w h a t follows to  ta b u la te  in Table A.3 the  
physical processes w hose tre a tm e n ts  differ am ong 
th e  R C M s, along  w ith  a  b rief d esc rip to r and  ab b re 
v ia tion  o f these different tre a tm e n ts .

In th e  follow ing sections we first p resen t th e  
resu lts  for C 0 2 -induced te m p e ra tu re  changes ob
ta in ed  by R C M s and  th en  analyze these resu lts  in 
te rm s of th e  feedbacks associa ted  w ith  th e  physical 
processes show n in Table A.3.

T a b le  A .3  
P hysical Processes W hose 

T rea tm en ts  Differ A m ong RCM s

Physical P rocess T rea tm en t
A bbrev i

a tion
Surface energy E qu iva len t rad ia tiv e  exchange E R E

flux Bulk aerodynam ic exchange BAE
W ater vapor Fixed abso lu te  hum id ity FAH

Fixed re la tive  hum id ity FR H
V ariable re la tive  hum id ity VRH

C onvection Fixed lapse ra te FL R
M oist ad iab a tic  lapse ra te M A LR
Baroclinic ad ju s tm en t BADJ
P e n e tra tiv e  convection PC

C louds No cloud CLR
Fixed cloud a ltitu d e FC A
Fixed cloud pressure FC P
Fixed cloud tem p e ra tu re FC T
P red ic ted  clouds PC L
Fixed cloud cover FCC
V ariable cloud cover VCC
Fixed op tica l d ep th FDD
Variable op tica l d ep th VOD

Surface albedo Fixed albedo FAL
P red ic ted  albedo PAL

A .3 . 2  R esults

T he first s tu d y  of C 0 2 -induced te m p e ra tu re  change 
w ith  an  R C M  w as carried  o u t by M anabe and  
W etherald  (1967). In th e ir  R CM , th e  cosine of 
th e  solar zen ith  angle a n d  th e  leng th  of th e  day 
w ere tak en  equal to  th e ir respective an n u a l m ean 
values for th e  globe. T he surface energy flux was 
tre a te d  as an  equivalen t rad ia tiv e  exchange, convec
tion  w as p aram eterized  by convective ad ju s tm en t 
w ith  a  fixed critica l lapse ra te , the  a tm ospheric  w a
te r  vapor m ixing ra tio  w as ca lcu la ted  assum ing  a 
fixed profile of re la tiv e  hum id ity , and  th ree  cloud 
layers w ith  fixed p ressure w ere prescribed  along 
w ith  a  fixed surface albedo . T he equilib rium  ver- 
ical te m p e ra tu re  profiles com pu ted  for p rescribed

C O 2  concen tra tions of 150, 300 and  600 ppm  are 
show n in F igure A.3. E ach profile exh ib its a  tro p o 
sphere betw een th e  surface an d  ab o u t 13 km  w ith  
a  lapse ra te  Fp, and  a  s tra to sp h e re  from  13 to  42 
km  w here th e  tem p e ra tu re  is first iso therm al and  
th en  increases w ith  increasing  a ltitu d e . T h e  s ta 
ble s tra tifica tio n  in th e  s tra to sp h e re  show s th a t  it 
is in pure rad ia tiv e  equ ilib rium , w hereas th e  c r it
ical lapse ra te  of th e  trop o sp h ere  ind ica tes th a t  it 
is in rad ia tive-convective  equ ilib rium . F igure A.3 
shows th a t  doubling th e  C O 2  co n cen tra tio n , e ither 
from  150 to  300 ppm  or from  300 to  600 ppm , in
creases th e  tem p e rtu re  a t  th e  surface and  in th e  
tro p o sp h ere , and  decreases th e  te m p e ra tu re  in th e  
s tra to sp h e re  above 2 0  km.

T he surface tem p e ra tu re  changes s im u la ted  by 
17 R CM s for a  doubled C O 2  co n cen tra tio n  a re  p re
sen ted  in Table A.4. T he values are  all positive and  
range from  a  m in im um  of 0.48°C  to  a  m axim um  of 
4.20°C. In th e  next section we analyze th e  physical 
processes th a t  resu lt in th is  w ide range o f sim u la ted  
surface tem p e ra tu re  change induced by a  doubling 
of th e  C O 2  concen tra tion .

A .3.3 A nalysis and  In te rp re ta tio n  
of th e  R esults

W hy does th e  te m p e ra tu re  increase in th e  tro p o 
sphere and  decrease in th e  s tra to sp h e re  w hen th e  
C O 2  con cen tra tio n  is doubled , and  why do th e  esti
m ated  surface te m p e ra tu re  changes vary by a lm ost 
a  fac to r of 10? We will a t te m p t to  answ er these 
questions in th e  following sections. To answ er these 
questions, we will first exam ine th e  d irec t rad ia tiv e  
forcing caused by th e  increased C O 2  concen tra tion . 
N ext we will e s tim ate  th e  te m p e ra tu re  response in 
th e  absence of feedbacks, and  finally, we will exam 
ine th e  C 0 2 -induced te m p e ra tu re  change w ith  feed
backs as revealed by th e  R CM  stud ies presen ted  in 
Table A.4.

A .3 .3.1 D irect R ad ia tive  Forcing 
Due to  Increased C O 2

Because a b o u t 95% of th e  d irec t rad ia tiv e  forcing 
occurs in th e  longw ave rad ia tio n  em itted  by th e  
E a r th  and  only 5% in th e  shortw ave so lar rad ia tio n  
(R am an a th an  et al. 1979), we consider here only 
th e  form er. F igure A.4 shows th e  change in th e  net
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Study A T .(°C )
M anabe  and  W eth era ld  (1967) 1.33-2.92
M anabe  (1971) 1.9
A ugustsson  and  R a m a n a th a n  (1977) 1.98-3.2
R ow ntree  an d  W alker (1978) 0 .78-2.76
H u n t an d  W ells (1979) 1.82-2.2
W ang and  Stone (1980) 2.00-4.20
C harlock (1981) 1.58-2.25
Hansen et al. (1981) 1.22-3.5
Hum m el an d  K uhn  (1981a) 0.79-1 .94
Hum m el and  K uhn  (1981b) 0 .8-1 .2
Hum m el and  R eck (1981) 1.71-2.05
H unt (1981) 0.69-1.82
W ang et al. (1981) 1.47-2.80
Hum m el (1982) 1.29-1.83
L indsen e t al. (1982) 1.46-1.93
Lai and  R a m a n a th a n  (1984) 1.8-2.4
Som erville an d  R em er (1984) 0 .48-1.74

upw ard  longw ave rad ia tio n  flux A R  as a  function 
of a ltitu d e  w hen th e  C O 2  co n cen tra tio n  is doubled

from  300 to  600 ppm  and the  tem p era tu res  a re  held 
fixed. T hese changes rep resen t th e  d irec t ra d ia t iv e ^ ^ ^  
forcing due to  th e  C O 2  doubling and  were o b ta in e d ^ ^ P  
from  th e  33-layer O regon S ta te  U niversity  rad ia tiv e  
tran sfe r m odel in w hich th e  vertica l profiles of tem 
p e ra tu re , w a te r vapor, an d  ozone were prescribed 
from  th e  m id la titu d e  sum m er atm osphere  of Mc- 
C latchey  et al. (1971) and  in  w hich th ere  w ere no 
clouds. F igure A.4 shows A R  < 0 everyw here, w ith  
values decreasing from  ab o u t —2 W a t  th e  su r
face to  - 4 .5  W m~^ a t  th e  tro p o p au se  (p  =  179 
m b and  z =  13 km ) and  th en  increasing a t  varying 
ra te s  to  ab o u t — 2 W m ~^  a t  th e  s tra to p au se  (p =  1 
m b and  2  =  50 km ) and  above; th a t  is, th e  net u p 
w ard  fluxes decreased a t  all levels. Using E quation  
(A .60) to  give th e  te m p e ra tu re  change A T  w hen 
A S  is neglected gives

PCp
d A T

d t
d A R

d z
(A.62)

TEMPERATURE ( ° K)
F ig u r e  A . 3 .  V ertical d is trib u tio n  of tem p era tu re  in a  rad iative- 
convective m odel for fixed re la tive  hum id ity  (FR H ) and fixed cloud 
cover (FC L ). T he surface tem p e ra tu re  change is 2.88°C for a  C O 2  

doubling  from  150 to  300 ppm  and  2.36°C for 300 to  600 ppm . 
Source: M anabe  an d  W etherald  (1967).

T a b le  A .4
Surface T em p era tu re  C hange Induced  by a  D oubled C O 2  

C on cen tra tio n  as C alcu lated  by Selected 
R adia tive-C onvective  M odels

T h is shows th a t  th e  d irec t rad ia tiv e  forcing of th e  
increased C O 2  level ac ts  to  cool th e  stra to sp h ere  
because d A R j d z  > 0  and  to  w arm  th e  troposphere  
because d A R j d z  <  0. A t th e  surface th e  decreased 
n e t upw ard  longw ave rad ia tio n  A i?  <  0  ac ts  to  
w arm  th e  surface.
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F ig u r e  A .4 . T he change in th e  ne t upw ard  longwave rad ia tion  
flux caused by an  a b ru p t doubling  of th e  C O 2  concen tra tion .
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W hy is A R  ^  0  3.t th e  surface elsewhere^, 
and  why is d A R / d z  negative in th e  troposphere  
,nd positive  in th e  s tra to sp h e re?  T hese questions 

can be answ ered  w ith  th e  sim ple tw o-layer a tm o 
spheric m odel show n in F igure A.5. In th is  figure 
levels 0  an d  2  rep resen t th e  to p  of th e  a tm osphere  
and  th e  to p  o f th e  tro p o sp h ere  (th e  tro p o p au se ), re
spectively, level 1  is th e  u pper (s tra to sp h e ric ) layer 
w ith  te m p e ra tu re  T i  an d  longw ave tran sm issiv ity  
Ti, level 3 is th e  lower (tropospheric) layer w ith  
te m p e ra tu re  Ts an d  longw ave tran sm issiv ity  rg, and  
level 4 is th e  E a r th ’s surface w ith  tem p e ra tu re  T, 
and  longw ave em issiv ity  of un ity . T he flux of solar 
rad ia tio n  a t  even level k  is 5*. Longw ave ra d ia 
tion  is em itted  by th e  surface and  each a tm ospheric  
layer. T he flux em itted  by th e  surface, B ,  =  <^T*, is 
a t te n u a te d  by a tm o sp h eric  ab so rp tio n  th ro u g h  th e  
lower layer w ith  ab so rp tiv ity  as =  1  — rs, such th a t  
th e  flux a t  level 2 is TgB,. T h is  flux is fu r th e r a t te n u 
a ted  by a tm o sp h eric  ab so rp tio n  th ro u g h  th e  upper 
layer w ith  ab so rp tiv ity  Ui =  1  -  ri such th a t  the  
flux a t  level 0 is TiTgB^. B ecause th e  em issiv ity  es is 
equal to  th e  ab so rp tiv ity  ag by K irchhoff’s law , the  
lower layer em its  rad ia tio n  b o th  upw ard  an d  dow n
w ard  w ith  m ag n itu d e  agBg =  agaT^.  T he upw ard  
flux is a t te n u a te d  by ab so rp tio n  th ro u g h  th e  upper 
layer such th a t  th e  flux a t  level 0 is r^agBg. F i
nally, th e  u p p er layer em its  rad ia tio n  b o th  upw ard  
and  dow nw ard  w ith  m ag n itu d e  a ^ B i  — a io T ^ .  T he 
dow nw ard flux is a t te n u a te d  by ab so rp tio n  th ro u g h  
th e  lower layer such th a t  th e  flux a t  th e  surface is
TgOiBi.

Using th e  fluxes described above and  th e  hy
d ro s ta tic  re la tio n  d p j d z  =  - p g ,  we can w rite  the  
th e rm o d y n am ic  energy E q u a tio n  (A .60) for th e  a t 
m ospheric layers as

and

w here

^  =  ( 5 o - 5 2 )  +  Q i (A.63) 
g d t

—  c , ^  = {S 2 - S , )  + Qg , (A .64)
g o t

TiTjBg

T|, Ti

a, B|

Ol B,

r,Bs d , B ,

T3 . r .

“ 7 — ?— T  /  /  /  T

Ts

F ig u re  A .5 . Two-layer model representation of the atmosphere- 
Burface climate system. See text for nomenclature.

Qg =  (1 — Tg^Bg — 2agBg 

+  (1 — Tg)aiBi
=  a s ( J 9 ,  -  2Bg + a i B i )  (A .66)

are th e  longw ave rad ia tio n  h ea tin g  ra te s  for th e  up
p er and  lower layers w ith  pressure th icknesses Sip  
and  Sgp, respectively. S im ilarly, th e  therm o d y n am ic  
energy eq u a tio n  for th e  surface is

w here

C . ^ = 5 .  +  0 . ,

Q 4  — —Bg + cigBg -f TgOiBi

(A .67)

(A.68)

is th e  longw ave rad ia tio n  h ea tin g  ra te  for th e  su r
face w ith  bulk h ea t capacity  C ,.  In th e  th e rm o d y 
nam ic equ ilib rium  p rio r to  th e  change in th e  C O 2  

co n cen tra tio n , d T i / d t  =  d T g /d t  =  d T ^ /d t  =  0 so 
th a t

=  - ( 5 o  -  5a) <  0 , (A .69)

Qg =  - ( 5 2  -  S ,)  <  0 , (A .70)

Q 4  =  - 5 4  < 0 , (A .71)

and

< 3 l  =  ( 1  -  Ti)TgB^ 
- h  ( 1  -  Ti)agBg -  2aiBi  
— O i{ t ' s B ,  cLgBg — 2 B i ) (A.65)

an d  th e  longw ave rad ia tio n  h ea tin g  of th e  a tm o 
sphere an d  surface is negative , th a t  is, a  cooling.

W hen th e  rad ia tiv e  equ ilib rium  is d is tu rb ed  by 
th e  a b ru p t doubling  of th e  C O 2  co n cen tra tio n , th e
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therm o d y n am ic  energy E q u a tio n s (A .63), (A .64), upw ard  and  dow nw ard  em ission from  th e  s tra to -
and  (A .67) becom e sphere itself.

T he d irec t ra d ia tiv e  forcing of th e  troposphere-' 
S ip  d A T i  -7 o\ surface system  is given by E quations (A .73), (A .74),
~  ’ (A .76), and  (A .77) as9  d t
SsP d A T g

d t
=  A { S 2  -  s , )  +  A Q s  , (A .73)

and
d A T ,

C. = A S ,  +  A Q , ,
d t

(A.74)

w here by E q u atio n s  (A .65), (A .6 6 ), (A .6 8 ), and  
A rk =  -A afc ,

AQi =  ai^Ar^B, +  Aa^Bs)
+  A q i [tsB ,  +  OgBs ~  2 B i)

— — B ^ )A a z

+ —  A a i ,
Ol

(A .75)

A Q s — a g A d iB i

+  A a z { B ,  — 2 Bz  +  C iB ,)

Qs= a s B i A c i  H A as ,
0.3

(A .76)

and

A Q ,  — Aa^Bg  +  ArgCiBi  

+  T g A a iB i  

— {Bg — a i B i ) A d g  

+ T g B iA d i  . (A .77)

6gp d A T g  , ^  d A T ,
—  Cv —  h (~'s
9

—  A Sg  — A R g (A .78)

w here

ARg  =  ~ { B ,  -  Bg)Aag -  JS iA o i (A .79)

Here A T k  and  A Q k  a re  th e  te m p e ra tu re  and  h ea t
ing p e r tu rb a tio n s  from  th e ir  respective u n d is tu rb ed  
equ ilib rium  values, w ith  A a^ and  Ar* th e  p e rtu rb ed  
ab so rp tiv ity  and  tran sm issiv ity  due to  th e  doubled 
C O 2  co n cen tra tio n . In E q u a tio n s (A .75 )-(A .77 ) th e  
tem p era tu res  on th e  rig h t-h an d  sides in Bk  =  oTk  
a re  held a t  th e ir  u n d is tu rb ed  values so th a t  th e  d i
rec t rad ia tiv e  forcing due to  th e  doubled C O 2  con
cen tra tio n  can be d eterm ined .

T he d irec t ra d ia tiv e  forcing of th e  s tra to sp h e re  
is given by E q u a tio n s  (A .72) an d  (A .75). Because 
B, > Bg, Aag  > 0, Q i <  0 and  A o i >  0, b o th  te rm s 
on th e  rig h t-h an d  side of E q u atio n  (A .75) a re  neg
a tiv e , hence A Q i < 0. A lthough  A (5q -  ^ 2 ) > 0 in 
E q u atio n  (A .72) because of th e  w eak so lar ab so rp 
tio n  bands of C O 2 , it  is d o m in ated  by A Q j so th a t  
th e  d irec t rad ia tiv e  forcing ac ts  to  cool th e  s tra to 
spheric layer. F igu re  A .5 show s th a t  th is  cooling 
tendency  occurs p rim arily  because of th e  g rea te r

294 Proj

is th e  change in th e  n e t upw ard  longw ave flux a t  
the  tro p o p au se . B ecause B, > Bg, Aog > 0, and  
A c i > 0, th en  ARg < 0. A gain, a lthough  ASg < 0 
in E q u a tio n  (A .78), it is dom inated  by - A R g  so 
th a t  th e  d irec t rad ia tiv e  forcing ac ts  to  w arm  the  
troposphere-surface  system . F igure A.5 an d  E q u a
tion  (A .79) show th a t  th is  w arm ing  tendency  oc
curs because of b o th  th e  increased dow nw ard  flux 
from  th e  s tra to sp h e re  and  th e  decreased upw ard  
flux from  th e  troposphere .

T he d irec t ra d ia tiv e  forcing of th e  surface is 
given by E q u atio n s  (A .74) and (A .77). B ecause 
Bg > B i ,  A os > 0, and  A o i > 0, b o th  te rm s on 
th e  r ig h t-h an d  side of E q u atio n  (A.77) a re  positive , 
hence A Q , >  0. A lthough  A S ,  < 0, A Q , dom i
na tes  A S ,  so th a t  th e  d irec t rad ia tiv e  forcing ac ts  
to  w arm  th e  surface. As can be seen from  F igure 
A .5, th is  w arm ing tendency  occurs prim arily  be
cause of th e  g rea te r dow nw ard em ission from  th e  
troposphere .

F inally , th e  d irec t rad ia tiv e  forcing of th e  tro 
posphere is given by E q u atio n s  (A.73) and  (A .76). 
B ecause A o i > 0, Qg ^  0 , and  ^^dg ^  0 , th e  first 
te rm  on th e  r ig h t-h an d  side of E quation  (A .76) is 
positive and  th e  second te rm  is negative. B ecause 
A (52 — 5 ,)  > 0 b u t sm all, th e  fact th a t  th e  d irec t 
rad ia tiv e  forcing of th e  troposphere  is a  w arm ing  
tendency  (F igu re  A .4) is seen from  E quation  (A .76) 
and  F igure A .5, as n o ted  by Schneider (1975), to  be 
p rim arily  caused by th e  increased dow nw ard flux 
from  th e  s tra to sp h ere .

K iehl and  R am an a th a n  (1982) have show n th a t  
th e  d irec t ra d ia tiv e  forcing of th e  surface strongly  
depends on th e  w a te r vapor absorp tion  in th e  1 2 -  
18 /im  region, w hich overlaps and  com petes w ith _  
th e  15-/im  ab so rp tio n  ban d  of COg.  However, t  m
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d irec t rad ia tiv e  forcing of th e  troposphere-surface  
lystem  does n o t s trong ly  depend  on th e  w a te r va- 
or ab so rp tio n  in th is  sp ec tra l region. K iehl and  

R am an a th a n  found th a t  th e  d irec t rad ia tiv e  forc
ing of th e  surface decreased from  1.56 to  0.55 
W m “  ̂ w hen th e  co n tin u u m  ab so rp tio n  w as added  
to  th e  line ab so rp tio n  betw een  12 and  18 /im . T he 
corresponding  change in th e  d irec t rad ia tiv e  forc
ing of th e  troposphere-su rface  system , th a t  is, the  
change in net u pw ard  flux a t  th e  tro p o p au se  A R j ,  
was from  4.18 to  3.99 W m ~^. C onsequently , the  
inclusion of th e  12-18 /im  co n tin u u m  ab so rp tio n  
increases th e  d irec t rad ia tiv e  forcing of th e  tro p o 
sphere, A R j-  — A R g ,  from  2.62 to  3.44 W m “ ^.

As th e  s tra to sp h e re  cools in response to  its  di
rec t rad ia tiv e  forcing, i t  is expected  th a t  ra d ia 
tion  em itte d  dow nw ard  in to  th e  tro p o sp h ere  will de
crease an d , in effect, will reduce th e  d irec t rad ia tiv e  
forcing of th e  troposphere-su rface  system . How ever, 
R am an a th a n  e t al. (1979) found th a t  th is  effect is 
negligibly sm all because m ost of th e  co n trib u tio n  
to  th e  dow nw ard  flux a t  th e  tro p o p au se  com es from  
th e  region w ith in  5 km  above th e  tro p o p au se  w here 
th e  final te m p e ra tu re  change is sm all. M ore re
cently , Lai and  R am an a th a n  (1984) found th a t  th e  
d irec t rad ia tiv e  forcing of th e  troposphere-su rface  
system  of 4.1 W  m “  ̂ w as decreased to  4.0 W  m “  ̂
a f te r  th e  s tra to sp h e ric  te m p e ra tu re s  alone w ere al
lowed to  cool to  th e ir  ra d ia tiv e  equ ilib rium  values. 
O f th is  4.0 W m ~^, 2.7 W w as co n trib u ted  by 
th e  red u ctio n  in upw ard  flux from  th e  tro p o sp h ere , 
1.55 W m~^ by th e  increased  dow nw ard  flux from  
th e  s tra to sp h e ric  C O 2  increase, and  —0.15 W 
by th e  decreased so lar flux a t  th e  tro p o p au se . In 
th e  follow ing we shall consider th a t  th e  d irec t ra 
d ia tiv e  forcing of th e  troposphere-su rface  system  is 
A R t  =  4 W m -2 .

A .3.3.2 R esponse of th e  C lim ate  System
W ith o u t Feedbacks to  Increased C O 2

T he response of th e  c lim ate  system  to  increased 
C O 2  w hen only th e  te m p e ra tu re  changes is given 
by E q u a tio n  (A .18), w ith  /  =  0 and  AQ = A/?x, 
and  E q u a tio n  (A .58b) as

(^ ^ s )o  ■“  G qA R t

^  r .( i  X CO2)
(1 -  ap)So

A R j (A .80)

T aking A R t  =  4  W m '^  and  Go =  0.3°C (W  
m “ ^)“  ̂ gives (AT's)o =  1 .2 °C. T his value is in ex
cellent ag reem ent w ith  th e  value of ATg =  1.22°C 
ob ta in ed  by H ansen e t al. (1981) using an  R CM  
w ith  no feedbacks— th a t  is, w ith  fixed lapse ra te  
(F L R , Table A .3), fixed abso lu te  hum id ity  (FA H ), 
fixed cloud a ltitu d e  (F C A ),fix ed  cloud cover (F C C ), 
fixed cloud op tical d ep th  (F O D ) and  fixed surface 
albedo  (FA L )— and  in w hich A R t  =  4.0 W m~^. 
H ow ever, because Tg{l X C O 2 ) w as no t repo rted  by 
H ansen e t al. (1981), th e  ac tu a l value of Gq m ay n o t 
have been th e  0.3°C  (W  m “ ^)~^ assum ed here. T he 
value of (AT,)o =  1 .2 °C is also in close agreem ent 
w ith  the  values of ATs =  1-33 and  1.29°C ob tained , 
respectively, by M anabe an d  W etherald  (1967) and  
R ow ntree and  W alker (1978) using different RCM s, 
b u t w ith  th e  sam e ch a rac te ris tic s  as those of H ansen 
e t al. (1981) described above. However, the  val
ues of A R t  were no t rep o rted  in these earlier s tu d 
ies and  so m ay have been different from  the  4 W 
m “  ̂ assum ed here. T herefore, to  te s t th e  valid ity  
of E q u atio n  (A .80) we used th e  tw o-layer O regon 
S ta te  U niversity  R C M , w hich has been described 
by H all e t al. (1982) and  has been m odified here to  
include a  single cloud layer a t  500 m b w ith  a  45% 
cloud cover. For th e  zero-feedback configuration  de
scribed  above, th is  m odel w ith  So =  1370 W m~^  
gives Qp =  0.3128, T, =  288.38 K and  A R t  =  4.17 
W m -2 . T hus, Go =  0.306°C  (W  m '^ ) - !  by E qua
tio n  (A .58b) and  (AT,)o =  1.276°C by E quation  
(A .80). B ecause th is  value is w ith in  6 % of th e  ac tu a l 
(ATb)o =  1.354°C, it is seen th a t  E quation  (A.80) 
does provide an  accu ra te  e s tim ate  of (ATb)q.

A .3 .3.3 R esponse of th e  C lim ate  System  
W ith  Feedbacks to  Increased C O 2

T he R CM  resu lts  p resen ted  in Table A.4 can be 
charac te rized  in te rm s of th e  feedback /  by m aking 
use of E q u a tio n  (A .18) w ritten  as

/  =  1
(AT.)o 

AT.
(A.81)

and  our e s tim a te  of (AT,)o =  G qA Q  =  1.2°C based 
on A Q  =  4 W m -2  and  Gq =  0.3°C  (W  m '^ ) - ! .  
T h u s, - 1 .5  <  /  <  0.7. Several physical m echanism s 
a re  th o u g h t to  be th e  cause of th is  w ide range in 
th e  feedback of these m odels. As T, increa.ses these 
m echanism s include th e  following: ( l )  the  increase
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in th e  am o u n t of w a te r  vapor in th e  a tm o sp h ere  as 
a  consequence of th e  quasi-constancy  o f th e  re la 
tiv e  hu m id ity , ( 2 ) th e  decrease in th e  tem p e ra tu re  
lapse ra te , (3) th e  increase in th e  cloud a ltitu d e  as 
(or if) th e  clouds m a in ta in  th e ir  te m p e ra tu re , (4) 
th e  change in cloud am o u n t, (5) th e  change in th e  
cloud op tica l d ep th , and  (6 ) th e  decrease in surface 
albedo  due to  th e  decrease in ice and  snow. If th e  
feedbacks of th ese  ind iv idual m echanism s were all 
m u tu a lly  in d ep en d en t, th e  to ta l  feedback w ould be 
equal to  th e  sum  of th e  ind iv idual feedbacks. In 
such a  case th e  co n trib u tio n  of each m echanism  to  
the  to ta l  feedback could be ind iv idually  determ ined  
and  ranked . A n in tercom parison  of th e  m odels of 
these ranked  feedback m echanism s w ould th en  re
veal th e  sources for th e  w ide range in th e  RCM  re
su lts. H ow ever, if th e  to ta l  feedback is n o t equal to  
th e  sum  of th e  ind iv idual feedbacks, tw o  or m ore of 
the  feedbacks w ould be dependen t. In th is  case the  
dependen t feedbacks should  be considered as only 
one feedback, such th a t  it is in d ep en d en t of th e  re
m ain ing  feedbacks. T hen  th e  co n trib u tio n  of each 
independen t m echanism  to  th e  to ta l  feedback can 
be d e term in ed , ran k ed , and  in terco m p ared  as de
scribed above.

To in v estig a te  th e  independence of th e  six m ech
anism s listed  above , we have carried  o u t a  q u a n ti
ta tiv e  feedback eva lua tion  using th e  O regon S ta te  
U niversity  tw o-layer R CM . T he re su lts  p resen ted  
in T able A .5 show th a t  a lth o u g h  T , ( l  x C O 2 ) 
changes w hen som e of th e  ind iv idual feedback m ech
anism s are  ac tiv a te d , {AT ,)o  is essentially  con
s ta n t and  equal to  1.28°C. For th e  case w ith  no 
feedback m echanism s, A T, differs from  (A T,)o by 
0.07°C  and  therefo re  gives a  sm all ap p a re n t feed
back. T h is a p p a re n t feedback m ay rep resen t the  
neglected second- an d  h igher-o rder te rm s in E qua
tio n  (A .3) an d  will be d iscoun ted  below . O f all the  
ind iv idual feedback m echanism s, only th a t  of th e  
variable (m oist ad iab a tic ) lapse ra te  gives a  negative 
feedback. (I t is likely th a t  the  tw o-layer m odel exag
gerates th is  negative  feedback.) T he ind iv idual pos
itive feedback m echanism s are  in decreasing order 
of m agn itude: w a te r vapor, cloud a ltitu d e , surface 
albedo , cloud o p tica l d ep th , an d  cloud cover. T he 
la tte r  tw o  are  sufficiently sm all com pared  w ith  the  
sm all a p p a re n t feedback for th e  zero-feedback case 
th a t  they  can  be regarded  as essentially  zero. Table

A.5 shows th a t  th e  feedbacks of w a te r vapor and ei
th e r lapse ra te , cloud a ltitu d e , or surface albedo are 
ad d itiv e  (w ith in  th e  sm all nonzero ap p a ren t feed-( 
back value for th e  zero-feedback case). T hus, these 
feedbacks a re  independen t. T h is is n o t th e  case for 
th e  w a te r vapor feedback w ith  e ith er th e  cloud cover 
or cloud op tica l d ep th  feedbacks, because th e  re
s u lta n t feedback is su b s tan tia lly  less th an  th e  sum  
of th e  ind iv idual feedbacks. T hus, i t  ap p ears  th a t  
b o th  variab le  cloud cover and  variab le  cloud o p ti
cal d ep th  a re  negative feedback m echanism s when 
they  ac t in con junction  w ith  th e  positive w a te r va
po r feedback. C onsequently , cloud cover and  cloud 
o p tica l d ep th , w hen allowed to  vary w ith in  an  RCM , 
should be considered to g eth er w ith  w ate r vapor as 
a  single feedback m echanism .

T a b le  A .5  
Feedback A nalysis Using th e  

Oregon S ta te  U niversity  T w o-L ayer RCM
T .(1 x C 0 2 ) (AT.)o** A T .

Feedback M echanism (°C ) (°C ) (°C )
None 15.28 1.28 1.35 0.058
W ater V a p o r ' 14.53 1.28 1.94 0.340
Lapse Rate*^ 9.53 1.24 0.88 -0 .4 0 9
C loud A lt i tu d e ' 15.28 1.28 1.73 0.261
C loud Cover^ 15.28 1.28 1.38 0.074
C loud O p tica l D e p th ' 15.28 1.28 1.39 0.079
Surface A lbedo^ 15.43 1.28 1.56 0.181
W ater V a p o r ' and

L apse Rate** 9.38 1.25 1.19 -0 .0 4 3
(-0.069)

C loud A lt i tu d e ' 14.20 1.28 2.79 0.543

C loud C over‘d 15.12 1.29 1.81
(0.601)
0.291

(0.414)
C loud O ptical 15.39 1.28 1.70 0.248

D e p th ' 
Surface Albedo** 14.58 1.28 2.39

(0.419)
0.466

(0.521)
W ater v a p o r , ' cloud

a lt i tu d e , ' and 14.14 1.28 3.85 0.668
surface albedo** (0.782)
(A T ,)o  is calcu la ted  by E quation  (A .80).
T he values in p a ren th eses are th e  algebraic  sum  of th e  ind iv idual 
feedbacks.
W ith  th e  fixed re la tive  hum id ity  profile of M anabe  an d  W ether
ald  (1967).
W ith  th e  m oist ad iab a tic  lapse ra te .
W ith  fixed cloud tem p e ra tu re  p rescribed  equal to  th a t  of th e  
1 X  C O 2  sim u la tion  w ith  no feedback.
W ith  v ariab le  cloud cover p rescribed  sim ilarly  to  th a t  of W ang 
e t al. (1981).
W ith  v a riab le  o p tica l d ep th  r  p rescribed  sim ilarly  to  th a t  of 
W ang e t al. (1981) an d  cloud a lbedo, ab so rp tiv ity  a n d  tra n s 
m issivity  p a ram eterized  in term s of r  following S tephens e t 
al. (1984).
W ith  v ariab le  surface albedo  p rescribed  as in W ang an d  Stone 
(1980).
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It is useful to  consider here th e  effect of th e  th ree  
ositive  feedback m echanism s of w a te r vapor, cloud 

a lt i tu d e , and  surface albedo. T able A.5 show s th a t  
th ese  feedbacks essentially  a re  independen t (allow 
ing for th e  ap p a re n t feedback of th e  zero-feedback 
case for each of th e  tw o  ad d itio n a l feedback m ech
an ism s) and  com bine to  p roduce a  3.85°C surface 
w arm ing . T h is  value is close to  th e  4 .2°C m axim um  
w arm ing  sim u la ted  by W ang and  S tone (1980) using 
an  R C M  w ith  these feedbacks (T able A .4) and  close 
to  th e  values s im u la ted  for th e  g lobal-m ean surface 
a ir  te m p e ra tu re  by H ansen e t al. (1984), W ashing
ton  an d  M eehl (1984) an d  W etherald  and  M anabe 
(1986) w ith  general c ircu la tion  m odels (see Section
4.3 of C h ap te r 4). We will consider th is  resu lt again  
la te r .

N ext we will analyze those  R CM  stud ies in 
T able A .4 th a t  have rep o rted  th e  d a ta  necessary 
to  q u an tita tiv e ly  eva lua te  ind iv idual w a te r vapor, 
lapse ra te , cloud a ltitu d e , and  surface albedo  feed
backs an d  th e  jo in t cloud cover-w ater vapor and  
cloud op tica l d ep th -w a te r vapor feedbacks. How
ever, before doing th is  we will consider th e  influ
ence of th e  d ifferent surface energy flux p a ram e te r
iza tio n s  used in RCM s.

Surface energy flux.  In RCM  stud ies of th e  
eq u lib riu m  clim ate  change induced by increased 
C O 2  co n cen tra tio n s, th e  h ea t capacity  of th e  su r
face Cs is tak en  to  be zero to  m inim ize th e  com 
p u te r  tim e  required  to  estab lish  equ ilib rium . T he 
th e rm o d y n am ic  energy eq u a tio n  for th e  surface is 
th en

C.
d t

-  5 . +  R j -  aT *  - H ,  = 0 (A .82)

w here S ,  is th e  abso rbed  so lar rad ia tio n , is th e  
dow nw ard  longw ave rad ia tio n , a T f  is th e  upw ard  
longw ave rad ia tio n  em itte d  by th e  surface w ith  tem 
p e ra tu re  T j, and  is th e  upw ard  flux of sensi
ble and  la te n t h ea t. Tw o tre a tm e n ts  or p a ram e
te riz a tio n s  of H ,  have been used in R CM s. M an
abe and  W etherald  (1967) an d  o th ers  have assum ed 
th a t  T, =  Ta, w here T<, is th e  surface a ir  tem p e ra 
tu re  an d  is tak en  to  be equal to  th e  te m p e ra tu re  of 
th e  m o d el’s low est layer. In th is  case, by E q u atio n  
(A .82),

H , = S, + Hi  -  aT* . (A .83)

T his is identified as th e  equivalen t rad ia tiv e  ex
change tre a tm e n t in T able A.3. In such R CM  s tu d 
ies as th a t  by H u n t an d  W ells (1979), H ,  is p a 
ram eterized  using th e  bulk aerodynam ic exchange 
m ethod , th a t  is,

H , -  pCpCi)V^ (T, -  Ta)

+  p L co V , [q- (T .) -  qa] . (A .84)

Here th e  first te rm  rep resen ts  th e  sensible h ea t flux, 
w ith  C£) being a  d rag  coefficient and  Vg being the  
surface w ind speed, and  th e  second te rm  represen ts 
th e  la te n t h ea t flux w ith  L  being th e  la te n t hea t 
of vaporization , q*{T,) being th e  sa tu ra tio n  m ixing 
ra tio  of w a te r vapor a t  te m p e ra tu re  T ,, and  be
ing the  w a te r vapor m ixing ra tio  of th e  surface air, 
w hich is tak en  to  be equal to  th e  m ixing ra tio  of the  
m odel’s low est layer. In using E quation  (A .84), T, 
is n o t constra ined  to  be equal to  Ta as it is in E qua
tio n  (A .83), b u t it is necessary to  prescribe CxjV,.

Do these d ifferent tre a tm e n ts  of th e  surface en
ergy flux in R CM s accoun t for the  differences in 
th e  resu lts  presen ted  in T able A.4? Only th e  study  
by Lindzen e t al. (1982) investigated  th is  ques
tion . Using th e ir R C M  w ith  fixed re la tive  hum id ity  
(F R H ), a  fixed lapse ra te  of 6 .5°C  k m “  ̂ [FLR(6.5)], 
and  no cloud cover, L indzen et al. found a  surface 
tem p e ra tu re  w arm ing  for doubled C O 2  of 1.98°C 
w ith  th e  equivalent rad ia tiv e  exchange and  1.93°C 
w ith  th e  bulk aerodynam ic exchange and  CjpV, =  
0.0124 m  s “ *. F u rth erm o re , in an  RCM  w ith  F R H , 
m oist ad iab a tic  lapse ra te  (M A LR ), fixed cloud a lti
tu d e  (FC A ) and  bulk aerodynam ic exchange. H unt
(1981) found th a t  A T ,  for a  C O 2  doubling varied 
from  1.89 to  1.79°C as V, varied from  2 to  10 m  s~^ 
w ith  c j j  =  1.5 X 10“ ®. C onsequently , from  these re
su lts  it ap p ears  th a t  th e  d ifferent tre a tm e n ts  of the  
surface energy flux in R C M s has a  negligible effect 
on th e  C 0 2 -induced w arm ing  of th e  surface A T,.

Water vapor feedback. In th e ir pioneering R CM  
stu d y  of C 0 2 -induced c lim ate  change, M anabe and  
W etherald  (1967) a rgued  on th e  basis of seasonal 
o bservations th a t  th e  a tm o sp h ere  tends to  m ain
ta in  th e  clim ato logical d is trib u tio n  of re la tive  hu
m id ity  { R H )  ra th e r  th a n  ab so lu te  (specific) hum id
ity  (q). A ccordingly, M anabe  and  W etherald  (1967)
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Table A .6
W ater V apor Feedback f w  D eterm ined From  Selected R adia tive-C onvective  M odels

W ater E stim a ted  ,
V apor T . ( l x  C O 2 ) A T ,‘ Feedback '

S tudy M odel A ttributes® T rea tm en t (° C) (°C ) f w ‘
M anabe and ER E; FL R (6.5); CLR; FAH 26.89 1.36*

W ethera ld  (1967) — . ; FAL FRH** 34.04 2.92 0.534
ER E; FL R (6.5); FC C , FAH 17.89 1.33*
F C P (3 ), FO D ; FAL FR H '' 15.23 2.36 0.436

R ow ntree and BAE; FL R (6.5); CLR; FAH 1.29*
W alker (1978) — , — ; FAL FRH"* 32.84 2.76 0.533 '

Hansen e t al. BAE; FL R (6.5); FC C , FAH 1.22*
(1981) F C A (l) , FO D ; FAL FR H '' 1.94 0.371

Surface energy flux; convection; cloud cover, a ltitu d e  (num ber of layers), o p tica l d ep th ; surface a lbedo. See Table A .3 for definition 
of th e  ab b rev ia tio n s.
* ind ica tes th e  value of (A T i)o .
/iv = 1 -  ( ^ T , ) o / ^ T , .
T he p rescribed  re la tiv e  h u m id ity  profile is given by E q u atio n  (A .85).
(A T ,)o  and  A T , were ob ta in ed  w ith  co sf =  0.225 and  0.250, respectively.

prescribed  th e  vertica l profile of re la tiv e  hum id ity  
on th e  basis of observations to  be

R H { p )  =  R H { p , )
p / p ,  -  0 .0 2  

1 -  0 .0 2
(A.85)

per u n it h o rizo n ta l a rea  betw een tw o  vertical levels 
k  and  t ,

k,t f  q{z)pdz = -  f  q { p )d p . (A . 8 8 )
J zt, 9 J PI

w here p  is p ressure , p , is th e  surface p ressure, and 
RH {pg) =  0.77 and  ca lcu la ted  th e  specific hum id ity  
from

q (T ,p )  = R H { p ) q - ( T , p ) ,  { A M )

w here q* (T , p) is th e  sa tu ra tio n  specific hum id ity  
given w ith  th e  aid  o f th e  C lausius-C lapeyron  re la
tio n  as

9 - (T ,p )  =  -  , (A.87)
P

w here o an d  b a re  co n stan ts . T h is fixed re la tive 
hum id ity  t re a tm e n t of w a te r vapor is identified in 
Table A .3 as F R H . For com parison  M anabe and 
W etherald  (1967) also  perform ed a  ca lcu la tion  w ith  
fixed ab so lu te  h u m id ity  (FA H ). T he resu lts  of th is 
s tudy  are  show n in T able A . 6  for tw o  cases, one w ith  
no clouds (C LR ) and  th e  o th er w ith  th ree  cloud lay
ers w ith  fixed cloud a lti tu d e  (FC A ) and  fixed optical 
d ep th  (F O D ). By tak in g  (A T,)o for each cloud con
d ition  as A T , for th e  corresponding  FAH case, the  
w ate r vapor feedback for F R H  is by E q u a tio n  (A.81) 
f w  =  0.534 for th e  clear case an d  f w  =  0.436 for 
th e  cloudy case.

W h a t is th e  physical cause of th is  positive  w ate r 
vapor feedback, an d  why does its  value differ for 
th e  clear an d  cloudy cases? These questions can  be 
answ ered by considering th e  am o u n t of w a te r vapor

T he la s t te rm  is ob ta in ed  by su b s titu tin g  th e  hydro
s ta tic  eq u a tio n  d p /d z  = - p g .  For FAH, W^ t is de
te rm in ed  solely by th e  p rescribed  abso lu te  h u m id ity  
profile and  is co n s tan t. For F R H , W^,i is g iven  by 
E q u a tio n  (A .8 8 ) w ith  E q u atio n s (A .8 6 ) an d  (A .87)
as

9 Jp
R H { p )  -  € ^ l^d p  (A .89) 

Pi P

an d  is therefore determ ined  not only by th e  p re
scribed re la tiv e  h um id ity  profile, b u t also  by th e  
te m p e ra tu re . Because

T =  T,(p/p.)«^/» (A.90)

for th e  p a r tic u la r  case of a  fixed tropospheric  lapse 
ra te  F ad o p ted  by M anabe and  W etherald  (1967), 
it can  be seen from  E q u atio n  (A .89) th a t  de
p ends on R H { p )  and  T,. C onsequently , w hen C O 2  

is increased , th e  in itia l w arm ing  of th e  surface in 
response to  th e  d irec t rad ia tiv e  forcing resu lts  in 
an  increase in W*. £ betw een any levels k  and  I. 
T h is  increases th e  a tm ospheric  ab so rp tiv itie s  and  
decreases th e  tran sm issiv ities  (F igure  A .5) beyond 
an d  in th e  sam e d irec tions as th e  changes in  these 
q u an titie s  resu ltin g  from  th e  increased  C O 2  concen
tra t io n  an d  th ereb y  ac ts  to  enhance th e  rad ia tiv e  
forcing. T h is in tu rn  leads to  fu r th e r w arm ing  of the  
surface an d  fu r th e r increases in Wk,i  in a  feedback
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loop as show n in F igure A .I. T he positive feedback 
kis less th a n  un ity ; hence, the  am plification  of the 
*loop is fin ite (F igure  A .2). How ever, th e  feedback 
increases nonlinearly  w ith  increasing because of 
th e  te rm , in p a r t,  in E q u atio n  (A .89), which
arises from  th e  C lausius-C lapeyron  re la tio n . T his 
dependence exp lains th e  difference in fw  betw een 
th e  clear and  cloudy cases: th e  1  x C O 2  surface 
tem p e ra tu re  is lower in th e  cloudy case th a n  in the 
clear case because of the  larger p lan e ta ry  albedo; 
hence, th e  feedback is lower in th e  cloudy case th an  
in the  clear case. H ow ever, if th ere  is a large lapse- 
ra te  feedback as in th e  case of p en e tra tiv e  convec
tion  (discussed in th e  nex t subsec tion), A T , m ay be 
p ractically  independen t of T^.

Table A . 6  show s resu lts  from  tw o  o th e r RCM  
stud ies using th e  M anabe and W etherald  (1967) 
prescribed  re la tiv e  h u m id ity  profile [Eq. (A.85)]. 
T he w a te r vapor feedback ranges from  0.371 to  
0.534. T h is range is probab ly  caused by th e  depen
dence of f w  on T s(l X C O 2 ) as described above, 
and  th e  differences in the  T s(l x C O 2 ) values of 
the  m odels. T h is  is su p p o rted  by th e  fact th a t  the  
Tg(l X C O 2 ) and  fw  values of R ow ntree and  W alker 
(1978) are nearly  th e  sam e as those of M anabe and 
W etherald  (1967). B ecause the  p resen t global m ean 
surface air te m p e ra tu re  is 14.2°C (Jenne 1975), the  
resu lts  in T ables A.5 and A . 6  suggest a  p robab le  
value of fw  ~  0.3 to  0.4. T his is a m o d era te  positive 
feedback w hich, ac tin g  alone, w ould m ultip ly  the 
zero feedback te m p e ra tu re  change by an  R f  of ~  1.4 
to  1.7 (see F igure A .2). However, it should be noted  
th a t  th e  concept of co n stan t re la tive  h um id ity  is an 
idealiza tion . If th e  re la tive  h u m id ity  increased w ith  
tem p e ra tu re  as in vestigated  by A ugustsson  and  Ra- 
m a n a th a n  (1977) and R ow ntree and  W alker (1978), 
fw  w ould exceed th e  value above, and  fw  w ould be 
sm aller if th e  re la tive  hum id ity  decreased w ith  tem 
p era tu re . In teresting ly , general c ircu la tio n  m odel 
stud ies of c lim ate  changes induced by bo th  C O 2  and 
changes in th e  so lar co n stan t have show n th a t  the 
re la tive  h um id ity  is no t co n stan t (see Section 4.3.4.2 
of C h ap te r 4).

Temperature lapse rate feedback. In th e  first 
RCM  stu d y  of C 0 2 -induced clim ate  change by M an
abe and  W etherald  (1967), it was assum ed, based 
on early  observations (B ru n t 1933; G oody 1964), 
th a t  th e  tro p o sp h eric  te m p e ra tu re  lapse ra te  F =

- d T / d z  was 6.5°C  k m “ ^. A m ore recen t analysis 
by S tone and  C arlson  (1979), using th e  observations 
of O o rt and  R asm usson (1971), showed th a t  a  b e tte r  
e s tim ate  of th e  global m ean tropospheric  lapse ra te  
is F =  5.1°C  k m ” ^. Is th is  difference in prescribed 
critica l lapse ra te  im p o rtan t?

Cess (1975) in vestigated  th is  question  w ith  a 
P E B M  and  found th a t  th e  ou tgo ing  in frared  flux 
F  and  d F / d T ^  w ere insensitive to  F in th e  range 
6.0 to  7.0°C  k m “ ^. R ow ntree and  W alker (1978) 
investiga ted  th is  question  w ith  an  R C M  and found 
th a t  varying th e  fixed lapse ra te  from  5 to  6.5°C  
k m “  ̂ affected th e  resu lts  little . Q u a n tita tiv e  resu lts 
were p resen ted  by Chylek and  Kiehl (1981), shown 
in T able A .7, who concluded th a t  th e  choice o f the  
lapse ra te  w ith in  an  in terva l from  5.5 to  6 .5°C  k m “  ̂
has no significant effect on th e  re su lts  ob ta ined  us
ing rad ia tive -convective  m odels. N evertheless, T a
ble A .7 show s a  12% decrease in A T , for F =  5.0°C 
k m “ ^. T h is decrease p robab ly  rep resen ts  a  sm aller 
w a te r vapor feedback, a lth o u g h  th is  can n o t be ver
ified because th e  requ isite  d a ta  were no t repo rted .

S tone and  C arlson  (1979) also found th a t  the  
lapse ra te  varies system atica lly  w ith  la titu d e  and  is 
governed by th e  vertica l h ea t tra n sp o r ts  by cum ulus 
convection and  baroclin ic eddies. In low la titu d es  
cum ulus convection d om inates and  th e  lapse ra te  
closely agrees w ith  th e  m oist ad iab a tic  lapse ra te

F™ — F j
1

L q *
TTT

(A.91)

w here F^ =  g /cp  ~  9.8°C  k m “  ̂ is th e  dry  ad iab a tic  
lapse ra te , R  is the  gas co n s tan t for dry  a ir, e =  
0.622 and  th e  o th er sym bols have th e ir previously 
assigned m eanings. In high la titu d es  baroclin ic ed
dies do m in ate  and  th e  lapse ra te  agrees w ith  th e  
critica l lapse ra te  estab lished  by th e  baroclin ic ad 
ju s tm e n t m echanism  (S tone 1978). R ecently , how
ever, Yang and  S m ith  (1985) showed th a t  th e  lapse 
ra te  in th e  m id la titu d es  of th e  S ou thern  H em isphere 
follows th e  critica l lapse ra te  for baroclin ic ad ju s t
m ent w ith  a  15° la ti tu d e  lag. B oth  th e  m oist ad i
ab a tic  lapse ra te  (M A LR ) and  th e  baroclin ic ad 
ju s tm e n t lapse ra te  (B A D J) depend on tem p e ra tu re  
and  therefo re  can  p roduce a  te m p e ra tu re  lapse ra te  
feedback.
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T ab le  A .7
Lapse R a te  Feedback f i R  D eterm ined  From Selected R ad iative-C onvective  M odels

AT. E stim ated  i
C onvection 2 x C 0 2 - 1 x C 02 Feedback

Study M odel A ttr ib u te s” T rea tm en t (” C) f l R
Chylek and Kiehl E R E ;FR H ;FC C , FL R (6.5) 100%*>

(1981) FC A (l),FO D ;FA L FLR(e.O) 98%
FLR (5.5) 94%
FLR (5.0) 88%
B A D J” 184% Positive
M A LR ” 75% N egative

H unt and Wells B A E;FR H ;FC C , FLR (6.5) 2.2
(1979) FC P(3),FO D ;FA L M ALR 1.82 N egative

Hum m el and K uhn E R E ;F R H ;F C C ,F C P (1) FLR (6.5) 1.94
(1981a) (500 m b), FOD;FAL M ALR 0.79 N egative

E R E ;F R H ;F C C ,F C P (1) FLR (6.5) 1.82 N egative
(800 m b),FO D ;FA L M ALR 1.53 N egative

W ang et a t B A E ;FR H ;FC C , FLR (6.5) 2.06
(1981) F C A (l7),FO D ;FA L MALR 1.49 Negative

Hum m el (1982) E R E ;FR H ;FC C , FLR (6.5) 1.83
FC P(3),FO D ;FA L M ALR 1.29 N egative

Lindzen et al. B A E;FR H ;C LR , FLR (6.5) 1.93
(1982) — ; FAL M ALR 1.51 N egative

PC 1.46 N egative
R ow ntree and  W alker BAE;FAH ;CLR, PC 0.78 -0.654*'

(1978) — ; FAL
Hansen et al. B A E ;FR H ;FC C , M ALR 1.37 -0 .2 6 2 '

(1981) FC A (l),F O D ;F A L
“ Surface energy flux; w a te r vapor; cloud cover, a ltitu d e  (n u m b er of cloud layers), Optical d ep th ; surface albedo. See T ab le  A .3 for

definition of ab brev ia tions,
 ̂ A Tt for r  =  6.5°C  k m " ' is taken  to  be 100%.

B AD J is baroclin ic ad ju s tm en t defined as cfF/ d A T ,  = 0.125 k m “ '  and M ALR is defined here as dF / d A T ,  
/i.R  = 1 -  (A T ,)o /A T . w itli (A T ,)o  from Table A.6.

-0.092 km -

Chylek and  Kiehl (1981) investigated  th e  feed
backs of th e  B A D J and  M A LR lapse ra te s  which 
they defined as

Ti x C 0 2 6.5°C  km  If AT, in th is  case were less

and

Tbadj =  6.5 +  0 .125A T  , °C k m ' '  , (A .92)

Tmalr =  6.5 -  0 .092A T  , °C k m ' '  . (A .93)

T h eir resu lts a re  p resen ted  in Table A .7 and show 
a  positive lap se-ra te  feedback for B A D J and a neg
a tiv e  lapse-ra te  feedback for M ALR. These lapse- 
ra te  feedbacks are  illu s tra te d  schem atically  in F ig 
ure A . 6  for th e  sim plified case w here A T  in E q u a
tions (A .92) and  (A .93) is taken  to  be equal to  A Tj. 
In F igure A .6 A th e  critica l lapse ra te  is independen t 
of tem p era tu re , hence F ix c o 2  =  r 2 x c o 2  ~  6.5°C  
k m “ ^, and th e  C 0 2 -induced w arm ing  is uniform  
th ro u g h o u t th e  troposphere; in th is  case th e re  is 
no lapse-ra te  feedback. In the  F igure A .6 B th e  c r it
ical lapse ra te  increases w ith  AT^ so th a t  r 2 xC0 2  >

th an  or equal to  th e  AT, of the  zero-feedback case, 
the  tropospheric  tem p era tu res  for a  doubled C O 2  

co n cen tra tio n  w ith  feedback w ould be colder every
w here th a n  th e  corresponding  tem p e ra tu re s  w ith 
ou t feedback. B u t then  th e  infrared  rad ia tio n  em it
ted  by th e  surface and the  troposphere  w ould be 
less th a n  th e  equ ilib rium  values of th e  zero-feedback 
case, and th e  a tm o sp h ere /su rface  system  w ould not 
be in equilib rium . Therefore, to  achieve equilib
rium , A T ,  w ith  th is  feedback m ust exceed th e  A T ,  
w ith o u t feedback, and  th e  lapse-ra te  feedback w ith  
d r / d T ,  > 0 is positive. However, w hen d T /d T ,  < 0 
as shown in F igure A .6 C, AT^ w ith  feedback is less 
th an  th e  AT^ w ith o u t feedback, and  the  lapse-ra te  
feedback is negative . T he tem p e ra tu re  changes are 
ac tua lly  m ore com plex th an  those show n in F igure 
A . 6  because th e  lapse ra te s  for B A D J and  M A LR 
vary w ith  a ltitu d e .
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B ecause th e  baroclin ic  ad ju s tm en t process oc- 
.cu rs  in m iddle an d  high la titu d es , w hereas cum u
l u s  convection  is d o m in an t in low la titu d e s , B A D J 
should enhance th e  C 0 2 -induced m iddle and  high 
la titu d e  surface w arm ing , an d  M A LR  should  d i
m inish th e  surface te m p e ra tu re  increase in low la ti
tudes. T h is la titu d in a l v a ria tio n  in th e  surface tem 
p era tu re  w arm ing  is w h a t is s im u la ted  by th e  gen
eral c ircu la tio n  m odels. T herefore, i t  is o f in te re s t to  
quan tify  th e  feedbacks of th e  baroclin ic  ad ju s tm en t 
and  cum ulus convection  processes. U nfo rtunate ly , 
we are  ab le  to  do th is  from  th e  R C M  stud ies only 
for cum ulus convection.

N o L a p s e  R o te  F e e d b a c k  A

3
<

Tem pera ture

P o s i t iv e  L a p s e  R a t e  F e e d b a c k B

V
T5

2 x CO23
<

Tem pera ture

N e g a t i v e  L a p s e  R a t e  F e e d b a c k

■o
3

I xCO. 2  X CO2

<

Tem perature

by th e  stud ies of H u n t and  Wells (1979), H um m el 
and  K uhn  (1981a), W ang e t al. (1981), H um m el
(1982), and  Lindzen e t al. (1982) show n in Table 
A .7. A q u a n tita tiv e  es tim ate  of th is  negative  feed
back can  be o b ta in ed  from  th e  stu d y  of H ansen et 
al. (1981) assum ing th a t  th e  w a te r vapor an d  lapse- 
ra te  feedbacks a re  independen t as suggested  by the  
re su lts  of T able A.5. It is thereby  e s tim a ted  th a t  
/ m a l r  =  -0 .2 6 2 , w hich, as expected , is sm aller 
th a n  th e  value given by th e  O regon S ta te  U niver
sity  tw o-layer R C M  (T able A .5). T h is  is a  m oder
a te ly  nega tive  feedback, w hich, ac tin g  alone, w ould 
m ultip ly  th e  zero feedback te m p e ra tu re  change by 
R j  =  0.79 (see F igure A .2).

1000 mb
E

6 0 0  mb
EL,

2 0 0  mb

302 0

T e m p e r a tu re ,  ®C

F ig u r e  A .7. M oist ad iab a tic  lapse ra te  (Tr 
tem p e ra tu re  for selected pressures.

as a  function  of

F ig u r e  A .6 . Schem atic rep resen ta tio n  of C O j-in d u ced  w arm ing 
w ith  (A) no lapse ra te  feedback, (B) positive  lapse ra te  feedback 
and  (C) n eg ative  lapse ra te  feedback.

T he M A L R  given by E q u a tio n  (A .91) de
creases w ith  increasing  te m p e ra tu re s  (F igure  A.7) 
because of th e  increase o f q* w ith  te m p e ra tu re  and 
th e  fac t th a t  e L /c p T  > 1  for th e  tem p e ra tu re s  in 
th e  E a r th ’s a tm o sp h ere . T h u s, based on th e  resu lt 
shown in F ig u re  A . 6 C, it  is expected  th a t  th e  M A LR  
feedback is negative . T h is  is confirm ed q u alita tiv e ly

In general c ircu la tion  m odel s tud ies of C O 2 - 
induced c lim ate  change, th e  physical processes of 
cum ulus convection are too  sm all to  be explicitly  
resolved and  therefore are in co rp o ra ted  in  a  p a ram 
eterized  form . Tw o types o f cum ulus p a ram ete riza 
tion  have been em ployed in G C M s; m oist convec
tive  ad ju s tm e n t based  on res to rin g  a  su p er m oist 
ad iab a tic  lapse ra te  to  th e  m oist a d iab a tic  lapse 
ra te , and  p en e tra tiv e  convection (P C ). T h e  P C  p a
ram e te riza tio n  differs from  th e  M A LR  in th a t  con
vection can  tak e  place betw een tw o  noncontiguous 
a tm ospheric  layers th a t  are convectively u n stab le  
w ith  respect to  each o th er, even th o u g h  th e  in te r
vening a tm o sp h eric  layers a re  n o t convectively  un 
stab le . L indzen e t al. (1982) in v estig a ted  a  sim ple
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P C  p a ram ete riza tio n  an d  found th a t  f p c  is neg
a tiv e  (T able A .7). T hese au th o rs  concluded th a t  
th is  negative feedback is caused by tw o  factors: ( 1 ) 
th e  surface sensible an d  la te n t h ea t loss is deposited  
a t  higher a ltitu d e s  by cum ulus clouds th a n  by a  
fixed critica l lapse ra te  and  is therefore m ore effec
tively ra d ia ted  to  space; and  ( 2 ) th e  variab le  lapse 
ra te  resu lting  from  th e  P C  allow s local rad ia tiv e  
p e r tu rb a tio n s  near th e  tro p o p au se  to  be com pen
sa ted  by changes in local tem p e ra tu re  w ith o u t hav 
ing these changes being carried  to  th e  surface by 
a  fixed lapse ra te . H ow ever, the  surface an d  tro p o 
spheric w arm ing  induced by a  doubled C O 2  concen
tra tio n  for th is  sim ple P C  p a ram ete riz a tio n  is sim 
ilar to  th a t  for th e  M A LR  (F igure A . 8 ). R ow ntree 
and  W alker (1978) used th e  P C  p a ram ete riza tio n  of 
th e  U nited  K ingdom  M eteorological Office 11-layer 
G C M  (Saker 1975) and  found th a t  f p c  =  -0 .6 5 4  
(T able A .7). T h is  value is larger in m ag n itu d e  th an  
/ m a l r  of the  tw o-layer R CM  (Table A .5) an d , a c t
ing alone, w ould reduce th e  zero-feedback tem p era 
tu re  change by a lm o st 40%.

EJC
NJ

I I I I

MOIST-ADIABAr 
ADJUSTMENT j  
MODE 

cCS (uV=.lm/s) 
CUMULUS I
MODEL
( u L  = l m / s /  '

5 . 5  K / k m  
A D J U S T M E N T  

MO DEL

(A,. = 0 )

A T  ( K)
-10 -8 -6

F ig u r e  A .8. T em p era tu re  changes induced by doubled  C O 2

for FL R (6 .5), M A LR  an d  PC  (cum ulus m odel) from  Lindzen et 
al. (1982). u ' is a  surface w ind p a ram ete r used in th e  calcu la tion  
of the  surface sensible and  la te n t h ea t fluxes.

In sum m ary  it is seen th a t  J b a d j  > 0, / m a l r  <  

0 w ith  values betw een ab o u t —0.25 an d  —0.4, and 
f p c  < 0  w ith  values th a t ,  a lth o u g h  dependen t on 
th e  p a rtic u la r  p aram ete riza tio n  of p en e tra tin g  con
vection , are likely to  give f p c  < / m a l r  < 0 .

Cloud feedbacks.  C hanges in th e  a ltitu d e , cover 
and  op tical d ep th  of clouds induced by a  change in 
C O 2  co n cen tra tio n  can give rise to  th e  th ree  cloud 
feedbacks show n in Table A.5. In th is  section we 
will describe these  feedbacks and  will evaluate  them  
q u an tita tiv e ly , insofar as possible, from  th e  RCM  
resu lts.

Cloud altitude feedback. In the  first RCM  
stu d y  of C 0 2 -induced clim ate  change, M anabe and  
W etherald  (1967) prescribed th e  location  of th ree  
cloud layers a t  w h a t w as s ta te d  to  be 10, 4.1, and  
1.7 to  2.7 km  for b o th  th e  1 x C O 2  and  2 x C O 2  

sim ula tions. C onsequently , th is  tre a tm e n t of the  
a ltitu d e s  of th e  clouds has com e to  be know n as 
co n stan t or fixed cloud a ltitu d e  (F C A ). In ac tu a l
ity , how ever, th e  pressures of th e  cloud layers were 
fixed (F C P ) ra th e r  th a n  the a ltitu d es  in th e  M an
abe and  W etherald  (1967) RCM ^. T he reason for 
th is  is th a t  th e  vertica l s tru c tu re  of the  M anabe and  
W etherald  (1967) R CM  is based on th e  <r-coordinate 
system , w hich, in th is  case, is equal to  th e  pres
sure p  d ivided by th e  surface pressure p,. Because 
th e  clouds were defined a t  fixed <r-levels and  p, w as 
fixed, th e  p ressures of th e  cloud layers were fixed. 
Subsequently , o th er R CM  stud ies also em ployed th e  
F C P  assum ption  (e.g., R ow ntree and  W alker 1978; 
H un t and  W ells 1979; C harlock 1981; H um m el and  
K uhn 1981a, 1981b; H um m el and  Reck 1981; H unt 
1981; H um m el 1982; Lai and  R am an a th an  1984; 
Som erville and  R em er 1984), b u t these stud ies also 
have been m isin te rp re ted  as em ploying th e  F C A  as
sum ption . Several R CM  studies ac tua lly  have em 
ployed th e  FC A  assum ption  (e.g., A ugustsson and  
R am an a th a n  1977; W ang and  S tone 1980; Hansen 
e t al. 1981; W ang e t al. 1981) b u t, as we will 
show below , th e  F C A  an d  F C P  assum ptions ab o u t 
th e  vertica l location  of clouds give resu lts  th a t  are 
n o t s tric tly  com parab le . A nother assum ption  was 
proposed by Cess (1974, 1975) from  an exam ina
tion  of th e  ou tgo ing  in frared  flux from  th e  E arth - 
a tm o sp h ere  system  w ritte n  as F  =  Ci -  C2 Ac, where

* R. T . W ethera ld , personal com m unication .
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Ac is th e  frac tio n a l cloud cover, Cj =  Ci{T^,T).
,C2  =  C2 (Ts, r , r < - ) 5  an d  T̂ . is the  c loud-top  tem p er
a tu re . C ess found th a t  dc ^ jdT ^  for e ith er a  single 
effective cloud or for th ree  cloud layers agreed w ith  
th e  em pirica l findings of B udyko (1969) if the  cloud- 
to p  te m p e ra tu re  w as fixed (F C T ) ra th e r  th a n  the 
cloud a ltitu d e .

We can  com pare  th e  F C A , F C P , and  F C T  as
su m ptions ab o u t th e  vertica l location  of clouds by 
d eterm in ing  th e  p a r tia l deriva tives of cloud a ltitu d e , 

cloud p ressure, pc, and  cloud tem p e ra tu re , T,., 
w ith  respect to  th e  surface te m p e ra tu re  T^. T his 
can be done sim ply by assum ing th a t  th e  tem p era 
tu re  lapse ra te  F is co n s tan t. T hen

F C T

T  = T  -  TzC S  A 5 (A.94)

and  by in teg ra tin g  th e  h y d ro s ta tic  equa tion  from  
th e  surface to  th e  cloud we can o b ta in

T \ n r

T J

and  by E q u a tio n  (A .94)

1  -  (P c /P s )^

(A.95)

= (A.96)

F C A

dzc
= 0 ,

dT ,
dpc ^  9 ^  
d T ,  RTc T,

and
dTc

1 .

F C P

dZc ^  1  -  (P c /P s )^
d T ,  T
dpc

and
dT ,

d T ,

0 ,

and

dzc

dpc
dT ,

dTc
W ,

1
f  ’

rV \ T ,
f t
T,

(A .99a)

(A .99b)

(A.99c)

From  these expressions we can o b ta in  th e  following:

(A .97a)

(A .97b)

(A.97c)

(A .98a)

(A .98b)

(A.98c)

N um erical values for these p a r tia l derivatives 
are  show n in Table A . 8  for th e  case w here p, — 1000 
m b, T,  =  288°C, F =  6.5°C  k m “  ̂ and  pc =  500 m b. 
O f course d Z c /d T „  d p c / d T , ,  and  d T c / d T ,  are zero 
for th e  F C A , F C P , and  F C T  assum ptions, respec
tively. For th e  F C A  assum ption , b o th  Tc and  Pc 
increase as T,  increases. T his is show n schem ati
cally in F igure A .9. For th e  F C P  assum ption , b o th  
Tc and  2  ̂ increase as T,  increases, w hereas for the  
F C T  assu m p tio n , Zc increases and  Pc decreases as T, 
increases. These changes also are show n schem at
ically in F igure A .9. In com paring  th e  th ree  as
su m p tio n s, it can be seen th a t  for a  sm all change in 
surface tem p e ra tu re  ST,

0  =  {Szc) a < {^Zc)p < {Szc)t  =  F ^ST,  ,
(A.lOOa)

{Spc)r  < 0 =  (^Pc)p < {SPc)a = OiST, , (A.1006) 

and

0 =  [STc)t  < {STc)p < [STc)a =  ST,  , (A.lOOc)

w here a  > 0 and  subscrip ts  A, P ,  and  T  denote 
co n s tan t a ltitu d e , pressure, and  tem p e ra tu re , re
spectively.

Table A . 8

P a r t ia l  D erivatives of Cloud A ltitu d e , P ressure, and 
T em p era tu re  W ith  R espect to  Surface T em p era tu re  for 

th e  FCA, FC P , and FC T  A ssum ptions

C loud A ltitu d e  

T rea tm en t

dzc 

(m ° C " ')

dpc
'3T;  

(m b ° C “ B

dTc
3IV  

(°C ° c - i )
FCA 0 1.29 1.0
F C P 19.0 0 0.876
FC T 154 -9 .1 2 0

N ote; See te x t for th e  p a ram ete r values.
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F C P
Zc > Zc.i pQ -  Pc.lTc <Tcj+̂ TsV

FCA

-  Tempera ture

tw o stud ies for w hich f w  can be estim ated . T he 
re su lta n t e s tim a ted  cloud a lti tu d e  feedback varies 
from  0.168 to  0.203, w hich is sm aller th a n  th e  value 
of 0.261 show n in Table A.5.

Cloud cover feedback.  To begin our discussion 
of cloud cover feedback, i t  is helpful to  consider 
again  th e  p lan e ta ry  rad ia tiv e  energy b udget given 
by E q u a tio n  (A .52) as

No =  ^  5o Ro

F ig u r e  A .9. Schem atic rep resen ta tio n  of changes in cloud a lti
tu d e , Zc, pressure, pc,  and  tem p era tu re , Tc,  in response to  a  change 
in surface tem p e ra tu re , 6T„  for FC A , FC P , and F C T  assum ptions.

We can now consider th e  feedback of th e  change 
in cloud a ltitu d e  in  th e  F C P  and  F C T  assum ptions. 
F irs t,  consider th a t  th e  cloud a ltitu d e  is fixed, th e  
C O 2  co n cen tra tio n  is doubled, and  th e  c lim ate  sys
tem  reaches th e  new equilib rium  w here surface tem 
p e ra tu re  has increased by (ATg)^ com pared  w ith  
th e  1 X  C O 2  equ ilib rium  value. T hen  by E q u atio n  
(A.lOOc), [ATc)a  =  Now consider th a t  the
cloud te m p e ra tu re  is fixed, th e  C O 2  con cen tra tio n  
is doubled, and  suppose th a t  th e  new equ ilib rium  is 
reached in w hich ATg =  (A T , ) a -  B u t ( A T c ) t  = 0  < 
{ATc)a  by E q u a tio n  (A.lOOc); hence, th e  am oun t 
of rad ia tio n  em itte d  upw ard  by th e  cloud for F C T  
is less th a n  th a t  for FC A ; therefore th e  clim ate 
system  w ith  F C T  can n o t be in equilib rium  w ith  
ATg =  (A Tg)^. To achieve equ ilib rium  w ith  F C T , 
a  necessary cond ition  is (A T g)r > (A T ,)^ . T he 
F C T  assum ption  am plifies th e  surface tem p e ra tu re  
change of th e  F C A  assum ption  and  therefore is a  
positive feedback process. Follow ing sim ilar reason
ing it can be seen th a t  th e  F C P  assum ption  also is a  
positive feedback process. H owever, com parison  of 
th e  dTcjdTc,  deriva tives in T able A . 8  ind icates th a t  
th e  F C P  feedback is sm all com pared  w ith  th e  F C T  
feedback.

A q u a n tita tiv e  assessm ent of th e  F C T  feedback 
f c A  is p resen ted  in Table A .9. T he ra tio  of AT), w ith  
F C T  to  ATg w ith  F C A  or F C P  varies from  1.43 to  
1.62 in th e  four s tud ies show n in th e  tab le . B ecause 
each of these  s tu d ies  w as perform ed w ith  th e  w a te r 
vapor feedback of th e  fixed re la tiv e  h u m id ity  as
su m p tio n , it  is possible to  e s tim ate  f c A  oiily foj" the

Following th e  procedure in Section A .2.1, we can 
w rite  th a t  th e  change in  No due to  a  change in 
th e  C O 2  co n cen tra tio n  A C  and  th e  induced surface 
te m p e ra tu re  change (ATg)AC is

A N o  =

+

dNo
d C

E

A C -h
dN o
d Z

(A T .) AC

dN o d i j
+ d N o  dAc

d I j  dTg dA c  dTg
( A T g ) A C

w here d N o / d Z  is th e  change in No caused by the  
change in T. w hen all th e  in te rn a l q u an titie s  Ij  
are co n s tan t, { d N o / d A c ) { d A c / d Z )  is th e  change in 
No  caused by th e  change in th e  in te rn a l q u a n tity  
cloud cover A<. th ro u g h  its  dependence on T ., and  
Y ^ j { d N o / d I j ) { d I j / d T , )  is th e  change in No  caused 
by the changes in all th e  o th er in te rn a l q u an titie s  
th ro u g h  th e ir  dependences on T.. S e ttin g  A N o  =  0 
in th e  equ a tio n  above gives th e  equilibrium  (A T g)^c
as

( A T g ) AC
^ A C

dN o  _  V- ^  d I j  _  ^  dAc \

(A.lOla)
or

( A T g )
Go dNo

A C

where

A C

(A.lOlb)

Go —
dNo  
dT .

d N o  dl i  
d L  dT.  ’
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Table A .9
Cloud A ltitude F e e d b a c k D e t e r m i n e d  From Selected Radiative-Convective Models

“ Surface energy flux; w ater vapor; lapse rate; cloud cover, optical depth; surface albedo. See Table A.3 for definition of abbreviaions. 
* f c A  =  “  (A T ,)o/A T ,] -  /w  w ith (AT,)o and fw  from Table A.6 for M anabe and W etherald (1967) with FCC.
‘ As in footnote b, except values from Hansen et al. (1981).

1

Study Model Attributes'*

Cloud
A ltitude

Treatm ent
(layers)

AT,
2 x 0 0 2 -1 x 0 0 2

(°0)

Estim ated
Feedback

f c A
Augustsson and ERE;FRH;FLR(6.5); FC A (l) 1.98

R am anathan
(1977)

FCC,FOD;FAL F C T (l) 3.2 Positive

W ang and Stone BAE;FRH;FLR(6.5); FC A (l) 2.00
(1980) FCC,FOD;FAL F C T (l) 3.00 Positive

Reck (1979a) ERE;FRH;FLR(6.5);
FCC,FOD;FAL

FCT(3) 1.426 to 1.561 
times the 

response for FCP

0.168 to 
0.203‘

Hansen et al. BAE;FRH;FLR(6.5); FC A (l) 1.94
(1981) FCC,FOD;FAL F C T (l) 2.78 0.190'

an d  th e  cloud cover feedback f e e  is given by

(A.102)

w ith

8 =
d N o  _  __

dAc  4 d A c  dAc
(A.103)

as first defined by S chneider (1972). From  E quation  
(A .102) i t  can be seen th a t  cloud cover feedback 
depends on th e  th ree  q u an titie s : 6 , d A c /d T , ,  and  
Go- A ssum ing th a t

ttp =  ( 1  -  A c )a , +  AcQc (A. 104)

w here is th e  clear sky a lbedo  and  a,, is th e  albedo 
w ith  cloud cover, E q u a tio n  (A .103) can be w ritten
as

(«e Cts)
dRo
dAc

(A.105)

Table A .10
Characteristics of Cloud Cover 

Feedback f e e

s Dominant
Effect

l a c

+ + Longwave -V
0 Neither 0
- Albedo -

0 + Longwave 0
0 Neither 0
- Albedo 0

- + Longwave -

0 Neither 0
- Albedo +

B ecause ac > as in  th e  global m ean, th e  change 
in a lbedo  caused by a  change in cloud cover con
tr ib u te s  negatively  to  6 . O n th e  o th er hand , 
d R o j d A c  < 0  because th e  upw ard  em ission from  
clouds is less th a n  th a t  from  th e  w arm er ground. 
T h u s, th e  changes in  longw ave rad ia tio n  caused by 
a  change in cloud cover co n trib u tes  positively  to  8 . 
U 8  > 0  th e  longw ave ra d ia tio n  effect dom inates the

albedo  effect and  vice versa if  8  < 0. T his is su m m a
rized in Table A. 10, to g e th er w ith  th e  dependence 
of th e  sign of th e  cloud cover feedback on dAc/ dT ,-  

Only one C O 2  s tudy  has been perform ed w ith  
an  R CM  in w hich th e  cloud cover has been a  p re
d icted  q u an tity . (W e shall describe th is  stu d y  sub
sequently .) In all th e  o th er R CM  C O 2  s tud ies, 
dAc/dT s  =  0; hence, as show n in T able A. 10, 
f e e  =  0- However, a  few non-C O a stud ies have 
been carried  ou t to  d e term in e  th e  effects of p re
scribed changes in cloud cover. In these stud ies Ac 
is an  ex tern a l q u an tity , hence

A N o = ^  AAc

dN o  dI j
(A T ,) A C I, )
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and  th e  equ ilib rium  (A T s)A ct is th en

6 A A ,
(A T .) ACL dN o  dN o  d I j  ■

d T ,  d L  dT,

T h is  can be w ritte n  by E q u a tio n  (A .6 ) as

{ A T . ) ^ c l  = G j  6  A A , . (A .107)

T h u s, 8  can  be de term ined  from  

( A T j^ c i ,8 =
G f A A ,

(A .108)

if G /  for th e  m odel is know n. In ad d itio n , a  few 
R C M  stu d ies  have been perform ed in w hich bo th  
th e  C O 2  co n cen tra tio n  and  th e  frac tiona l cloudiness 
w ere changed . In th is  case

AT
A N o  =  ^  A C + 8  A A ,

S ettin g  A N o  =  0 a t  equ ilib rium  an d  solving for 
{ A T , ) ^ c ,a c l  th en  gives

dNo
A C + 8  A A ,

{ A T , ) ^ c.a c l  d N o  d i j
1^3dT , d i j  dT,

and

( A T , ) a c , a c l  — (A T ,)^ c  G j  8  A A ^  , (A .llO )

th e  la t te r  by E q u a tio n  (A .lO la ) w ith  d A ^ j d T ,  — 0 
an d  th e  defin ition  o f G / [E quation  (A .6 )]. T h u s 8  

can be d e term in ed  from

5  _  ( A T s ) a c , a c i .  ~  ( A T , ) a c  

G ] A A ,

if G / is know n for th e  m odel.
An ana lysis  of 8  based on e ith e r E q u atio n  

(A .108) o r E q u a tio n  ( A . I l l )  has been m ade for six 
R C M  stu d ies , an d  th e  necessary in p u t d a ta  and  re
su lts  a re  p resen ted  in T able A. 11 to g e th e r w ith  the  
a t t r ib u te s  and  cloud ch a rac te ris tic s  of th e  m odels. 
T hese re su lts  a re  categorized  in T able A. 12 in te rm s 
of th e  v ertica l loca tion  of th e  clouds, th a t  is, low.

m iddle, an d  high clouds as defined w ith in  th e  a lti
tu d e  bounds of 0.75 and  2.7 km , 3.5 and  5.5 km , 

(A .106) respectively . It can be seen
th a t  these R C M s give negative  values of 8  for low 
an d  m iddle clouds, w ith  m ore negative  values for 
th e  low clouds th a n  for th e  m iddle clouds, and  pos
itive  values of 8  for high clouds. T h u s, from  T a
ble A. 10, th e  albedo  effect d om inates th e  longwave 
effect for low an d  m iddle clouds, w hile th e  oppo
site  is tru e  for high clouds. F rom  E quation  (A.105) 
i t  can be seen th a t  th e  dom inance of th e  albedo 
effect over th e  longw ave effect in low and  m iddle 
clouds occurs because is large (see Table A . l l )  
and  d R o j d A c  is sm all (and  negative), th e  la tte r  be
cause th e  cloud-top  te m p e ra tu re  is no t m uch colder 
th a n  th e  ground. How ever, as th e  cloud a ltitu d e  
increases, th e  difference betw een th e  cloud-top  and  
ground tem p e ra tu re s  grow s and  d R o j d A c  becomes 
m ore negative . Also a,, decreases as th e  optical 
th ickness of th e  cloud decreases w ith  increasing al
titu d e  (see Table A . l l ) .  B o th  of these effects cause 
8  to  increase w ith  increasing a ltitu d e  and  even tu 
ally to  becom e positive for th e  high clouds. For the  
la t te r , is sm all and  close to  a^, so th e  value of 
8  is largely determ ined  by d R o j d A c -  T his, in tu rn , 
depends on th e  em issivity  c of th e  high cloud as 
well as on th e  difference betw een th e  cloud-top  and  
g round tem p era tu res . B ecause d R o j d A c  increases 
in m ag n itu d e  w ith  increasing e, 8  increases w ith  c 
for high clouds as generally show n in Table A.12.

T he values of 8  show n in T able A.12 for each 
cloud differ am ong th e  m odels for several reasons 
including differences in th e  a tm ospheric  com posi
tio n  of th e  m odels, o th er feedback processes, th e  
ac tu a l location  of clouds w ith in  th e  a ltitu d e  bounds 
of low, m iddle, and  high clouds, an d  p robably  m ost 
im p o rtan tly  th e  cloud o p tical p ro p e rtie s  of th e  m od
els. All of th e  m odels except th a t  of S tephens and  
W ebster (1981) prescribe th e  o p tical p roperties  of 
th e  clouds on th e  basis of lim ited  and  nonsim ulta- 
neous observations. However, S tephens and  Web
s te r  (1981) ca lcu la te  all of th e  cloud optical p rop
erties in a  consisten t m an n er for th e  prescribed 
cloud liquid  w a te r p a th  (LW P) or ice w a te r p a th  
(IW P ) and  th e  so lar zen ith  angle from  param eteri- 
za tions of m u ltip le  sca tte rin g  calcu lations. F igure 
A. 10 show s { A T , ) ^ c l  as a  function  of th e  LW P 
or IW P  for th e  th ree  cloud layers of S tephens and 
W ebster (1981) defined in T able A . l l .  Because 8  is

(A .111)
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T a b le  A . l l
A nalysis o f  S = d N o / d A c  From  RCM  Sim ulations of and (A T ,)A e ,A C i

(A T ,)c^ci, or
C loud (A T .) ĉ c ,a cx ,

A ltitu d e Cloud Cloud Cloud G f ( A T ,) ^ o S
S tu d y M odel A ttributes® (km) E m issiv ity A lbedo A bso rp tiv ity AAc (°C (W  m - ^ ) - i ) (°C ) (W m -* )

M an ab e  and E R E ; FAH; FL R (6.5) 20 0.5 0.21 0.005 1 0.34‘ - 5 14.7 '
S trick ier FO D ;FA L 11 0.5 0.21 0.005 1 0.34*’ - 5 14.7 '
(1964) 7.5 1 0.21 0.005 1 0.34‘ ----- 2 -5 .9 '

3.7 1 0.48 0.020 1 0.34‘ ~  -2 2 - 6 5 '
1.4-2.0 1 0.69 0.035 1 0.34*’ ----- 50 -1 4 7 '

M an ab e  and E R E ; FR H ; FL R (6 .5); 10 0.5 0.20 0 1 0.73“' 4 5 .5 '
W etherald FO D ;FA L 10 1 0.20 0 1 0.73“' 39 53 '
(1967) 4.1 1 0.48 0 1 0.73<' -39 - 5 3 '

1 .7-2.7 1 0.69 0 1 0.73*' -82 -1 1 2 '
R eck (1979b) E R E ;F R H ;F L R (6 .5 ); 10 1 0.20 0 -0.05 0.425 ' 0, 1.7 60f

FO D ;FA L 1.7-2.7 1 0.69 0 0.03 0.425 ' 0, 1.7 -133^
H um m el and ER E;FR H ;M A L R ; 3.5-5 .5 1 0.32 0 -0.212 0.5129 2.56, 2.05 - A . l f
Reck (1981) FO D ;FA L 3.5-5.S 1 0.32 0 0.176 0.5129 1.89, 2.05 -1 .8 ^

H u n t (1981) B A E ,FR H ,FL R (6 .5); 10 1 0.21 0.005 0.018 0.455'* 2.19, 1.82 45^
FO D ;FA L 4.1 1 0.48 0.020 0.008 0.455'* 1.59, 1.82 - 6 3 /

1.7-2 .7 1 0.69 0.035 0.030 0.455'* 0.01, 1.82 -133  f
S tephens and  E R E ;FR H ;F L R (6 .5); 7 .5-9 IW P =  20 g m 1 0.529 16 319
W ebster FO D ;FA L 3.75-5 LW P =  140 g m "^* 1 0.529 -22 -429
(1981) 0.75-1.5 LW P =  140 g m 1 0.529 -40 -779

Surface energy flux; w a ter vapor; convection; cloud o p tica l d ep th ; surface a lbedo. See Table A.3 for defin ition  of abbrev iations.
G f  — (A T ,) 2 xC 0 2 w ith  (A T .jz x c O j =  1-36 °C  from  Table A .6 for M anabe and  W etherald  (1967) w ith C L R  and  FAH, and 
assum ed AQ =  4 W m “ ^.
D eterm ined  from  E q u atio n  (A .108).
As in fo o tn o te  6, excep t w ith (A T ,) 2 x c 0 2  =  2.92 °C  from Table A.6 for M anabe  and  W etherald  (1967) w ith CLR and FR H .
As in fo o tn o te  6, except w ith  (A T ,) 2 xC 0 2  =  1-2 °C .
D eterm ined  from  E q u atio n  (A .111).
As in fo o tn o te  6, excep t w ith  (A T ,) 2 xC 0 2  =  2.05 °C .
As in fo o tn o te  b, except w ith  (A T ,) 2 x c 0 2  =  1-82 °C .
C loud em issivity , a lbedo  and  a b so rp tiv ity  d e te rm in ed  from th e  cloud liqu id -w ater and  ice-w ater p a th s  (LW P and  IW P ) show n, based 
on S tephens (1978) an d  S tephens an d  W ebster (1981), respectively.
G f  =  l3 /( l  -  O p/4)So) w ith  Op = 0.3, So =  1370 W  m ~*, and  /3 = S o ( A T , / A S q )  =  125 °C  from  S tephens and W ebster (1981).

re la ted  to  ( A T J ^ c l  by E q u a tio n  (A .108), in th is  
case for w hich AA^ =  1 an d  G / =  0.52 (see T a
ble A . l l ) ,  S Ci 2(A Tg)^cL- T herefore, F igu re  A .10 
shows th a t  S decreases w ith  increasing L W P and 
IW P. As show n by S tephens and  W ebster (1981) 
and  E q u a tio n  (A .105), th is  occurs because in 
creases w ith  L W P (IW P ), b u t e rap id ly  reaches un ity  
for sm all L W P (IW P ) and  th e re a fte r  can n o t increase 
w ith  increasing  LW P. F igure A. 10 also show s th a t  S 
increases w ith  a ltitu d e  for fixed L W P (IW P ), as w as 
also  show n in T able A .12, and  increases w ith  la t
itu d e  in w in te r for fixed L W P (IW P ) and  a ltitu d e . 
T h e  la t te r  occurs because of th e  dependence of S 
on in so la tio n  an d  th e  decrease o f in so la tion  w ith  
la t i tu d e  in th e  w in te r hem isphere. I t  can be con
cluded from  th e  above th a t  th e  feedback effect of 
a  C 0 2 *induced change in  cloud cover depends on 
th e  la titu d e , a ltitu d e , L W P (IW P )— or equivalen tly

op tica l d ep th — of th e  clouds and  on th e  sign and  
m ag n itu d e  of dAc/dTg.

We now will consider th e  R CM  stu d y  by W ang 
e t a l. (1981) in w hich th e  cloud cover is a  p red ic ted  
q u an tity . T he cloud m odel is based on th e  conser
vation  equation  for th e  cloud liquid w a te r m ixing 
ra tio  I,

(A .1 .2 )

w here C  and P  are th e  condensation  and  precip i
ta tio n  ra te s  per u n it m ass of a ir. T he p rec ip ita tio n  
ra te  is param eterized  as

(A .113)

w here is a  p rescribed  conversion tim e ( ~ 2  h) of 
cloud d rop le ts  to  p rec ip ita tio n . T he condensation  
is o b ta in ed  from

(1 +  B ) L C  =  He , (A .114)
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T a b l e  A .1 2
6 =  B N o / d A c  (W m -2 )  for Low, 

M iddle, an d  High C loud Sum m arized 
From  th e  A nalysis of Table A . l l

1.0

Low C loud 
S tudy  (0.75, 1.7 k m )“

M iddle Cloud 
(3.5, 5.5 k m )“

High Cloud* 
(7.5, 11 k m )“

M anabe and -1 4 7 - 6 5 14.7 (0.5)
S trickler (1964)

M anabe and -1 1 2 - 5 3 5.5 (0.5)
W ethera ld  (1967) 53 (1.0)

Reck (1979b) -1 3 3 80 (0.5)
Hum m el and -4 .7 ,  -1.8<^

Reck (1981)
H u n t (1981) -1 3 3 - 6 3 45 (1.0)
S tephens and - 7 7 - 4 2 31 (0.86)

W ebster (1981)
Hum m el (1982) -1 4 3 - 5 0 36 (1.0)

B  =

1
4

R H ,
d T

(A .116)

T,

w here th e  deriva tive  of sa tu ra tio n  m ixing ra tio  q* 
w ith  respect to  te m p e ra tu re  is eva lua ted  a t  th e  
surface tem p e ra tu re , and  the  fac to r 1 /4  is in tro 
duced to  m a tch  th e  global m ean value of B  given 
by B udyko (1956). F inally , it  is assum ed th a t  th e  
cloud cover Ac increases w ith  increasing  p rec ip ita 
tio n  ra te , hence

Ac =  e / h , (A .117)

1 ---------- 1---------- T
WI NT ER  B’ N

A ltitu d e  b o u n d s betw een w hich th e  p a rticu la r  cloud ty p e  is 
located .

 ̂ T h e  cloud em issivity  is shown in paren theses.
 ̂ For A A c  = —0.212 and  0.176, respectively.

w here He is th e  convective h ea tin g  ra te  given by 
th e  convective ad ju s tm en t. T his is equal to  th e  la
te n t hea ting  ra te , L C ,  p lus th e  sensible h ea tin g  ra te , 
B { L C ) ,  w here B  is th e  Bowen ra tio  of th e  sensi
ble to  la te n t h ea tin g  ra tes . C om bin ing  E q u atio n s 
(A .112)-(A .114) and  se ttin g  d t j d t  =  0 for equilib
rium  gives

h { l  + B ) L  •

T he Bowen ra tio  is tak en  to  be independen t of a lt i
tu d e  to  satisfy  th e  vertically  in teg ra ted  conservation  
of w a te r su b stan ce  and  energy, an d  th e  re la tiv e  h u 
m id ity  is assum ed fixed. T h e  Bowen ra tio  is then  
given by th e  surface value

WINTER 3 5  N

UO

20

-20

-to

N. 1 1 1
_ _ _ _ H

' 1 ' 1

_ ***.̂ WINTER 6 5 ‘ n  _
N. ■■•••......  M

---- L

1 1 1 1 1
0 50 100

LWP ,  I W P  ( g m ' 2 )
F ig u r e  A .10 . C hange in surface tem p era tu re  (A T .)^ c L  for 
A A c  =  1 a t different la titu d es  as a  function  of liquid w a ter and  ice 
w a ter p a th  (LW P and  IW P ) for high (7 .5 -9  km ), m iddle (3 .75-5 
km) and  low (0 .75-1 .5  km) clouds. Source; S tephens and  W ebster 
(1981).

w here is a  ty p ica l m ixing ra tio  for p rec ip ita tin g  
cloud system s (5.5 x  10“ ^). C om bining E quations 
(A .115) an d  (A .117) gives

Ac =
He

U U { 1  + B ) L
(A.118)

from  w hich 

dAc dHc He d B \
dT,  f i U L { l  + B )  \ d T ,  1  + B  d T , J

(A.119)
B ecause B  decreases w ith  increasing T, ,  th e  las t 
te rm  in E q u a tio n  (A .119) co n trib u tes  positively  to
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dAc/dTg.  H ow ever, because d H c /d T ,  can be e ith er 
kpositive or nega tive , d Ac /dT^  can also be of e ith e r 
*sign.

T h e  R C M  of W ang e t al. ( 1 9 8 1 )  has 1 7  vertical 
layers from  th e  surface to  5 0  km  a ltitu d e  w ith  a t 
tr ib u te s  of E R E ,  F R H ,  F L R ( 6 . 5 ) ,  F C A ,  F O D ,  and  
F A L  (see T able A . 3 ) .  T h u s, th e  resu lts  w ith  and  
w ith o u t cloud cover feedback also include w a te r va
por feedback, an d  a  precise eva lua tion  of f e e  can n o t 
be o b ta in ed  because ( A T , ) o  is n o t know n. T h e  op 
tica l d ep th  in  th e  ex p erim en ts  discussed below w as 
fixed w ith  values of 1 6 ,  6 ,  an d  2  for th e  a ltitu d e  
ranges 0 - 3  km , 3 - 8  km , an d  above 8  km , respec
tively.

R esu lts from  W ang e t al. ( 1 9 8 1 )  are  show n in 
T able A. 1 3  for b o th  a  C O 2 doubling  and  a  2 %  in 
crease in th e  so lar co n s tan t S q. For fixed cloud 
cover, these d ifferent ex te rn a l forcings give com pa
rab le surface w arm ings of a b o u t 2 ° C .  B oth  ex te r
nal forcings give nearly  th e  sam e increase in th e  to 
ta l cloud cover o f ab o u t 0 . 0 2  on a  scale from  0  (no 
clouds) to  1  (overcast). B ecause A T, is also  posi
tive, d A c / d T ,  is positive  for b o th  forcings. H ow ever, 
A T, for th e  C O 2  doubling  increases w ith  th e  in
creased cloud cover, b u t A T , for th e  increased solar 
co n stan t decreases w ith  th e  increased cloud cover. 
T able A. 1 3  show s an  e s tim a te  of th e  cloud cover 
feedback defined as

f e e  — 1  —
(A T ,) A C L = 0

( A T , ) ^ C ' Z ,7fO

T his p a ram e te r is d ifferent from  th e  ac tu a l cloud 
feedback f e e  because b o th  (A T ,)ac i,= o  and  
(A T ,)a c l? ;o  have w a te r vapor feedback. It can be 
seen th a t  f e e  is positive  for th e  C O 2  doubling  and  
is negative and  of com parab le  m ag n itu d e  for th e  in 
creased solar co n stan t.

Table A .13
C loud C over Feedback A nalysis for 

th e  S tudy  by W ang e t al. (1981)

E x te rn a l Forcing AAc
A T.
(°C ) f e e ' ’

A C /C  =  1 0 1.96
0.0178 2.68 0.269

A So/So =  0.02 0 2.28
0.021 1.87 -0 .2 1 9

To u n d erstan d  these ap p a ren tly  co n trad ic to ry  
resu lts. F igu re  A . l l  show s th e  vertical d is trib u tio n  
of the  changes in cloud cover for b o th  ex ternal forc
ings. T h is  figure show s cloud cover increases below 
ab o u t 2 km  an d  above a b o u t 5  km , w ith  cloud cover 
decreases betw een  these a ltitu d es . T he changes in 
cloud cover of b o th  signs a re  generally larger in m ag
n itu d e  for th e  C O 2  doubling  th a n  for the  so lar con
s ta n t increase. In T able A. 14 we presen t an  estim ate  
of th e  co n trib u tio n  of these changes in cloud cover 
to  th e  feedback f e e -  For th is  purpose we have esti
m ated  th e  values of 6  for th e  th ree  layers of co n stan t 
r  ( 0 - 3  km , 3 - 8  km , an d  above 8  km ) based on the  
resu lts  of M anabe an d  W etherald  (1967) show n in 
Table A .12. T he values of A  A,, are  e s tim ated  from  
F igure A . l l  for each of these co n stan t r  layers. T a
ble A. 14 shows th a t  b o th  th e  increased high cloud 
cover and  decreased low cloud cover give positive 
co n trib u tio n s to  th e  positive cloud cover feedback of 
th e  C O 2  doubling , w ith  th e  co n trib u tio n  from  th e  
low cloud being ab o u t tw ice th a t  of th e  high cloud, 
and  no co n trib u tio n  from  th e  m iddle cloud. On 
th e  o th er h an d , th e  increased low and  m iddle cloud 
cover in th e  increased solar co n stan t forcing give 
negative co n trib u tio n s  to  th e  cloud cover feedback, 
w hich do m in a te  th e  positive co n trib u tio n  from  the  
increased high cloud.

12
AC/C* I

r =  210

e

O’-O ®

4
ASo/So= 0 . 0 2

2

0
0 2

f e e
(A T . ACL=0

C h a n g e  In P e r c e n t  C lo ud  C o v e r

F ig u r e  A . l l .  C hange in p e rcen t cloud cover as a  function  of 
a ltitu d e  for a  2% increase in th e  so lar co n stan t and  a  doubling  of 
th e  C O 2  co n cen tra tio n . Source; W ang et al. (1981).
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T a b l e  A .
C o n trib u tio n s to  f e e  by th e  C hanges in th e  Low, M iddle, and High C louds in th e  S tudy  by W ang et al. (1981)

E x te rn a l Forcing Cloud T

6 “

(W m -2 ) a a A J c c ‘ ^
A C / C  =  1 High (z >  8 km) 2 6 0.01 0.0090

M iddle (3 <  z < 8 km) 6 - 5 0 0 0
Low fz < 3 km) 16 -1 0 0 -0 .0 0 1 5 0.0225
T o ta l Effect 0.0315

A S o / S o  = 0.02 High (z > 8 km) 2 6 0.005 0.0045
M iddle (3 < z < 8 km) 6 - 5 0 0.002 -0 .0 1 5 0
Low (z < 3 km) 16 -1 0 0 0.0007 -0 .0 1 0 5
T o ta l Effect -0 .0 2 1 0

“ B ased on th e  s tu d y  of M anabe  and  W ethera ld  (1967) shown in Table A.12.
 ̂ E stim a ted  from  F igure  A . l l .

'  f e e  =  * (A A c/A T ,)G o  w ith  A T ,  tak en  as 2°C  based on Table A .13 and  Go  =  0.3°C  (W m “ *)

T hese resu lts  from  th e  stu d y  perform ed by 
W ang et al. (1981) clearly show th a t  it is the  ver
tica l in teg ra l th ro u g h o u t th e  a tm osphere  of S A A ^  
th a t  determ ines th e  sign and  m ag n itu d e  of the  cloud 
cover feedback. B ecause th is  in teg ra l includes the  
changes in th e  vertica l location  of clouds th rough  
th e  vertical d is tr ib u tio n  of AA^, it is seen th a t  cloud 
a ltitu d e  feedback is subsum ed in cloud cover feed
back.

Cloud optical depth feedback.  We now consider 
th e  th ird  and  final feedback m echanism  of clouds, 
nam ely, th a t  caused by th e  change in cloud optical 
d ep th , T .̂ As in th e  preceding section it  is useful 
to  consider th is  feedback from  th e  v iew point of the  
p lan e ta ry  rad ia tiv e  energy budget. D oing so we can 
o b ta in

(A T J Go dNo
AC

( l  “  I Z j  f j  ~  f o o )
d C

A C  , (A .120)

w here th e  cloud o p tica l d ep th  feedback f o o  is given
by

f o D  =  5

and

dNo
dr^

dT,

So d ap  dRp  
4 dr^ dr^

(A.121)

(A.122)

T hese th ree  eq u a tio n s  are  analogous to  E quations 
(A .1 0 l)-(A .1 0 3 ), from  w hich they  m ay be ob ta in ed  
by rep lacing  f e e  by f o o  and  by r^. E quation  
(A .121) shows th a t  f o D ,  like f e e ,  depends on th ree  
q u an titie s ; (j>, dTc/dT,,  and  Gq. As in th e  preceding 
section , we assum e th a t

ttp =  ( 1  -  A c) a ,  -h AcCte ,

and  we also assum e th a t  R q can be ap p ro x im a ted  
as

^  =  ( 1  ~ Ac)Ro,,  +  A<;[i?o,*(l “  (c) +  ,
(A .123)

w here Ro , is th e  clear-sky value of Ro, tc is th e  
u pw ard  effective cloud em issiv ity  (S tephens 1978), 
and  Tc is th e  cloud to p  tem p era tu re . S u b s ti tu t
ing E q u atio n s  (A .104) and  (A .123) in to  E q u atio n  
(A .122) then  gives

+  ( A . 1 2 4 )

T his shows th a t  <p, like 8 , has b o th  an  albedo effect 
an d  a  longwave rad ia tio n  effect and  depends on th e  
cloud cover am o u n t Ac- B ecause dtcjdTc  =  0 for 
b lack clouds, w hile d a d d v c  > 0 ,<j> < 0  for m ost 
low and  m iddle clouds. On th e  o th er h an d , be
cause dtcjdTc  > 0 for nonblack clouds, and  a T f  
can  be sm aller th a n  i?o,s! <l> m ay be e ither negative 
or positive for cirrus clouds. T h u s if dTcjdT,  > 0 
for th e  reasons described below , th e  cloud optical 
d ep th  feedback f o o  is negative for low and  m iddle 
clouds and  m ay be e ith er negative or positive for 
cirrus clouds.

B ecause depends on LW P and  IW P  for w a te r 
and  ice (cirrus) clouds, respectively  (e.g., S tephens 
1978; S tephens e t al. 1984), we also can w rite  E qua
tions (A .121) and  (A .124) as

<t> =  - A c

foD =  , (A .125)

d W P
(A .126)
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F ig u r e  A .13. Surface tem p e ra tu re  T  (K) as a  function  of (A) low cloud liquid w ater co n ten t (LW C) and (B) high cloud LWC w ith the  
high cloud a t two different a ltitu d es. F rac tio n al a rea  of each cloud ty p e  is 0.20. Source: C harlock (1982).

w here W P  rep resen ts  LW P or IW P. Follow ing the  
developm ent of th e  preceding section lead ing  to  
E q u atio n  (A .108), we can w rite  th a t

(A T ,) A W P

G f A W P
(A .127)

E s tim a te s  of ^  for low and  high clouds can be ob
ta in ed  from  th e  re su lts  by C harlock  (1982) using a 
R C M  (F igure A .12) an d  G f  ~  G.5“C (W  m ” '^)-'* 
based on th e  2.253°C  w arm ing  o b ta in ed  by C h a r
lock (1981) for a  C O 2  doubling  w ith  an  assum ed 
A N q =  4 W m"'^. For low cloud w ith  Ac  =  0.2, F ig 
ure A.12 and  E q u a tio n  (A .127) show th a t  ^  varies 
from  a b o u t - 0 .1  W m "^ (g m “ '^)”  ̂ for W P  be
tw een 50 and  100 g m"'^ to  a b o u t -0 .0 0 3  W m ''^  
(g m^'*)"^ for W P  betw een  400 and  800 g m “ ^. For 
high cloud w ith  A^ =  0 . 2 , ^  varies from  ab o u t -1- 0 . 8  

W m ” '̂  (g m ” '^)~^ for W P  betw een 10 and  20 g m"'^ 
to  ab o u t -0 .0 5  W  m~^ (g m “ '^)”  ̂ for W P  betw een 
50 and  100 g m ” ^. T h is  tran s itio n  from  positive  to  
n egative values of ^  w ith  increasing  W P  rep resen ts

th e  dom inance of th e  longwave effect in E quation  
(A .126) for th in  c irru s clouds and  the  dom inance 
of th e  albedo effect in thick cirrus clouds, th e  la t
te r  because d e d d W P  becom es zero once tj, becom es 
unity .

T hree R CM  stud ies of th e  effect of variable 
cloud op tical d ep th  or cloud w ate r p a th  on C O 2 - 
induced te m p e ra tu re  change have been perform ed 
by W ang e t al. (1981), C harlock (1982), and  Som er
ville and  R em er (1984). T he resu lts  of these stud ies 
a re  shown in Table A . 15 along w ith  the  ch a rac te r
istics of the  R C M s used therein . T he optical d ep th  
feedback defined as f o o  — 1  ■" (A T ,)^ o £ ) /(A T ,)v o n  
ranges from  essentially  zero to  ab o u t -1 .3 . These 
values depend n o t only on <f>, as previously dis
cussed, b u t also  on d r d d T ^  or d W P /d T ^  as show n by 
E quations (A .121) and  (A .127). E ach of th e  th ree  
stud ies param eterized  these la tte r  q u an titie s  differ
ently.
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T a b le  A .15
Cloud O ptical D ep th  Feedback D eterm ined  From  Selected R ad iative-C onvective  M odels

S tudy M odel A ttr ib u te s”
Cloud O ptical 

D epth  
T rea tm en t

A T.
2 XCO 2 - IX C O 2

(°C )

E stim ated
Feedback

1.
f o D

W ang et al. (1981) B A E ;FR H ;FLR (6.5); FOD 2.06
FC C ,FC A (17);FA L VOD 2.08 0.0096
B A E ;F R H ;F L R (M A )' FOD 2.26
FC C ;FC A (17);FA L VOD 2.09 -0 .08

C harlock (1981) E R E ;V R H ‘*;FLR(6.5); FOD 2.253
FC C ;FC A (3);FA L VOD 1.579 -0 .427

Som erville and B A E;FR H ,M A LR ; FOD 1.74
R em er (1984) FC C ;FC A (1);FA L VOD 0.85 to  0.75 -1 .05  to  -1 .3 2 '

° Surface energy flux; w a ter vapor; lapse ra te ; cloud cover, a ltitu d e  (n u m b er of cloud layers); surface a lbedo. See Table A.3 for definition 
of ab brev iations.

* f o D  =  1 ~  l ( ^ ^ t ) F O D ! / l ( ^ ^ « ) v O D l -
‘ Lapse ra te  fixed equal to  th e  m oist ad iab a tic  value for th e  in itial conditions.
^ From  C harlock (1982), R H ( p )  = R H ( p , ) \ ( p l p ,  -  - 0 .0 2 ) / ( l  -  -0 .0 2 ) ] "  w ith  R H ( p . )  =  0.77 and  D =  1 -  -0 .0 3 (T . -  -2 8 8 ) .
'  See F igure  A. 14.

W ang e t al. (1981) used th e  m odel described in 
th e  preceding subsec tion  w ith  cloud cover p re
scribed, in s tead  of com pu ted  by E quation  (A.117) 
and  r<. given by

r, =  u e  , (A .128)

w ith  /s  =  3.09 X 1 0 ^ ( 0  <  3 km ), 1.15 x 10^(3 < 
2  < 8  km ), an d  2.75 x 1 0 ® ( 2  >  8  km ). S u b stitu tin g  
E q u atio n  (A .128) in to  E q u a tio n  (A .115) then  gives

Tr =
JzHc

h { l  + B ) L  

from  w hich we can o b ta in

(A .129)

f s d H , H ,  d B
/ i L ( l  +  B ) V d T ,  l  + B d T ,

(A .130)

for th e  C O 2  doubling. F u rth erm o re , the  larger in
crease of fc a t  low a ltitu d e s  in th e  2 % so lar co n stan t 
increase experim ent ind ica tes th a t  f o o  for th is ex
p erim en t should be sm aller th a n  th a t  for th e  C O 2  

doubling experim ent; th a t  is, it  should be nega
tive. Indeed, such a  negative  value was ob ta ined  
by W ang e t al. (1981) because A T, for th e  2% so lar 
co n s tan t increase experim en t decreased from  2.26°C 
to  1.95°C w hen w as changed from  a  prescribed to  
a  p red ic ted  q u an tity . T hese re su lts  from  W ang e t 
al. (1981) show th a t ,  as for th e  cloud cover feed
back, th e  cloud o p tical d ep th  feedback depends on 
th e  vertica l in teg ra l of <^drc/dT, th ro u g h o u t th e  a t 
m osphere.

T his has th e  sam e form  as dA c/dT , given by E q u a
tion  (A .119), hence d fc /d T ,, like dA c/dT ,, can be 
e ith er positive  or negative . T h e  vertical profile of 
th e  change in for b o th  a  C O 2  doubling and  a  2 % 
increase in so lar co n s tan t is show n in F igure A .13, 
to g e th er w ith  th e  v ertica l profile of th e  prescribed 
cloud cover. T h is  figure shows th a t  increased a t  
b o th  low and  h igh  a ltitu d e s  and  decreased a t  m id
dle a ltitu d e s  for b o th  th e  C O 2  an d  solar co n stan t 
increases. If we assum e th a t  ^  < 0 for th e  low, 
m iddle, an d  high clouds, th en  ^ d r^ /d T , is negative 
a t  low an d  high a ltitu d e s  and  positive a t  m iddle 
a ltitu d es . I t is n o t possib le to  q u an tita tiv e ly  eval
u a te  th e  vertica l in teg ra l of ^ d r^ /d T ,, b u t th e  zero 
value of foD  in T able A. 15 does n o t ap p ear to  be 
inconsisten t w ith  th e  profile show n in F igure A . l l

E

A C / C  =1

<

- 2 2  0 5

Cloud Cover (%)
10 16

Change Of Optical Thickness

F ig u r e  A .1 3 . C hange in th e  o p tica l th ickness (left) for prescribed 
cloud cover (righ t) is show n as a  function  of a ltitu d e  for a  2% 
increase in th e  so lar co n stan t { A S q/ S o =  0.02) and a  doubling  of 
th e  C O 2  co n cen tra tio n  { A C / C  — 1). Source: W ang et al. (1981).
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C harlock  (1981) used a  sim pler m odel th a n  
kWang e t al. (1981) to  com pu te  th e  change in the  
Fcloud w a te r p a th  (W P ) induced  by doubling  C O 2 ,

W P
(A.131)

w here q is th e  w a te r vapor m ixing ra tio . C harlock 
p rescribed  th e  re la tiv e  h u m id ity  profile as

p /P 8  -  0 - 0 2  

1 -  0.02

w ith
n  =  1 -  0.03(Ts -  288) .

(A .132)

(A.133)

T hus, R H { p )  increases sligh tly  w ith  T ,, q and  W P  
increase rap id ly  w ith  increasing  and  d W P / d T ,  > 
0 everyw here. F u rth erm o re , because C harlock  as
sum ed d ^ ^ j d W P  =  0, ^  < 0 (see E quation  [A.126]). 
C onsequently , ^ d W P / d T ^  < 0 for each of th e  th ree  
cloud layers in C h arlo ck ’s study , w ith  th e  resu lt th a t  
fo D  < 0 as show n in T able A. 15.

Som erville an d  R em er (1984) also used a  sim ple 
m odel for th e  change in th e  cloud optical th ickness.

w here

A tc =  p A T

_  1  dpc
P c d T

(A .134)

A.135)

OD

AT<

- 2  40 .4
CBS

010006 0080.04

1
7T

0 .0 2

F ig u r e  A .14. Surface tem p e ra tu re  change and cloud op tical 
d ep th  feedback for C O 2  doubling  versus th e  p rescribed  cloud p a 
ram ete r /i. Source: Som erville and  R em er (1984).

Surface albedo feedback.  D uring a  C 0 2 *induced 
c lim ate  change, surface a lbedo  feedback can occur 
as a resu lt of a lte ra tio n s  in the  am o u n t of sea ice, 
land  ice, and  snow as first proposed by B udyko 
(1969) and  Sellers (1969) or in th e  am o u n t and  ty p e  
of vegeta tion . As in th e  preceding tw o subsections, 
we can analyze th is  surface albedo  feedback from  
th e  v iew poin t of th e  p lan e ta ry  energy b udget and  
o b ta in

an d  Pc is th e  cloud w a te r density . Som erville and  
R em er assum ed p  to  be a  positive co n s tan t, hence 
d T c / d T  > 0. F u rth erm o re , they  assum ed th e ir sin
gle cloud to  be b lack, Cc = I,  hence dtc jdTc — 0  

and  (̂  < 0 by E q u a tio n  (A .122). C onsequently , 
foD  =  (j>dTc/dT = 4>p < 0 &s show n in F igu re  A. 14. 
F rom  th is  figure it ap p ears  th a t  (j> =  -2 6 .3 °C . If p  is 
as large as 0 .1, th en  AT^ = 0 .48“C. T his is the  m in
im um  surface a ir te m p e ra tu re  w arm ing  show n in 
Table A .4 for all th e  R CM s. T his m in im um  w arm 
ing is th e  resu lt of b o th  th e  large negative cloud 
o p tica l d ep th  feedback and  th e  negative lapse ra te  
feedback, w hich resu lts  from  th e  M A LR  used in th is  
m odel (see Table A .15). H ow ever, based on Soviet 
observations of Pc{T)  as sum m arized  by Feigelson
(1978), Som erville and  R em er conclude th a t  p  ~  
0.04 to  0.05. T h u s, as show n in F igure A. 14 and  
T able A .15, th is  range gives A T, =  0.75 to  0.85°C.

(A T ,) Go dNo
A C A C  , (A.136)

( 1  -  E ,  / i  -  f s A )  d C  

w here th e  surface albedo  feedback / s a ) is given by

f sA — ’ (A .137)

and

or

V’
dNo
d a .

So da„ dRo

-

4 d a .

So dap
4 d a .

d a .

(A .138)

th e  la tte r  because d R o / d a ,  =  0 .
W ang and  S tone (1980) in vestigated  th e  effect of 

ice-albedo feedback on C 0 2 -induced w arm ing. Fol
lowing N orth  (1975), W ang an d  S tone assum ed th a t
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th e  an n u a l m ean , zonal m ean  surface a ir tem p era 
tu re  can be rep resen ted  by

T , { x ) - T , + T ^ P ^ { x ) = T ,

w here z  is th e  sine o f th e  la titu d e , T ,  is th e  global 
m ean  surface a ir  te m p e ra tu re , P 2  is th e  Legendre 
po lynom ial of degree tw o, and  =  -3 2 .1 . T he 
la t te r  is chosen so th a t  th e  sine of th e  la titu d e  of 
th e  ice edge is z , =  0.95 a t  T,{xg) =  -1 3 °C  for th e  
cu rren t c lim ate  for w hich T ,  =  14.2°C. A ssum ing 
th a t  T’s(zs) =  -1 3 ° C  is in v arian t u nder a  clim ate  
change. E q u atio n  (A. 139) can be solved for x ,  to  
o b ta in

X,  = {d + , (A .140)

w here d  =  0.6035 an d  e =  0.02078. T hen  assum ing  
th a t

-  ^  (A .141)
“ I  b, z . <  X  < 1

w here a =  0.087 is th e  ice-free zonal m ean  surface 
a lbedo  an d  b =  0.55 is th e  ice-covered zonal m ean 
surface albedo , and  th a t  th e  surface inso lation  has 
th e  sam e la titu d in a l d is tr ib u tio n  as th e  inso lation  
a t  th e  to p  of th e  a tm o sp h ere  given by

(A.142)

w here S  is th e  global m ean and  S 2  =  -0 .4 8 2 , the  
global m ean a lbedo  is given by

g
Qs =  >̂(1 -  Xs) +  OZ, -h -  x f) . (A .143)

From  E q u atio n s  (A .140) and  (A. 143) it can be 
show n th a t

do!s ( 6 - o ) e  l +  S 2 [ l -3 (d + e T , ) ] /2
2 (d +  c T . ) i / 2

C om bining  th is  w ith  E q u a tio n  (A .137) gives
(A. 144)

So ( 6  — a)e  
1  2

3(d  +  e T ,) ] /2
( d + e T , ) i / 2

G o . ( A . 1 4 5 )

T his is show n p lo tte d  in  F igure A. 15 versus T , and  
th e  ice edge la titu d e  x , for an  assum ed value of Go = 
0 .3°C  (W  m ” ^)~^. B ecause d a p / d a ^  > 0 , f s A  > 0.

If d a p / d a ,  is independen t of Tg, th en  f sA  decreases 
w ith  increasing te m p e ra tu re  as th e  ice edge of the 
contro l c lim ate  re tre a ts  tow ard  th e  pole. T his ef
fect has been d em o n stra ted  in the  G CM  study  of 
Spelm an and  M anabe (1984). However, in th e  for
m ula tion  of W ang an d  S tone, f s A  does n o t approach  
zero as th e  ice edge re tre a ts  to  th e  pole and  th e  ice 
d isappears.

0,5

(A 04

<
to

0,3

0  2

55 60 65 70 75 80 90

Ice edge lati tude, sin (xs)

F ig u r e  A .15. Surface albedo  feedback divided by d c t p / d a ,  for 
C O 2  doubling  versus th e  surface a ir tem p era tu re  and ice edge la t
itu d e  of th e  con tro l from  th e  s tu d y  by W ang and  S tone (1980).

T he resu lts  of W ang and  Stone (1980) a re  sum 
m arized in T able A. 16. A lthough we can n o t es
t im a te  f sA  for th is  s tudy  because ( A T g ) o  is no t 
know n, the  feedback Js a  =  i ^ T , ) F A L / { ^ T ^ ) v A L  
is positive. In fact, th e  case w ith  fixed cloud top  
te m p e ra tu re  (F C T ), along w ith  fixed re la tive  hu 
m id ity  (F R H ), produces th e  m axim um  w arm ing 
of all th e  R C M s show n in Table A.4. Because 
th is  4.2°C  w arm ing  is also th e  m axim um  global 
m ean surface a ir  te m p e ra tu re  increase sim ula ted  by 
G C M s for a  C O 2  doubling  (see Table A .18), it ap 
pears th a t  ice-albedo feedback is im p o rtan t in G C M  
sim ula tions of C 0 2 -induced clim ate change.

F inally , H ansen e t al. (1981) also stud ied  the  
ice-albedo effect, ap p a ren tly  w ith  the  ice-albedo p a
ram ete riza tio n  of W ang and  Stone (1980). Be
cause we have an  e s tim a te  of (A T,)o and  f w  fo

314 Projecting the Climatic Effects o f Increasing Carbon Dioxide



Table A .16
Surface A lbedo Feedback From  Selected R adiative-C onvective  M odels

) Surface A T . E stim ated E stim ated
A lbedo 2 XCO 2 - IX C O 2 Feedback Feedback

s tu d y M odel A ttr ib u te s” T rea tm en t (°C ) /s/4* f s A
W ang and B A E ;FR H ;FL R (6.5); FAL 2.00

Stone (1980) FC C ,FC A (3),F O D VAL 2.51 0.203
B A E ;FR H ;FL R (6.5); FAL 3.00
F C C ,F C T (3 ),F O D VAL 4.20 0.286

H ansen et al. B A E ;FR H ;F L R (6 .5); FAL 1.94
(1981) FC C ,FC A (3),F O D VAL 2.5-2 .8 0.224-0.307 0.141-0 .193“

“ Surface energy flux; w a te r vapor; lapse ra te ; cloud cover, cloud layer, a ltitu d e  (n u m b er of cloud layers), op tica l d ep th . See Table A.3 
for defin ition  of ab b rev ia tio n s.

’’ fsA = 1  -  l(AT,);’y4i]/[(AT,)vxL]-
•= f s A  = i  -  \{^' I 'b)o] / [ { ^ T . ) v a l ] -  f w  w ith (A T .)o  =  1.22°C and  f w  =  0.371 from Table A.6.

th e  R CM  of H ansen e t al. (see T able A .6 ), we can 
e s tim ate  f s A  for th is  m odel. As show n in Table
A .16, f s A  ~  0.141 to  0.193. T his is close to  the 
value o f f s A  — 0.135 th a t  one o b ta in s  from  F igure
A.15 a t  T ,  =  15°C using d a p / d a ^  =  0.45 ob ta in ed  
from  th e  O regon S ta te  U niversity  tw o-layer R C M . 
T he value of Js a  ~  0.181 o b ta in ed  from  th a t  m odel 
(T able A .5) also  agrees w ith  th e  resu lt o f H ansen e t 
a l. (1981).

A.4 SUM M ARY

T he pioneering R CM  stu d y  of M anabe an d  W ether
ald  (1967) show ed th a t  doubling th e  C O 2  concen
tra tio n  re su lts  in a  w arm ing  of th e  surface and  the  
troposphere  and  a  cooling of th e  s tra to sp h e re  above 
20 km . T h is  and  o th er R C M  stud ies give a  su r
face te m p e ra tu re  w arm ing  induced by doubled C O 2  

th a t  ranges from  0.48 to  4 .2°C . T hese C 0 2 -induced 
surface te m p e ra tu re  changes can be u n d ersto o d  in 
te rm s of th e  d irec t ra d ia tiv e  forcing, th e  response to  
th is  forcing in th e  absence of feedbacks, and  th e  am 
plification and  dam ping  of th e  response th a t  resu lts  
from  positive  an d  negative  feedbacks, respectively.

T he d irec t ra d ia tiv e  forcing occurs p redom i
n an tly  in th e  longw ave ra d ia tio n  and  is ch a rac te r
ized by a  decrease in th e  n e t u pw ard  flux a t  th e  su r
face and  th ro u g h o u t th e  a tm osphere . T h e  decrease 
a t  th e  surface ac ts  to  w arm  th e  surface. In th e  tro 
posphere th e  m ag n itu d e  of th e  decrease in th e  net 
upw ard  longw ave flux increases w ith  a ltitu d e , w hich 
ac ts  to  w arm  th e  tro p o sp h ere . In th e  s tra to sp h e re  
th e  m ag n itu d e  of th e  decrease in th e  n e t upw ard  
longw ave flux decreases w ith  a ltitu d e  w hich ac ts  to  
cool th e  s tra to sp h e re . T h is  cooling tendency  occurs

p rim arily  because of th e  g rea te r upw ard  and  dow n
w ard  em ission from  th e  s tra to sp h e re  itself. T he 
w arm ing  tendency  of th e  trop o sp h ere  p rim arily  is 
caused by th e  increased dow nw ard flux from  th e  
s tra to sp h e re , and  th e  w arm ing  tendency  of th e  su r
face p rim arily  occurs because of th e  g rea te r dow n
w ard  em ission from  th e  troposphere.

T h e  surface te m p e ra tu re  response of th e  clim ate 
system  w ith o u t feedbacks to  th e  ra d ia tiv e  forcing 
caused by increased C O 2 , A R y , can be ch a rac te r
ized by a  zero-feedback surface tem p e ra tu re  change 
(ATs)o =  G oA R y, w here Gq is th e  c lim ate  system  
gain w ith o u t feedbacks. Gq can be e s tim ated  from  a 
P E B M  as 0.3°C  (W  m '^ ) - ! .  T hus, ( A T , ) o  =  1-2°C 
for th e  nom inal value of A R y  =  4 W m “ ^. T h is  es
t im a te  of (ATs)o is in ag reem ent w ith  several R CM  
stud ies th a t  were m ade w ith o u t feedbacks.

T he surface tem p e ra tu re  response of th e  clim ate 
system  w ith  feedbacks can be charac te rized  by

Go

1 - /
A R t

w here /  is the  feedback, which varies from  -1 .5  
to  0.7 in th e  RCM  stud ies of C 0 2 -induced clim ate 
change. T he physical m echanism s th a t  co n trib u te  
to  th is  range include, as increases: th e  increase 
in th e  am o u n t of w a te r vapor in th e  a tm o sp h ere  as 
a  consequence o f th e  quasi-constancy  o f th e  re la
tive  h u m id ity ; th e  decrease in th e  lapse ra te ; th e  
changes in cloud a ltitu d e , cloud cover, and  cloud 
o p tical d ep th ; and  th e  decrease in surface albedo.

A s tu d y  w ith  th e  O regon S ta te  U niversity  tw o- 
layer R C M  w as perform ed to  de term ine  th e  inde
pendence of th e  above feedbacks. T his s tu d y  shows 
th a t  th e  ind iv idual feedbacks of w a te r vapor, cloud
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a ltitu d e , and  surface albedo are positive , th e  in
d iv idual cloud cover and  cloud optical d ep th  feed
backs are essentially  zero, and  the  ind iv idual M A LR  
feedback is negative . T his s tudy  also shows th a t  
th e  feedbacks of w a te r vapor and  e ith e r lapse ra te , 
cloud a ltitu d e , or surface albedo  are  ad d itiv e ; hence, 
these feedbacks are  independen t. T h is is n o t the  
case for th e  w a te r vapor feedback w ith  e ith er the  
cloud cover or cloud o p tica l d ep th  feedbacks. B oth  
variab le  cloud cover and  variable op tica l d ep th  ac t 
as negative feedback m echanism s w hen they  ac t in 
con junction  w ith  th e  positive  w a te r vapor feedback.

A positive w a te r vapor feedback occurs when 
th e  re la tive  h u m id ity  is held fixed because th en  
th e  abso lu te  h u m id ity  increases nonlinearly  w ith  in
creasing tem p e ra tu re  due to  the  C lausius-C lapeyron  
re la tio n , and  th e  increased w ate r vapor reduces 
th e  a tm ospheric  tran sm issiv ity , w hich enhances th e  
C O 2  greenhouse effect. A positive feedback f w  =  
0.340 was ob ta in ed  by the  O regon S ta te  U niversity  
R C M , and  values from  0.371 to  0.533 were ob ta in ed  
by th e  o th e r R C M s, w ith  th e ir ac tu a l values depend
ing on th e  tem p e ra tu re s  of the  con tro l s im u la tion  
and  w h e th e r th e  a tm o sp h ere  was clear or cloudy. A 
reasonable es tim a te  allow ing for these dependencies 
is f w  =  0.3 -  0.4. T he value of f w  w ould be larger 
(sm aller) th a n  th is  if th e  re la tiv e  h u m id ity  w ere no t 
co n stan t and  in s tead  increased (decreased) w ith  in
creasing tem p era tu re .

R ad iative-convective  m odel s tud ies have show n 
th a t  th e  C 0 2 -induced w arm ing  decreases by 1 2 % as 
th e  prescribed  te m p e ra tu re  lapse ra te  is decreased 
from  6.5 to  5.0°C km~*. W hen th e  lapse ra te  is 
allow ed to  vary, a  lapse ra te  feedback is ob ta ined . 
A positive feedback is found for th e  B A D J, w hich 
should be app licab le in m iddle and  high la titu d es  
w here baroclin ic a d ju s tm en t is p revalen t. F rom  T a
ble A.7 we can e s tim a te  f sA D J  ~  1 — 1/1 .84  — / w ~  
0.15 if /vv' =  0.3. A negative feedback is found for 
th e  M A LR  w ith  values of -0 .409  and  -0 .262  from  
th e  O regon S ta te  U niversity  and  o th e r R C M s, re
spectively. B ecause th e  form er value is p robab ly  an 
o v erestim ate  by th e  tw o-layer R C M , a  reasonable 
e s tim ate  of th is  feedback is fmALR — -0 .2 5  to  -0 .4 . 
A negative feedback is also found w hen th e  lapse 
ra te  is determ ined  by p en e tra tiv e  convection  w ith  
a  value of f p c  =  -0 .6 5 4  given by one R C M . One 
or b o th  of these negative  feedbacks a re  likely to  be

found in the  trop ics w here cum ulus convection is 
prevalen t.

C loud feedback can occur from  changes in cloud 
a ltitu d e , cloud cover, and  cloud optical dep th . 
T hree tre a tm e n ts  of cloud a ltitu d e  have been used 
in RCM s: F C A , F C P , and  F C T . F ixed cloud a lt i
tu d e  and  F C P  have frequen tly  been taken  to  be syn
onym ous even th ough  th is  s tric tly  is n o t th e  case. 
For F C A  th e  cloud tem p e ra tu re  increases by the  
sam e am o u n t as th e  surface tem p era tu re , an d  th ere  
is no feedback. For F C P  th e  cloud tem p e ra tu re  in 
creases less th an  th e  surface tem p era tu re ; hence to  
achieve equ ilib rium  th e  C 0 2 -induced surface tem 
p era tu re  w arm ing  m ust be g rea te r w ith  F C P  th an  
w ith  FC A . T herefore, F C P  is a  positive feedback 
process; how ever, th e re  is insufficient in fo rm ation  
to  eva lua te  th is  q u an tita tiv e ly . For F C T  th e  cloud 
tem p e ra tu re  does no t change w ith  a  change in the  
surface tem p era tu re ; hence, its  C 0 2 -induced surface 
te m p e ra tu re  w arm ing  m ust be even larger th a n  th a t  
required  for F C P  to  achieve equilibrium . T he F C T  
feedback f c A  is 0.261 from  th e  O regon S ta te  U ni
versity  R CM  and  0.168 to  0.203 from  an o th er RCM ; 
the  la t te r  is in com parison  w ith  the  F C P  case. T hus, 
a  reasonable range of f c A  is perhaps from  0.15 to  
0.30.

T he feedback caused by changes in cloud cover
depends in  p a r t  on th e  q u an tity

S q d a p  _  dRo  
4 dAc

w hich itse lf depends on th e  com peting  effects of 
changes in th e  p lan e ta ry  albedo , «p, and  in th e  net 
upw ard  longw ave flux a t  th e  top  of the  a tm osphere , 
Rq. A n analysis of several R CM  stud ies show s th a t  
(5 ~  — 100 W for low clouds, ^ ~  — 50 W m “  ̂
for m iddle clouds, and  8 ~  5 -80  W m “  ̂ for high 
clouds, th e  la t te r  generally  increasing w ith  cloud 
em issivity . T hus, for the  case dA ^/dT s >  0, low 
and m iddle clouds m ake a  positive co n trib u tio n  to  
the  cloud cover feedback f c c i  and  high clouds m ake 
a  negative co n trib u tio n , while the  sign of these con
tr ib u tio n s  reverses for d A ^ /d T , < 0. A single RCM  
stu d y  of cloud cover feedback gave a  positive value 
f e e  for doubled  C O 2 , b u t a  negative value for a 
2% so lar co n s tan t increase. These seem ingly con
trad ic to ry  findings can  be un d ers to o d  on th e  basis 
of th e  changes in th e  vertica l cloud cover profile, 
w hich d em o n stra te s  th a t  it is th e  vertical integral

m
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of ^AA e th a t  d e term in es th e  sign and  m ag n itu d e  
f  th e  cloud  cover feedback. B ecause of th is , cloud 

A ltitude feedback is subsum ed  in cloud cover feed
back.

T h e  feedback due to  changes in cloud op tica l 
d ep th , Tc, depends in p a r t  on th e  q u an tity  

, _  Sq dap _  dRp 
4 dVc dTc ’

Avhich also depends on th e  com peting  a lbedo  and  
longw ave effects. For rad ia tiv e ly  black clouds, 
dRp/dTc =  0 an d  ^  <  0. For nonblack clouds, 
dRp/dTc < 0  and  (f> m ay  be positive or negative . 
T h u s, for th e  case of dTc/dT^ > 0, low an d  m iddle 
clouds m ake a  negative  co n trib u tio n  to  th e  cloud op
tical d ep th  feedback f o o t  S'^d high clouds can  m ake 
e ith e r a  positive  or n ega tive  co n trib u tio n , w hile th e  
sign of these co n trib u tio n s  reverses for dTc/dT^ < 0 . 
Tw o R C M  stud ies, each w ith  a  single cloud layer, 
found th a t  f o o  w as nega tive  w ith  values o f -0 .4 2 7  
and  of -1 .0 5  to  -1 .3 2 . A n o th er s tu d y  found th a t  
foD  w as essen tially  zero for doubled C O 2 , b u t was 
negative for a  2% so lar c o n s tan t increase. T h is  la t 
te r  s tudy , as for th e  cloud cover feedback, show ed 
th a t  th e  cloud o p tica l d ep th  feedback depends on 
th e  vertica l in teg ra l of <f>dTcldT  ̂ th ro u g h o u t th e  a t 
m osphere.

F inally , th e  feedback due to  changes in th e  ex
te n t of ice depends in p a r t  on

Sp d ap  da ,
4 da^ dTg

B ecause th e  am o u n t o f ice decreases as th e  surface 
te m p e ra tu re  increases, da^/dT^  < 0. C onsequently , 
because d a ^ j d a ^  >  0 , th e  ice-albedo feedback Js a  
is positive . A single R C M  study  gives values of f$A  
from  0.141 to  0.193.

B ased on th e  R C M  stu d ies  review ed in th is  sec
tio n  we can sum m arize  our know ledge of w a te r  va
por, lapse ra te , cloud a ltitu d e , cloud cover, cloud 
op tica l d ep th , and  surface albedo  feedbacks as

f w  ~  0.3 to  0.4 ,

/ b a d j  — 0.15,
/ m a l r  ~  —0.25 to  -  0.4 , 

f p c  — —0.65, 
f c A  — 0.15 to  0.30 , 

f e e  =  unknow n, 

foD  ^  0 to  — 1.32 , and  

f s A  =  0.14 to  0.19 .

H ow ever, we canno t be highly confident of these 
q u a n tita tiv e  resu lts  because RCM s are n o t m odels 
of th e  global clim ate  system  and , m ore im p o rtan tly , 
because R C M s need to  prescribe th e  behav io r of 
m uch of th a t  system . In p a r ticu la r, w a te r vapor 
feedback is p red ic ted  on th e  basis of co n stan t re la 
tive hum id ity , lapse ra te  feedback generally is p re
d icted  on th e  basis of baroclin ic or m oist ad iab a tic  
ad ju s tm en t, cloud feedbacks are p red ic ted  on the  
basis of g reatly  sim plified cloud m odels, and  su r
face albedo  is p red ic ted  on th e  basis of assum ed 
co n s tan t te m p e ra tu re  of th e  equa to rw ard  position  
of th e  ice ex ten t. How ever, th e  re la tive h um id ity  
m ay n o t be co n stan t, th e  lapse ra te  m ay differ from  
those given by baroclin ic and  m oist ad iab a tic  ad 
ju s tm e n t, th e  a ltitu d e  of clouds m ay no t conform  
to  F C A , F C P , or F C T ; th e  cloud cover and  cloud 
o p tica l d ep th  m ay vary vertically  in a  com plex m an 
ner; an d  th e  change in surface albedo depends on 
snow and  ice, w hich m ay no t have a  co n stan t de
pendence on tem p e ra tu re  for th e  equ a to rw ard  posi
tion  of th e ir  ex ten t. These changes can be p red ic ted  
credibly only by a  physically  based global m odel 
th a t  includes the  essen tial dynam ical and  th e rm o 
dynam ical processes in  ad d itio n  to  rad ia tiv e  t ra n s 
fer. N evertheless, R CM s are  extrem ely  valuable be
cause th e ir  com para tive  sim plicity  perm its  a  m ore 
com plete u n d ers tan d in g  o f th e ir  feedbacks th an  th e  
m ore com prehensive, and  therefore m ore com plex, 
G CM s.
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B .l IN T R O D U C T IO N

U  odel ca lcu la tions of th e  clim atic  im p act of th e  
increasing a tm o sp h eric  carbon  dioxide (C O 2 ) con
cen tra tio n  consisten tly  suggest th a t  a  doub ling  of 
th e  C O 2  co n cen tra tio n  w ould lead to  a  w arm ing  
of global average surface air tem p e ra tu re s  by as 
m uch as several degrees C elsius (N ationa l R esearch 
C ouncil [NRC] 1979, 1982, 1983; also see C h ap te r 
4). N evertheless, a  con troversy  arose in 1979 when 
Newell and  D opplick (1979) concluded th a t  c lim ate  
m odels were o v erestim a tin g  th e  sen sitiv ity  o f the  
c lim ate  to  a  doubled  C O 2  concen tra tion . T h is po 
sition  has also been expressed by S. B. Idso in a  
series of a rtic les  (sum m arized  below ). These a r t i 
cles p ro m p ted  a  series of replies from  several au 
th o rs  and  coun ter-responses by Idso, p rim arily , and  
by Newell and  D opplick.

In th is  ap p en d ix , th is  con troversy  a b o u t th e  ef
fect of C O 2  on c lim ate  is reviewed. B ecause the  
surface energy balance approach  to  e s tim atin g  cli
m ate  sensitiv ity  has been th e  source of m uch of th e  
controversy , a  review  of th is  app roach  is p resen ted . 
It is shown th a t  p rio r app lica tions of th is  app ro ach  
v io la te  th e  law  of conservation  of energy (th e  first 
law of th erm o d y n am ics); therefore , these re su lts  are 
incorrect.

Em pirical d a ta  ind icating  the  re la tio n sh ip  be
tw een a tm ospheric  em ittan ce  and  surface vapor 
pressure and  surface a ir te m p e ra tu re  are show n to  
be consisten t w ith  clim ate  m odel ca lcu la tions. C on
sequently , it is n o t th e  experim en tal d a ta  th a t  are 
th e  basis of th e  controversy , b u t ra th e r  th e  analysis 
and  in te rp re ta tio n  of these d a ta .

B.2 C H R O N O L O G Y  O F T H E  C A R B O N  
D IO X ID E -C L IM A T E  C O N T R O V E R S Y

As has already  been m entioned , a con troversy  arose 
in 1979 w hen Newell and  D opplick (1979) con
cluded, based on a  surface energy balance analysis, 
th a t  c lim ate  m odels w ere o verestim ating  th e  sensi
tiv ity  of th e  c lim ate  to  a  doubled C O 2  co n cen tra 
tion . An exchange of com m ents (W a tts  1980, 1982; 
Newell and  D opplick 1981) and  artic les by K andel 
(1981) and  C ran e  (1981) have m ade it  clear th a t  
Newell and  D opplick neglected  th e  consequences of 
sm all energy differences and  d id  n o t ca rry  th e ir  cal
cu lation  th ro u g h  to  achieve convergence to  a  new

equilib rium . W hen th is  fu rth e r ca lcu la tion  was 
done, th e  increase in trop ica l sea surface tem p er
a tu re  w as 1.08°C (W atts  1982) in stead  of 0.03°C , 
as orig inally  ca lcu la ted  by Newell and  D opplick. It 
was also show n th a t  th e  reduced sensitiv ity  th a t  
Newell and  D opplick (1981) derived for tro p ica l land  
and  sea com bined (A T  < 0.25°C ) app lied  only to  
tro p ica l oceans, n o t to  th e  en tire  p lan e t, as was im 
plied in th e  a b s tra c t  of th e ir  a rtic le . H ow ever, these 
follow-up analyses have show n th a t  m odel re su lts  in 
tro p ica l regions are  q u ite  sensitive to  th e  various as
sum ptions th a t  have been used in m odel represen
ta tio n s  of th e  convection and  b o u n d ary  layer p ro 
cesses (K andel 1981; Lindzen et al. 1982). Newell 
and  D opplick (1981) also po in ted  o u t th a t  observa
tions ind ica te  th a t  tro p ica l te m p e ra tu re s  have ap 
p aren tly  been very stab le , even du ring  periods of ex
trem e g lac ia tio n — a  resu lt in ap p a ren t conflict w ith  
som e m odel resu lts  and  an  issue being investigated  
by a  num ber of research groups.

T he controversy  w as fu rth e r fueled by Idso 
(1980a), w ho also claim ed th a t  th e  C O 2  c lim ate 
response w ould be sm all, based on his analysis of 
d a ta  from  th ree  series of observations. L e tte rs  to  
Science  by Schneider e t al. (1980) an d  by Leovy 
(1980) a tte m p te d  a  technical re b u tta l of Idso’s a r 
ticle (1980a), and  th e  response from  Idso (1980b) 
a tte m p te d  to  fu rth e r d iscred it th e  th eo re tica l s tu d 
ies. O th e r responses to  Idso’s a rtic le  ap p eared  in 
papers by K andel (1981), C rane (1981), H ansen et 
al. (1981), and  R am an a th a n  (1981).

L ette rs  by Idso ap p eared  in E nvi ronm enta l  Sc i 
ence and Technology  (Idso 1980c), Journal  o f  the 
A ir  Pollution Control  Association  (Idso 1980d), and  
Weatherwise  (Idso 1981a). A response by M ac- 
C racken (1981) to  th e  la s t of these le tte rs  suggested 
a  nu m b er of a lte rn a tiv e  experim en ts th a t ,  w hen in
te rp re ted  in te rm s of Idso’s analysis techn ique , gave 
resu lts  q u ite  d ifferent from  Idso’s. F u rth e r a lte rn a 
tive  experim en ts  were proposed  in o th e r re b u tta ls  to  
Idso’s analysis, including  th a t  from  th e  N R C  (1982).

R am an a th a n  (1981) s tud ied  th e  final equilib
rium  th a t  w ould arise  from  th e  oversim plified s it
u a tio n  posed by Newell and  D opplick (1979). Ra- 
m a n a th a n ’s resu lts  using a  one-dim ensional m odel 
in d ica ted  th a t  Newell and  D opplick’s resu lts  were 
u n d ers tan d ab le  in te rm s of th e ir  assum ptions, and  
th a t  if these were m ade less re s tr ic tiv e , th e  sensi
tiv ity  to  C O 2  rem ained  as suggested by th e  NRC
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(1979). R a m a n a th a n ’s one-dim ensional m odel fo
cused on global average cond itions, how ever, and  so 
did  no t consider surface tem p e ra tu re s  in th e  range 
considered by Newell and D opplick (1979), a  fac to r 
critica l to  th e ir  a rg u m en t concerning te m p e ra tu re  
changes in th e  trop ics.

Idso’s orig inal a rtic le  (1980a) was b rief an d  did 
no t include a  d e ta iled  descrip tion  of th e  d a ta  a n a l
ysis app ro ach  used to  de term ine  th e  c lim a te ’s sen
sitiv ity . His analysis app roach  w as la te r  described 
in jo u rn a l a rtic le s  and  conference proceedings (Idso 
1981b, 1981c, 1981d, 1981e, 1982a). In ad d itio n  to  
his th ree  ana lyses of em pirical d a ta , Idso (198Id , 
1982a) p resen ted  a  fo u rth  a rg u m en t th a t  ap p eared  
to  co n trad ic t m odel resu lts. T his fo u rth  a rg u m en t 
w as a  th eo re tica l assessm ent th a t  involved c o n tra s t
ing th e  p resen t c lim ate  w ith  th e  h y p o th e tica l case 
of the  E a r th  w ith o u t an  atm osphere .

As p a r t  of its  congressionally  m an d a ted  review 
of the  n a tio n a l C O 2  p rog ram , th e  C lim ate  R esearch 
C om m ittee  of th e  N ational R esearch Council u n d er
took a  review of all of these a rg u m en ts  and  coun
te ra rg u m en ts . P ub lished  in 1982 (N R C  1982), the  
rep o rt devo ted  considerable a tte n tio n  to  th e  pap ers 
of Idso and  Newell an d  D opplick. A lthough  th e  C li
m ate  R esearch C om m ittee  encouraged use of em pir
ical app roaches, th ey  found th a t  th e  techn iques used 
by bo th  Idso an d  Newell and  D opplick ignored m any 
im p o rta n t in te rac tio n s  of th e  clim ate  system . T he 
N R C  a rg u m en ts  w ere based on b o th  techn ical rea
sons an d  re fu ta tio n  by coun terexam ple . Idso’s re
sponse ap p eared  in Carbon Dioxide,  Fr iend or Foe?,  
a book he pub lished  in 1982 (Idso 1982b).

Idso p u t fo r th  th e  co n ten tio n  th a t  th e  clim ate  
m odel p ro jec tions were no t consisten t w ith  th e  
h isto rical te m p e ra tu re  record  (Idso 1982b, 1983a, 
1983b). O bserva tional d a ta  ind ica te  th a t  th e  cli
m ate  of th e  N o rth e rn  H em isphere has cooled since 
1945, and  he suggested  th a t  during  th is  tim e C O 2  

co n cen tra tio n s  have been undergoing  a  “rap id  in
crease.” He p o s tu la ted  th a t  th e  decrease in tem 
p era tu re  w as ac tu a lly  th e  re su lt of th e  increasing 
C O 2  co n cen tra tio n , in d ica tin g  th a t  he now expects 
increased C O 2  co n cen tra tio n s  will lead to  a  cooling 
ra th e r  th an  a  w arm ing . T h is idea was am plified 
fu rth e r in ad d itio n a l a rtic les (Idso 1983b, 1984a, 
1984b), in w hich th e  claim  w as m ade th a t  C O 2  op
era tes as an  “inverse greenhouse gas.”

Cess and  P o tte r  (1984) carefully reb u tte d  these 
a rg u m en ts, show ing th a t  the  clim ate  changes from . 
1945 to  th e  p resen t m ust have been dom inated  b y ' 
c lim ate  v ariab ility  due to  causes o th e r th an  C O 2  

an d  can n o t be a ttr ib u te d  to  an th ropogen ic  0 0 2 - 
Idso’s basis for th e  arg u m en t th a t  C O 2  could oper
a te  as an  inverse greenhouse gas is th a t  a t  low la ti
tudes a  doubling  of th e  C O 2  co n cen tra tio n  (w ith no 
change in a ir  tem p e ra tu re ) w ould cause a  decrease 
in th e  n e t so lar flux a t  the  E a r th ’s surface th a t  is 
g rea te r th a n  th e  increase in th e  dow nw ard  longwave 
flux. T h is ana lysis app roach  ignores th e  increased 
hea ting  th a t  w ould  occur in th e  a tm o sp h ere  as a  re
su lt of th e  doubling  of th e  C O 2  concen tra tion . As 
po in ted  o u t by Cess and  P o tte r  (1984) and  o thers , 
the  surface te m p e ra tu re  response depends on th e  
net forcing of th e  su rface-troposphere system , n o t 
ju s t th e  forcing a t  th e  E a r th ’s surface.

Cess and  P o tte r  (1984) presen ted  a  critica l 
eva lua tion  of th e  approaches used by Newell and  
Dopplick (1979), Idso (1980a), and  o th ers  who have 
carried  o u t surface energy balance analyses th a t  
have in d ica ted  th a t  increased C O 2  levels will pro
duce negligible w arm ing of th e  E a r th ’s surface. Cess 
and  P o tte r  found th a t  these analyses w ere founded 
on various v io la tions of the  first law  of th erm o d y 
nam ics; consequently , they  did  no t conserve energy.

W ebster (1984) eva lua ted  th e  re la tiv e  m erits of 
the  a rg u m en ts  p u t fo rth  by Idso (1982b) and  th e  
NRC (1982). T hese tw o  p ub lica tions w ere selected 
because they  reflect th e  d iam etrica lly  opposed argu
m en ts on b o th  sides of th e  C 0 2 -cIim ate controversy. 
W ebster concluded th a t  b o th  em pirical and  num er
ical m odeling s tu d ies  possess w eaknesses and  b o th  
show  a  ce rta in  u tility .

M uch of th e  C 0 2 -cIim ate controversy  centers 
a round  th e  surface energy balance approach  used 
to  e s tim a te  c lim ate  sensitiv ity . In th e  following sec
tions th e  surface energy balance approaches used by 
Newell and  D opplick an d  by Idso are  sum m arized , 
and  i t  is show n th a t ,  w ith  careful consideration  of 
assu m p tio n s, th e ir  resu lts  can be reconciled w ith  
those from  th e  de ta iled  c lim ate  m odels being used 
to  s tu d y  th e  C O 2  issue.
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B.3 T H E  SU R FA C E  E N E R G Y  BA LA N C E

^The surface energy balance m ay be expressed on a 
global an n u a l average as

Q = F + L H + S H (B .l)

w here F  is th e  n e t u p w ard  longw ave flux, L H  is 
th e  u pw ard  la te n t h ea t flux, S H  \s th e  upw ard  sen
sible h ea t flux, an d  Q  is th e  net dow nw ard  solar 
flux, all of w hich a re  eva lua ted  a t  th e  E a r th ’s su r
face. Now consider th e  case in w hich th e  surface 
energy balance is p e r tu rb e d  by an  energy flux G.  
A t equ ilib rium , th e  changes in th e  com ponents of 
th e  surface energy balance sum  to  G:

A F  + A L H  + A S H  -  A Q (B .2)

We nex t define a  surface response function . A, re
la tin g  th e  change in surface te m p e ra tu re , AT<j, to  
th e  surface flux p e r tu rb a tio n  such th a t

AT„ =  AG (B.3)

From  E q u atio n  (B .2) it  read ily  follows th a t  for rel
a tively  sm all changes in surface tem p e ra tu re .

1
A

d F
dT„ +

d { L H )  d { S H )
dT^ dT^ dTa

(B .4)

T he surface te m p e ra tu re  is em ployed in th is  fo rm u
la tio n  to  be consisten t w ith  th e  procedure of Newell 
and  Dopplick (1979). T he fo rm ula tion  could also 
be expressed in te rm s of changes in surface a ir  tem 
p e ra tu re  as Idso has done. T h is  difference has no 
significant effect on th e  re su lts  of th e  calcu lation .

O ne m eth o d  for ev a lu a tin g  th e  response func
tion  is to  use E q u a tio n  (B .3), w hich requires know l
edge of b o th  th e  in itia l forcing (i.e., assum ing all 
o th er p a ram ete rs  a re  fixed so th a t  th e re  is n o t a 
c lim atic  response) and  th e  final change in tem p e r
a tu re  a fte r a  new equ ilib rium  has been estab lished . 
In concept, th is  could be done em pirically . For ex
am ple, th e  p a s t c lim atic  record  m igh t be exam ined 
for s itu a tio n s  in w hich a  fac to r such as so lar ra d ia 
tion  has changed and  a  new equ ilib rium  clim ate  has 
been estab lished .

T he response func tion  m ay a lte rn a tiv e ly  be 
evalua ted  by using E q u a tio n  (B .4), in w hich each of 
th e  te rm s is de term ined  from  changes in th e  c lim ate

system  afte r th a t  p a r tic u la r  forcing has been ap 
plied. E q u atio n s (B.2) and  (B.4) are sim ply s ta te 
m en ts of conservation  of energy (the  first law of 
therm odynam ics). If any te rm s in E quation  (B.4) 
are neglected in eva lua ting  A, th en  the  analysis 
w ould v io la te  th e  fu n d am en ta l conservation of en
ergy requ irem ent.

B.4 N E W E L L  AND D O P P L IC K ’S SU R FA C E 
E N E R G Y  B A LA N C E ANALYSIS

For an  increase in a tm ospheric  C O 2 , G denotes th e  
increase in dow nw ard  surface rad ia tio n  w ith o u t a l
lowing th e  surface and  a tm o sp h ere  to  respond to  
th e  p e r tu rb a tio n . Newell and  Dopplick (1979) cal
cu la ted  values of G in th e  range of 0.8 to  1.5 W m “  ̂
for a  doubling  of th e  C O 2  concen tra tion , w ith  th e  
sm allest values occurring  a t  low la titu d es. In cal
cu la ting  G , they  included b o th  the  decrease in net 
so lar flux a t  the  surface and  th e  increase in dow n
w ard  longw ave flux. O th e r m odel ca lcu lations in 
which global m ean conditions a re  used generally fall 
w ith in  th is  range of values (H ansen e t al. 1981; R a
m a n a th a n  1981).

Newell and  D opplick (1979) also inco rpora ted  
p o ten tia l changes in L H  and  S H  'm th e ir assess
m en t, b u t these q u an titie s  were evaluated  by assum 
ing th a t  th e  a tm ospheric  tem p e ra tu re  and  th e  w a te r 
vapor co n cen tra tio n  w ere co n stan t. These eissump- 
tions have th e  effect of replacing th e  to ta l deriva
tives of L H  and  S H  in E q u a tio n  (B .4) w ith  p a r
tia l deriva tives (R am an a th an  1981; Cess and  P o tte r  
1984). In ca lcu la ting  th e ir surface response func
tio n , AjvDi Newell and  D opplick also assum ed th a t  
Q  d id  n o t change as th e  clim ate  system  responded  
to  th e  in itia l p e r tu rb a tio n , so th a t  E quation  (B .4) 
becam e

1 d F  d { L H )  d { S H )  
d T ^ ^  d T ,  ^  d T ,

(B.5)

Cess and  P o tte r  have calcu lated  values for th e  
p a r tia l deriva tives in E q u a tio n  (B.5) and  th e  to ta l  
deriva tives in E q u atio n  (B .4) as a  m eans of evalu
a tin g  th e  effect of Newell and  D opplick’s assum p
tions on th e  e s tim a te  of AT^ for a  doubling of C O 2  

co n cen tra tio n . Using E q u atio n  (B .5) to  ev a lu a te  
A nd 5 Cess and  P o tte r  ca lcu la ted  a  value for AT a  
of 0 .02°C , w hich agrees very well w ith  th e  value of 
0.03°C ca lcu la ted  by Newell and  Dopplick (1979).
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H ow ever, when th e  com plete E quation  (B.4) was 
used, Cess an d  P o tte r  ob ta ined  a  value of 1.87°C 
for A T ,.

T he use of E q u a tio n  (B .5) in stead  of E quation  
(B .4) resu lts  in a  v io lation  of th e  first law of th e r
m odynam ics because energy is no t conserved. Ac
cording to  E q u atio n  (B .5), energy is added  to  the  
a tm osphere , b u t a tm ospheric  tem p era tu res  are no t 
allow ed to  change. A dditionally , as surface tem p er
a tu re  increases, th e  ra te  of evaporation  increases, 
b u t th e  am o u n t of w a te r vapor in th e  a tm osphere  
is no t allow ed to  increase. T his exam ple illu s tra te s  
th e  im p o rtan ce  of p roperly  tre a tin g  th e  a tm ospheric  
energy balance, even w hen th e  equations are for
m u la ted  based on a  surface energy balance and  do 
no t d irectly  include all of th e  elem ents of th e  a tm o 
spheric energy balance.

B.5 ID SO ’S SU R FA C E  E N E R G Y  
B A LA N C E ANALYSIS

A surface energy balance approach  w as used in 
o th er stud ies to  e s tim ate  th e  c lim a te ’s sensitiv ity  
to  changes in rad ia tiv e  forcing (Idso 198Id , 1982a). 
Surface a ir  te m p e ra tu re  ra th e r  th a n  surface tem p er
a tu re  w as used in these analyses, b u t th is  in itse lf 
had  no significant effect on th e  resu lts  o th er th an  to  
change th e  defin ition  of in th e  above equations 
to  ind icate  surface a ir  tem p era tu re . However, the  
choice of o th e r variab les did  have a  significant effect.

T he stud ies included analyses of tem p e ra tu re  
changes arising  from  changes in a tm ospheric  d u st, 
a tm ospheric  w a te r vapor, and  the  seasonal solar cy
cle (Idso 1981d, 1981e, 1982a). In th e  first study , 
th e  occurrence and  persistence of tem p e ra tu re  in
versions in sum m er and  w in ter over the  m etro p o li
ta n  Phoenix  a rea  were investigated . T he difference 
in a ir te m p e ra tu re  betw een the  level of the  city 
and  th e  top  of a  nearby  450-m eter-high m o u n ta in  
was m easured. In th e  second study , daily  m axi
m um  and  m in im um  a ir tem p era tu res  and  concur
re n t w a te r vapor pressures were ex trac ted  from  the  
records of th e  N atio n al W eather Service Forecast 
Office in P hoenix  for all cloudless days du ring  th e  
period  from  Ju n e  10 to  Ju ly  25 over th e  p a s t 30 
years. T he las t s tu d y  considered th e  tem p e ra tu re  
change resu lting  from  th e  seasonal varia tion  of solar 
rad ia tio n  received a t  th e  E a r th ’s surface a t  various 
locations in th e  U nited  S ta tes . M onth ly  m ean d a ta

for surface air te m p e ra tu re  and  solar rad ia tio n  inci
den t a t  the  E a r th ’s surface from  105 s ta tio n s  were 
used in th e  analysis.

All of these em pirical evaluations em ployed 
nonequilibrium  observations. For exam ple, th e  sea
sonal tem p e ra tu re  response is delayed by th e  large 
hea t capacity  of th e  ocean. Because E quations 
(B.3) and  (B.4) apply  only to  equilib rium  condi
tions, it is no t ap p ro p ria te  to  use these equations 
w ith  d a ta  from  nonequ ilib rium  s itu a tio n s  to  d e te r
m ine clim ate sensitiv ity . T hese equations were used 
nonetheless.

A m ong these th ree  em pirical stud ies, th e  case 
of th e  seasonal solar cycle is the  only one for w hich 
it is possible to  com pare m odel sim u la tions w ith  
em pirical d a ta . F rom  th e  em pirical d a ta  th a t  were 
available for locations in th e  in terio r of th e  U nited  
S ta tes , Idso (1980a, 198 Id ) determ ined  th e  average 
sensitiv ity  of surface a ir tem p e ra tu re  to  changes in 
rad ia tiv e  flux a t  the  surface. A/, to  be

X i  —
A T g

A Q
0.175°C  (W  m "^)2 \ - l (B .6 )

T he value over th e  oceans was es tim ated  to  be re
duced by a  fac to r of 2  or m ore.

H ansen e t al. (1981) used a  th ree-dim ensional 
general c ircu la tion  m odel to  calcu late  th e  range of 
surface a ir te m p e ra tu re  resu lting  from  th e  seasonal 
varia tion  of inso lation . T h eir m odel resu lts  ranged 
from  0.2°C  (W  m “ ^)“  ̂ in m idcon tinen t to  ab o u t 
O.UC (W  m"^^)~^ on th e  coast, w hich is in good 
agreem ent w ith  th e  em pirical resu lts. A sim ilar cal
cu lation  for the  m id co n tin en ta l U nited  S ta tes  us
ing th e  G eophysical F lu id  D ynam ics L aborato ry  
(G FD L ) general c ircu la tion  m odel (M anabe and  
Stouffer 1980; Cess and  P o tte r  1984) is also in good 
ag reem ent w ith  th e  em pirical resu lts, giving a  value 
of 0.15°C (W  m '^ )~ ^ . C onsequently , th e  em pirical 
resu lts  ac tua lly  confirm  th e  seasonal response of the  
m odels.

T he d isagreem ent betw een Idso and  th e  m od
eling resu lts  th a t  he criticizes arises when th e  re
su lts  from  th is  stu d y  of even ts occurring under 
nonequilibrium  conditions are used to  e s tim ate  the  
equilibrium  change in global m ean surface a ir  tem 
p e ra tu re  for a  doubling  of th e  C O 2  concen tra tion . 
Idso (1981d) e s tim ated  th a t  th e  increase in surface 
a ir tem p e ra tu re  caused by a  doubling of th e  C O 2  

co n cen tra tio n  w ould be no g rea te r th a n  0.31°C
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w hereas th e  equ ilib rium  m odel ca lcu la tions give val
ues from  a b o u t 2°C (M anabe and  Stouffer 1980) to  
ab o u t 4°C  (H ansen  e t al. 1981).

B . 6  T H E  H Y P O T H E T IC A L  C A SE O F T H E  
E A R T H  W IT H O U T  AN A T M O S P H E R E

T he h y p o th e tica l case of th e  E a r th  w ith o u t an  a t 
m osphere is o ften  used to  es tim ate  th e  m ag n itu d e  of 
th e  greenhouse effect of th e  a tm osphere . T he calcu
la ted  change in surface tem p e ra tu re  in going from  
an  airfree E a r th  to  p resen t conditions is used to  es
t im a te  th e  c lim atic  effect o f th e  rad ia tiv e ly  active 
gases p resen t in th e  atm osphere .

By assum ing  th a t  th e  sam e am o u n t of so lar en
ergy is abso rbed  by th e  airfree E a r th  as by th e  
p resen t a tm o sp h ere  (i.e., no change in p lan e ta ry  
albedo , a lth o u g h  w ith o u t an  a tm o sp h re  th ere  would 
be no highly reflective clouds), a  new equilibrium  
tem p e ra tu re  can be ca lcu la ted . T h is tem p e ra tu re  
is th a t  w hich w ould have to  ex ist everyw here on 
th e  E a r th  to  m ake th e  th e rm a l em ission from  the  
surface equal to  the  so lar rad ia tio n  abso rbed  glob
ally. M aking  th is  ca lcu la tion  for an  airfree E a r th , 
th e  equ ilib rium  surface te m p e ra tu re  is ca lcu la ted  to  
be 254.4 K (Idso 1982a) com pared  w ith  th e  cu r
ren t g lobal m ean  surface a ir te m p e ra tu re  of ab o u t 
288 K. C onsequently , th e  E a r th  w ould be 33.6°C 
colder th a n  p resen t if th e  a tm o sp h ere  w ere rem oved.

T he re su lts  of th is  ca lcu la tion  w ere used to  es
tim a te  th e  value of th e  surface response function , 
A/. Idso (1982a) ca lcu la ted  an  average value of 348 
W m “  ̂ for th e  dow nw ard longw ave rad ia tiv e  flux 
received a t  th e  surface under p resen t cond itions, a 
value th a t  is reasonable. It was assum ed th a t  the  
increase in dow nw ard  longw ave flux from  0 to  348 
W m “  ̂ co n s titu te d  th e  forcing G,  so th e  response 
function  w as d eterm ined  to  be A/ =  33 .6 /348  =  
0.097°C  (W  m ~ ^ )“ ^. T his value for A/, incidentally , 
is a b o u t h a lf th a t  o b ta in ed  from  th e  th ree  em pirical 
stud ies (Idso 1981d) discussed in Section B.5.

T his th eo re tica l value of A/ is in e rro r because 
of m istakes m ad e  in ca lcu la ting  th e  in itia l forcing 
G.  As p o in ted  o u t by R am anathan ,*  in stead  of us
ing th e  in itia l change in longw ave ra d ia tiv e  flux th a t  
w ould be p re sen t w ith  an  a tm o sp h ere  above a  su r
face a t  254.4 K , Idso (1982a) used th e  value o f th e

V. R a m a n a th a n , p e rsonal com m unication , 1982.

flux th a t  resu lts  w hen th e  new equilibrium  tem p er
a tu re  of 288 K has been reached. T h u s, the  change 
o f 348 W m “  ̂ in dow nw ard longw ave flux th a t  Idso 
used included b o th  th e  effect of th e  in itia l forcing 
when th e  atm osphere  w as first in tro d u ced  and  th e  
effect of changes in a tm ospheric  tem p e ra tu re  and  
w a te r vapor am o u n t resu lting  from  th is  forcing; th a t  
is, th e  348 W m “  ̂ is th e  sum  of th e  forcing and  th e  
response.

T he difficulty w ith  ca lcu la ting  th e  rad ia tiv e  
forcing when th e  a tm osphere  is in troduced  w ith  
Ta =  254.4 K is th a t  m any a tm ospheric  conditions 
have to  be assum ed. T he value calcu lated  for th e  
in itia l forcing depends critica lly  on th e  tem p era 
tu re  profile, w a te r vapor profile, an d  cloud am o u n t. 
T hese q u an titie s  a re  d eterm ined  by th e  fluxes of sen
sible and  la te n t h ea t from  th e  E a r th ’s surface an d  by 
dynam ical and  convective processes, none of w hich 
is know n for such an  in itia l s ta te . R am anathan*  as
sum ed th a t  th e  am o u n t of cloudiness and  th e  rel
a tiv e  h u m id ity  profile w ere th e  sam e as p resen t- 
day  values and  ca lcu la ted  th e  te m p e ra tu re  profile 
assum ing rad ia tive-convective  equ ilib rium  (i.e., no 
n e t flux divergence of th e  sum  of rad ia tiv e  and  con
vective h ea t fluxes in th e  a tm o sp h ere ). W ith  these 
assu m p tio n s, R am an a th a n  ca lcu la ted  a  dow nw ard 
longw ave flux a t  the  surface of 165 W m “  ̂ as th e  
in itia l longw ave forcing for a  surface tem p e ra tu re  of 
254 K. T he so lar and  longw ave flux com ponen ts are  
d iag ram m ed  in F igure B .l .

(A) No (B) With (C) With 
atmosphor* atmcsphara atmotphara 

(initial forcing) (at aquilibrium)

Top of 
atmosphara

234 234 234

1 } 1
162 234 234

_ L  J _ _ L
234 234 0 184 43 234166 167 91 410334

264K T, = 254 K T, -  290 K

F ig u r e  B . l .  In itia l forcing and  u ltim a te  equilibrium  w arm ing 
of th e  surface from  th e  rad ia tiv e  p ro p erties  of th e  a tm osphere  as 
calcu la ted  by R am an a th an  (p riv a te  com m unication , 1982). Net 
so lar flux (dow nw ard m inus upw ard) com ponen ts are  ind ica ted  by 
s tra ig h t lines, longw ave flux com ponents a re  ind ica ted  by wavy 
lines, an d  th e  convectiveflux  of la te n t an d  sensible h eat is ind ica ted  
by a  d ashed  line. All flux q u a n titie s  are  in W m ~ ^. In all th ree  
cases, th e  p lan e ta ry  a lbedo  was held fixed a t  0.30. C ases (B) and  
(C) include th e  rad ia tiv e  eS'ects o f H 2 O, C O 2 , CH 4 , N 2 O, and 
clouds.
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T he change in th e  n e t so lar flux a t  th e  surface 
should be included  in eva lua ting  th e  rad ia tiv e  forc
ing te rm , G,  b u t it w as neglected  in th e  analysis 
of Idso (1982a). W ith  th e  assu m p tio n  of a  surface 
a lbedo  of 0.30 w ith o u t an  a tm o sp h ere  (in co n tra s t 
to  th e  p resen t surface value of a b o u t 0 .13), th e  net 
so lar flux a t  th e  E a r th ’s surface w ith o u t an  a tm o 
sphere w as 234 W  m~^ (see F igu re  B .l ) .  W hen 
th e  a tm o sp h ere  w as in itia lly  in tro d u ced , th e  n e t so
la r flux a t  th e  surface w as reduced  to  184 W m “ ^. 
T hus, th e  n e t so lar flux w as reduced  by 50 W m “ ^, 
w hich, w hen com bined  w ith  th e  longw ave forcing of 
165 W m “ ^, leaves an  in itia l ra d ia tiv e  forcing of 115 
W m -2 .

T he in tro d u c tio n  of th e  a tm o sp h ere  also causes 
changes in th e  surface fluxes of la te n t  h ea t { L H )  
and  sensible h ea t ( S H ) .  R am an a th an ^  e s tim ated  
S H  + L H  to  be 43 W  m “  ̂ w hen th e  a tm osphere  
is first in tro d u ced . W hen these co n trib u tio n s  are 
considered, th e  value of G  becom es only 72 W m ”  ̂
ra th e r  th a n  th e  value of 348 W used by Idso 
(1982a). Using R a m a n a th a n ’s re su lts , th e  response 
function  w ould th en  be A =  0.50°C  (W  m ~ ^)“ ^, 
w hich is la rger th a n  Idso’s value by a b o u t a  fac to r 
of 5.

A lthough  R a m a n a th a n ’s ap p ro ach  to  e s tim atin g  
th e  value of A is an  im provem en t over Idso’s, i t  still 
has m ajo r shortcom ings th a t  m ake it  an  unreliab le 
m ethod  for e s tim a tin g  c lim ate  sensitiv ity . Because 
i t  is a  h y p o th e tica l ex p erim en t, m any  assum ptions 
m ust be m ade. T hus, th e  value for A th a t  w as d e te r
m ined for th is  case applies to  ju s t  one set of assum p
tions, and  a  w ide range of re su lts  could be ob ta ined  
by vary ing  these assu m p tio n s. A n o th er prob lem  is 
th a t  non linear processes a re  n o t tak en  in to  accoun t 
in th e  analysis. T h e  tw o equ ilib rium  s ta te s  differ by 
a  large am o u n t, and  AT<, is a b o u t an  order of m ag
n itu d e  g rea te r th a n  th a t  expected  for a  doubling  of 
C O j- B ecause th is  value of A rep resen ts  th e  average 
c lim ate  sensitiv ity  over th e  range of A T„, it m ay 
no t be rep resen ta tiv e  of th e  value a t  th e  w arm er 
end. T h is  is a  p a r tic u la r  concern because nonlin
ea r processes cause th e  c lim ate  sensitiv ity  to  vary 
as surface te m p e ra tu re  changes.

* Ibid.

B.7 L IN E A R  VERSU S N O N LIN EA R  
C L IM A T E  R E SP O N SE

T he claim  has been m ade (Idso 1982b) th a t  a  linear 
c lim ate  response is m ore a<:curate th a n  th e  nonlin
ea r responses o b ta in ed  from  clim ate  m odels. T he 
issue of linear versus non linear c lim ate  response is 
a  m ajo r p o in t o f d ep a rtu re  betw een Idso and  th e  
c lim ate  m odelers. B o th  sides of th is  issue are  sum 
m arized  below , and  an  a tte m p t is m ade to  resolve 
th is  issue by com paring  th e  tw o  approaches w ith  
o b servationa l d a ta .

F igure B.2 shows th ree  d ifferent types of su r
face te m p e ra tu re  v aria tions, s ta r t in g  w ith  th e  E a r th  
w ith o u t an  a tm o sp h ere  and  progressing to  p resen t 
conditions. T h e  abscissa is a tm ospheric  em ittan ce , 
e, w hich is defined as th e  ra tio  o f th e  dow nw ard 
longw ave flux a t  th e  E a r th ’s surface, F |(0 ) ,  to  th e  
flux em itte d  by a  black body a t  th e  surface a ir  tem 
p era tu re :

,  _
e T i

( B . 7 )

W ith o u t an  a tm o sp h ere , th e  a tm ospheric  em ittan ce  
is zero. As th e  co n cen tra tio n s of rad ia tive ly  ac
tive gases in th e  a tm o sp h ere  a re  increased, th e  a t 
m ospheric em ittan ce  increeises, reaching a  value of 
a b o u t 0.89 for p resen t g lobal-m ean conditions (Idso 
1982a). O th e r a u th o rs  give som ew hat lower values 
for th e  a tm o sp h eric  em ittan ce; see Table B .l .

A ccording to  Idso (1982b), curve C in F igure
B.2 is th e  ty p e  o f curve suggested  by th e  m ajo rity  
of th e  C 0 2 -c lim ate  m odels, curve B  is th e  ty p e  o f re
sponse im plied  by his th eo re tica l analysis (assum ed 
to  be  lin ear), an d  curve A  d ep ic ts  an  extrem e case of 
li tt le  change in surface te m p e ra tu re  for lim ited  de
v ia tio n s  in  a tm o sp h eric  em ittan ce  from  presen t con
d itions. T hese curves rep resen t equilib rium  s ta te s  
for a  given a tm o sp h eric  em ittan ce , and  they  are  re
ferred to  here as c lim ate  response curves.

T h e  c lim ate  sensitiv ity  a t  any  given tem p era 
tu re  is in d ica ted  by th e  slope o f th e  response curve. 
T he non linear n a tu re  of th e  c lim ate  response is 
ind icated  by com paring  th e  slope of th e  curve a t  
th e  p resen t a tm o sp h eric  em itta n ce  w ith  th e  aver
age slope betw een zero em itta n ce  and  p resen t con
d itions. Idso assum es a  linear response (i.e., con
s ta n t  slope), so th e  slope o f cu rve B  in  F igure B.2 
is

AT„ 33.6 ^
de A t 0.89
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#

Table B . l
C om parison of th e  Sensitiv ity  of A tm ospheric  E m ittan ce , c, D ow nw ard Longw ave F lux  a t  th e  E a r th ’s Surface, F |( 0 ) ,  

an d  N et U pw ard Longwave F lux  a t th e  E a r th ’s Surface, F (0 ) , to  C hanges in Surface A ir T em p era tu re , Ta,.

Source
Ta
(K)

Surface
R ela tive

H um idity
c

dTa
de

(” C)

dFi(O) dF (0 ) 
dTa dTa 

(W m-® ° C - ‘ ) (W  m -® “ C -* )

M anabe  and  W ethera ld  
(1967) M odel 
(C o n stan t R ela tive  
H um idity)

288.4 0.77 0.783 180 6.4 - 1 .0

M anabe  and  W ethera ld  
(1975) M odel 
(Hydrologic Cycle 
Included)

294.0 0 .7-0 .8 0.850 240 6.8 - 1 .0

R am an a th an  
(1981) M odel 
(C o n stan t R ela tive  
H um idity)

290.1 0.8 0.832 210 6.5 - 1 .9

H ansen et al.
(1981) M odel 
(C o n stan t R ela tive  
H um idity)

287.5 0.75 0.852 180 5.7 - 0 .3

Em pirical
R esults
(C o n stan t R elative  
H um idity)

288.0 0.77 0.894 220 6.6 - 1 .2

E m pirical
R esults
(C o n stan t A bso lu te  
H um idity)

288.0 0.77 0.894 -6 2 0 4.2 1.2

Idso’s T heore tical 
A nalysis
(curve B, F igu re  B.2)

288.0 0.892 38 15.2 - 9 .8

Note: T he C O 2  co n cen tra tio n  is co n stan t in all cases.

To eva lua te  th e  slope of th e  response curve for 
ty p ica l c lim ate  m odels, it is necessary to  de term ine  
how th e  dow nw ard  longw ave flux a t  th e  surface 
w ould change as a tm o sp h eric  em ittan ce  is varied. 
T he value o f dTajde will differ, depend ing  on how 
th e  c lim ate  is p e rtu rb ed . For a  p a r tic u la r  p e r tu r
b a tio n , th e re  w ould be a  subsequen t change in th e  
a tm ospheric  w a te r v apor and  te m p e ra tu re  profiles 
as th e  c lim ate  responds to  th e  in itia l p e r tu rb a tio n . 
T he re su lta n t AT<, an d  A ii’|(0 )  a t  equ ilib rium  could 
th en  be used to  d e term in e  dTa/de  for th is  p e r tu r 
b a tio n , as show n below .

T he expression for dTa/de  is derived from  the  
defin ition  o f c (see E q u atio n  B.7);

de _  d  / F i ( 0 ) \  _  1  rfE ;( 0 ) 4 F i(0 )
^  ^  y d T a  frTJ '

(B .9)
S u b stitu tin g  =  cffT* leads to

dTa
de dF^ (0 )

<tT*
(B.IO)

-  4e<rT^

S u b s titu tin g  dFi  (0 ) /dTa  ^  (0 ) / A T a  an d  aT* =
F | (0 ) / e th en  leads to

de
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shown to  fit th e  em pirical d a ta  (Idso 1981b):

Co =  0.70 +  5.95 X  10-® e.eip(1500/T a) , (B .12)

w here e, is th e  surface w a te r vapor pressure. T he 
global m ean a tm o sp h eric  em ittan ce , including th e  
effect of clouds, can be ca lcu la ted  accord ing  to  th e  
follow ing expression (Idso 1980a),

c =  fo +  f?(l (B .13)

ATMOSPHERIC EMITTANCE
Figure B.2. Three different types of surface air temperature re
sponse to an increasing atmospheric emissivity. The atmospheric 
emissivity increases as the Earth conceptually travels from a con
dition of no atmosphere to one characteristic of today and beyond 
assuming no variation in solar radiation absorbed by the system. 
Source: Idso (1982b).

Values of dTa/de  can  be determ ined  using e ither 
E q u a tio n  (B.IO) or ( B . l l ) ,  depending  on th e  d a ta  
availab le . Values of d T a / d e  as determ ined  from  sev
eral c lim ate  m odels a re  given in T able B .l .  For 
th e  m odels listed  in T able B .l ,  d T a / d e  ranges from  
180 to  240°C. T hese values a re  m uch g rea te r th a n  
th e  value of 38°C o b ta in ed  by assum ing  a  linear 
response. Indeed, th e  m odel resu lts  a re  consisten t 
w ith  curve C in F igu re  B .2, w hich has a  large slope 
a t  th e  p resen t value of e, as Idso has asserted .

T he m odel re su lts  an d  Idso’s ana lysis differ sig
n ificantly  in te rm s of th e  e s tim ated  values of d T a / d e .  

O bservational d a ta  on th e  v a ria tio n  of a tm ospheric  
em ittan ce  in response to  changes in w a te r vapor 
am o u n ts  and  a ir  te m p e ra tu re  can be used to  te s t 
these analyses to  d e te rm in e  w hich e s tim ate  is m ore 
consisten t w ith  observations.

T he v aria tio n  in a tm o sp h eric  em ittan ce  has 
been m easured  for cloudfree cond itions, and  th e  fol
lowing eq u a tio n  for a tm o sp h eric  em ittan ce , Cq, was

w here Cq is given by E q u a tio n  (B .12), p is th e  m ean 
frac tio n a l cloud cover, T^ is th e  cloud base tem p e ra 
tu re , and  Ta is the  surface a ir  tem p era tu re . For cu r
re n t c lim atic  cond itions, Idso (1980a) used rj =  0 .54, 
Ta =  255 K , and  T„ =  288 K. C hanges in T^ a re  re
la ted  to  changes in Ta in th e  following ana lysis by 
assum ing th a t  th e  tro p o sp h eric  lapse ra te  an d  th e  
cloud base a ltitu d e  a re  c o n s tan t (i.e., =  con
s ta n t) .

C urves of e versus ob ta in ed  from  E q u a tio n s 
(B .12) an d  (B .13) a re  p lo tte d  in F igure B .3 for th e  
cases of co n s tan t re la tiv e  h um id ity  and  c o n s tan t ab 
so lu te  hum id ity . N ote th a t  these curves a re  based  
on observational d a ta . C o n s ta n t abso lu te  hum id
ity  assum es th a t  th e re  is no change in  w a te r va
p o r co n cen tra tio n  as te m p e ra tu re  increases. Such 
a  cond ition  is possible b u t w ould no t be expected  
because d { L H ) / d T a  is positive . As T a  increases, th e  
la te n t h ea t flux increases, thereby  add ing  m ore w a
te r  vapor to  th e  a tm osphere . I t is generally  agreed 
th a t  th e  curve for c o n s tan t abso lu te  h u m id ity  (i.e., 
co n s tan t w a te r vapor co n cen tra tio n ) w ould ten d  to  
u n d eres tim a te  th e  w a te r vapor feedback effect on 
a tm ospheric  em ittan ce .

C o n s ta n t re la tive  h u m id ity  is generally assum ed 
in m odeling th e  clim ate  response in one-dim ensional 
rad ia tive-convective  m odels in w hich th e  hydrologic 
cycle is no t explicitly  represen ted . T h is assum ption  
is based on observational evidence (M anabe and  
W etherald  1967). O th er analyses of th e  seasonal 
and  la titu d in a l v aria tio n s in w a te r vapor concen
tra tio n  ind ica te  a  v aria tio n  in m oistu re  th a t  is n o t 
as s tro n g  as holding re la tiv e  h u m id ity  co n stan t (Ell- 
saesser 1984). A ccepting co n s tan t re la tive hum id ity  
and  co n stan t abso lu te  h u m id ity  as upper and  lower
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B . 8  IN T E R P R E T A T IO N  O F C LIM A TE 
R E SP O N SE  CURV ES

As w as show n in Section B .2, th e  clim ate  sensitiv 
ity  (i.e., response function  A) is defined by E quation
B .4, which re la tes A to  a  sum  of deriva tive  te rm s. 
To evalua te  A, it  m u st be know n how th e  n e t up 
w ard  longw ave flux F, upw ard  la te n t h ea t flux L H ,  

upw ard  sensible h ea t flux SH,  and  n e t dow nw ard  
so lar flux Q a t th e  E a r th ’s surface vary as th e  su r
face a ir  tem p e ra tu re  changes.

T he re la tionsh ip  betw een dF/dTa  *^nd dTa/de 
is derived from  th e  defin ition  of a tm ospheric  em it
tan ce  given in E q u atio n  (B .7). B ecause F  =  F ^ { 0 )  — 

F i( 0 ), it  is necessary to  de term ine  dF^{0) /dTa  an d  
dFi{0) /dTa-  D ifferen tia ting  E q u a tio n  (B .7) w ith  re
spec t to  Ta gives

Atmospheric emittance 
Figure B .3. The relationship between surface air temperature 
and atmospheric emittance as determined from empirical data, nu
merical models, and the analysis of Idso (1982b).

bounds w ould ap p ea r to  be a  conservative app ro x i
m ation  of w here th e  ac tu a l c lim ate  response m ight 
be.

C urve C in F igu re  B .2, w hich Idso a t tr ib u te s  to  
th e  m ajo rity  o f th e  c lim ate  m odels, falls w ith in  th e  
range of em pirical re su lts  (see F igu re  B .3). O n th e  
o th er h an d , curve B , w hich is Idso’s th eo re tica l an a l
ysis, falls well ou tside  th e  range o f em pirical resu lts. 
C onsequently , th e  em pirica l resu lts  and  th e  m odel 
re su lts  a re  in ag reem en t, b u t Idso’s th eo re tica l an a l
ysis is no t co n sis ten t w ith  his own m easurem ents.

An in te re stin g  fea tu re  of th e  em pirical resu lts  
is th a t  th e  curve for c o n s tan t abso lu te  h um id ity  
has a  nega tive  slope, w hereas th e  curve for con
s ta n t  re la tiv e  h u m id ity  h as  a  positive slope. C on
sequently , th e  range of responses betw een th e  tw o  
cases includes th e  case w ith  dTa/de equal to  infinity. 
Since th e  em pirical d a ta  include th e  s itu a tio n  w here 
dTa/de  equals infinity, w hy d id  th e  em pirical d a ta  
n o t show large te m p e ra tu re  v aria tio n s in response to  
sligh t changes in a tm o sp h eric  em ittan ce?  T h e  an 
sw er to  th is  question  is p rov ided  in th e  n ex t section, 
w hich explains th e  re la tio n sh ip  betw een dTa/de and  
c lim ate  sensitiv ity .

dF,{Q)
dTa

=  AeaTl  +
dTa/de

(B .14)

T he upw ard  longw ave flux a t  th e  surface is de
fined by th e  S tefan-B oltzm ann  law .

F , ( 0 ) =  a T t (B .15)

w here T,  is th e  g round  tem p era tu re . I t has been 
assum ed for convenience in E q u atio n  (B .15) th a t  
th e  em issivity  of th e  E a r th ’s surface is u n ity , b u t 
any  value could be used. T he value o f th e  surface 
em issiv ity  is n o t critica l to  th e  discussion.

T he expression for dF/dTa  is determ ined  by dif
fe ren tia tin g  E q u a tio n  (B .15) and  com bining th e  re
su lt w ith  E q u atio n  (B .14) to  get

d F

W a
— 4<r

r p s  d T ,  ^  3
' d T a dTa/de ■

(B .16)

N ote th a t  d T a / d e  ap p ears  in th e  den o m in ato r of th e  
la s t te rm . C onsequently , if dTa/de w ere to  approach  
infinity, th en  th e  las t te rm  w ould app ro ach  zero and  
th e  value of d F / d T a  w ould rem ain  finite.

In general, th e  surface tem p e ra tu re , T„  and  th e  
surface a ir  tem p e ra tu re , T„, a re  d ifferent. T he ex
pression for d F / d T a  could be sim plified by assum 
ing th a t  Ta =  T ,, as  is frequen tly  done in one
dim ensional rad ia tive-convective  m odels. Such an  
assu m p tio n  does n o t have a  very significant effect 
on m odel sensitiv ity  (R am an a th an  1981).

A ppendix B . Review  o f the Recent Carbon Dioxide-Clim ate Controversy SSI



Table B.2.
Values of Term s in th e  Energy B alance E q u atio n  for a  D oubling of C O 2

Reference

G

(W m -2 )

dF
w :

(W m -* °C -> ) (W

d L H
n r r

m -* °C -» ) (W

d S H
dTa

m - 2 ° C - i)

dQ
d f :

(W m -* ° c r» )

A

(°C (W  m -*  ) -» )

A T .

(°C )

M anabe and 
W ethera ld  
(1975)

0.8 - 0 .3
0.1“

0.5 0.3 2.7

Hansen e t al. 
(1981)

0.9 - 1 .0 1.9 - 0 .7 0.1 0.3 2.9

R am an a th an
(1981)

0.9 - 1 .9 3.5 - 1 .6 0.4 0.4 2.2

T he low value for th e  change in convective flux resu lts from no t includ ing  a  surface bo u n d ary  layer as is done in th e  o th er m odels 
lis ted . W ith o u t a  b o u n d ary  layer, th e  surface a ir  tem p era tu re  and ground tem p e ra tu re  are th e  sam e value.

S u b stitu tin g  dF  j  dTa from  E q u atio n  (B .16) in to  
E q u atio n  (B .4) gives

4tr T,. 3 ^
dTa

e T :
d T a jd t

+

d ( L i f )  d { S H )  dQ
d T a  ^  d T a  ^

(B.17)

To assess th e  effect of th e  value of dTa/de  on A, it 
is necessary to  know th e  value of each of th e  te rm s 
in E q u a tio n  (B .17). Values for each of th e  deriva
tive te rm s are  show n in T able B.2. A lthough  there  
is considerable u n ce rta in ty  a b o u t th e  value of each 
te rm , observational and  m odeling stud ies a re  con
s is ten t in th e ir  descrip tion  of th e  re la tiv e  m agn itude  
of th e  term s.

T he sum  of th e  te rm s m ust be a  positive num ber 
because A m ust be positive (if A w ere negative , th en  
add ing  h ea t to  th e  surface w ould cool ra th e r  th an  
w arm  th e  surface). T he upw ard  la te n t h ea t flux a t  
th e  surface increases w hen th e  surface a ir tem p er
a tu re  increases, so d{LH )jdTa  > 0 , even though  
th is  increased h ea t loss will ten d  to  push th e  tem 
p era tu re  lower. As Ta increases, th e  upw ard  flux 
of sensible h ea t decreases, so d {S H ) jd T a  < 0. Al
th ough  d{LH )  j  dTa a^nd d { S H ) /d T a  are of opposite  
sign, th e ir sum  is a  positive nu m b er (see Table B .2). 
As th e  surface and  a tm o sp h ere  w arm , th e  am o u n t 
of w a te r vapor in th e  a tm o sp h ere  increases, which 
reduces th e  am o u n t of so lar ra d ia tio n  reaching  th e  
E a r th ’s surface; th u s  dQ/dTa < 0 . Since dQ/dTa  is 
negative and  is su b trac te d  from  th e  sum  of th e  o th er 
te rm s, it ac tu a lly  adds to  th e  positive  value of th e

sum ; th u s  [d{LM)/dTa + d{SH ) /dTa  -  dQ/dTa]  is 
a  positive q u an tity .

T h e  deriva tive  dF/dTa  niay be e ither positive or 
negative depending  on how th e  a tm ospheric  w a te r 
vapor am o u n t varies. If abso lu te  hum id ity  is held 
flxed, th en  dF/dTa  is positive (K andel 1981). How
ever, if th e  am o u n t of a tm ospheric  w a te r vapor is 
allow ed to  change as th e  atm osphere  w arm s, then  
dF/dTa  is negative (see T able B .2). R egardless of 
w he ther dF/dTa  is positive  or negative.

d F
<

d[LH )  d { S H )  dQ 
L dTa ^  dTa ^

because A m ust be positive . We now address th e  
effect of varying dTa/de .

B ecause processes affecting a tm ospheric  com po
sition  and  energy fluxes are coupled, it is n o t gener
ally ap p ro p ria te  to  vary one derivative in E quation  
(B .17) independen t of th e  o thers. V arying d T a / d e  

w ould be expected  to  affect o th er derivatives in ad
d ition  to  d F / d T a ,  b u t th e re  is no em pirical capa
b ility  for q u an tita tiv e ly  assessing th e  correspond
ing changes in th e  o th er term s. N evertheless, some 
q u a lita tiv e  ind ications o f th e  varia tion  m ay be de
duced.

Increasing  d T a / d e  has th e  effect of reducing 
d F ^ { 0 ) / d T a  (m aking d F / d T a  a  sm aller negative 
n u m b er) , so th e  positive feedback m echanism  lead
ing to  increased back rad ia tio n  to  th e  surface w ould 
be d im inished . T h e  change w ould im ply a  less
ened increase in th e  a tm ospheric  em ittance. Be
cause th e  increase in a tm ospheric  em ittance when 
Ta increases is caused in p a r t  by an  increase in a t 
m ospheric w a te r vapor co n ten t, th e  reduction  in

332 Projecting the Climatic E ffects o f Increasing Carbon Dioxide



dF^{0)/dTa  w ould  im ply a  reduction  in evapora- 
|t io n  ra te s  an d , therefo re , a  reduction  in d { L H ) / d T a -  

*W ith a  red u ctio n  in d { L H ) / d T a ,  an  increase m igh t 
be expected  in d { S H ) / d T a -  T he las t te rm  in E q u a
tion  (B .17), d Q / d T a ,  is norm ally  a  sm all negative 
q u a n tity  reflecting a  red u c tio n  in solar flux reach 
ing th e  E a r th ’s surface because of increased a tm o 
spheric w a te r vapor. W ith  a  sm aller increase in a t 
m ospheric w a te r vapor, d Q /d T a  w ould be expected  
to  be reduced in  m ag n itu d e .

T he effect of increasing  dTa/de  can be illu s tra te d  
using m odel resu lts , b u t th e  p a r tic u la r  values used 
are  n o t c ritica l to  th e  illu s tra tio n . For th e  clim ate  
to  be ex trem ely  sensitive to  p e rtu rb a tio n s , th e  value 
of A m u st be very large. For th is  to  happen , th e  sum

d F  ^ d { L H )  ^ d { S H )  d Q

d T , dTa dTa dTa

m u st app ro ach  zero. T h e  issue is w hether or n o t th is  
sum  approaches zero eis d T a /de  approaches infinity.

Using th e  resu lts  from  R a m a n a th a n ’s m odel 
(1981) as  an  exam ple , for th e  u n p ertu rb ed  a tm o 
sphere (see T able B.2):

d F

dTa
=  - 1 .9  W m -2 (B.18)

and

d { L H )  d { S H )

dTa dTa
d Q

dTa
2.3 W m - 2  o C - ^ .

(B .19)

For th e  u n p e rtu rb ed  a tm o sp h ere , d T a / d e  — 220 K 
according to  th is  m odel. F rom  E q u a tio n  (B .16) 
it  follows th a t  as d T a / d e  approaches infin ity , th en  
d F / d T a  approaches —0.1 W m “  ̂ °C~^. If th e re  
were no change in th e  rem ain ing  h ea t flux deriva
tives, th en  A w ould increase from  0.4 to  2.2°C 
(W  m “ *)"^ , m aking  th e  m odel less sensitive ra th e r 
th a n  m ore sensitive. C onsequently , if a  response 
curve has a  large slope, even one appro ach in g  or 
equaling infin ity , th is  is no t an  ad eq u ate  basis alone 
for asse rting  th a t  th e  c lim ate  should be ex trem ely  
sensitive. To claim  th a t  th e  clim ate is m ore sensi
tive  w hen d T a / d e  is large, i t  m u st be show n th a t  the  
sum

d F  d { L H )  , d { S H )  d Q  

dTa ^ dTa
+

dTa dTa\

approaches a  sm all value. T his is equivalen t to  hav 
ing to  show  th a t  as  d T a / d e  increases, i t  becom es

h ard er to  rem ove excess h ea t from  the  surface. We 
know of no physical basis for m aking such an  a rg u 
m en t. In fact, th e  em pirical d a ta  are evidence th a t  
such an  in stab ility  does no t occur, since those  d a ta  
include th e  case w here d T a / d e  equals infinity.

B .9 C O N C LU SIO N S

It w ould clearly be desirab le  to  design an  em pirical 
experim en t th a t  w ould provide a  m ore accu ra te  de
te rm in a tio n  of th e  surface a ir  tem p e ra tu re  response 
function . T he com plicating  facto r, how ever, is th a t  
th e  value of th e  response function  will differ depend
ing on th e  ty p e  of p e r tu rb a tio n . It w ould m ake a  
significant difference, for exam ple, w hether th e  p e r
tu rb in g  rad ia tiv e  energy were to  be deposited  in th e  
a tm osphere  or a t  th e  E a r th ’s surface.

As an  illu s tra tio n , consider th e  difference be
tw een tw o p e rtu rb a tio n s : ( 1 ) an  increase in solar 
rad ia tio n  inciden t a t  th e  to p  of th e  a tm o sp h ere  and  
(2) a  doubling of th e  C O j concen tra tion . In th e  
first case, th e  change in so lar hea ting  w ould occur 
prim arily  a t  th e  E a r th ’s surface, because th e  a tm o 
sphere is re la tive ly  tra n sp a re n t to  so lar rad ia tio n . 
On th e  o th e r hand , m ost of th e  increased th e rm a l 
flux convergence due to  a  doubling  of C O 2  w ould 
occur in th e  tro p o sp h ere  (K iehl an d  R am an a th a n  
1982). Energy deposited  in th e  a tm osphere  also 
co n trib u tes  to  h ea tin g  of th e  troposphere-surface 
system . For th e  C O 2  p e r tu rb a tio n , th e  ad d itio n a l 
a tm ospheric  h ea tin g  w ould co n trib u te  to  a  larger 
increase in te m p e ra tu re  beyond th a t  due to  ju s t  th e  
in itia l increase in th erm a l flux a t  th e  E a r th ’s su r
face. C onsequently , basing  th e  response func tion  on 
th e  change in rad ia tiv e  flux a t  th e  E a r th ’s surface 
leads to  d ifferent values of th e  response function  for 
d ifferent p e r tu rb a tio n s , depending  on how m uch en
ergy w ould be deposited  in th e  atm osphere  re la tiv e  
to  how m uch w ould be deposited  a t  th e  surface.

T he problem  of w here th e  change in h ea tin g  oc
curs is p a r tly  elim inated  by considering changes in 
th e  energy balance of th e  troposphere-surface  sys
tem  ra th e r  th a n  ju s t  th a t  of th e  E a r th ’s surface. 
As em phasized by K iehl an d  R am an a th a n  (1982) 
and  o th ers  (R am an a th an  e t al. 1979; M anabe and  
W etherald  1980; P o tte r  an d  Cess 1984), i t  is th e  
su rface-troposphere  C O 2  h ea tin g  ra th e r  th a n  su r
face h ea tin g  th a t  d o m in ates  th e  surface tem p e ra 
tu re  response. L ong-term  m on ito ring  of ra d ia tiv e
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fluxes a t  th e  tro p o p au se , how ever, w ould be diffi
cu lt. A n a lte rn a tiv e  m ig h t be to  m easure changes 
in  rad ia tiv e  fluxes o u t th e  to p  of th e  a tm osphere  by 
using sa te llite  system s (K iehl 1983).

In sum m ary , a lth o u g h  pap ers con tinue to  be 
published in d ica tin g  o rder-o f-m agnitude sho rtcom 
ings of m odel re su lts , w hen these  a rg u m en ts  have 
been carefully considered, th ey  have been found 
to  be based on im p ro p er assu m p tio n s or incorrect 
in te rp re ta tio n s . A lthough  th e  m odels a re  by no 
m eans perfect, w here i t  has generally  been possible 
to  com pare large-scale re su lts  from  m odel sim ula
tions w ith  m easu rem en ts, th e  ag reem en t has been 
good. T hese com parisons have been on m ainly  sea
sonal tim e scales, how ever. T esting  m odel responses 
to  long-term  forcing is a  m ore difficult m a tte r  and  
m ay  requ ire  s im u la tio n  of p a s t c lim ate  changes on 
tim e  scales of h u ndreds or th o u san d s of years.
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c . l  B A C K G R O U N D

ecent review s (e .g ., N a tio n al R esearch C ouncil, 
1979, 1982) of th e  p o te n tia l effects o f an  increas
ing carbon  dioxide (C O 2 ) co n cen tra tio n  have devel
oped th e ir  e s tim a tes  of th e  c lim a te ’s te m p e ra tu re  
sensitiv ity  by considering th e  range of m odeling re
su lts  th a t  a re  availab le . O f overrid ing  im p o rtan ce  
in considering th e  valid ity  of such assessm ents is the 
issue of w h e th e r any o f th e  p ro jec tions are real. Al
though  com parison  o f resu lts  of m odels w ith  to d a y ’s 
c lim ate  is in s tru c tiv e , such an  app ro ach  has m any 
shortcom ings as a  techn ique for va lida ting  projec
tions of fu tu re  c lim ates. For exam ple, a  m odel could 
be “tu n e d ” to  s im u la te  to d a y ’s c lim ate  well, b u t still 
fail to  include the  slowly evolving feedbacks th a t  
a re  im p o rta n t in p red ic tin g  c lim ate  change. C om 
p arison  o f th e  p ro jec tions of various c lim ate  m odels 
is also in s tru c tiv e , b u t reconcilia tion  of th e  differ
en t p ro jections should  be a  p re requ isite  for tru s tin g  
them . T he im p o rta n t issue, how ever, is w hether the  
pro jections o f th e  m odels will agree w ith  reality , no t 
w he ther they  can be m ade to  agree w ith  each o ther.

C lim ate  changes have occurred  in th e  p a s t, so 
th e re  is th e  possib ility  of d eterm in ing  how well 
c lim ate  m odels s im u la te  reco n stru c tio n s of p ast 
w arm er clim ates. H ow ever, from  availab le  d a ta  we 
can only reco n stru c t lim ited  asp ec ts  of these w arm er 
c lim ates, an d  to  w h a t ex ten t these c lim ates were 
w arm er because of an  increased  C O 2  con cen tra tio n  
is n o t know n. O n th e  o th e r h an d , th e  a tm ospheric  
C O 2  co n cen tra tio n  h as  risen  by a b o u t 14% over the  
la s t 100 years. T h u s , we should  be able to  s ta r t  
looking for a  C O 2  w arm ing  effect now, a lth o u g h  it 
could be decades before th e  C O 2  w arm ing  is clearly 
d istingu ishab le  from  v aria tio n s in  te m p e ra tu re  th a t  
m ay be u n re la ted  to  th e  C O 2  increase (see M ac
C racken  an d  L u th er 1985). M oreover, even if a 
global C O 2  w arm ing  is clearly identified , it w ould 
only v a lid a te  th e  gross p ro jec tions of c lim ate  m odels 
for re la tive ly  sm all changes in C O 2  concen tra tion . 
V alidation  of p ro jec tions of reg ional and  seasonal 
c lim ate  change for larger changes in C O 2  level is 
needed.

T h eo re tica l u n ce rta in ty  analyses can play an  
im p o rta n t p a r t  in  a id ing  in th e  v a lid a tio n  of cli
m ate  m odels. T he p u rpose  of th is  app en d ix  is to  
show w h a t can  be done to  e s tim a te  th e  re liab ility  
of c lim ate  m odel p ro jec tions using th is  app roach . It

should  be recognized how ever, th a t  th is  effort rep re
sen ts  only one step , a lth o u g h  an  im p o rta n t one, to  
accom plishm ent of a  p roper assessm ent of c lim ate  
m odels. T he m ain  conclusion d raw n  here is th a t  
m eaningfu l steps tow ard  a  so lu tion  can be achieved 
by em bark ing  on a  sy stem atic  u n ce rta in ty  ana lysis 
su p p o rted  by a  com prehensive sensitiv ity  analysis. 
Section C .2  develops a  term inology  for discussing 
th e  various aspects of u n ce rta in ty  analysis. Section 
C .3 review s ex isting  m ethods of m odel validation  
in th e  co n tex t of C O 2  c lim ate  m odeling. Sections 
C .4 an d  C.5 review m ethods of sensitiv ity  analysis, 
an d  Section C . 6  illu s tra te s  m eth o d s of quan tify ing  
sources o f u n ce rta in ty . C onclusions and  recom m en
d a tio n s  ap p e a r in Section C.7.

C .2 T E R M IN O L O G Y

A varie ty  of te rm s will be used in th is  append ix . A 
source o f  uncertainty  is an  ap p ro x im a tio n , assu m p 
tio n , sim plification , coding e rro r, num erical tech
n ique, or o th e r fac to r th a t  can cause th e  resu lts  of 
a  m odel to  be unrealistic . T he p o ten tia l effect th a t  
a  source of u n ce rta in ty  has on th e  m odel’s resu lt 
is called th e  uncerta in ty  in the result. T he process 
of qu an tify in g  sources of u n ce rta in ty  and  ev a lu a t
ing th e  consequential u n ce rta in tie s  in th e  re su lts  is 
called uncerta in ty  analysis. A n  essen tial com ponen t 
of u n ce rta in ty  analysis is sensit iv ity  analysis, th a t  
is, d e te rm in a tio n  of th e  sen sitiv ity  of th e  re su lts  to  
each source of un certa in ty .

T he d ifferent ap p ro x im a tio n s, assu m p tio n s, and  
sim plifications m ade in developing d ifferent m odels 
can  (and  usually  do) lead to  disagreements among  
the results. T he process of ana lyz ing  and  reconcil
ing th e  d isag reem en ts am ong th e  re su lts  of d ifferent 
m odels is called model intercomparison.  M odel in
tercom parison  is an  essential com ponen t for e s tab 
lishing th e  re liab ility  of clim ate  m odels, because un 
til th e  d isag reem en ts can be reconciled, nobody will 
know  w hich m odel, if any, can be believed. How
ever, th e  d isagreem ent am ong th e  resu lts  of differ
en t m odels is only one aspect of d eterm in ing  th e  
u n ce rta in ty  in th e  resu lts. For exam ple, w hen a  
collection of m odels all m ake th e  sam e assum ptions 
or have been tu n ed  to  agree w ith  each o th e r, th e  
d isag reem en t can be sm all w hile th e  u n ce rta in ty  is 
large. On th e  o th e r h an d , w hen one m odel is m uch 
m ore re liab le  th a n  th e  res t, th e  d isagreem ent can be
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large while th e  u n ce rta in ty  (a t  least for th e  reliable 
m odel) is sm all. To d a te , m ost estim ates  of uncer
ta in ty  in th e  re su lts  of c lim ate  m odels have been 
based on th e  m ag n itu d e  of d isagreem ents am ong 
m odels; such e s tim a tes  could be qu ite  m isleading.

U n certa in ty  ana lysis  is a  valuable com ponen t of 
an  effective m odel in tercom parison . I t is precisely 
th e  m ag n itu d e  of th e  com bined u n ce rta in ty  in tw o 
resu lts  th a t  can  reconcile th e ir d isagreem ent. A 
tem p tin g , b u t dangerous, app roach  to  m odel in ter- 
com parison  is to  m ake ad  hoc a d ju s tm en ts  to  th e  
m odels u n til th ey  agree w ith  each o th er. T he re
m oval of d isag reem en t does n o t necessarily reduce 
u n ce rta in ty . T he b est w ay to  reduce u n ce rta in ty  is 
to  reduce or e lim in a te  sources of u n ce rta in ty .

A n im p o rta n t issue in  u n ce rta in ty  ana lysis  is 
w hich sources of u n ce rta in ty  it is possible to  q u an 
tify. T herefore, i t  is useful to  d istin g u ish  am ong 
various sources o f u n ce rta in ty . Process uncerta inties  
refer to  th e  u n ce rta in tie s  arising  in th e  d a ta  needed 
for, and  in th e  sim plifications associa ted  w ith , the  
rep resen ta tio n  of various processes (e.g., rad ia tio n  
tran sfe r, cloud fo rm a tio n , sea ice fo rm atio n , surface 
h ea t tran sfe r). T h e  accuracy  of these rep resen ta 
tions can be ev a lu a ted  by com parison w ith  focused 
lab o ra to ry  or field experim ents. Model uncerta in ties  
a re  u n ce rta in tie s  th a t  a re  ch a rac te ris tic  of th e  m odel 
as a  w hole, for exam ple , num erical m eth o d  ap p ro x 
im atio n s, agg regation  e rro r, coding erro rs , or phys
ical processes th a t  have been neglected. C o m p ari
son w ith  observa tions of th e  co n tem p o rary  c lim ate  
gives som e idea of th e  overall influence of m odel 
un ce rta in tie s . For exam ple, a  m odel th a t  uses an 
u n stab le  num erical m eth o d  or has a  m ajo r coding 
erro r will n o t accu ra te ly  sim u la te  th e  observed cli
m ate , a lth o u g h  on th e  o th e r han d  a  m odel m ay sim 
u la te  th e  observed c lim ate  well while neglecting im 
p o r ta n t  feedback processes. Statistical uncertainties  
a rise  because of th e  sp o n tan eo u s flu c tu a tio n s  th a t  
occur b o th  in c lim ate  m odels and  in th e  observa
tions. T he clim atic  m eans o b ta in ed  from  clim ate  
m odels m u st be tak en  over sufficiently long tim e 
periods for th e  changes in these m eans to  be s ta 
tis tica lly  sign ificant. Forcing uncertainties  a rise  in 
m aking  p ro jec tions in to  th e  fu tu re  because we do 
n o t know how C O 2  an d  trace  gas co n cen tra tio n s , 
volcanic aerosol in jections, and  o th er fac to rs  will 
ac tua lly  change.

C .3 M O D E L VALIDATION

T here are guidelines for m odel validation  in  several  ̂
d ifferent a reas of m a th em atica l m odeling. For ex
am ple, W eisbin e t al. (1981) developed and  applied 
a  set of guidelines for assessing a  long-term  energy 
analysis m odel used for th e  1978 Energy Inform a
tion  A d m in is tra tio n  re p o rt to  Congress. T he pu r
pose of th is  section is to  provide background infor
m atio n  a b o u t app ly ing  som e of th e  custom ary  com 
ponen ts of m odel va lida tion  to  C 0 2 -c lim ate m odel
ing.

C.3.1 T h e  H ierarchy  of C lim ate  M odels

T he sim plest exam ple of a  clim ate m odel is an  
energy balance equation  th a t  re la tes so lar rad ia 
tion  absorbed  on th e  E a r th  to  outgoing infrared 
rad ia tio n . How ever, such a  m odel does n o t take 
in to  accoun t th e  ra d ia tiv e  processes in th e  a tm o 
sphere th a t  m ake it w arm er nearer the  surface nor 
the  regional differences in th e  absorbed  so lar rad ia 
tion . O ne-dim ensional rad ia tive-convective m odels 
(R C M s) tak e  in to  accoun t th e  vertical d is trib u tio n  
of h ea t an d  rad ia tio n  in th e  atm osphere , w hereas 
one- or tw o-d im ensional energy balance m odels 
(EB M s) tak e  in to  accoun t global effects such as 
la titu d in a l differences in surface albedos (i.e., frac
tion  of so lar ra d ia tio n  reflected). T hree-dim ensional 
general c ircu la tion  m odels (G C M s) tak e  in to  ac
coun t b o th  vertical and  global effects, including hor
izontal tra n sp o r t  by w inds. T he G C M s generally 
are regarded  as th e  m ost reliable because they  tre a t  
th e  th ree  sp a tia l d im ensions, th e  tem pora l evolution 
of th e  a tm osphere , and  usually  a tte m p t to  represen t 
the  m any processes w ith  m ore rigor th a n  in sim pler 
m odels.

T he p rincipa l groups in th e  U nited  S ta te s  th a t  
apply  G C M s to  m ake C O 2 -c lim ate pro jections are 
a t  th e  G eophysical F lu ids D ynam ics L aborato ry , 
th e  G od d ard  In s ti tu te  for Space S tudies, th e  N a
tional C en ter for A tm ospheric  R esearch, and  O re
gon S ta te  U niversity . E ach  g roup is separate ly  de
veloping and  app ly ing  one or m ore c lim ate m odels. 
D espite th e  fac t th a t  these  G C M s are  a tte m p tin g  to  
rep resen t th e  sam e physical system , th ere  are  dis
agreem ents betw een th e  resu lts  of th e  m odels ap 
plied to  C O 2  s tud ies by th e  various research groups.
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O ne reason for th is  is th a t  these m odels necessar
ily involve assu m p tio n s an d  ap p ro x im a tio n s, and  
th e  various m odeling  g roups m ake th em  in differ
en t ways.

C .3 .2 Iden tify ing  th e  R esu lts  th a t  U sers R equire 
of C lim ate  M odels

T hree-d im ensional c lim ate  m odels s im u la te  selected 
m eteorological variab les (e.g., w inds, te m p e ra tu re , 
w a te r vapor m ix ing  ra tio )  th ro u g h o u t th e  a tm o 
sphere. H ow ever, only a  lim ited  su b se t o f such a  
sim u la tion  is requ ired  to  assess th e  im p ac ts  of th e  
sim u la ted  c lim ate  change on society. T herefore, it 
is helpful to  define th e  re su lts  th a t  users require  of 
clim ate  m odels in o rder to  focus on th e  u n ce rta in 
ties th a t  should  be in v estig a ted  before an  ad eq u ate  
basis can ex ist for p lan n in g  decisions.

As far as  th e  C O 2  p rob lem  is concerned, c lim ate 
m odels e s tim a te  th e  re la tio n sh ip  betw een th e  fu tu re  
a tm ospheric  C O j co n cen tra tio n  an d  th e  induced cli
m a te  change th a t  could affect society. B o th  th e  
fu tu re  a tm o sp h eric  C O 2  co n cen tra tio n  an d  th e  po
ten tia l d irec t an d  in d irec t effects o f c lim ate  change 
a re  discussed in  d e ta il in com panion  S ta te-o f-the- 
A rt rep o rts . T hese re p o rts  essentially  define th e  
p rob lem  th a t  c lim ate  m odels need to  solve. By way 
o f illu s tra tio n , a  ty p ica l resu lt requ ired  o f clim ate  
m odels is th e  p ro jec ted  effect th a t  a  doub ling  of th e  
a tm ospheric  C O 2  co n cen tra tio n  over th e  n ex t 1 0 0  

years will have on regional te m p e ra tu re  an d  precip
ita tio n ; to  be o f use, th e  p ro jec ted  changes need to  
have a t  least th e  correc t sign and  o rd e r of m agni
tude.

F igure C .l  show s th e  observed an n u a l precipi
ta tio n  over N o rth  A m erica. S uperim posed  on th e  
figure is a  10° X  10° grid , w hich is a b o u t double th e  
g rid  size found in m any G C M s. B earing  in  m ind 
th a t  th e  d e ta iled  s tru c tu re  w ith in  each G C M  grid  
square m u st be rep resen ted  by a  single n u m b er, we 
can  u n d e rs ta n d  b o th  th e  difficulty o f s im u la tin g  re
gional c lim ate  an d  th e  im p o rtan ce  of how th e  te rm  
regional is defined, even w ith  5° x  5° sp a tia l res
o lu tion . U ltim ate ly , th e  re su lts  of global c lim ate 
m odels will have to  be sub jected  to  d e ta iled  in te r
p re ta tio n  to  p rov ide useful regional in fo rm ation .

C .3 .3 M odel D ocum en ta tion

All th ree-d im ensional clim ate  m odels a re  im ple
m ented  as com pu ter p rog ram s, and  th e  resu lts  of 
in te re st for th e  C O 2  p rob lem  are  based on analyses 
of th e  o u tp u t of these program s. M odel docum en
ta tio n  exp lains and  references th e  p a th  of reasoning  
th a t  leads from  th e  laws of physics to  an  executab le 
co m p u ter p ro g ram  (T able C .l ) .  T h is p a th  includes 
the  following steps: th e  physical assu m p tio n s and  
ap p ro x im a tio n s th a t  m u st be m ade to  fo rm u la te  and  
solve th e  conservation  equations of m ass, energy, 
an d  m om entum ; th e  acquisition  and  processing of 
physical d a ta ; and  th e  num erical ap p ro x im a tio n s re
quired  to  fo rm u la te  th e  com pu ter p rog ram . It is th e  
sources of u n ce rta in ty  and  th e  varie ty  of p lausib le 
a lte rn a tiv e s  a long th is  p a th  th a t  can cause d isagree
m en ts am ong clim ate  m odels.

Ideally, u n ce rta in ty  analysis requires th a t  up-to- 
d a te  m odel d o cu m en ta tio n  should be availab le  and  
u n d ers tan d ab le  to  those n o t involved in th e  develop
m en t o f th e  m odel. Such an  ideal, how ever, p resen ts 
p rac tica l p roblem s because provid ing  m ore widely 
accessible d o cu m en ta tio n  requires ex tensive p rep a
ra tio n . A lso, c lim ate  m odels are con tinually  chang
ing, and  frequen t u p d a tes  o f d o cu m en ta tio n  can  be 
p roh ib itive ly  tim e consum ing to  p repare . N everthe
less, th e  im p o rtan ce  of m odel d o cu m en ta tio n  to  un
ce rta in ty  ana lysis is p a ram o u n t. T h e  in te lligen t in
te rp re ta tio n  o f good m odel d o cu m en ta tio n  can  pro
vide a  su p p o rtab le  an d  com prehensive lis t of th e  
sources of u n ce rta in ty  in clim ate  m odels.

C .3.4 A nalyzing th e  V alidity of
A ssum ptions and  A pprox im ations

A cen tra l issue in u n ce rta in ty  analysis of clim ate 
m odels is th e  degree to  w hich th e  u n ce rta in ty  in 
th e  resu lts  is caused by assum ptions and  ap p ro x 
im ations. M any assum ptions and  ap p ro x im atio n s 
arise  because com puting  pow er re s tr ic ts  th e  sp a tia l 
reso lu tion  of c lim ate  m odels (typ ically  to  a b o u t 500 
km  for m u lti-y ear sim u la tions), and  processes on 
scales sm aller th an  th is  m u st be rep resen ted  p a ra 
m etrically . For exam ple, even if th e  m icroscopic 
processes of cloud fo rm ation  w ere well u n d ers to o d , 
c lim ate  m odels do no t have a  fine enough reso lu tion  
to  m odel these  processes. In stead , c lim ate  m odel
ers typ ically  assum e th a t  cloud fo rm ation  depends
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on th e  values of m eteorological variab les averaged  
over d istances of ~  500 km  in th e  ho rizon ta l and  of 
a b o u t 1 0 0  mb*  ̂ in th e  vertical.

T he u n ce rta in ty  arising  from  an  assum ption  
usually  depends on tw o  facto rs; how large a  source 
of u n ce rta in ty  th e  assu m p tio n  causes an d  how sen
sitive th e  m odel resu lts  a re  to  th is  source of un
ce rta in ty . T yp ically  th e  size of process u n ce rta in 
ties can be e s tim a ted  by com parison  w ith  observa
tion . For exam ple , average cloud cover s im ula ted  
on 500 km  x 500 km  grid  squares can  be com pared  
w ith  th a t  w hich is observed, a lth o u g h  observations

 ̂ Because m illibars are used as a  v e rtica l co ord ina te  in some 
clim ate  m odels, th is u n it will be re ta in ed  in these discussions 
(1000 m b =  100 k P a).

can also in tro d u ce  an  im p o rta n t source of uncer
ta in ty . T he sensitiv ity  o f m odel resu lts  to  various 
assu m p tio n s and  ap p ro x im a tio n s can  be difficult to  
e s tim a te , especially if th e  m odel requires a  large 
am o u n t of com pu ting  tim e and  m any different sen
s itiv ities  need to  be estim ated .

C .3 .5 V erification of M odel R esults

A lthough  p ro jec tions of clim ate  change cannot eas
ily be v a lid a ted  ag a in s t observations, there  are 
checks to  verify th a t  a  c lim ate  m odel is behaving as 
in tended . For exam ple, global conservation of m ass 
an d  energy can be checked rou tinely  during  m odel 
runs. A m ore s trin g en t check for clim ate m odels
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F ig u r e  C . l .  O bserved a n n u a l p rec ip ita tio n  (in m illim eters) over N orth  A m erica  (K orzoun et al. 1977). T he grid  resolu tion  of ty p ica l 
GC M s is ab o u t 5° by  5°, as com pared to  th e  10° by 10° grid show n here.

is a  com parison  of th e  s im u la ted  co n tem p o rary  cli
m a te  w ith  observations (F igure C .2). T h e  purpose 
o f such a  com parison  is to  verify th a t  th e  m odel 
sim u la tes th e  m ain  fea tu res  of th e  g lobal c lim ate 
an d  to  p rovide evidence th a t  th e  physical assum p
tio n s and  ap p ro x im a tio n s underly ing  th e  m odel are 
reasonable.

C lim ate  m odels do s im u la te  m any o f th e  fea
tu res  o f th e  global c lim ate , a lth o u g h  th e re  a re  ob
vious reg ional discrepancies. B u t w h a t does th is  
tell us a b o u t th e  u n ce rta in tie s  in resu lts  es tim ated  
by using these  clim ate  m odels? T here  is alw ays 
a  d anger th a t  precisely those  p a r ts  of th e  m odel 
th a t  a re  m o st highly ap p ro x im a ted  have been ad 
ju s ted  to  p roduce a  good s im u la tion  o f a  subset of 
th e  variab les rep resen ta tiv e  of th e  co n tem p o rary  cli
m a te , an d  th a t  these variab les a re  th e  only ones 
th a t  th e  m odel sim u la tes well. As for th e  d iscrep
ancies betw een  th e  observed and  sim u la ted  clim ates.

th ey  ind icate  th a t  som e of th e  sources of u n ce rta in ty  
m u s t be large enough to  be causing th e  d iscrepan
cies. B u t w hich sources of u n ce rta in ty  are to  b lam e? 
Even for an  experienced m odeler it can be difficult 
to  tell.

T here  a re  sy stem atic  m eth o d s th a t  can be help
ful in com paring  m odel resu lts  w ith  observations 
an d  th a t  assess objectively  w hich u n ce rta in tie s  are  
m ost likely to  be causing  th e  d iscrepancies (e.g., 
M arab le  e t al. 1980). T hese m ethods require th a t  
m odelers quan tify  sources of u n ce rta in ty  and  eval
u a te  sensitiv ities of resu lts  to  these u n ce rta in tie s . 
W ith  such in fo rm ation , it  m ay be possible to  calcu
la te  th e  m ost likely set of ad ju s tm en ts  th a t  w ould 
ten d  to  rem ove th e  discrepancies. M ost im por
ta n tly , how ever, these m eth o d s also provide an  ob
jec tiv e  te s t of w hether th e  ad ju s tm en ts  to  th e  m odel
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F ig u r e  C .3 . C om parison of surface a ir  tem p e ra tu re  (K ) s im ula ted  by th e  N a tio n a l C en te r for A tm ospheric  R esearch GCM  for (A) 
Jan u a ry  and  (C) Ju ly  com pared  to  observations for (B) Ja n u a ry  and  (D) July. Source: P itch e r e t al. (1983).

rep resen t heu ristic  tu n in g  or w hether th e  a d ju s t
m en ts a re  physically  im p o rta n t and  a re  necessary 
for th e  m odel re su lts  to  agree w ith  observations.

C .3.6 S ensitiv ity  A nalysis

For a  single c lim ate  sim u la tio n , th ree-d im ensional 
c lim ate m odels typ ically  require  m any hours of com 
p u ting  tim e on th e  m ost pow erful com pu ters ava il
able. T herefore, a lth o u g h  it has been a tte m p te d  
(e.g., H ansen e t al. 1983, 1984), it is generally  p ro 
h ibitively  expensive to  de term ine  sensitiv ity  by sim 
ply re runn ing  th e  m odel for every v aria tio n  of in te r
est. N evertheless, sensitiv ities  a re  needed to  d e te r
m ine th e  effect th a t  sources of u n ce rta in ty  have on 
m odel resu lts. C onsequently , a lth o u g h  sensitiv ities 
to  varia tions in so lar rad ia tio n  and  C O 2  co n cen tra
tion  are  usually  d e term in ed  by rerunn ing  th e  m odel, 
th ere  is an  im p o rta n t role to  be p layed by m ore effi
cien t m eth o d s cap ab le  of d eterm in ing  sen sitiv ity  to  
a  w ide varie ty  of d ifferen t effects.

C .3 .7 Q u a n tita tiv e  Expression  of U ncerta in ties

U ncerta in ties in  c lim ate  m odels arise  for a  varie ty  
of d ifferent reasons: physical assum ptions a re  m ade.

som e processes are en tire ly  neglected , an d  o ther 
processes involve p a ram ete rs  w ith  u n ce rta in  values. 
N evertheless, m any sources of u n ce rta in ty  can  be 
expressed by in tro d u cin g  new p a ram ete rs  specifi
cally designed to  iden tify  th e  im p o rtan ce  o f th e  un 
ce rta in ty . T he u n ce rta in ty  can  th en  be quantified  
by specifying num erical ranges or d is tr ib u tio n s  for 
these new p aram eters .

An exam ple of quan tify ing  u n ce rta in tie s  in th is  
way occurs when d a ta  in th e  m odel a re  sub ject to  
u n ce rta in ty . For in stance , th e  value of th e  surface 
a lbedo in c lim ate  m odels is sub ject b o th  to  experi
m en tal and  aggregation  erro r. T h is  u n ce rta in ty  can 
be expressed by m ultip ly ing  th e  a lbedo  in  th e  m odel 
by a  coefficient th a t  is allow ed to  vary  from  u n ity  by 
a  specified percentage. T h e  effect o f th is  varia tion  
can th en  be es tim ated  using sensitiv ity  analysis.

A  m ore com plicated  exam ple occurs w hen an  a t 
te m p t is m ade to  express a  process u n ce rta in ty , such 
as th e  use of a  sim ple m ixed-layer ocean m odel in
s tead  of a  fully in te rac tiv e  th ree-d im ensional ocean 
m odel. Some aspects  o f th is  u n ce rta in ty  can  be in
v estig a ted  by in tro d u cin g  sources of h e a t in to  th e  
ocean m odel in a  w ay th a t  rep resen ts  schem ati
cally th e  effect of ocean cu rren ts  an d  by in tro d u c 
ing sources of m o m en tu m  in to  th e  a tm o sp h ere  in a
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T a b le  C .3
E xam ples of U n certa in ties (and  T heir Effects) in th e  G o ddard  In s titu te  for Space S tudies GCM

C hanges of M odel Physics from M odel 1 to M odel 11
T est R un Physics C hange M ajor Effect
1-6 C orio lis/m etric  term s a t pole S tren g th en ed  p o lar cell
I-IO D rag in to p  m odel layer R educed s tra to sp h eric  w inds; realistic  

tro p o p au se  a t  high la titu d es
1-13,14 Nine layers in v e rtica l Im proved defin ition  of je t stream  and 

tro p o p au se; m ore longwave 
generation

1-24 A ltern a tiv e  in frared  rad ia tio n  a lgorithm F aste r co m p u ta tio n ; h igher accuracy
1-25 R ealistic  surface em issivities No large effect
1-29 No subgrid-scale tem p era tu re Increased eddy kinetic  energy: reduced u p p e r level

v a ria tio n  for m oist convection hum id ity  and  tem p era tu re ; 
narrow ed H adley cell

1-34 M oist convection  can s ta r t  below Stronger h ig h -la titu d e  w in ter
condensation  level tem p e ra tu re  inversion a t low levels

1-36 Large-scale ra in  every 5 h Increased large-scale cloud cover
1-40 Local T  = - 4 0 ° C  for sa tu ra tio n  

over ice
Fewer c irrus clouds a t  low la titu d es

1-42,43 C loud op tical th ickness m odified R educed ne t h eat in to  ground
1-44 Snow density  decreased W arm er g round  in w in ter
1-45 G round  th erm al conductiv ity R educed v e rtica l tem p e ra tu re  g rad ien t

changed in ground
1-46, A ltered  hydrology based on vege Early  sum m er m oistu re  increased and
47,49 ta tio n ; in te rm ed ia te  runoff 

form ulation
tem p e ra tu re  decreased

1-50 R ealistic  vegeta tion  m asking dep th s R educed a lbedo  in snow -covered areas
1-51 G round  albedo based on vegeta tion Sm all a lbedo  increase in sub trop ics
1-52 M odified ocean ice coverage Local effects on T  and  evaporation
1-54 M odified ocean tem p era tu res No large effects
1-55 New lower lim it for surface roughness No large effect
1-59 E km an surface wind fo rm ulation Increased eddy k inetic energy and eddy tran sp o rts
1-61 M odified cross-isobar angle Sharpened  in te rtro p ica l convergence zone
Source; A dap ted  from  H ansen et al. (1983).

way th a t  represen ts th e  effect of ad d itio n a l viscous 
d rag  a t  th e  ocean surface. T he m ag n itu d e  of th e  
u n ce rta in ty  can th en  be roughly quan tified  by p lac
ing co n stra in ts  on these  source te rm s. Once again  
sensitiv ity  analysis is used to  e s tim a te  the  effect of 
in tro d u cin g  these term s.

A p articu la rly  difficult ty p e  of u n ce rta in ty  to  
quan tify  is one in w hich th e  m odel p ro jec tions influ
ence th e  expected m ag n itu d e  of th e  u n ce rta in ty ; for 
exam ple, w hen th e  u n ce rta in ty  is involved in a  feed
back m echanism . T h is  is tru e  for th e  ocean exam ple 
given above because a tm ospheric  changes can influ
ence ocean cu rren ts . C acuci and  Hall (1984) and  
Hall (1986) have developed an efficient m ethod  for 
es tim atin g  the  effect of these feedback u n ce rta in tie s .

Some o th er sources of u n ce rta in ty  in clim ate  
m odels a re  illu s tra te d  in Table C .2. A lthough  th e  
orig inal purpose of th is  tab le  w as to  sum m arize 
th e  resu lts  of a  sensitiv ity  analysis, th e  “Physics 
C hange” colum n ind ica tes som e of th e  asp ec ts  of

the  m odel th a t  a re  sub ject to  u ncerta in ty . Q uan
tify ing  sources of u n ce rta in ty  in c lim ate  m odels in 
th is  way is a  difficult and  expensive ta sk , b u t i t  does 
seem to  be possible. A lso, th e  careful in te rp re ta tio n  
of sensitiv ity  analyses can  elim inate  som e sources of 
u n ce rta in ty  from  consideration .

C .3 . 8  M odel In tercom parison

O ne use of m odel in te rco m p ariso n  stud ies is to  te s t 
th e  resu lts  of a  fa s t an d  econom ical m odel ag a in st 
th e  resu lts  of a  s low er-running  m odel th a t  is know n 
to  be reliable. For exam ple, th e  re la tive ly  sim ple ra 
d ia tio n  ca lcu la tions th a t  m ust be used in G C M s can 
be com pared  w ith  m ore soph isticated  and  accu ra te  
rad ia tio n  m odels (see C h ap te r 2 of th is  volum e). In 
C 0 2 -c lim ate research , how ever, m odel in te rco m p ar
ison also  refers to  com parison  of th e  overall resu lts  
o f different G C M s.

O f th e  G C M s used in C 0 2 -c lim ate  stud ies, th ere  
is no h ard  evidence to  suggest th a t  any  one of th em
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M 6 l l t r  ( i g e s )
M a n » b «  a n d  W e t h e r a l d  ( 1 0 < 7 )  
M  a n a b •  ( 1 9 7 1 )
R a i o o l  a n d  S c h n e i d e r  ( 1 9 7 1 )  
S e l l e r a  ( 1 9 7 5 )
S c l l e r e  ( 1 9 7 4 )
W c a r e  a n d  S n e l l  ( 1 9 7 4 )  
M a n a b e  a n d  W e t h e r a l d  ( 1 9 7 5 )  
R a m a n a t h a n  ( 1 9 7 6 )

1 0 .  S c h n e i d e r  ( 1 9 7 6 )
1 1 .  T e m k l n  a n d  S n e l l  ( 1 9 7 6 )
1 2 .  A u f u i t t i o n  a n d  R a m a n a t h a n

( 1 9 7 7 )
I S .  P o t t e r  ( 1 9 7 9 ,  1 9 9 0 )
1 4 .  H a n i e n ,  p c r e o n a l  c o m m u n i c a t i o n
15 .  R o w n t r e e  a n d  W a l k e r  ( 1 9 7 9 )
1 6 .  H a n e e n  ( 1 9 7 9 )
17 .  H u m m e l  a n d  R e c k  ( 1 9 7 9 )

H u n t  a n d  W e l U  ( 1 9 7 9 )  
M a c D o n a l d  e t  a l .  ( 1 9 7 9 )  
M a n a b e  a n d  S t o u f T e r  
( 1 9 7 9 ,  1 9 9 0 )

R a m a n a t h a n  e t  a l .  ( 1 9 7 9 )  
N e w e l l  a n d  D o p p l i c k  ( 1 9 7 9 )  
I d i o  ( 1 9 9 0 )
M a n a b e  a n d  W e t h e r a l d  ( 1 9 9 0 )  
G a t e e  e t  a l .  ( 1 9 9 1 )

2 6 .  H a n s e n  a t  a l .  ( 1 9 9 1 )
2 7 .  K a n d e l  ( 1 9 9 1 )
2 9 .  M i t c h e l l  ( 1 9 9 3 )
2 9 .  R a m a n t h a n  ( 1 9 9 1 )
9 0 .  W e t h e r a l d  a n d  M a n a b a  ( 1 9 9 1 )
9 1 .  H a l l  e t  a l .  ( 1 9 9 2 )
9 2 .  S c h l e i l n f e r  ( 1 9 9 3 )
9 9 .  W a i h l n f t o n  a n d  M e a h l  ( 1 9 9 8 )  
3 4 .  A l c k i a n d r o v  a t  a l .  ( 1 9 9 3 )

F ig u r e  C .3 . T he change in surface tem p e ra tu re  induced by halv ing (O .Sx), doubling  (2 x ) , qu ad ru p lin g  (4 x )  and  decupling  ( lO x ) 
th e  p re in d u s tria l C O 2  con cen tra tio n  as sim ulated  by energy balance m odels (EB M s), rad ia tive-convectivem odels (R C M s), and  general 
c ircu la tion  m odels (G C M s). Source: Schlesinger (1983).

is th e  m ost reliable for p ro jec ting  clim ate  change 
(see C h ap te r 4 of th is  volum e). T herefore, we can
no t deduce from  th e  d isagreem ents betw een the  
m odels how m uch they  d isagree w ith  reality . For 
exam ple, th e  changes in equ ilib rium  surface tem p er
a tu re s  p ro jec ted  for d ifferent changes in C O 2  con
cen tra tio n  are  com pared  in F igu re  C .3 for various 
m odels. As Schlesinger (1983) p o in ts  o u t in the  
orig inal discussion of th is  figure, how ever, no t all 
of th e  resu lts  a re  com parab le , and  th e  u n ce rta in ty  
is n o t necessarily  as large as th e  d isagreem ent be
tw een th e  resu lts . Even if we e lim ina te  th e  resu lts 
th a t  are  no t precisely com parab le , th e  d isagreem ent 
still does n o t in d ica te  th e  u n ce rta in ty . For exam 
ple, all G C M s have a  lim ited  sp a tia l reso lu tion  (of 
ab o u t 500 km ). T herefore, it  is n o t only possible 
b u t p robab le  th a t  th e  m odels m ake ap p ro x im atio n s 
th a t  resu lt in sim ilar erro rs, and  th e re  is alw ays the  
danger th a t  th e  resu lts  have m ore in com m on w ith  
each o th e r th a n  they  do w ith  reality .

An im p o rta n t conclusion is th a t  th e  value of 
m odel in tercom parison  is g rea tly  enhanced if cou
pled w ith  som e form  of u n ce rta in ty  analysis th a t  is 
aim ed a t  explain ing why th e  d isagreem ents am ong 
resu lts  occur. F u rth erm o re , i t  is equally  im p o rta n t 
to  explain  why m odels ad o p tin g  a  varie ty  of dif
fe ren t approaches agree w ith  each o th e r in m any 
im p o rta n t respects. E xplain ing  an d  und erstan d in g  
th e  agreem ents and  d isagreem ents betw een different 
m odels is p erhaps th e  m ost fru itfu l goal of m odel in
tercom parison  studies.

C .3 .9  O verall M odel E valua tion

To be of value to  decision m akers, an  overall evalu
a tio n  of clim ate  m odel pro jections needs to  be sim 
ple to  u n d ers tan d  yet su p p o rtab le . C lim ate  m odels, 
how ever, are highly so p h is tica ted , so p rep ara tio n  of 
a  useful m odel eva lua tion  is n o t easy. A  s tru c tu red
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approach  to  m odel valid a tio n , as, for exam ple, ou t- 
klined in th is  section , helps because it  identifies self- 
' con ta ined  step s  th a t  are re la tive ly  easy to  com pre
hend.

In th e  sh o rt te rm , th e  m ost valuable co n trib u 
tio n  of an  overall m odel eva lua tion  is likely to  be 
iden tification  of th e  m ost im p o rta n t u n ce rta in tie s  in 
C 0 2 -c lim ate  m odeling  and  to  p rovide an  assessm ent 
of how b est to  proceed w ith  m odeling research. T he 
long-term  ob jective of m odel eva lua tion , how ever, 
is to  p rovide a  convincing a rg u m en t of why b o th  
global and  regional p ro jections of c lim ate  change 
can be tru s te d .

C .4 C O N V E N T IO N A L  SE N S IT IV IT Y  
ANALYSIS

T here are so m any d ifferent sources of u n ce rta in ty  
in clim ate m odels th a t  it is useful, if n o t essential, 
to  so rt ou t th e  im p o rta n t from  th e  u n im p o rta n t. It 
is often possible to  sep a ra te  th e  im p o rtan ce  of an  
u n ce rta in ty  in to  tw o  factors: first, how large the  
source of u n ce rta in ty  is; second, how sensitive the  
m odel is to  th a t  source of u n ce rta in ty . T his sepa
ra tio n  is useful because th e  sensitiv ity  of a  m odel 
is a  m a th em atica l and  objective q u an tity , w hereas 
th e  size of an  u n ce rta in ty  usually  is open to  d is
cussion and  is som etim es difficult even to  define. 
T herefore, sen sitiv ities  provide th e  focus for a  d is
cussion o f u n ce rta in tie s . For exam ple , one o f the  
m ost w idespread  sources of u n ce rta in ty  in clim ate 
m odels is th e  p rac tice  of rep resen tin g  p a ra m e tri
cally those physical processes th a t  can n o t be re
solved by th e  m odel’s sp a tia l grid  (i.e., p a ram e te r
ization  of subgrid  processes). S ensitiv ity  analysis 
determ ines w h e th e r a  subgrid  process has a  large 
influence on th e  m odel, consequently  determ in ing  
w hether sc ru tin y  of th e  u n ce rta in ty  in th e  p a ra m e t
ric rep resen ta tio n  is called for.

C onven tional m ethods of d e term in in g  th e  sen
sitiv ity  of c lim ate  m odels to  u n ce rta in tie s  a re  re
viewed in th e  following sections.

C.4.1 C om parison  of R esu lts of 
D ifferent M odels

As has a lready  been discussed, com parison  of th e  
resu lts  of m odels is, on its  ow n, un sa tisfac to ry  as

a  m ethod  of u n ce rta in ty  analysis. H ow ever, a  com 
parison  of m odel resu lts  is a  form  of sen sitiv ity  a n a l
ysis because it  ind icates how sensitive th e  resu lts  
a re  to  a  com bination  of m odel differences. A dif
ficulty w ith  th is  ty p e  of sen sitiv ity  ana lysis is th e  
iden tification  of w hich m odel differences a re  caus
ing w hich differences in th e  resu lts. For exam ple, in 
F igure C .4 th e  regional changes in surface tem p er
a tu re s  a f te r  a  doubling  of th e  C O 2  co n cen tra tio n  in 
th ree  d ifferen t m odels a re  com pared . A lthough  it 
is in te re stin g  to  com pare th e  net effect of all of th e  
differences am ong  th e  th ree  m odels, th e  m ain  effect 
of F igu re  C .4 is bew ilderm ent. P rov ided  thait th e  
sim u la tio n s really  are com parab le (e.g., they  rep
resen t equ ilib rium  resu lts  of physically  com parab le  
m odels), an d  provided th a t  th e  differences in th e  
sim u la tions a re  s ta tis tica lly  significant, th en  a  sen
sitiv ity  ana lysis  of specific differences betw een  the  
m odels can  help to  identify  th e  im p o rtan ce  of th e  
differences in  th e  resu lts.

T he need for sensitiv ity  ana lysis in th e  in tercom 
parison  of so p h is tica ted  m odels is underlined  by in 
te rcom parisons th a t  focus on m odels of specific pro
cesses. For exam ple , in Table C .3 L u th er (1982) il
lu s tra te s  th e  range of rad ia tiv e  flux changes due to  a  
doubling of th e  C O 2  co n cen tra tio n  in eigh t d ifferent 
rad ia tio n  m odels. A lthough  L u ther p o in ts  o u t th a t  
rad ia tiv e  m odels m u st be com pared  w ith  observa
tions to  ev a lu a te  th e ir  accuracy, his com parison  does 
provide an  e s tim a te  of th e  size of th e  u n ce rta in ty  in 
rad ia tiv e  flux changes (see also C h ap te r 2 of th is  
volum e). In ad d itio n , how ever, i t  is im p o rta n t th a t  
we know  how  sensitive th e  overall c lim ate  m odels 
are to  u n ce rta in tie s  in rad ia tiv e  fluxes. For exam 
ple, d ifferen t m odels can have d ifferent sensitiv ities 
to  rad ia tiv e  fluxes, depending  on th e  s tren g th  of th e  
w a te r v apor feedback m echanism .

C .4.2 M u ltip le  S im ulations 
W ith  th e  Sam e M odel

M ost C 0 2 -c lim ate  p ro jections are  based  on es tim a
tion  of th e  sen sitiv ity  of th e  equilib rium  clim ate  to  
a  doubling  o f th e  atm ospheric  C O 2  concen tra tion . 
T h is sen sitiv ity  is es tim ated  by com paring  a  dou
bled C O 2  co n cen tra tio n  sim ula tion  w ith  a  contro l 
run . T h is  m ethod  of re runn ing  can be ex tended  
to  es tim a te  o th e r sensitiv ities, as illu s tra ted  in T a
ble C .4. A n im p o rta n t d isadvan tage o f th is  m ethod
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T ab le  C .3
Comparison of Net Flux Changes at the Tropopause 

Due to Doubling of CO2 for Different Radiation Calculations

Change in Range of Central Value
CO2 Values

Case (ppm) (W m -2) and Range (%)

All models 600-300 -3 .15  to -6 .1 1 -4 .63(± 32)
(8 models) 1200-600 -4 .8 7  t o -6 .69 5.78(±16)

15 nm  band 600-300 -4 .7 3  t o -5 .49 -5 .1 1 (± 7 )
only using 1200-600 -4 .8 7  t o -5 .58 -5 .2 2 (± 7 )
McClatchey
et al. (1973)
data  (3 models)

Note: Differences in model calculations of the change in net flux 
a t the tropopause (13 km) due to  doubling CO2 with all other 
atmospheric constituents included. Source: Luther (1982).

c .4 . 3  Sim plified M odels

M ath em atica l m odels a re  n o t alw ays in ten d ed  to  
be realistic , b u t som etim es they  are  fo rm u la ted  to  
illu s tra te  th e  ou tcom e of using a  p a r tic u la r  se t of 
physical assu m p tio n s. For exam ple, one of th e  sim 
p lest c lim ate  m odels applies th e  S tefan-B oltzm ann  
law  and  th e  energy balance on a  sphere of rad iu s  r  
hav ing  uniform  ab so lu te  tem p e ra tu re  T:

47rr^aT*  =  jrr*S'(l — a ) . (C .l)

F ig u re  C .4. The increase in surface air tem perature (°C) for 
D ecem ber-January-February (D JF) after a doubling of the CO2 

concentration based on GCM simulations by researchers a t the 
Geophysical Fluid Dynamics Laboratory (GFDL), the Goddard 
Institu te  for Space Studies (GISS), and the N ational Center for 
Atmospheric Research (NCAR). Source: Schlesinger and Mitchell 
(1985).

is its  co m p u ta tio n a l expense. For exam ple, th e  60 
sensitiv ity  experim en ts show n in T able C .4, desp ite  
being run  for m uch sh o rte r tim es th a n  th e  contro l 
ru n , required  th e  equivalen t of 900 hours of com 
p u tin g  tim e on an  IBM  360 com puter. A lthough  a  
reduction  of th e  sim u la ted  tim e for each re run  does 
reduce th e  co m p u ta tio n a l expense of re runn ing  the  
m odel, i t  also ra ises d o u b ts  a b o u t w hether th e  sim 
u la tio n s have reached  equ ilib rium . A n a lte rn a tiv e  
app ro ach  is to  use sim pler an d  fas te r-ru n n in g  m od
els for sensitiv ity  stu d ies , b u t such an  approach  in
troduces even m ore assum ptions.

Using values of 5  =  1367 W m ~^  for th e  so lar 
co n s tan t, a  =  0.3 for th e  p lan e ta ry  a lbedo  (i.e., 
frac tion  of so lar rad ia tio n  reflected back in to  space 
by b o th  th e  ground  an d  th e  a tm o sp h ere), an d  <r =  
5.69 X 10~* W m~^ for th e  S tefan-B oltzm ann  
co n s tan t. E q u a tio n  (C .l)  gives a  te m p e ra tu re  of 
255 K. We can in te rp re t th is  as th e  effective m ean  
te m p e ra tu re  of th e  su rface-atm osphere sy stem  re
qu ired  to  achieve rad ia tiv e  equilibrium . S chneider 
an d  M ass (1975) have defined th e  sen sitiv ity  ^  of 
th e  te m p e ra tu re  T  to  changes in so lar c o n s tan t S
as

(C .2)

For th is  sim ple m odel, th e  value of ^  is 64 K , th a t  
is, an  increeise of 1% in th e  so lar co n s tan t w ould 
increase T  by 0.64°C.

Because of th e  greenhouse w arm ing  (see C h ap 
te r  2 of th is  volum e), th e  observed global tem p e ra 
tu re  a t  th e  E a r th ’s surface (288 K) is considerably  
h igher th a n  th e  effective m ean  te m p e ra tu re  (255 K ). 
R ad iative-convective  m odels tak e  in to  acco u n t th is  
g reenhouse w arm ing  an d  s im u la te  a  global surface

348 Projecting the Climatic E ffects o f Increasing Carbon Dioxide



T a b le  C .4
Sensitiv ity  E xperim en ts Perform ed w ith the  G oddard  In s ti tu te  for Space S tudies GCM

f  Model Run
Numbers of 
Months Simulated Experiment Description

I - l 60 C o n t r o l  r u n  fo r  m o s t  e x p e r i m e n t s ,  8 ® X 1 0 °  r e s o l u t i o n ,  7 l a y e r s
1 -2 9 C g r id
I - S S C g r id  w i t h  s m o o t h i n g  o f  t h e  h o r i e o n t a l  p r e s s u r e  g r a d i e n t  fo r ce
1-4 3 C g r id ,  4 °  X 5 °  r e s o l u t i o n
I - B 9 C g r id ,  p o t e n t i a l  e n s t r o p h y  c o n s e r v a t i o n
1 -6 9 C o r io l i s  a n d  m e t r i c  t e r m s  i n c lu d e d  a t  p o le s
1 -7 12 M o m e n t u m  d r a g  in  t o p  m o d e l  l a y e r
1 -8 12 M o d e l  1 w i t h  s u r f a c e  p h y s ic s  a n d  r a d i a t i o n  o f  M o d e l  11
1 -9 3 1-8 w i t h  d r a g  in  s t r r a t o s p h e r e ,  =  l O ” *
I - I O 3 1-8 w i t h  d r a g  in  s t r a t o s p h e r e ,  C o N  — 1 0 ” ^ (5  -1- 0 . 5 U )
I - l l 3 1-8 w i t h  d r a g  in  s t r a t o s p h e r e ,  C f y j s j  —  1 0 ” *
1 -1 2 3 1-8  w i t h  m o d e l  t o p  a t  0 .01  m b ,  21 l a y e r s ,  no  d r a g  in  s t r a t o s p h e r e
I - I S 18 10 - l a y e r  m o d e l ,  3 l a y e r s  a d d e d  in  u p p e r  t r o p o s p h e r e  a n d  s t r a t o s p h e r e
1 -1 4 18 1 2 - l a y e r s ;  2 l a y e r s  a d d e d  in  p l a n e t a r y  b o u n d a r y  l a y e r  t o  R u n  1-13
1 -1 5 3 M a t s u n o  T A S U  t i m e  s t e p p i n g
1 -1 6 3 N o  s m o o t h i n g  t o w a r d  p o le s ,  2 m i n u t e  t i m e  s t e p
1 -1 7 3 N o  s e a  leve l  p r e s s u r e  f i l te r
1 -1 8 3 G F D L  h o r i z o n t a l  d i f fu s io n
1 -1 9 3 N C A R  h o r i z o n t a l  d i f fu s io n
1 -2 0 3 2 S %  l im i t  o n  h o r i z o n t a l  a d v e c t i o n  o f  w a t e r  v a p o r
1-2 1 3 V e r t i c a l  a d v e c t i o n  o f  w a t e r  v a p o r  u ses  a r i t h m e t r i c  m e a n  a t  l a y e r  e d g es
1 -2 2 3 N o  f r i c t i o n ,  i .e . ,  n o  s u r f a c e  d r a g  o r  m o m e n t u m  m i x i n g  b y  c o n v e c t i o n
I - 2 S 3 A e r o s o l s  o m i t t e d
1 -2 4 9 I R  r a d i a t i o n  o f  M o d e l  11 ( s in g le  A )-d i s t r ibu t ion  fo r  e a c h  g a s )
1 -2 5 9 R e a l i s t i c  I R  e m is s i v i t i e s  fo r  d e s e r t s ,  s n o w ,  a n d  ice
1 -2 6 9 R a d i a t i o n  c o m p u t e d  a t  a ll  g r i d p o i n t s ;  r u n  1-1 u s e s  2 - p o i n t  m e a n
1 -2 7 9 C o m p l e t e  r a d i a t i o n  c a l c u l a t i o n  e v e r y  h o u r
1 -2 8 3 D a i l y  a v e r a g e  s o l a r  i n s o l a t i o n ,  i .e .,  no  d i u r n a l  cycle
1 -2 9 9 N o  s u b g r i d - s c a l e  t e m p e r a t u r e  v a r i a n c e  fo r  m o i s t  c o n v e c t i o n
1 - 3 0 9 M o i s t  a d i a b a t i c  a d j u s t m e n t
I - S l 9 M o i s t  c o n v e c t i o n  c l o u d  c o n s t a n t  ( 7 ) t r i p l e d
1 -3 2 3 R a d i a t i o n  c o m p u t e d  s e p a r a t e l y  in c l o u d y / n o n c l o u d y  a r e a s  o f  g r i d b o x
1 -3 3 9 N o  m i x i n g  o f  m o m e n t u m  b y  c o n v e c t i o n
I - S 4 9 M o i s t  c o n v e c t i o n  c a n  s t a r t  b e lo w  t h e  c o n d e n s a t i o n  leve l
I - S 5 9 N o  s u b g r i d - s c a l e  t e m p e r a t u r e  v a r i a n c e  fo r  s u p e r s a t u r a t i o n  c lo u d s
I - S 6 3 L a r g e - s c a l e  r a i n f a l l  c a l c u l a t e d  e v e r y  5 h o u r s
1 -3 7 9 F i x e d  a n n u a l l y - a v e r a g e d  c lo u d s
I - S 8 3 F i x e d  a n n u a l l y - a v e r a g e d  a n d  l o n g i t u d i n a l l y  a v e r a g e d  c lo u d s
I - S 9 3 L o c a l  t e m p e r a t u r e  0 ° C  c r i t e r i o n  fo r  s a t u r a t i o n  o v e r  w a t e r  o r  ice
1 -4 0 3 L o c a l  t e m p e r a t u r e  - 4 0 ° C  c r i t e r i o n  fo r  s a t u r a t i o n  o v e r  w a t e r  o r  ice
1 -41 3 L o c a l  t e m p e r a t u r e  —6 5 ° C  c r i t e r i o n  fo r  s a t u r a t i o n  o v e r  w a t e r  o r  ice
1 - 4 2 12 O p t i c a l  t h i c k n e s s  o f  c i r r u s  c lo u d s  r e d u c e d  t o  T =  1 / 3
1 -4 3 12 O p t i c a l  t h i c k n e s s  o f  o t h e r  n o n - c o n v e c t i v e  c lo u d s  r e f o r m u l a t e d
1 -4 4 21 S n o w  d e n s i t y  d e c r e a s e d  f r o m  0 .2 5  to  0.1 g c m ” *
1 - 4 5 9 M o d i f i e d  t h e r m a l  c o n d u c t i v i t y  in  d e s e r t s  a n d  v e g e t a t e d  a r e a s
1 -4 6 9 I n c r e a s e d  f ie ld  c a p a c i t y  b a s e d  on  v e g e t a t i o n  t y p e ;  1-8 is c o n t r o l
1 -4 7 9 I n s t a n t  u p w a r d  w a t e r  d i f fu s io n  f r o m  r o o t  z o n e ;  1-46 is c o n t r o l
1 -4 8 9 N o  runofi* u n t i l  f i r s t  g r o u n d  l a y e r  is s a t u r a t e d ;  1-47 is c o n t r o l
1 -4 9 11 I n t e r m e d i a t e  r u n o f f  f o r m u l a t i o n ;  1-47 is c o n t r o l
1 -5 0 9 I n c r e a s e d  m a s k i n g  d e p t h s  b a s e d  on  v e g e t a t i o n  t y p e
1-51 9 M o d i f i e d  g r o u n d  a l b e d o  b a s e d  on  v e g e t a t i o n  t y p e
1 -5 2 3 O c e a n  ice c o v e r a g e  b a s e d  on  W a l s h  a n d  J o h n s o n  ( 1 9 7 9 )
1 -5 3 24 N o  f r a c t i o n a l  g r id  f o r  l a n d / w a t e r
1 -5 4 12 O c e a n  s u r f a c e  t e m p e r a t u r e  b a s e d  o n  R o b i n s o n  a n d  B a u e r  ( 1 9 8 1 )
1 -5 5 9 L o w e r  l i m i t  f o r  s u r f a c e  r o u g h n e s s  b a s e d  o n  v e g e t a t i o n
1 -5 6 3 S u r f a c e  l a y e r  h e i g h t  o f  SO m  u s e d  o v e r  t h e  o c e a n
I - S 7 9 E k m a n  s u r f a c e  w in d  f o r m u l a t i o n  w i t h  s p e c i f i e d  cxq

1 -5 8 9 F i r s t  l a y e r  w in d  e m p l o y e d  fo r  E k m a n  w in d  c a l c u l a t i o n
1 -5 9 3 V a r y i n g  b o u n d a r y  l a y e r  h e i g h t  fo r  E k m a n  w in d  c a l c u l a t i o n
1 - 6 0 3 G e o s t r o p h i c  w in d  u s e d  fo r  E k m a n  w in d  c a l c u l a t i o n
1 -6 1 9 M o d i f i e d  c r o s s - i s o b a r  a n g l e  c a l c u l a t i o n ;  1-59 is c o n t r o l

Source: Hansen et al. (1983).
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a ir te m p e ra tu re  close to  its  observed value. T hese 
m odels also  include positive  feedbacks th a t  increase 
th e  value of For exam ple , th e  R CM  used in a  sen
s itiv ity  analysis by H all e t al. (1982) gave a  value 
for /3 o f 108 K.

S ensitiv ities for th e  tw o  m odels described above 
are  sum m arized  in  T able C .5. As show n in th is  
tab le , th e  ex trem ely  sim ple m odel rep resen ted  by 
E q u a tio n  (C .l)  acco u n ts  for th e  o rder of m ag n itu d e  
of th e  sensitiv ities  in th e  m uch m ore com plex RCM  
(consisting  o f several hun d red  lines of FO R T R A N  
coding). O n th e  o th e r h an d . E q u a tio n  (C .l)  to ta lly  
neglects im p o rta n t processes an d  sensitiv ities (for 
exam ple , th e  effect of changes in th e  C O 2  concen
tra tio n ) .

Table C.5
C om parison of S ensitiv ities O b ta in ed  by Using an 

E nergy B alance E q u a tio n  and  a  RCM

C hange in Forcing F ac to r C hange in T em p era tu re  (°C )

E q u atio n  (C .l) RCM

1% Increase in 
Solar C o n stan t

0.64 1.08

(0 = 64 K) (/3 =  108 K)

Increase of 0.01 in A lbedo -0 .9 1 -0 .8 5

D oubling  of C O 2  

C o n cen tra tio n
0 2.42

th e  atm osphere . F rom  th e  cloud colum n (C ), they  
concluded th a t  th e  change in te rre s tria l rad ia tio n  
( - 2 .0 6  W m “ ^) was a lm o st com pensated  by an  ac-| 
com panying  change in so lar rad ia tio n  (2.26 W m “ ^), 
in d ica tin g  a  sm all n e t co n trib u tio n  of cloud cover 
feedback.

Table C.6
E xam ple of Specialized M eth o d  of Sensitiv ity  A nalysis 

D esigned to  Assess th e  Feedback Effects of Clouds

Y \ x E Sy

C O 2 T r A C

S 0.35 — 1.12 2.10 2.26 5.83 5.72
- F 4.26 -1 6 .7 4 6.68 -2 .0 6 -7 .8 6 -5 .7 2

R 4.61 -1 6 .7 4 7.80 2,10 0.20 -2 .0 3 0

T here  is a  com plete  range of clim ate  m odels, 
from  th e  sim plest energy balance equation  to  th e  
m ost com plex G C M . E ach o f these m odels has a  
role in helping us to  u n d ers ta n d  d ifferent physical 
processes and  sensitiv ities.

C .4.4 Specialized M eth o d s o f S ensitiv ity  A nalysis

Even for th e  m ost com plex m odels, i t  is possible 
to  e x tra c t sen sitiv ity  in fo rm ation  w ith o u t ac tua lly  
re runn ing  th e  m odel. For exam ple , M anabe and  
W etherald  (1980) perfo rm ed  an  ana lysis to  e lucida te  
th e  n e t co n trib u tio n  o f cloud feedback for a  q u ad ru 
pling of th e  C O 2  co n cen tra tio n  (T able C .6 ). T h eir 
m ethod  involved n o tin g  th e  changes in te m p e ra tu re  
(T ) , m ixing ra tio  of w a te r  v apor (r ) , surface albedo  
(A ), and  cloud cover (C ) a f te r  a  quad ru p lin g  o f th e  
C O 2  co n cen tra tio n . T hey  th en  ca lcu la ted  th e  p a r
tia l effects of each of these  changes on th e  n e t so lar 
rad ia tiv e  flux (5 ) ,  th e  n e t te rre s tr ia l flux {F),  and  
th e  n e t dow nw ard  ra d ia tio n  (i?), all a t  th e  to p  of

N ote: P a r t ia l  change in 5 , F ,  an d  R  (W m ~ ^) of th e  s ta n d a rd  
m odel a tm osphere  a ttr ib u ta b le  to  sep a ra te  changes in various rel
evan t factors, i.e., C O 2 , T ,  r .  A, an d  C.  E denotes th e  sum  of 
all of these  p a rtia l changes. 6Y  is th e  change in a  rad ia tiv e  flux 
Y  (i.e., 5 , F  or R )  due to  th e  sim ultaneous changes in all rele
v a n t variab les resu lting  from  a  q u ad ru p lin g  of CO 2  concen tra tion . 
Source: M anabe  and  W etherald  (1980).

Such specialized m eth o d s of sensitiv ity  an a ly 
sis can be effective, a lth o u g h  they  m ust be applied  
piecem eal and  are  tim e  consum ing to  apply  to  th e  
ana lysis of a  w ide varie ty  of processes. T h is  is a  
d raw back  for ap p lica tio n  to  u n ce rta in ty  analyses in 
w hich i t  is n o t know n a t  th e  o u tse t w hich uncer
ta in tie s  a re  im p o rta n t.

C .5 A D JO IN T  S E N S IT IV IT Y  ANALYSIS

C onven tional m eth o d s of sensitiv ity  analysis focus 
on specific u n ce rta in tie s  in c lim ate  m odels an d  as
sess th e  effect of these u n ce rta in tie s  on any  resu lt 
th a t  is of in te re st. O n th e  o th e r h an d , th e  new 
m ethod  of ad jo in t sen sitiv ity  analysis focuses on 
specific resu lts  of th e  m odel an d  assess how  these 
re su lts  a re  influenced by any  u n ce rta in ty  th a t  can 
be expressed m ath em atica lly . Therefore, w hile con
v en tional sensitiv ity  analysis  requires p rio r know l
edge o f w hich u n ce rta in tie s  m ig h t be im p o rta n t, ad 
jo in t sensitiv ity  ana lysis only requires a  know ledge 
of w hich resu lts  a re  im p o rta n t. T he advan tage  of 
th e  ad jo in t m eth o d  for analyzing  un ce rta in tie s  in 
c lim ate  m odels is th a t  w e generally  know w hich are 
th e  critica l resu lts  w hereas we usufilly do n o t gen
erally  know  w hich are  th e  critica l uncerta in ties.
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T h e p rac tica l difference betw een conventional 
.a n d  ad jo in t m ethods of sensitiv ity  analysis can be il
lu s t r a t e d  by com paring  T ables C .2 and  C .7. H ansen 
e t al. (1983) co n stru c ted  T able C .2 by identify ing 
2 0  d ifferent changes in th e  m odel, ca lcu la ting  the  
effects of these changes on th e  m odel resu lts , and  
no ting  th e  m ajo r effects. C a lcu la tin g  these effects 
requ ired  a b o u t five tim es th e  com pu ting  tim e of the  
con tro l run . On th e  o th er h an d . Hall e t al. (1982) 
co n stru c ted  T able C .7 by iden tify ing  th e  global su r
face a ir  te m p e ra tu re  as th e  resu lt of in te re st and  
using th e  ad jo in t m eth o d  to  ca lcu la te  sensitiv ities 
for all 312 of th e  p a ram e te rs  in th e  m odel. T he sen
s itiv ities  were ranked  by th e ir re la tiv e  sensitiv ities 
(i.e., frac tio n al change in resu lt d iv ided by fractional 
change in p a ram ete r) . C alcu la tin g  these sensitiv i
ties requ ired  a b o u t 1.5 tim es th e  com pu ting  tim e of 
th e  con tro l run .

T he ad v an tag e  of th e  ad jo in t app roach  is th a t  it 
m akes i t  p rac tica l to  ca lcu la te  all o f th e  sensitiv ities, 
w ith  hope even for m odels as com plex as G CM s. 
T h u s, by looking a t ,  for exam ple, th e  first 20 en tries 
in Table C .7, we can  be sure th a t  we are  looking 
a t  th e  20 m ost sensitive p aram ete rs . By co n tra s t, 
th e  conven tional ap p ro ach  re s tr ic ts  th e  nu m b er of 
sensitiv ity  experim en ts th a t  can be perform ed, so it  
is alw ays possible th a t  im p o rta n t sensitiv ities will 
be overlooked w hen th is  m eth o d  is used. Because 
th e  ad jo in t ap p ro ach  is new , how ever, i t  is re la tively  
un fam ilia r to  a tm o sp h eric  scien tists; it is therefore 
review ed here.

C .5.1 Basic C oncep ts U nderly ing the  
A djo in t M ethod

T he purpose beh ind  th e  ad jo in t m eth o d  of sensitiv 
ity  ana lysis is illu s tra te d  w ith  a  very sim ple tim e- 
d ep en d en t energy balance equ a tio n  described by

C T  -Y r T *  =
5 ( 1 - a )

(C .3)

w ith  T  =  To a t  t =  0. In th is  d ifferen tial equa tion , 
C  is th e  h ea t cap acity  per u n it a rea , T  is th e  tim e- 
d ep en d en t ab so lu te  te m p e ra tu re  (T  =  d T / d t ) ,  a  is 
th e  S te fan -B o ltzm ann  co n s tan t, S  is th e  so lar con
s ta n t ,  a  is th e  p lan e ta ry  albedo , an d  Tq is th e  in itia l

tem p e ra tu re . T he resu lt of in te re st is th e  average 
te m p e ra tu re  T  given by

T  = (1/0 f
Jo

T d t  , (C .4)

w here r  is th e  final tim e. T he value of T  can  be 
ca lcu la ted  by solving th e  d ifferen tial equ a tio n  for 
th e  tim e dependence of T  and  th en  by evalua ting  
th e  in teg ra l for T .

T he objective of sensitiv ity  analysis is to  es ti
m a te  th e  change in T  arising  from  changes in th e  p a
ram e te rs  C , S ,  a ,  an d  T q .  T he conven tional m ethod  
of sensitiv ity  analysis is to  recalcu la te , th a t  is, to  
specify th e  new values of th e  p aram ete rs , th en  to  
solve for th e  new tim e dependence of T , and  finally 
to  reevaluate  T . A possible a lte rn a tiv e  to  recalcu la
tio n  involves d iffe ren tia ting  th e  equations for T  and
f :

6 T  +
4(tT ^ 6 T  ^ —T S C  +  (1 -  oi)SS — 5 ^ a |

w ith  S T  — STo a t  t =  0, and

S T  == ( 1 / 0  r
Jo

4C

S T d t

(C .5)

(C .6 )

In these equations,^  S T  is th e  first-o rder change in 
th e  u n p e rtu rb ed  te m p e ra tu re  T  arising  from  th e  p a 
ra m e te r changes SC , S S ,  Sa ,  and  STq. Once th e  
p a ram ete r changes have been specified, th en  E q u a
tion  (C .5) can  be solved for th e  tim e dependence of 
S T ,  and  finally S T  can be eva lua ted . However, th is  
oflFers no ad v an tag e  over recalcu la tion  o th er th an  
th a t  th e  d ifferential equ a tio n  for S T  is linear and  
therefo re  easier to  solve th a n  th e  orig inal differen
tia l equ a tio n  for T .

T h e  ad jo in t m eth o d  of sensitiv ity  analysis uses 
a  different app roach . I t involves finding an  op
e ra to r  ad jo in t to  th e  o p e ra to r ac tin g  on S T  in 
E q u a tio n  (C .5). T he o p era to r ac tin g  on S T  is 
(d /d t  -(- 4<rT®/C). Its  ad jo in t is th e  o p era to r 
{ - d / d t  +  A a T ^ /C ) ,  since these tw o  o p era to rs  s a t
isfy th e  equ a tio n  defining th e  ad jo in t opera to r:

i  “ ("
d  4 (tT » \ ^

“ U s +  =

^ S tric tly  speaking, these  equations a re  o b ta ined  by tak in g  th e  
G a teau x  d ifferential of o p e ra to rs  rep resen tin g  th e  equations 
for T  and  T  (e.g., see C acuci an d  H all [1984]).
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Table C.7
C om prehensive Sensitiv ities for a  R ad ia tiv e  C onvective M odel”

R anking P a ra m e te r  D escription* R elative S en sitiv ity '
1 Coefficient =  1.43 -  2 m b (°C )“ * in equation  for sa tu ra tio n  vap o r pressure  of w a ter 1.19
2 Coefficient A i 2̂ =  4.44 -  1 m b (°C )~*  in equation  for sa tu ra tio n  vap o r pressure  of w a ter -1.04
3 Coefficient A r,* =  2.65 -  4 m b (°C )~ *  in equation  for sa tu ra tio n  v ap o r pressure  of w ater -9 .49  -  1
4 C onversion co n s tan t 273.155 from  K to  °C -6 .80  -  1
5 F i  = ( to ta I  day lig h t h o u rs)/2 4  =  0.5 4.16 -  1
6 A verage cosine of so lar zenith  angle cdTf =  0.5 4.16 -  1
7 Coefficient A i,s  =  3.03 -  6 m b (°C )~ *  in eq uation  for sa tu ra tio n  v ap o r pressure  of w a ter 4.03 -  1
8 S tefan -B o ltzm an  co n stan t a =  1.17 -  7 cal cm “ * d “ * -4 .0 0  -  1
9 C o n stan t 0.930 in C O j transm ission  function  r^ O : te rre s tr ia l rad ia tio n  [see Eq. 

(11.38) of K a tay a m a  (1972)]
-3 .9 3  -  1

10 C o n sta n t 1.09 in C O 2  transm ission  function  t c o ^ t o i  te rre s tr ia l rad ia tio n  [see Eqs. 
(11.40, 41) of K a tay am a  (1972)]

-3 .92 -  1

11 Solar c o n s tan t So =  2793.6 cal cm ~* d “ * 3.81 -  1
12 E arth -S u n  d istan ce  facto r (re /fe )*  =  1 -3 .80  -  1
13 Coefficient A x ,i=  6.11 m b in eq uation  for sa tu ra tio n  vap o r pressure  of w ater 3.68 -  1
14 C o n sta n t 0.29 in w a ter vap o r transm ission  function  te rre s tr ia l rad ia tio n  [see

Eq. (11.37) of K a tay a m a  (1972)] -2 .34 -  1
15 C o n stan t 0.373 in w a te r vap o r transm ission  function  for te rre s tr ia l rad ia tio n  [see

Eq. (11.34) of K a tay a m a  (1972)] -1 .13  -  1
16 Coefficient A i,s  =  2.03 -  8 m b (° C )“ ® in eq uation  for sa tu ra tio n  v ap o r pressure  of w a ter -1 .09  -  1
17 C o n sta n t 0.028 in w a te r vap o r transm ission  function  ff i^o  for te rre s tr ia l rad ia tio n  [see

Eq. (11.37) of K a tay a m a  (1972)] -8 .13  -  2
18 T ropospheric  p ressure  difference p« -  po =  800 m b 7.61 -  2
19 C o n stan t 0.259 in w a te r vap o r transm ission  function  r *  ^  for te rre s tr ia l rad ia tio n  [see

Eq. ( 1 1 .3 4 ) of K a tay a m a  (1972)] -7 .09  -  2
20 F rac tio n  o f so lar insolation  sub ject to  w a ter vap o r abso rp tio n  [constan t 1 -  f  = 0.366 

[see E q. (33) and  Eq. (34) of Schlesinger and  G ates (1979)]
6.00 -  2

21 C o n stan t 0.194 in w a te r vap o r transm ission  func tion  for te rre s tr ia l rad ia tio n  [see
Eq. (11.37) of K a tay am a  (1972)] -4 .15  -  2

22 P ressu re  po =  200 mb -4.01 -  2
23 S tra to sp h eric  tem p e ra tu re  T ,t =  218 K for te rre s tr ia l rad ia tio n  calcu la tion  [see Eq.

(27a) of Schlesinger an d  G ates (1979)] 3.81 -  2
24 C o n stan t 0.247 in albedo  a o  of cloudless sky due to  R ayleigh sca tte rin g  [see Eq. (39)

of Schlesinger and  G ates (1979)] -3 .73  -  2
25 A ccelera tion  of g rav ity  g — 9.8 m s“ * -3 .68  -  2
26 C o n stan t 0.066 in C O 2  transm ission  func tion  r c o :  for te rre s tr ia l rad ia tio n  [see Eq.

(11.38) of K a tay a m a  (1972)] -3 .40  -  1
27 C o n stan t 0.16 in w a te r vap o r p lus C O 2  transm ission  function  f t  for te rre s tr ia l rad ia tio n

[see Eqs. (II. 18, 23, 27) of K a tay am a  (1972)] 3.34 -  2
28 C o n stan t 9.0 -  5 in C O 2  transm ission  function  TcOj for te rre s tr ia l rad ia tio n  [see Eqs.

(11.40, 41) of K a tay am a  (1972)] 3.23 -  2
29 Surface a lbedo  a , = 0.1 -2 .99  -  2
30 C o n stan t 0.622 in th e  sa tu ra tio n  m ixing ra tio  equation 2.86 -  2
31 R elative  h u m id ity  a t  th e  surface, set equal to  0.77 2.86 -  2
32 G as co n stan t R  = 287 m* s“ ^ K “ * 2.47 -  2
33 C ritical lapse ra te  Pc =  6.5°C  k m “ * 2.47 -  2
34 C o n stan t 0.9 in calcu la tion  of effective am o u n t of w a te r vap o r [see Eq. (29a) of

Schlesinger and  G ates (1979)] -2 .3 3  -  2
35 C o n stan t 0.085 in a lbedo  qq of cloudless sky due  to  R ayleigh sca tte rin g  [see Eq. (39)

of Schlesinger an d  G ates (1979)] -2 .1 3  -  2
36 C o n sta n t /  =  0.634 in the  ozone transm ission  function  Tq  ̂ for so lar rad ia tio n  [see Eq.

(A.108) of Schlesinger (1976)] 2.07 -  2
37 C o n stan t (1 — f )  = 0.366 in th e  w a te r v ap o r transm ission  function  T h jO  foi' solar

ra d ia tio n  [see Eq. (A.IOO) of Schlesinger (1976)] -1 .52  -  2
38 C o n stan t p , t  =  100 m b in th e  calcu la tion  of th e  w a ter vap o r m ixing ra tio  profile [see

Eq. (30) of Schlesinger and  G ates (1979)] -1 .49  -  2
39 Surface h ea t tran sfe r coefficient C ,  —10 cal cm “ * d ” * K~*

-1 .49  -  2
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T a b le  C.r
C ontinued

.Ranking P a ra m e te r D esc rip tio n ” R elative  S en sitiv ity ”

40

41
42
43

44

45

46
47

48
49

50

51 

52-89 

90-152 

153-312

C o n stan t -1 .6 6  in w a te r vap o r plus C O j transm ission  fu n c tio n  tor te rrestria l 
rad ia tio n  [see Eqs. (11.19, 23, 24) of K a tay am a  (1972)]
CoefBcient A \ j  =  6.14 — 11 m b (° C )“ ® in eq uation  for sa tu ra tio n  vap o r pressure of w ater 
C O 2  co n cen tra tio n  HcOi  =  320 ppm
C O 2  m olecular w eight X l0 ~ ^ (4 4  X  10“ ^) in calcu la tion  of to ta l C O j am oun t [see 
Eq. (IV .18) of K a tay a m a  (1972)1
C O 2  density  a t N T P  x  10® (1.977 g cm “ ®) in calcu la tion  of to ta l  C O 2  am o u n t [see 
Eq. (IV .18) of K a tay a m a  (1972)1
M olecular w eight of a ir  (28.966) in calcu lation  of to ta l  C O 2  am o u n t [see Eq. (IV. 18) 
of K a tay a m a  (1972)]
C o n stan t in calcu la tion  of to ta l C O 2  am o u n t [see Eq. (IV. 18) of K a tay am a  (1972)) 
Coefficient b = 4.08 — 2 (cm -N T P )“ * in O 3  ab so rp tion  func tion  for solar rad ia tio n  
[see Table A .5 of Schlesinger (1976)]
T o ta l ozone fl =  0.367 a tm -cm
Coefficient b =  1.44 -  1 (g c m ~ ^ )“ * in w a ter vapor abso rp tio n  function  for solar
rad ia tio n  [see Table A .4 of Schlesinger (1976)]
C o n stan t 15.78 in w a te r vap o r plus C O 2  transm ission  function  ff for te rrestria l 
rad ia tio n  [see Eqs. (11.19,23,27) of K a tay am a  (1972)]
C o n stan t -42 .59  in w a te r vap o r plus C O 2  transm ission  function  ft for te rre s tria l 
rad ia tio n  [see Eqs. (11.19,23,27) of K a tay am a  (1972)]

(m ag n itu d e  betw een
R em aining p a ram ete rs , w hich are 
m ostly  c o n stan ts  in transm ission  
functions

I and

I m agnitude betw een 
and

-1 .37 -  2

1.28 -  2

1 . 2 1 -  2

1 . 2 1 -  2

- 1 . 2 1 -  2

- 1 . 2 1 -  2

1 . 2 1 -  2

-1 .18 -  2

-1 .17 -  2

1.14 -  2

1.13 -  2

- 1 . 0 1 -  2

- 1 . 0 1 -  2

1 . 0 0 -  3
1 . 0 0 -3
0 . 0

0 . 0

Source; Hall e t al. (1982).
“ Surface a ir te m p e ra tu re  (con tro l) =  283.28 K.
 ̂ In giving values for various p a ram ete rs , th e  second p a r t  of each 

an  unreferenced eq u atio n  is referred  to , see Hall e t al. (1982).
” T he second p a r t of each value rep resen ts a  pow er of 10.

value represen ts a  power of 10; e.g., 9.49 — 1 =  9 .49x10  W here

/>(
d
dt

+ 4 a T ^ \

J u d t  +  Mf) (C .7)

w here u  and  t; are  a rb itra ry  funciions of tim e. T he 
ad jo in t m eth o d  involves ca lcu la tin g  an  ad jo in t func
tion  T * . T h is ad jo in t func tion  is so called because it 
satisfies an  equation  involving the  ad jo in t o p era to r:

F rom  E quation  (C . 8 ), th e  te rm  ( - d / d f  -H 4 a T ^ / C ) T '  
is equal to  (1 /r ) .  A lso, from  E q u atio n  (C .5 ), th e  
te rm  [d/dt-j-4<rT^/ C )6 T  is equal to  { - T 6 C  +  (1 -  
a ) 6 S  -  S 6 a } / 4 C .  M oreover 6 T  =  6T q a t  t =  0, and  
T* =  0 a t  t =  7 . T hus, E q u atio n  (C .9) gives th e  
follow ing expressions for ST:

dt C  J \ r
(C . 8 )

S T  = r  S T { \ / r ) d t  =  SToT*{0) 
J o

+

w ith  T* = 0 at t =  T. T h e left side of th is  equ a tio n  is 
th e  ad jo in t o p e ra to r ac tin g  on th e  ad jo in t function , 
and  th e  r ig h t side is th e  coefficient of S T  in th e  
expression for ST] th e  ad jo in t boundary  condition  
is satisfied  a t  th e  final tim e  r.

T he E q u a tio n  (C .7) defining th e  ad jo in t o p era 
to r holds for th e  p a r tic u la r  case w hen u = S T  and  
V =  T*:

d  4(7T’ \  .... , 
+ — ) T - d t

J  t * { - T 6 C  +  ( 1  -  a ) S S  -  5 6 a }  ( l /4 C )d f  .

(C.IO)
T he ad jo in t m ethod  s ta r ts  by solving for th e  tim e 
dependence of T*. T hen  S T  can be eva lua ted  for 
any p a ram ete r change by using E q u a tio n  (C .IO ). 
For exam ple, we can eva lua te  th e  sensitiv ity  ^  by 
considering a  co n s tan t change S S  an d  se ttin g  all 
o th er p a ram ete r changes to  zero. T hen , th e  ad jo in t 
expression for /3 is

=  £  T * ( l  -  a ) 5 ( l / 4 C ) d t  ( C . l l )
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T he ad v an tag e  of th e  ad jo in t m eth o d  is th a t  the  
p a ram ete r v a ria tio n s do no t have to  be specified u n 
til a fte r all of th e  d ifferen tial equations have been 
solved. T h u s th e  change in the  resu lt a rising  from  
changes in ind iv idual p a ram ete rs  can be identified 
and  eva lua ted  easily. T he tw o d ifferent expressions 
for 6 T  i llu s tra te  th is  p o in t well. T he expression for 
6 T  in te rm s of T*  in E q u a tio n  (C.IO) show s th e  rel
a tiv e  im p o rtan ce  of all of th e  p aram ete rs , including 
in itia l cond itions, w hereas th e  conventional expres
sion in te rm s of ^T ,

6 T = (lA) fJo
S T d t (C .12)

is no t so physically  revealing.
T he ad jo in t function  has a  useful physical in te r

p re ta tio n  th a t  can  be un d ersto o d  as follows. W hen 
th e  in itia l te m p e ra tu re  Tq is th e  only p a ram ete r 
to  be changed , th en  th e  ad jo in t expression for 6 T  
becom es 6 T  — STqT*{0),  or equivalen tly  T *(0) =  
6 T / S T q. T hus, th e  value of th e  ad jo in t function  a t 
tim e zero is th e  sensitiv ity  of th e  resu lt T  to  p e r
tu rb a tio n s  in th e  in itia l te m p e ra tu re  T q . M ore gen
erally, th e  ad jo in t function  T* a t  an  a rb itra ry  tim e 
is th e  sensitiv ity  of th e  resu lt T  to  an  in s tan tan eo u s  
p e rtu rb a tio n  in d ep en d en t variab le  T  a t  th a t  a rb i
tra ry  tim e. T h is in te rp re ta tio n  of th e  ad jo in t func
tion  helps us to  u n d ers ta n d  th e  ad jo in t expression 
for /3. T he sensitiv ity  /3 can be in te rp re ted  as th e  
first-o rder increase in average te m p e ra tu re  re su lt
ing from  a  doubling of th e  solar co n stan t. T he te rm  
(1 -  a ) 5 ( l / 4 C )  in th e  expression for ^  is th e  ra te  of 
change of te m p e ra tu re  T  due to  th is  doubling  of the  
solar co n stan t. T he re su lta n t ra te  of change in the  
average te m p e ra tu re  in T  is th u s  T * ( l - o ) S ( l /  4 C ) . 
T he in teg ra tio n  of th is  expression over tim e gives 
the  change in average tem p e ra tu re  arising  from  a 
doubling of th e  so lar co n stan t, giving th e  ad jo in t 
expression for /3. T hus, th e  te rm  T * (l  — a ) 5 ( l / 4 C )  
gives th e  im p o rtan ce  of increases in so lar co n stan t 
as a  function  of tim e. S im ilar te rm s can be derived 
for the  tim e-d ep en d en t im p o rtan ce  of o th e r p a ram 
eter changes.

In p ractice , c lim ate  m odels are  m uch m ore com 
p licated  th a n  th e  sim ple energy balance equation  
considered here. For exam ple, a  G C M  solves con
servation  equations of m ass, m om en tum , and  energy 
th ro u g h o u t th e  g lobal atm osphere . N evertheless, 
even th e  m ost com plex clim ate  m odels are based

on first-o rder non linear d ifferential eq u a tio n s, like 
the  d ifferen tial energy balance eq u a tio n . T hus, th e  
basic concepts and  in te rp re ta tio n s  d iscussed above ( 
apply  to  all c lim ate  m odels.

T he ad jo in t m eth o d  has been successfully ap 
plied to  a  R C M  (H all e t al. 1982) an d , recently , 
to  th e  O regon S ta te  U niversity  a tm o sp h eric  GCM®. 
T he follow ing sections review  th e  re su lts  from  these 
app lica tions.

C .5 .2 P a ra m e te r Sensitiv ities

S ensitiv ities ca lcu la ted  using th e  ad jo in t m ethod  
can be used to  p red ic t th e  ac tu a l effect of changing 
p a ram ete rs  (p red ic ted  effect =  p a ram e te r change x 
sen sitiv ity ). B ecause of second-order effects, how 
ever, th e  effect of sm all p a ram ete r changes will 
be p red ic ted  accu ra te ly , w hile th e  effect o f large 
changes in som e p a ram ete rs  will be p red ic ted  less 
accurate ly . For exam ple. Table C . 8  com pares p re
d ic ted  and  ac tu a l changes in th e  surface a ir  tem 
p e ra tu re  a f te r  various changes in several in p u t p a 
ram e te rs  of a  R C M . T able C . 8  illu s tra te s  th a t ,  for 
th is  m odel, th e  ad jo in t m ethod  accu ra te ly  p red ic ts  
th e  effect of m ost physically  reasonable p a ram e te r 
changes. T he only significant d iscrepancy is for th e  
doubling  of th e  C O 2  co n cen tra tio n . T h is is because 
th e  p red ic ted  change assum es a  linear re la tio n sh ip  
betw een C O 2  co n cen tra tio n  and  surface a ir  tem p er
a tu re , w hile th e  tru e  re la tio n sh ip  is recognized to  be 
logarithm ic . T hus, for a  doubling of th e  C O 2  con
ce n tra tio n , th e  p red ic ted  and ac tu a l changes differ 
by a fac to r of log^ 2 ~  0.7.

H aving estab lished  th a t  th e  sensitiv ities  calcu
la ted  by th e  ad jo in t m eth o d  are generally  correct, 
we can tak e  ad v an tag e  of th e  m e th o d ’s an a ly ti
cal pow er. Table C .7 has shown th a t  th e  ad jo in t 
m ethod  m akes it possible to  ran k  the  im p o rtan ce  
of all th e  p a ram ete rs  in a  RCM . T he follow ing dis
cussion p resen ts  som e of th e  sensitiv ity  in fo rm ation  
th a t  has recently  been ob ta in ed  by app ly ing  th e  ad 
jo in t m eth o d  to  th e  O regon S ta te  U niversity  a tm o 
spheric G C M .

T he version of th is  m odel cu rren tly  being an 
alyzed has been com prehensively docum en ted  by 
G han  et al. (1982). T he p a rtic u la r  version o f th is

 ̂ M. C. G. Hall, “A pplication  of A djo in t Sensitiv ity  Theory  to  
an A tm ospheric  G eneral C ircu la tion  M odel.” A ccepted for 
p u b lica tion  in th e  Journal of the Atmospheric Sciences.
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T a b le  C .8
C om parison of A d jo in t E stim a ted  Sensitiv ities of E quilibrium  

Surface T em p era tu re  w ith  R esu lts from M odel R eruns

F rac tio n a l C hange in T em p era tu re
P a ra m e te r
D escrip tion

R elative
S ensitiv ity

V ariation  in 
P a ra m e te r 

(%)

A djo in t
E stim ate

(° c )

R erun
M ethod

(° c )

Solar 0.381 0.1 0.108 0.108
C onstan t 10 10.8 10.8

Surface -0 .0 2 9 9 0.1 -0 .0 0 8 4 7 -0 .0 0 8 5 0
Albedo 10 -0 .8 4 7 -0 .8 5 3

R elative 0.0285 0.1 0.00807 0.00811
H um idity  a t 
Surface

10 0.807 0.795

A tm ospheric 0.0121 0.1 0.00343 0.00343
CO 2  C on
cen tra tio n

100 3.43 2.42

C hange in M odel P a ra m e te r
C hange in G lobal 

Surface A ir T em p era tu re  
(° C)

Increase G lobal SST by 0.5° 0.292
Increase Surface A lbedos by 0.03 -0 .1 3 1
D ouble A tm ospheric  C O 2 0.126
Increase Solar C o n stan t by 2% 0.090
D ouble S tra to sp h eric  O sone -0 .0 6 7

We can u n d e rs tan d  th e  sensitiv ities in T able C .9 
by analyzing  th e  ad jo in t expressions for these sensi
tiv ities  (along th e  sam e lines as for ^  in th e  energy 
balance eq u a tio n ). T he G C M  is sp a tia lly  depen
den t and  has several ty p es of s ta te  variab les (surface 
pressure, w ind velocity, a tm ospheric  tem p e ra tu re , 
a tm ospheric  hum id ity , g round te m p e ra tu re , g round 
w etness, snow am o u n t). T hus, th e  ad jo in t expres
sion for th e  effect of p a ram ete r v a ria tio n s  has the  
form:

change

result /  /  s•' tin> »  •' » p a c e

Note: E quilibrium  surface te m p e ra tu re  =  283.28 K.
Source: Hall e t al. (1982).

m odel th a t  we will consider has prescribed  sea su r
face tem p e ra tu re s  (SST) and  sea ice ex ten t. T he 
sensitiv ity  in fo rm ation  in T able C .9 illu s tra te s  th e  
d om in atin g  effect of th e  SST on th e  global average 
surface a ir te m p e ra tu re . W hen all feedback p ro 
cesses a re  neglected  and  SST is held fixed, an  in 
crease in th e  SST of 0.5°C  has a  m uch larger effect 
th a n  a  doubling of th e  C O 2  concen tra tion . In fact, 
th e  sensitiv ity  to  th e  C O 2  co n cen tra tio n  in th is  ver
sion of th e  m odel is m uch lower th an  th a t  w hich 
is usually  rep o rted , precisely because th e  surface 
a ir te m p e ra tu re  is so closely tied  to  th e  p rescribed  
SST. T he sensitiv ity  of 0.126°C  to  a  doubling  of the  
C O 2  co n cen tra tio n  is sm aller th an  th a t  rep o rted  by 
G a tes  et al. (1981) using th e  sam e m odel because 
in th e  p resen t ana lysis th e  m odel w as run  for only 
1 0  days, and  th is  did n o t allow p a ram ete r changes 
to  have th e ir full equ ilib rium  effect.

T a b le  C .9  
A djo in t E stim a ted  Sensitivities for the  

Oregon S ta te  U niversity  A tm ospheric GCM

f ad jo in t '' 

function  

for

y variab le  )

I  effect of \  

p a ram ete r 

change on 

^ variab le  )

(C .13)

In teg ra tin g  over space and  sum m ing over variable 
types gives th e  tim e-dependen t im p o rtan ce  of the  
p a ram ete r change (e.g.. F igure C .5A ), in teg ra tin g  
over tim e and  space gives th e  co n trib u tio n  from  each 
variable ty p e  (e.g.. F igure C .5B ), and  in teg ra tin g  
over tim e and  sum m ing  over variable types gives the  
sp a tia l im p o rtan ce  of th e  p a ram e te r change (e.g.. 
F igure C .5C ).

F igure C .5 shows a  breakdow n of th e  sensitiv ity  
of global a ir te m p e ra tu re  to  a  doubling  of a tm o 
spheric C O 2 . As F igure C .5 A ind icates, while the  
co n trib u tio n  to  th e  sensitiv ity  is stead ily  decreasing, 
th e  effect is n o t com plete a t  ten  days. In fac t, if we 
ex tra p o la te  F igure C .5A  to  longer tim es an d  esti
m ate  th e  ad d itio n a l a rea  u nder th e  curve, we m igh t 
expect the  equ ilib rium  sensitiv ity  to  be a b o u t tw ice 
the  10-day sensitiv ity . T his is consisten t w ith  th e  
equilibrium  sensitiv ity  of 0 .2°C  for th e  fixed sea su r
face te m p e ra tu re  experim ent rep o rted  by G a tes  et 
al. (1981). F igu re  C .5B  shows th a t  in th is  m odel, 
C O 2  affects th e  globally averaged  surface a ir  tem 
p e ra tu re  en tire ly  th ro u g h  its  effect on a tm ospheric  
and  g round tem p e ra tu re . T he absence o f any  con
tr ib u tio n  from  atm ospheric  h u m id ity  shows th a t  th e  
w ate r vapor feedback m echanism  is v irtu a lly  non
ex isten t in th is  m odel (no d o u b t as a  consequence of 
th e  prescribed  ocean tem p era tu res). T he ice-albedo 
feedback m echanism  is also ab sen t, as illu s tra te d  by 
the  absence of large sub -a rc tic  co n trib u tio n s  to  the  
sensitiv ity  in F igu re  C .5C . C om parison  of in fo rm a
tion  such as in F igu re  C .5 betw een  different m odels 
is a  pow erful w ay of analyzing  why m odels exh ib it
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o

Hourly contributions to the sensitivity

A

Physical contributions to the sensitivity

^  0 . 5

0.0
1 2 3 4 6 8 7 8 9  10

Days before estim ating  surface air tem p e ra tu re

8 0  On

4 0 .0 -

2 0 .0 -

0 0

Variable typ e

B

Regional contribution to the sensitivity

F ig u r e  C .5 . A nalysis of th e  sensitiv ity  of global surface a ir tem p e ra tu re  (SAT) to  a tm ospheric  C O 2  co n cen tra tio n . W hen th e  a tm o 
spheric C O 2  co n cen tra tio n  is doubled , ten  days la te r  th e  global SAT is estim a ted  to  increase by  0.126°C . T he pe rcen tag e  co n trib u tio n  to 
th is sensitiv ity  is resolved above (A) as a function  of tim e, (B) as a  function  of physical process, and  (C) as a  func tion  of sp a tia l location .

different sensitiv ities. M oreover, th is  ty p e  of infor
m atio n  can  be m ade availab le  no t only for C O 2  sen
sitiv ity , b u t also for sensitiv ities  to  any  p a ram ete r 
or g roup  of p a ram ete rs  in a  m odel.

Im p lem en ta tio n  of th e  ad jo in t m eth o d  for a 
G C M  requires considerable in v estm en t, b u t once 
th e  m eth o d  has been im p lem en ted , it is com pu
ta tio n a lly  very efficient. T he m ain  co m p u ta tio n a l
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expense of th e  ad jo in t m eth o d  is th e  num erical eval
u a tio n  of th e  ad jo in t o p e ra to r. T his evalua tion  
takes ab o u t the  sam e am o u n t of co m p u ta tio n  tim e 
as th e  orig inal run . T he 10-day G C M  sim ula tion  
chosen as an  in itia l te s t of th e  ad jo in t m ethod  re
quired  ab o u t 1 hour of co m pu ting  tim e on an IBM  
3033 com puter. Use of th e  ad jo in t m ethod  to  calcu
la te  deta iled  sen sitiv ity  in fo rm atio n  for a  w ide va
riety  of p a ram ete rs  requ ired  a  litt le  over an  hour 
of ad d itio n a l com pu ting  tim e. To o b ta in  the  sam e 
sensitiv ity  in fo rm ation  by reru n n in g  w ould have re
quired  hundreds of hours of co m pu ting  tim e.

To check th e  sensitiv ities  o b ta in ed  by th e  ad 
jo in t m ethod , som e of these re runs have a c tu 
ally been perform ed. Even for large p aram e
te r  changes (e.g., a doub ling  of the  C O 2  con
cen tra tio n ) th e  ag reem en t has been w ith in  30%. 
T he ad jo in t m ethod  has been applied  successfully 
to  a  general c ircu la tion  m odel only very recently  
(M. C. G . H alU ), and  it is hoped th a t  its  a n a ly ti
cal pow er will be taken  ad v an tag e  of increasingly as 
tim e progresses.

C .5 .3 S ensitiv ity  to  Feedback

Feedback occurs in a c lim ate  m odel when physical 
q u an titie s  th a t  influence th e  clim ate  (e.g., a lbedo, 
hum id ity , cloud cover, ocean cu rren ts , sea ice) are 
them selves influenced by th e  clim ate. P ositive feed
backs play an  im p o rta n t role in clim ate  change be
cause of th e ir am plify ing eflFect. For exam ple, as 
m uch as h a lf of th e  e s tim a ted  C O 2  w arm ing  is a t 
trib u ta b le  to  th e  w a te r vapor feedback m echanism  
(higher tem p e ra tu re s  —+ m ore a tm ospheric  w ate r 
vapor —> s tro n g er w a te r vapor greenhouse effect ^  
h igher tem p era tu res ) . A lso, som e of th e  severity  of 
ice ages can  likely be a t t r ib u te d  to  th e  ice albedo  
feedback (lower te m p e ra tu re s  —> m ore sea ice —> 
higher albedo  —+ lower tem p era tu res).

Since feedback is so im p o rta n t in determ in ing  
th e  m ag n itu d e  of th e  c lim ate  change, different feed
back s tren g th s  betw een c lim ate  m odels are likely 
to  accoun t for m any of th e  differences betw een re
su lts. T herefore, to  u n d ers ta n d  these differences in 
resu lts , it is p a rticu la rly  useful to  iso late  th e  effects 
of ind iv idual feedbacks. O ne app ro ach  is to  rem ove 
th e  feedbacks, th en  ad d  th em  individually , no ting

th e ir effect. H ansen e t al. (1984) used th is  ap 
proach  to  generate  F igure C .6 , w hich illu s tra te s  th e  
effect of various feedbacks in a  R C M . T he d isad v an 
tag e  of th is  app ro ach  is th a t  it requires re ru n n in g  
th e  m odel several tim es, w hich is p roh ib itive ly  ex
pensive for G C M  clim ate  sim ula tions.

L o p « t
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Figure C.6. Contributions to the global mean temperature rise in 
the So and CO2  experiments as estimated by inserting changes ob
tained in the three-dimensional experiments into a one-dimensional 
radiative-convectivemodel. (A) -4-2% Sq experiment, (B) experi
ment with a doubled CO2  concentration, and (C) experiment with 
a doubled CO2  concentration for the alternate control run with 
greater sea ice (Hansen et al. 1984).
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T a b le  C .IO
Feedback Effects in a  R ad ia tive  C onvective M odel Using D ifferent A nalysis Methods®

Prescribed
Surface A ir T em p era tu re  (T) and 
Surface A lbedo (q ) Feedback

Feedback
D escrip tion

H um idity
Feedback

d a / d T =  
0.005

a a / d T =
0.0005 K -*

d a / d T = 
-0 .0005 K - i

d a / d T =  
-0 .005  K -*

Sensitiv ity  to 
Feedback by A djo in t 
M ethod  (°C)

0.67 -0.51 -0.051 0.051 0.51

R esult w ith Feedback 
E stim ated  by 
R ecalculation  (°C )

2.78 1.27 1.615 1.717 2.40

R esult w ith
Feedback E stim ated  by 
Sum m ing a G eom etric  
P rogression (°C )

2.77 1.27 1.614 1.717 2.39

Source: Cacuci and  Hall (1984).
® M odel sensitiv ity  w ith o u t feedback (i.e., surface a ir tem p e ra tu re  increase a fte r doubling  C O 2 ) is equal to  1.644^C.

T he ad jo in t m eth o d  provides a  m uch m ore ef
ficient m ethod  of e s tim atin g  th e  effect of feedback. 
To explain  th is  m eth o d , we re tu rn  to  th e  energy bal
ance equa tion  described  in Section C .5 .3. A llowing 
the  albedo  a  to  depend  on th e  tem p e ra tu re  in tro 
duces an  a lbedo  feedback m echanism . In te rm s of 
sensitiv ities, th is  feedback can be th o u g h t of as a 
tem p era tu re -d ep en d en t change {6a) in th e  albedo. 
T hus, we can express th e  effect of the  a lbedo  feed
back using th e  ad jo in t sensitiv ity  expression

S T  ^  [  T * { - S 8 a ) { l / 4 C ) d t  . (C .14)
J o

T he prob lem  w ith  th is  expression is th a t  6a  
depends on te m p e ra tu re , b u t which tem p era tu re?  
S tric tly  speaking , we should use th e  new tim e- 
dependen t te m p e ra tu re  recalcu la ted  w ith  th e  feed
back, b u t th e  w hole p o in t of using th e  ad jo in t 
m ethod  is to  avoid  th is  recalcu la tion . T herefore, it  
is tem p tin g  to  ap p ro x im a te  th e  recalcu la ted  tem p er
a tu re  by th e  u n p e r tu rb ed  tem p e ra tu re  T .  C acuci 
and  Hall (1984) have show n th a t  th is  ap p ro x im a
tion  leads to  an  e s tim a te  of feedback effects correct 
to  first o rder in th e  s tren g th  of th e  feedback. C on
sequently  they  have called th is  e s tim ate  th e  sen 
sitiv ity  to feedback.  Subsequently , Hall (1986) has 
suggested e s tim a tin g  th e  ac tu a l effect of feedback 
from  th e  sensitiv ity  to  feedback by sum m ing a  geo
m etrica l progression. T h is app roach  gives a  fo rm ula 
of the  form

es tim ated  resu lt _  resu lt w ith o u t feedback 
w ith  feedback 1  — feedback ra tio

w here

feedback ra tio  = resu lt w ith o u t feedback

Table C.IO shows th e  success of th is  ap p ro ach  in 
es tim atin g  th e  effect of albedo  and  re la tiv e  h um id ity  
feedbacks in a  R CM .

W hen feedback processes in d ifferent m odels are  
com pared , one looks for differences betw een th e  ef
fects of a  feedback process in th e  d ifferent m od
els. T he efficiency of th e  ad jo in t m eth o d  is likely 
to  m ake th e  com parison m uch m ore in fo rm ative. 
W hen th e  ad jo in t functions have been ca lcu la ted , 
th e  com puting  required  to  e s tim ate  th e  effect of th e  
feedback is negligible. T herefore, a  w ide varie ty  of 
feedbacks can be investigated .

C . 6  E X PR E SSIN G  U N C E R T A IN T IE S

A p a ram ete r in a  m odel w ith  an  u n ce rta in ty  of X %  
and  a  re la tiv e  sensitiv ity  of Y  causes an  u n ce rta in ty  
of X Y %  in th e  resu lt. A t first s ig h t, th is  s ta te 
m en t ap p ears  to  be too  naive to  deal w ith  th e  m any 
different sources of u n ce rta in ty  in clim ate  m odels 
(e.g., u n ce rta in tie s  arising  from  m aking  physical £is- 
sum ptions or even en tire ly  neglecting physical p ro 
cesses). However, m ost sources of u n ce rta in ty  can 
be expressed and  quan tified  by in tro d u cin g  new p a
ram e ters  th a t  are designed to  rep resen t such uncer
ta in tie s . T hen  sensitiv ity  analysis can q uan tify  th e  
effect of these u n ce rta in tie s  on th e  resu lts. T h is  sec
tion  illu s tra te s  how th is  app roach  w orks in p ractice.
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C.6.1 Sources of U ncerta in ty

^The energy balance equ a tio n  used in Section C.4 
illu s tra te s  m ost o f th e  im p o rta n t w ays in w hich un 
c e rta in tie s  can  arise . Recall th a t  th is  equation  ap 
plies th e  S tefan -B o ltzm ann  law  and  so lar energy 
balance to  a  sphere w ith  a lbedo  a  an d  uniform  ab 
so lu te  te m p e ra tu re  T :

AcT* =  S ( 1  -  a )  . (C .15)

4ff{T*) =  5 (1  -  a )  , (C .16)

local dev ia tion  A T , th a t  is, T  =  (T) + A T .  S ubsti
tu tin g  th is  expression in to  E q u atio n  (C .16) gives

4<t {{T)* + 4 { T f { A T )  + & { T y { A T ^ )  +  . . . )

=  5 ( 1 - a ) .  (C .17)

Because (A T ) is zero, th is  equ a tio n  can be w ritten

40-(T)^ ~
5 ( 1 - a )

(1 +  6 (A T 2 )/(T )2 )
(C .18)

We can  expect th e  e s tim ated  value of T  to  d ep a rt 
from  th e  observed  global te m p e ra tu re  because of th e  
following;

1. V alid ity  of physical assum ptions: Does the
E a r th  ra d ia te  like a  black body w ith  uniform  
tem p e ra tu re ?

2. C om pleteness: A re all facto rs  co n trib u tin g  to  
th e  greenhouse w arm ing  included?

3. D a ta  u n ce rta in tie s : W h a t value should  be used 
for th e  albedo?

M ore com plex m odels raise o th er issues, such as ac
curacy of num erical so lu tions, erro rs  in com pu ter 
p rog ram m ing , an d  s ta tis tic a l significance of resu lts.

T he re s t of th is  section illu s tra te s  a  q u an tita tiv e  
app ro ach  for dealing  w ith  th e  sources of u n ce rta in ty  
listed  above.

C .6 . 1.1 V alid ity  of P hysical A ssum ptions

M any of th e  assum ptions m ade in sim ple c lim ate 
m odels a re  dem o n strab ly  u n tru e . For exam ple, the  
te m p e ra tu re  of th e  E a r th  is n o t un iform  as as
sum ed in  th is  sim ple energy balance equ a tio n  and  in 
R CM s. H ow ever, such eissum ptions still m ay be ac
cep tab le  p rov ided  th a t  they  lead to  re su lts  th a t  are 
essentially  co rrec t. T hus, th e  im p o rta n t issue is no t 
only how  tru e  an  assum ption  is, b u t also how sen
sitive th e  re su lts  a re  to  d ep a rtu re s  from  th e  tru th .

By w ay of illu s tra tio n , we re tu rn  to  th e  energy 
balance eq u a tio n . W hen th e  te m p e ra tu re  T  is no t 
un ifo rm , th is  m odel is rep resen ted  by the  equation

w here ( )  deno tes a  g lobal average. T he tem p e ra tu re  
we w a n t to  eva lua te  is (T ), so we w rite  th e  spa tia lly  
d ep en d en t te m p e ra tu re  T  as th e  sum  of (T) an d  a

T hus, the  equation  for th e  average nonuniform  tem 
p e ra tu re  is th e  sam e as th e  o rig inal equation  for the  
uniform  tem p era tu re , except th e re  is an  ex tra  facto r 
[1 / ( 1  +  6 (A T ^ )/(T )2 )].

E q u atio n  (C .18) illu s tra te s  th e  tw o issues th a t  
arise  when a  physical assu m p tio n  is m ade. T he 
te rm  (A T ^ )/(T )^  is th e  frac tio n a l variance of the  
te m p e ra tu re , signifying how valid th e  assum ption  
of un iform  tem p e ra tu re  is. H ow ever, to  determ ine 
w he ther th e  assum ption  is accep tab le  we need to  
know how sensitive th e  m odel is to  th e  tem p er
a tu re  being nonuniform ; th a t  is, how sensitive it 
is to  th e  frac tional variance te rm . If we assum e 
th a t  A T  ~  20 K and  T  ~  270 K, th en  the  te rm  
6 (A T ^ )/ (T)^ ~  3%. Sensitiv ity  analysis shows th a t  
th is  3% effect is enough to  change th e  tem p era tu re  
by ab o u t 2 K.

C .6 .1.2 C om pleteness

L im ited  u n d erstan d in g  of th e  w ide range of a tm o 
spheric processes and  th e  p rac tica l lim ita tions of 
available com puters com bine to  lim it the  com plete
ness of all com pu ter m odels. W hile th e  physical 
laws governing som e of these processes can  be rea
sonably  well rep resen ted , th e  in te rac tio n s  and  com 
p lex ities of o th er im p o rta n t processes (e.g., cloud- 
rad ia tio n  feedbacks) a re  very com plex and  only 
poorly  understood . Even for those processes for 
w hich detailed  rep resen ta tio n s  have been developed, 
com pu ter lim ita tio n s  force ap p ro x im a tio n s in order 
to  rep resen t large a reas w ith  only a  few variables 
and  a t  a  re la tively  few grid  p o in ts . As a  conse
quence, som e processes m ay be neglected  or inade
quate ly  tre a te d  in c lim ate  m odels; all m odels a re  in 
com plete in th is  sense. O th ers  m ay also com pletely 
om it im p o rta n t processes.

Sensitiv ity  analysis can help to  u n d erstan d  th e  
im p o rtan ce  of these lim ita tio n s  by ind icating  th e
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p o ten tia l im p o rtan ce  of th e  various physical p ro 
cesses, even if th ey  are  neglected  in th e  m odel. For 
exam ple, we can  e s tim a te  th e  p o ten tia l rad ia tiv e  ef
fects of an  a tm o sp h ere  in th e  energy balance m odel 
w ith o u t reso rtin g  to  th e  use of a  significantly  m ore 
com plex m odel. T h e  a tm o sp h ere  can be th o u g h t 
of as a  b lan k et th a t  is tra n sp a re n t to  so lar ra d i
a tio n  b u t w hich  tra n sm its  only a  frac tio n  Tjr  of 
th e  in frared  ra d ia tio n  [tjr is called th e  tran sm is
sion fu nc tion ). In th e  energy balance m odel th e  
in frared  ra d ia tio n  corresponds to  th e  te rm  4<tT^. A 
frac tio n  ( 1  — Tj r ) of th is  rad ia tio n  is abso rbed  by 
th e  a tm osphere , an d  h a lf of th is  rad ia tio n , th a t  is, 
AaT*{\ — r j j i ) /2 ,  is re rad ia ted  back to  th e  ground , 
ten d in g  to  au g m en t th e  so lar rad ia tio n . T h u s , the  
equ a tio n  of energy balance a t  th e  g round becom es

4aT* =  5 (1  -  a )  +  4 a T * { l  -  t j r ) / 2  . (C .19)

R earrang ing  E q u a tio n  (C .19) gives

4trT^ =  5 (1  -  a ) 2 / ( l  +  Ti r ) . (C .20)

T his eq u a tio n  is th e  sam e as for th e  orig inal m odel 
w ith  no a tm o sp h ere , except th e re  is an  e x tra  fac to r 
2 /(1  -f- Tj r ).

T he tran sm issio n  function  T/r for an  a tm o 
sphere w ith  a  w a te r v apor m ixing ra tio  of 1 0 “  ̂and  a 
C O 2  co n cen tra tio n  of 320 p a r ts  per m illion by vol
um e (ppm ) is a b o u t 0.5 (K a tay am a  1972). T hus, 
th e  fac to r 2 / ( 1  + t i r ) is a b o u t 1.3. Sensitiv ity  an a l
ysis of th e  orig inal m odel show s th a t  th is  fac to r in 
creases th e  te m p e ra tu re  by a b o u t 20° C.

C .6 . 1 .3 P a ra m e te r  U n certa in ties

T he effort to  express u n ce rta in tie s  in m odel p a ram 
eters ranges from  s tra ig h tfo rw ard  (b u t laborious) 
to  difficult. For exam ple , th e  value of th e  a lbedo  in 
th e  energy balance eq u a tio n  m igh t b est be ob ta in ed  
from  th e  average of sa te llite  m easu rem en ts w eighted  
by inciden t so lar ra d ia tio n . T h u s, o b ta in in g  a  value 
for th e  u n ce rta in ty  w ould involve a  deta iled  ana lysis 
of a ll of these  m easu rem en ts. H ow ever, sensitiv ity  
analysis show s th a t  even an  u n ce rta in ty  of 1 0 % in 
albedo  w ould only change th e  te m p e ra tu re  by ab o u t 
3 °C. So, a lth o u g h  th e  value o f th e  a lbedo  is im p o r
ta n t ,  u n ce rta in tie s  o f 1 0 % in th e  a lbedo  are  m uch 
less im p o rta n t to  th e  surface tem p e ra tu re  th a n  th e

u n ce rta in tie s  a rising  from  neglecting th e  in fra red  ra 
d ia tive  p ro p e rtie s  of the  atm osphere .

M uch of th e  d a ta  in m ore com plex c lim ate  m od
els, how ever, consist of p a ram ete rs  used to  repre
sen t th e  average effect of very com plex processes 
over large , b u t non-uniform , areas. For exam ple, 
m o m en tu m  tran sfe r betw een th e  g round an d  a t 
m osphere m u s t usually  be rep resen ted  by sim pli
fied em pirica l re la tionsh ips and  canno t be com puted  
by sum m ing  th e  effect over each ind iv idual obstacle  
in a  region. Expressing p a ram e te r u n ce rta in tie s  in 
these ty p es  o f re la tionsh ips, an d  th en  d eterm in ing  
th e  im p ac t of these u n ce rta in tie s  on resu lts , helps 
to  estab lish  th e  adequacy an d  im p o rtan ce  of these 
p a ram etric  or em pirical rep resen ta tions.

C .6.2 Q u a lita tiv e  versus Q u a n tita tiv e  
E xpressions of U ncerta in ties

C lim ate  m odelers do n o t se ttle  for q u a lita tiv e  a r 
gum en ts th a t  p ro ject a  C O 2  w arm ing , b u t in s tead  
use a rg u m en ts  based on q u a n tita tiv e , th a t  is, m a th 
em atica l, m odels. On th e  o th er h an d , th e re  is som e
tim es an  accep tance of q u a lita tiv e  s ta tem en ts  a b o u t 
th e  u n ce rta in tie s  in clim ate m odels (e.g., “In view of 
th e  u n ce rta in tie s  in our know ledge of cloud p a ram 
eters . . .  i t  is p rem a tu re  to  d raw  conclusions reg ard 
ing th e  influence of clouds . . . ” [N ational R esearch 
Council 1982]). B u t w ith  u n ce rta in tie s  em erging as 
one of th e  m ajo r issues in th e  C O 2  p roblem , p er
haps it  is tim e to  encourage th e  use of m a th em atica l 
m ethods of expressing un certa in ty .

T he p rev ious section suggested  th a t  expressing 
som e asp ec ts  of th e  sources of u n ce rta in ty  m a th 
em atica lly  is possible even in a  m odel th a t  m akes 
gross ap p ro x im atio n s. A m ajo r lim ita tio n  to  use 
of u n ce rta in ty  techniques in  p a s t C O 2  assessm ents 
(e.g.. N a tio n al R esearch C ouncil 1979, 1982; T ucker 
1981) has been th a t ,  w ith o u t efficient m eth o d s of 
sensitiv ity  analysis, it is im p rac tica l to  e s tim ate  
these effects. In stead , overall e s tim ates  of uncer
ta in ty  have had  to  be based on a  com parison of th e  
resu lts  of d ifferen t m odels, desp ite  th e  d anger th a t  
all th e  m odels could be equally  w rong.

O ne asp ect of achieving su p p o rtab le  and  q u an 
t i ta tiv e  u n ce rta in ty  analysis lies in  developing p rac
tica l m eth o d s of es tim atin g  sensitiv ities. Q u a n tita 
tive es tim a tes  of u n ce rta in ty  can  provide a  basis for 
fo rm ula ting  an  e s tim ate  of th e  overall u n ce rta in ty  of
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m odels and  can help in d ica te  p rio rities  for m odel de
velopm ent. H ow ever, if an  o p tim u m  p a th  to  m odel 
im provem en t is to  be found , these u n ce rta in ty  es
tim a te s  m u st be used in con junction  w ith  inform ed 
ju d g m en ts  based  on overall m odel behav io r in com 
parison  to  observations and  on p a s t know ledge of 
clim ate change.

C .6 .3 Iden tify ing  A reas in M ost U rgen t 
Need of R esearch

T here a re  m any  d ifferen t w ays th a t  c lim ate  m odels 
could be im proved . O bservations of th e  con tem po
ra ry  c lim ate  could be used to  reduce process un 
certa in ties, im proved  ocean m odels could be used 
to  reduce p a ram ete riz a tio n  of oceanic processes, or 
g rea te r reso lu tion  could be used to  reduce aggrega
tion  error. B o th  m odeling an d  co m p u tin g  resources 
a re  lim ited , how ever, so it is im p o rta n t to  m ake im 
provem ents in th e  a reas in w hich they  w ould have 
th e  g rea tes t p o te n tia l for reducing  u n ce rta in ty .

For exam ple , in G C M s b o th  th e  fo rm ation  of 
clouds and  th e  tran sfe r of h ea t from  th e  ground 
to  the  a tm o sp h ere  a re  rep resen ted  param etrica lly . 
B u t w hich of these  processes in tro d u ces  m ost un 
ce rta in ty  in to  th e  h ea t b u d g et of th e  a tm osphere? 
To find o u t, a ll of th e  ra d ia tiv e  te rm s th a t  depend 
on cloud cover can  be flagged by in tro d u c in g  a  coef
ficient, w ith  nom inal value of u n ity , th a t  m ultip lies 
th e  cloud cover. S im ilarly , all th e  te rm s involving 
h ea t tran sfe r from  th e  g round  can  be m ultip lied  
by a  different coefficient, also  w ith  nom inal value 
of unity . V aria tions in these tw o  d ifferent coeffi
cien ts can th en  rep resen t u n ce rta in tie s . For exam 
ple, a  m odeler could e s tim ate  th a t  th e  u n ce rta in ty  
in cloud cover is 30%, w hile th e  h ea t tran sfe r is 
correct to  10%. S ensitiv ity  ana lysis of th e  tw o coef
ficients will th en  show w hich of these u n ce rta in tie s  
has the  g re a te s t im p ac t, in d ica tin g  w hich process is 
in m ost u rg en t need of research.

C .7 SUM M A RY AN D  R E SE A R C H  
R E C O M M E N D A T IO N S

P rov id ing  a  su p p o rtab le  ind ica tion  of th e  re liab ility  
of clim ate m odel p ro jec tions is an  essen tia l b u t dif
ficult ta sk . C lim ate  change is n e ith e r an  easily ob
served nor ad eq u ate ly  u n d ers to o d  phenom enon, so

th e  sensitiv ity  of c lim ate m odels to  fu tu re  p e r tu r
b a tio n s  is difficult to  validate  experim entally . B u t 
p re p a ra tio n s  for th e  consequences of clim ate  change, 
or a t te m p ts  to  s tav e  it off, are  likely to  require large 
in v estm en ts  and  m ay flounder w ith o u t com pelling 
ju stifica tio n  th a t  th e  pro jected  clim ate  change is 
real.

V alidation  ag a in st observation  w ould provide 
one of th e  m ost convincing ind ications of th e  reli
ab ility  o f c lim ate  m odel pro jections. C onsequently , 
th e re  is considerab le research in th e  reco n stru c tio n  
of p as t c lim ates an d  in the  detec tion  of C 0 2 -induced 
c lim ate  change. M ost w ould agree, how ever, th a t  
th e  effects of clim atic  forcings analogous to  those  
expected  in the  nex t cen tu ry  have never been ob
served. T herefore, n o t only m ust our ideas ab o u t 
fu tu re  c lim ates rely on th e  resu lts  of c lim ate  m od
els, b u t also va lida tion  of these m odels m u st rely a t  
least in p a r t  on a  th eo re tica l analysis of u n ce rta in 
ties.

To d a te , th e  m ost prevalen t m eth o d  of e s tim a t
ing u n ce rta in tie s  in th e  pro jections of clim ate  m od
els has been to  base estim ates  of u n ce rta in ty  on 
th e  m ag n itu d e  of th e  d isagreem ent am ong different 
m odels. How ever, estim ates  of u n ce rta in ty  based 
on th is  m eth o d  are  likely to  be m isleading because 
m odels all m ake som e of th e  sam e assum ptions, and  
th e  m odels’ resu lts  can have m ore in  com m on w ith  
each o th e r th an  they  do w ith  reality . T h e  basic 
recom m endation  here is to  es tim a te  u n ce rta in tie s  
by first iden tify ing  and  q uan tify ing  sources of un 
c e rta in ty  and  th en  by using sensitiv ity  analysis to  
e s tim a te  th e  consequential u n ce rta in ty  in th e  re
su lts. M odel in tercom parison  still has an  im p o rta n t 
role because it  is essen tial to  reconcile th e  d isagree
m en ts betw een  d ifferent m odels before we can  tru s t  
th em , b u t it is u n ce rta in ty  ana lysis th a t  provides 
th e  basis for a  m eaningful m odel in tercom parison  
(by acco u n tin g  for d isag reem en ts), n o t th e  o th er 
w ay around .

It has been show n th a t  a  w ide varie ty  of sources 
of u n ce rta in ty  can  be expressed m a th em atica lly  (for 
exam ple , u n ce rta in tie s  arising  from  assum ptions, 
p a ram e te riz a tio n , om ission of physical processes, 
an d  im precise d a ta ) . T he sim plest m eth o d  for esti
m a tin g  th e  effects of such u n ce rta in tie s  in a  m odel 
is to  m ake a  change in th e  m odel rep resen ta tiv e  
of th e  u n ce rta in ty , an d  to  recalcu la te  th e  resu lts. 
T h is  m e th o d  is effective if th e re  a re  ju s t  one or tw o
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sources of u n ce rta in ty . However, in p ractice there  
are  h u ndreds of sources of u n ce rta in ty , and  it is p ro 
h ib itively  expensive to  perfo rm  recalcu la tions for all 
of them . T herefore, th e re  is s trong  m otiva tion  to  
find m ore econom ical m eth o d s of sensitiv ity  an a ly 
sis th a n  sim ple recalcu la tion .

Several conven tional m ethods of sensitiv ity  an a l
ysis ex ist th a t  avoid  p roh ib itive ly  expensive recal
cu la tions. We can de term ine  th e  com bined effects 
of differences betw een m odels by sim ply com paring  
th e ir  resu lts , b u t it is difficult to  so rt ou t w hich 
m odel differences are  causing  w hich d isagreem ents. 
We can reduce th e  expense of recalcu la tion  by us
ing sim pler m odels or sh o rte r runs, b u t th e  re su ltan t 
sensitiv ities  m ay n o t be applicab le  to  th e  state-of- 
th e -a r t  ca lcu lations.

T he ad jo in t m eth o d  has been developed for cli
m a te  m odels to  overcom e th e  shortcom ings of con
ven tional m eth o d s of sensitiv ity  analysis. T he ad
v an tag e  of th e  ad jo in t m ethod  is th a t  it ca lcu lates 
sensitiv ities w ith  g rea t efficiency even for th e  m ost 
com plex m odels, and  it provides physical insight 
for th e  values of the  sensitiv ities. T he d isadvan
tag e  of th e  ad jo in t m ethod  is th a t  it requires con
siderab le effort to  im plem ent (ab o u t 4 m an-years for 
th e  O regon S ta te  U niversity  G C M , a lth o u g h  subse
q u en t m odels w ould require  less th an  th is  level of 
effort).

U ltim ate ly , our u n d erstan d in g  of th e  clim ate is 
based on w h a t we observe and  m easure, b u t th is  
u n d ers tan d in g  owes a g rea t deal to  th e  use of m a th 
em atica l m odels. T he basic recom m endation  is to  
urge clim ate  m odelers to  analyze th e  resu lts  of these 
m odels m uch m ore thorough ly , to  th e  p o in t th a t  
they  u n d e rs tan d  b o th  th e  clim ate  changes being 
produced  and  th e  effects of th e  various app ro x im a
tions and  assu m p tio n s in th e  m odels, and  th en  to  
rep o rt these findings in th e ir papers. T h is  append ix  
has focused on m ethods aim ed a t  p ro m o tin g  th is  
kind of analysis.

A  specific procedure  for u n d erstan d in g  som e of 
th e  u n ce rta in tie s  in clim ate  m odels is to  express 
sources of u n ce rta in ty  m ath em atica lly , th en  to  de
velop m ethods of sen sitiv ity  analysis to  quan tify  the  
effects of these u n ce rta in tie s , and  finally to  so rt o u t 
th e  la rg est effects to  focus on as p a r t of fu tu re  re
search. T he goal of th is  p rocedure is to  develop a 
m odel in w hich all of th e  sources of u n ce rta in ty  can

be quantified  and in w hich the  effects of th e  un
ce rta in tie s  are accep tab ly  sm all. So far th ere  have,  
been few a tte m p ts  to  express sources of u n ce rta in ty  
in clim ate  m odels m ath em atica lly , because w ith o u t 
efficient m ethods of sensitiv ity  analysis th ere  is l i t
tle  p o in t in doing so. However, th e  ad jo in t m ethod  
of sensitiv ity  analysis has recently  been app lied  suc
cessfully to  1 0 -day sim u la tions using a  G C M  w ith  
prescribed  sea surface tem p era tu res . T he success
ful app lica tion  of th is  m ethod  to  longer sim u la tions 
w ith  m ore realistic  ocean m odels w ould provide th e  
first rigorous and  sy stem atic  app lica tion  of uncer
ta in ty  analysis to  th e  C O a-clim ate problem .

T he m ost frequen t critic ism  of u n ce rta in ty  an a l
ysis is th a t  it can never tak e  in to  accoun t a  process 
th a t  has been en tire ly  o m itted  from  a  m odel. Al
th ough  tru e , th is  c ritic ism  m isses th e  po in t of uncer- 
ta in ity  analysis. If used in te lligen tly  in conjunction  
w ith  inform ed ju d g m en t and  physical u n d e rs ta n d 
ing, u n ce rta in ty  analysis can focus research on p re
cisely those areas w here th e  om ission of a  process is 
likely to  be im p o rtan t.
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GLOSSARY

A C R IM  A ctive-cavity  rad io m ete r
A E R  A tm ospheric  and  E nv iro m en ta l R esearch, Inc.
A G C M  A tm ospheric  general c ircu la tion  m odel
B A D J B aroclinic ad ju s tm en t
B A E Bulk aerodynam ic exchange
BD Box diffusion
B .P . Before th e  p resen t era
C A E N E X  C om plex A tm ospheric  E nergetics E xperim en t
CCM  C om m unity  clim ate  m odel
C F C  C hlorofluorocarbons
CIC C hlorocarbons
C L IM A P C lim ate: Long-R ange Investiga tion , M apping , and  P red ic tion
C L R  C lear, no clouds
CM A  C hem ical M an u fac tu re rs  A ssociation
C O H M A P  C oopera tive  Holocene M apping  P ro jec t
D JF  D ecem ber-January -F ebruary
D O E U.S. D ep artm en t of Energy
EB M  Energy balance m odel
E C C M  E ddy-resolving ocean general c ircu la tion  m odel
EPA  U.S. E n v iro n m en ta l P ro tec tio n  Agency
E R E  E quivalen t rad ia tiv e  exchange
FAH Fixed abso lu te  hum id ity
FAL Fixed (surface) albedo
F C A  Fixed cloud a ltitu d e
F C C  Fixed cloud cover
F C P  Fixed cloud pressure
F C T  Fixed cloud te m p e ra tu re
F L R  Fixed lapse ra te
FD D  Fixed o p tical d ep th
F R H  Fixed re la tive  hum id ity
C A A R S G lobal A tm ospheric  Aerosol and  R ad ia tio n  S tudy
C C M  G eneral c ircu la tio n  m odel
C E O S E C S  G eochem ical O cean Sections 
C F D L  G eophysical F lu id  D ynam ics L ab o ra to ry
C ISS G oddard  In s titu te  for Space S tudies
C L A  G od d ard  L ab o ra to ry  for A tm ospheres
lA M A P  In te rn a tio n a l A ssocia tion  of M eteorology and  A tm ospheric  Physics
lA T  Ice a lb ed o -tem p era tu re  feedback
IC R C C M  In tercom parison  of R ad ia tio n  C odes used in C lim ate  M odels
IC Y  In te rn a tio n a l G eophysical Year (1957-1958)
IP C M  In tercom parison  of P a ram e te riza tio n s  in C lim ate  M odels P ro ject
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IR  Infrared
IRIS Infrared in terfe rom eter sp ec tro m eter
IS C C P  In te rn a tio n a l S a te llite  C loud C lim ato logy  P ro jec t
IT C Z  In te rtro p ica l convergence zone
IW P  Ice w a te r p a th  (th rough  a  cloud)
J J A  Ju n e-Ju ly -A u g u st
LBL Line-by-line
LLNL Law rence L iverm ore N ational L abora to ry
LW C Liquid w ate r con ten t
LW P Liquid w a te r p a th  (th ro u g h  a  cloud)
M A L R  M oist ad iab a tic  lapse ra te
M A M  M arch-A pril-M ay
M O N E X  M onsoon E xperim en t
NASA U.S. N ational A eronau tics and  Space A d m in is tra tio n
NBM  N arrow  band  m odel
N C A R  N ational C en ter for A tm ospheric  Research
N O A A  U.S. N ational O ceanographic and  A tm ospheric  A d m in is tra tio n
N R C  N ational R esearch Council
N T P  N orm al tem p e ra tu re  and  pressure
O G C M  O ceanic general c ircu la tion  m odel
OSU O regon S ta te  U niversity
PA L P red ic ted  albedo
P C  P e n e tra tiv e  convection
P C L  P red ic ted  clouds
P D  Purely  diffusive
P E B M  P la n e ta ry  energy balance m odel
R C M  R adiative-convective m odel
RH R elative hum id ity
SEBM  Surface energy balance m odel
S M l(A ) Spelm an and  M anabe m odeling experim ent 1
SM 2(A ) Spelm an and M anabe m odeling experim ent 2
SM 3(A ) Spelm an and  M anabe m odeling experim ent 3
SM M  Solar M axim um  M ission
SOA S ta te  of the  A rt R eport
SST Sea surface tem p era tu re
S T P  S tan d ard  tem p e ra tu re  and  pressure
TASU T im e a lte rn a tin g  space uncen tered
UD Upw elling diffusion
U K M O  U nited  K ingdom  M eteorological Office
UV U ltrav io le t
V C C  V ariable cloud cover
V O D  V ariable op tical d ep th
V RH V ariable re la tiv e  hum id ity
W BM  W ide ban d  m odel
W M O  W orld M eteorological O rgan ization
W O C E  W orld O cean C ircu la tion  E xperim en t
W P  C loud w a te r p a th
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Baroclinic eddies, portrayal of, 77 
Biological records, 64 
Biomass, definition, 60, 63 
Biomass burning, 196, 197, 199 
Biosphere, xxi 
Black body radiation, 29 
Bottom water formation, 276 
Boundary conditions, 66-67, 158 
Boundary layer processes, param eteriza

tion of, 69, 262, 323 
British Columbia, 247 
Bromine, 210
Brunt'V aisala buoyant frequency, 178
Canada, 129, 132, 247
Canary Islands, 204
Cape Meares, Ore., 196
Carbon cycle, global, v
Carbon dioxide:

absorption bands, 29, 41, 262 
emission of, 18, 163, 164 
longwave cooling rates, 37, 42 
radiative effects of, 27, 41-44, 263-264 
radiative effects of trace gases and, xix 
radiative properties of, 50, 262-264 
release rates of, 164 

Carbon dioxide concentration: 
effects on atmospheric ozone, 210 
growth scenario, 164 
increase of, 261 
natural variations in, 17 
preindustrial, 83 
projections of, 341 

Carbon-dioxide-inducedclimate change (Set 
also Climate and Climate change)^ ix, xvii, 
285, 339, 341, 361 
rate of, 267
seasonal nonuniformity, 101
simulations of, 83-144
transient climatic effects of, 169-184,

262
tem perature change, 266, 268 

Carbon disulfide, sources and sinks of, 199 
Carbon isotope da ta  from deep sea sedi

ment cores, 240

Carbon monoxide, 196, 223 
sources of atmospheric, 196 

Carbonyl sulfide, 193, 198 
sources and sinks of, 199 
tropospheric lifetime of, 199 

Central America, 132 
Chappuis bands of ozone, 29, 208 
Chemical composition of the atmosphere 

and ocean, 64 
Chemical rates of reaction, 262, 269 
Chemical records, 64 
Chile, 129, 247
Chlorofluorocarbons, 5, 195-196, 206, 223, 

264, 268-269
effects on ozone, 209, 218, 219 
future emissions of, 218, 219 

Cincinnati, 203 
Cirrus clouds, 310
Clausius-Clapeyron equation, 88, 316
Clear sky radiation, 38
Climate:

definition, xviii, 4 
forcing of the, xviii, 184 
physical processes of, 63-64, 205-216 
projection of future, ix, xviii, xxiv, 12- 

19, 83-144, 275, 279, 340 
records of, 9-12, 17, 59, 64, 183, 222, 

267, 270, 278, 325 
regional and seasonal features of, xxiv, 

4, 279
seasonal variation of, 59,60, 73, 96, 262, 

278, 279
s e n s i t i v i t y  t o  c a r b o n  d i o x i d e  c o n c e n t r a 

t i o n ,  X X ,  263, 323 
s e n s i t i v i t y  t o  t r a c e  g a s  c o n c e n t r a t i o n ,  

277
societal adaptation  to variations of, 9, 

1 1 , 12

transient effects on the response of the 
global, 151 

variability of, xxv, 59, 279, 324 
Climate change (see also Carhon-dioxide- 

induced climate change) 
agricultural impact, 3, 62, 134, 141 
carbon dioxide-induced, dependence on 

the control climate, 104-107 
causes of past, xxiii, 17-19, 64, 239- 

241, 246-249, 253, 265, 269-270, 279 
characteristics of, 64-65, 160 
definition, 5
driving factors of, 163-169 
natural causes of, 239, 278

polar amplification of (see aiso Temper
ature changes, poleward amplification of; 
Precipitation, poleward amplification of), 
92, 267 

rate of, 267-268 
scenarios of, 241-246 
transient, 154-174 

Climate-chemistry interactions, xxiii, 193, 
205, 207-210, 213, 219, 222,268-269 

Climate events and processes, time scales 
of, 62

Climate: Long-Range Investigation,M ap
ping, and Prediction (CLIMAP), 240 

Climate models (see Models, climate) 
Climate modification, intentional, 169 
Climate response:

determ ining the, xx-xxii, 6, 153-156, 
265-266, 331 

latitudinal variation of, 268 
linear vs. nonlinear, 328-331 
patterns of, 243, 253 
regional differences in, ix, 175 

Climate response curves, 328, 331-333 
Climate scenarios, 241-245 

summer, 246 
winter, 245 

Climate sensitivity, xxii, 59, 154, 171, 174, 
263, 266-267, 326, 328, 331 

Climate signal:
carbon dioxide-induced signal, 163 
definition, 14 

Climate statistics, 14 
Climate system, 5, 261, 265, 325

components of the, 5-8, 60-62, 261- 
263, 276

energy transfer processes, 8-9, 27 
external driving force of the, 193 
external influences on, 64 
interactions among the components, 60,

324
internal driving mechanisms of, 65 
perturbations to, 193, 261, 277 
physical laws governing the, 265 

Climate warming:
societal im pacts of, xxiv 
consensus on, 185 

Climate zones, 4 
Climatic analogs, definition, 12 
Climatic anomaly, definition, 4 
Climatic optimum: 

definition, 18 
postglacial, 250 

Climatic variability, 16, 253
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definition, 5 
natural, 253, 261 

definition, 14 
Climatic variation, definition, 4 
Cloud-cover feedback, 88, 89, 138, 304- 

311, 317
Cloud feedbacks, ix, xxv, 16, 50, 88, 89, 

137, 141, 143, 155, 215, 222, 276, 302, 
316, 350, 359 

Cloud ice w ater pa th , 306, 307 
Cloud liquid w ater path , 306, 307, 311, 

313
Cloud optical depth feedback, 310-313, 

315, 316, 317 
Cloud sensitivity param eter, 49 
Cloudiness, 5, 49, 51, 87, 113, 134, 135, 

137, 153, 216, 271, 296, 312 
changes in, 94-95, 134-137, 138, 141, 

315
Clouds, xxi, 262, 291 

advection of, 77 
albedo of, 48, 49, 138, 307 
altitude change of, 87, 137, 296, 315 
altitude feedback of, 88, 89, 138, 302- 

305, 316, 317 
a ltitude of, 306, 307 
carbon-dioxide-induced climate change 

and, 124, 271, 307, 309 
characteristics of, 306 
effects of, 68
effects of optical-depth variations of, 

143, 302
effects on surface tem perature, 49, 136, 

271
formation of, 44, 68, 113 
ice, 144
liquid water content of, 144, 311 
longwave and solar properties of, 48, 49 
microphysics of, 77
optical depth of, 87, 88, 89, 271, 296, 

307, 311, 315 
param eterizations of, 77, 143, 194, 263 
param eters of, 49 
radiative effects of, 48-50, 263 
uncertainties in radiation calculations 

on, 50 
Coal combustion, 199 
Complex Atmospheric Energetics Experi

ment, 38
Computer costs, 78, 265, 266, 348, 356 
Computer model, definition, 14 
Computers, use of, xvii, 14, 15, 33, 78, 

262, 341-344, 359

Condensation, 61, 261
Conductive heat flux, param eterization 

of, 69
Conservation of energy, 265, 323 
Conservation of mass, 265, 340, 341 
Conservation of moisture, 265 
Conservation of momentum, 265, 340, 341 
Control climate used, effects on simulated 

results, 104, 108 
Control simulations, definition, 14 
Convection, 6, 86, 261, 291, 323 

definition, 63 
param eterization of, 77 
sensible heat from surface, 262 

Cooling of E a rth ’s surface ('see also Tem
perature change)
regional variations of change induced by 

carbon dioxide, 271 
volcanically-induced(^jee Volcanic aerosols, 

effects on climate of)
Coriolis forces, 178 
Coriolis param eter, 178 
Coupled atraosphere-ocean general circu

lation models, development of fsee also 
Models), 144, 267 

Coupled atmosphere-ocean system, 72, 
277

Coupling processes, xviii-xix, 63, 264 
Cretaceous Period, 168, 240 
Cryosphere, 61, 72 

definition, 60, 63 
Cryosphere climate interactions, 163 
Cryosphere response, 162 
Cumulus convection,88, 91, 137, 141, 143, 

301
Currents, ocean, 276
Data, incompleteness of, 221, 223, 261, 

278, 344
Deforestation, 163, 164, 196, 204, 216, 261 
Desertification, 204 
Deserts, 200-201, 270 
Diffusion, definition, 63 
Direct radiative effect, 205-207, 211 
Direct radiative forcing, xxii, 87, 155, 291, 

294, 315
Dissipative processes, param eterization of, 

77
Downward emission (see Longwave emis

sion)
Downward solar radiative flux, 32 
Downwelling of oceans, 158 
Drag coefficient, 68 
Drought, 9

Drying of the soil, 99, 103, 104, 132, 271 
Dust, 44, 45, 48, 167, 268, 269, 326 
Dust veils, 167, 168, 171, 186 
Dynamical feedback, 205, 210-211, 213 
Earth;

energy-balance components of the, 6, 7 
inclination of axis of, 252 
orbital param eters of, 64, 202, 240 
orbital variations of, 16, 18, 247 
radiation budget or energy balance of, 

xviii, 27, 40, 41, 310, 313 
rotation rate of, 64 
topography of, 64 

Eddies:
large scale synoptic, 71 
mesoscale, 72 
small scale turbulent, 67 
transient, 179 

Eddy diffusivity, vertical deep ocean, 172, 
179

El Chichdn, 44, 182, 193, 199, 213 
El Nino, definition, 182, 184 
El N ino/Southern Oscillation, 5, 279 
Electricity, tropospheric, 202 
Emission rates of chemically active gases, 

217
Emissivity, 34, 88, 113, 306, 307, 316 
Empirical methods for estim ating climate 

change, 19, 64 
Energy balance models, 13, 84-85, 141, 

153, 161, 173, 265, 267, 283-289, 340, 
350, 354, 359 
limitations of, 85, 290 
planetary, 84, 87, 266, 283, 289 
surface, 84, 266, 283, 285-289, 323, 324 
thermodynam ic, 153, 267 
zonally averaged, 268 

Energy consumption, growth rate, v, 217 
Energy exchanges, 262 
Energy fluxes from human activities, 203 
Energy growth, future, 223 
Energy park, definition, 214 
Energy transfer processes, 261, 277 
Equation of mass continuity ,66-67 
Equations, dynamical, 66-67 
Equilibrium climate, change in, 171, 266, 

327
Equilibrium tem perature, 154, 156, 158, 

169 
Eurasia, 129
Europe, 99, 130, 132, 244 
Evaporation, 7, 43, 61, 93, 103, 261, 270, 

285
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Evaporation, rates of, 95, 262, 271, 333 
Evaporative cooling, 132-133 
E vapotranspiration, 204, 216 
External forcing, 163, 242-243, 267, 284 
Extratropical rain belt, 103 
Extreme events, frequency of, xxv, 3, 11, 

75, 278, 279
processes, 64-65, 266, 271, 275-276, 

284, 295, 339 
Feedback:

albedo, xxv, 154, 155, 162, 358 
analysis of, 84, 137-138, 223, 284 
atm osphere-ocean, 182 
cloud, ix, xxv, 16, 50, 88, 89, 137, 141, 

143, 155, 215, 222, 276, 302, 316, 350, 
359

cloud-altitude, 88, 89, 138, 302-305, 
316, 317 

definition, 15, 357 
dynamical, 205, 210-211, 213 
ice-albedo, 89, 91, 102, 107, 123, 215, 

222, 313, 314, 317, 355, 356 
lapse-rate, 88, 89, 138, 296, 300, 301, 

313, 317
moist adiabatic lapse rate, 88, 91, 316 
nonlinear, 183
optical depth feedback, 310-313, 315, 

316, 317
processes, 64-65, 266, 271, 275-276, 

284, 295, 339
atmospheric, X X ,  xxv, 15, 164 
characteristics of, ix, 64-65, 284-287, 
359
definition, 63 

quantitative evaluations of, 84 
sensitivity, 357-358 
snow-albedo, 107

definition, 16, 65, 102 
surface-albedo, 88, 89, 144, 313-315,

316, 317 
tem perature lapse rate, 299 
tem perature/rad iation , 262, 286, 287 
tem perature/sensible heat, 288 
tem perature/w ater-vapor,definition, 15-

16
water-vapor, 297, 298, 299, 309, 315,

317, 330, 355
w ater-vapor/evaporation, 288 
w ater-vapor/solar radiation, 287 
w ater-vapor tem perature, 65, 88, 89, 

107, 141, 155 
Fertilizer denitrification, 197 
Flow in stably stratified ocean basins, 178

376

Forcing mechanisms, xviii, 164-169, 261,
324 

Fossil fuels:
burning of, v, xxiv, 17, 163, 164, 167, 

169, 196, 197, 261, 264, 268 
consumption of, 83, 151, 153, 163, 168,

174
Fourier heat conduction law, 157 
Frictional force at the E arth ’s surface, 68 
Gaseous absorption, 33-36 
Gases, radiative properties of, 33 
General circulation models, 13, 36, 50, 

70-71, 73-75, 76, 89-138, 141-144, 162, 
184, 215, 242, 253, 264, 265-266, 326, 
340, 342, 354, 355
asynchronously coupled atmosphere-ocean, 

170
equilibrium response of, 176 
range of variability in, 175 

Geological records, xxii, 8, 59, 64, 240 
Geophysical Fluid Dynamics Laboratory, 

156, 175 
GEOSECS, 179, 186
G lacial-interglacialcarbon dioxide change, 

effects of, 240 
Glaciation, 64 
Glaciers, 61, 72, 163
Global Atmospheric Aerosol and R adia

tion Study, 38 
Global average surface tem peratures (tee 

Surface air temperature, global)
Global carbon cycle, v 
Global energy balance, vi, xvii, 27, 65, 

153, 261, 265 
Global mean surface air tem peratures (tee 

Surface air temperature, global)
Goddard Institu te  for Space Studies, 216 
Gravity waves, 68
Greenhouse effect, xviii, 48, 65, 83, 88, 

152, 154, 163, 168, 170, 205, 206, 208, 
209, 211, 221, 270, 287, 316, 327, 348 
definition, 28 

Greenhouse gases, 152, 163, 165, 184 
definition, 28 

Greenland ice cap, 8 
Gyres, m idlatitude, 185 
Hadley circulation, definition, 9 
Heat:

poleward transport of, 72, 161, 265 
vertical transport in atm osphere, 99, 

156, 222
Heat capacity of the atm osphere, 6

Heat capacity of the land surface, 7, 160, 
162, 175, 268 

Heat capacity of the ocean, 162, 175, 268 
Heat flux at the E arth ’s surface, 62, 67, 

159-160
Heat flux in the oceanic mixed layer, 179 
Heat transfer to the deep sea, 171 
Hemispheric asymmetry, 162, 177 
High-altitude-balloon observations, 39 
Holocene Epoch, 17, 239, 241, 246, 269 
Human activities, v, xvii, xix, 62, 168, 

193-199, 201, 203, 223, 279 
Human population, increases of, 194, 264 
Humidity (tee alto Relative humidity), 51, 

63, 222, 230 
Hydrologic balances, simulation of, 74 
Hydrologic cycle, 50, 61, 102-103, ISO- 

137
changes in, 48, 98 

Hydrology, surface, xxii, 62 
Hydrosphere, 61 

definition, 60, 63 
H ydrostatic equation, 67 
Hydroxyl radical, 207, 268-269 
Hypsithermal, 17-18, 249 

definition, 16, 241, 250 
Ice (tee alto Snow and ice; Sea ice; Global ice 

volume), global volume of, 250 
Ice ages, 64, 357
Ice albedo feedback, 89, 91, 102, 107, 123, 

215, 222, 314, 317, 355, 356 
definition, 313 

Ice-core record, v, 194, 240 
Ice-edge retreat, 314
Ice sheets, xxi, xxii, 59, 61, 72, 162, 163, 

248
Incident solar flux (tee Solar irradiance) 
India, 129, 131, 248, 249, 252 
Indian Ocean, 247
Industrialization, 3, 168, 193, 199, 203 
Infrared radiation (tee Longwave radiation) 
Insolation:

annual cycle, 90, 95-96, 100, 103, 108 
annual mean, 90, 104 
latitudinal variation, 314 

Interannual climate variability, 167 
Intercom parison of Param eterisations in 

Climate Models, 143 
Intercom parison of Radiation Codes Used 

in Climate Models, 37, 143, 278 
Internal response mechanisms, 177 
International Satellite Cloud Climatology 

Project, 50, 263, 275-276
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Isopycnals, 179, 180, 181, 185 
Kinetic energy of oceans, 178 
Kinetic rate coefficients, 223 
K rakatoa, 199 
Labrador, 248
Lag times, ocean-induced, xxi, 164, 172, 

242
Lake-level data , 247, 269 
Lake-level estim ates for 6000 B.P., 249 
Land surface, role in climate system, 5, 7, 

62, 267
Land-use change, xxii, 195, 217, 264 
Lapse rate, moist adiabatic, 88, 91 
Lapse rate feedback, 88, 89, 138, 296, 300, 

301, 313, 317 
Latent heat, 93, 331, 332 

release of, 27, 51, 68 
Laurentide Ice Sheet, 246, 249 
Lawrence Livermore National Laboratory, 

217
Light extinction values, 182 
Line-by-line technique, 33 
Lithosphere, 62 

definition, 60 
Lithospheric plates, 163 
Little Ice Age, 17, 166 
Longwave radiation:

absorption and emission of by carbon 
dioxide, vxii, 27, 29, 30, 40, 270 

balance of the E arth , xvii, 7, 19, 30, 31, 
193

cooling rates, 31, 37 
effect on radiation budget, 30, 39, 40, 

43, 138, 291, 310, 311 
emission from the stratosphere, 40, 43 
forcing from increased carbon dioxide, 

43
param eterization of, 33-39, 68 

Longwave radiation fluxes, 38, 65 
change in, 35
downward, xxiv, 6, 35, 43, 93, 206, 264, 

285, 325, 326, 329 
increase in, 43
upward, 7, 27, 30, 43, 87, 88, 153, 270, 

289, 292, 315, 316, 325, 329, 331 
Los Angeles, 203 
Madeira, 204 
M anitoba, 248 
Maps:

global isotherm for 18,000 B.P., 247 
isochrome, 251 
isotherm, 250 
paleoclimatic, 251

Marine plankton data, 247, 269 
M auna Loa, vi, 83, 164 
M aunder minimum, 166 
Medieval Warm Epoch, 17, 241, 269 
Meridional transports of heat and mois

ture, 97, 161 
M eridional winds, 9
M ethane, 5, 113, 193, 194-195, 210, 219, 

223, 264
preindustrial concentrations of, 194 
radiative effects of increases in, 30, 264, 

268 
Mexico, 132
M ilankovitch hypothesis, definition, 16
M itigating strategies, 169
Models:

approaches, ix, 36 
Bryson-Dittberner, 168 
characteristics, 83-144 
climate, xvii, 5, 36, 261, 283, 323, 339 
cloud, 307
comparison with observed climatic vari

ations, 38-39, 182, 334 
coupled atm osphere-ocean, 77, 153, 185, 

207, 267, 277, 279 
cryospheric, 72, 266 
cumulus, 302 
definition, 13, 65, 261 
development, 185, 277, 361 
energy balance (see also Energy balance 

models), 13, 84-85, 141, 153, 161, 173, 
265, 267, 283-289, 290, 340, 350, 354, 
359

equilibrium sensitivity, 20, 243 
fixed-depth mixed-layer ocean, 100 
general circulation, xx-xxii, 13, 36, 50, 

70-71, 73-75, 76, 89-138, 141- 144, 
162, 184, 215, 242, 253, 264, 265-266, 
326, 340, 342, 354, 355 

GFDL, 73, 74, 90, 92, 98, 100, 101, 119- 
120, 121, 128, 144, 156, 326, 348 

GISS, 98, 114-116, 121, 127, 137-138, 
216, 345, 349 

global energy balance, 153, 265 
heat balance, 70 
hierarchy of, 19, 261, 266, 340 
improvement of present, 275 
intercom parison,xxiv, 83-144, 206, 278, 

305, 307, 339-340, 341, 345-348, 350, 
361

land surface, 72-73, 266 
lim itations, 141-142 
line-by-line, 37, 50, 263

longwave radiative transfer, 36-39 
mathem atical, xx, 12-16, 59, 83, 265, 

283
mixed layer ocean, 139, 144 
narrow band, 33-34, 37, 39, 263 
NCAR, 92, 93, 116-118, 121, 127, 206, 

216, 344, 348 
numerical, xvii, 14, 271, 275, 277, 341 

definition, 14 
ocean general circulation, 178 
ocean sea ice, 96, 100 
ocean transport, 164, 182 
oceanic, 72, 178, 266 
one-dimensional, 157, 158, 161, 264, 

269, 340
OSU, 92, 96, 144, 292, 295, 296, 342, 

354-355 
performance of, 5, 73 
physical basis of, 65-70 
problems of, 77-78 
projections, 217-221 
radiation transport, 19 
radiative convective, 13, 49, 70, 85-89, 

137, 141, 265, 266, 289-315, 331, 340,
348, 352-353

radiative transfer, 36, 51, 85, 290 
research needed, 143-144, 224-225 
sensitivity of, 90, 283, 331, 342, 344,

349, 356 
sensitivity studies, 15, 74 
simplified climate, 69-70, 83-89, 265,

348-350
simulations, differences among, 83-144 
spatial resolution, 13 
statistical dynamical, 70 
tem poral and spatial scales, 278, 279 
thermodynam ic climate, 85, 290 
three-dimensional, 13, 70, 269, 326, 340 
tim e-dependent, 151-186, 267, 268 
two-dimensional climate, 40 
UKMO, 96
uncertainties in results, xxi, 221-223, 

340, 344-345,361 
verification of, x, xiii, xxv, 38, 169, 184, 

186, 242, 251-252, 253, 268, 278, 279, 
339, 340-347, 361 

wide-hand, 34, 35, 37, 263 
zonally averaged energy balance cli

mate, 161 
Moist adiabatic adjustm ent, 143 
Moist adiabatic lapse rate, 206, 297, 299, 

301
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Moist adiabatic lapse rate feedback, 88, 
91, 316 

Moisture (see Water Vapor)
Monsoon Experim ent, 38 
Monsoon precipitation, 120, 131 
Multiple scattering, 46 
National Climate Program , 182 
Nimbus satellites, 28, 202 
Nitrification, bacterial, 197 
Nitrogen oxides, sources of, 197, 219, 223 
Nitrous oxide, 113, 193, 196-197, 223, 

264, 268-269
radiative effects of increases in, 193, 264 

Noise, definition, 14
North America, 129, 130, 132, 245, 247, 

251, 343
Northern Hemisphere, 9, 18, 61, 130, 132, 

207, 218, 244 
Nuclear testing, 217, 221 
Nuclear war, 211, 212 
Observational records, 261 
Ocean-atmosphere coupling, 276 
Ocean circulation 

currents, 63, 72, 262 
heat transport by, 61, 107, 161, 179 
thermohaline, 185 
wind-driven, 185 

Ocean dynamics, 185
effects on climate of, 21, 63, 107 
internal, 21, 184, 267 

Oceans, xxi
air and sea tem perature differences over, 

159
density gradients in, 178 
downward vertical mixing in, 77 
downwelling in, 158
equilibrium tem perature response of, 

271
heat storage of, 8, 21, 151, 154, 160, 

169, 268, 271, 326 
heat transport in, xxv, 72, 90, 113, 144, 

157, 158, 161, 179, 185, 268, 276 
internal feedback processes of, 173, 182 
internal mixing rates, 162 
kinetic energy of, 178 
layering of, 8, 184, 267 
moderating influence of, 60 
response times of, xxii, 8 
seasonal lag of tem peratures of, 72 
surface mixed layer of, 61, 154, 160, 267 
surface salinity of, 63, 77 
surface tem perature of, 206 
tem perature distribution of, 72

378

tem peratures of, 63, 180, 181 
therm al inertia of (thermal response 

time of), 8, 21, 175, 242, 262, 268, 
276

therm al response time of, 8, 20, 21, 102, 
162, 175, 242, 262, 268, 276, 277 

therm al storage of and transport by, 90, 
178, 185

thermocline of, 61, 144, 170, 171, 184 
tracers in, 157, 180, 185 
tu rbulent mixing of, 179, 180 
vertical eddy diffusivity in, 158, 171, 

178, 181 
warming of air and, 159 
wind induced turbulence in, 77 

Optical depth, 45, 46, 168 
definition, 45 

Orbit of E arth, eccentricity of, 202 
Oxygen isotope data , 250 
Ozone, xix, 3, 5, 37, 40, 51, 193, 195, 205, 

208, 217-218, 263, 268-269 
absorption bands of, 29, 262 
absorption of UV radiation by, 208 
atmospheric sources of, 208 
calculated and observed trends of dis

tribution of, 208, 217-218 
chemical loss of, 208, 269 
distribution of in troposphere, 196, 197 
geographic distribution of, 224 
longwave radiative effects of, 30, 31, 51 
solar absorption by, 31, 40, 208 
solar and therm al effects of, 208 
stratospheric concentrations of, xxii, 

198,205
surface tem perature sensitivity to  per

turbations of, 209, 210, 220-221 
Pacific Ocean, 131 
Paleoclimatic data , 247, 248, 253 

goals in assembling sets of, 246 
testing by GCMs of, 252 

Paleoclim atic records, 239, 269 
Paleoclimatology, 241 
Param eter sensitivities, 354-357 
Param eterization, 347 

definition, 12 
longwave radiation, 33-39 
subgrid-scale process, 67-69 
validation of, 143, 360 

Past climates, study of, xvii, 239-253, 
261, 278, 279, 325 

Past climatic change, role of carbon diox
ide i n , 239-241 

Penetrative convection, 137, 143

Perihelion, time of, xxii, 252 
Perturbation  technique, 34 
Perturbed state, definition, 14 
Planck function, 32, 40, 43, 208 
P lanetary albedo, 88, 199, 289, 316 

effects of aerosols on, 47, 199 
effects of clouds on, 306, 310, 311 

Planetary boundary layer, 276 
behavior of, xxii, 77 

Planetary waves, 207 
Plants, seasonal cycle of growth, 18, 62 
Policy issues, ix, 169, 174, 175 
Pollen data , 247, 269 
Pollution, 46
Prairie forest border, 249, 251 
Precipitation, xxii, 61, 64, 68, 276, 343 

changes in, 90, 93-94, 130-132, 267 
geographic distribution of, 99, 104, 

119, 122, 123, 141 
simulated geographic distribution of, 

93, 131
simulated latitude-tim e cross section 

of, 98, 132 
changes in evaporation and, 132-133 
changes in tropical, 131 
changes in zonal means of, 93, 
convective, 136 
estimates for 6000 B.P., 249 
GFDL model simulation of evaporation 

and, 93
global mean, 11, 106, 140, 143 
maps of past patterns, 269 
poleward shifting of, 93, 104, 141 
rate of, xx, 69, 76, 121, 130-132, 143, 

262, 271
seasonal patterns of, xxiii, xxiv, 8 
simulated changes in, 114, 116, 121 
simulated geographic distribution of, 

116, 117, 118 
simulated seasonal variation of, 98 
zonally averaged changes in, xxi 

Precipitation rate and soil moisture, 103 
Pressure, sea level, 75
Projections, uncertainties in, xxi, 143, 

177, 361 
Proxy data: 

definition, 18 
sources of, 64 

Pyrgeom eter observations, 38 
Quasi-biennial oscillation, 213 
Quebec, 248
Radiation balance, 27, 48

Earth and atmosphere, 152, 261
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changes in, 241 
surface, 62
adiation feedback processes, 50 

Radiation models, solar and longwave,
36-39

Radiative absorption, com putational meth* 
ods for calculating, 33-36 

Radiative convective models, 13, 49, 70, 
85-89, 137, 141, 265, 266, 289- 315, 
331, 340, 348, 352-353 

Radiative cooling times, 30, 154, 161, 262 
Radiative energy budget, 39—41 
Radiative energy transfer, 27 
Radiative equilibrium tem perature, 83,

86, 290
R adiative fluxes (see also Longwave fluxes)^ 

xxix, 41
changes in, 35, 43
changes in from carbon dioxide, xix, 

xxiv, 43
seasonal changes in, 43, 246, 265 

Radiative forcing, xvii, 28, 42, 43, 264, 
326, 327 
direct, 87
surface and tropospheric system, 36, 43 

Radiative heating rates, 30, 154, 161, 262 
Radiative relaxation times, 160 
Radiative transfer, 85, 278 
Radiative transfer theory, 31-32, 49 
Radiatively active gases (see also Trace 

gases), 194, 262 
Radiocarbon, bomb*produced and n a tu 

ral, 179
Radiometersonde observations, 38 
Rain belt, extratropical, 103 
Rainfall (see Precipitation)
R ajasthan Desert, 270 
Rayleigh limit, 29 
Reflectivity (set also Albedo), 61 
Regional climate:

estim ates of, 247-249 
variations in, 99, 239 

Relative humidity (see also Water vapor),
87, 134, 296, 298, 299 
assumption of constant, 315, 330 
changes in, 95, 138 
correlation with cloud cover, 136 
vertical profile of, 136, 298, 313

Remote sensing (see Satellite remote sensing) 
Research recommendations, V ,  77-78, 141-' 

144, 224-225, 253, 275-279, 361-362 
Rice paddies, 194 
Runoff, 61, 93
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Sahara Desert, 9, 38, 270 
Salinity (oceans), 72, 180 
Saskatchewan, 248
Satellite remote sensing, 166, 167, 202, 

334
data  from, 39 

Saudi Arabia, 38, 249 
Scattering, solar radiation, 29, 46 
Scenarios:

construction of, 243-245 
definition, 243 

Sea ice, 8, 61, 90, 96, 138, 140, 152, 186, 
262
advance and retreat of, 267, 276 
breakup of, 18
extent of, 89, 144, 151, 267, 271 
simulation of, 116 
seasonal trends in, 72, 266 
time scale of, 162 

Sea level, 62
Sea-surface tem peratures, 77, 96-104, 131, 

262,323, 355, 356 
estim ates of, 247, 249 
latitudinal variation of, 90, 98 

Sediment layers in lakes, 18 
Sensible and latent heat transfer, 93, 261, 

262
Sensible heat flux, 285, 325, 331, 332 
Sensitivity analysis, 340, 344, 347-350 
Shortwave radiation (see Solar radiation) 
Signal to noise ratio, 152, 244 

definition, 14 
Smithsonian Institution, 166 
Snow accum ulation, 103 
Snow albedo feedback, 107 

definition, 16, 65, 102 
Snow and ice, 61 

changes in, 296 
insulating properties of, 61 
therm al capacity of, 8 
therm al conductivity of, 61 
time scale of, 162 

Snow cover, 8, 61, 155, 262
advance and retreat of, 271, 276 

Snow melt, 103, 133 
Snowfall, 271
Societal adapta tion  to the climate system,

3
Soil moisture, 62, 73, 103, 141, 262 

annual mean, 104
changes in geographic distribution of, 

94, 103, 133, 134, 141

changes of, 48, 93, 94, 95, 99, 102, 103, 
105, 134

Soil w ater (see also Soil moisture), 132-134 
Soils, thermal conductivity of, 62 
Solar activity, 222
Solar constant (see also Solar irradiance), 95, 

113, 134, 165, 166, 193, 201-202, 215, 
224, 225, 309, 312 

Solar cycle: 
annual, 104 
seasonal, 326 

Solar diameter, 166, 202 
Solar disk, emission regions of the, 203 
Solar eclipses, 221
Solar flux, xviii, 67, 153, 267, 325, 328, 

331
variations in, xxii, 184, 324 

Solar forcing, 165-167, 309 
Solar insolation, 5, 21 
Solar irradiance (see also Solar constant): 

measurements of, 202 
sensitivity of model climates to, 163, 

215, 344
variation of, xviii, 163, 171, 201, 267, 

278, 279
Solar Maximum Mission, 166, 167, 202 
Solar radiation, 5, 6, 7, 29, 31, 32, 113, 

167, 193,325
absorption, 29, 40, 43, 113 
absorption and emission of by carbon 

dioxide, 91, 270 
absorption at the E arth 's surface, 271 
backscattering of by aerosols, 47, 167 
balance of, 19 
budget of, 40, 199 
flux components, 31 
fluxes of, 285 
heating rates of, 31, 46 
incoming, 27, 65, 270 
param eterization of, 68 
role of water vapor in absorption, 31 
values of, 252
variations of, 59, 64, 193, 265, 268 

Solar rotation, 202 
Solar UV flux, variation of, 201 
Solar variations, efl'ects of, 59, 265, 268 
Solar zenith angle, 44, 46, 47, 48, 86, 114, 

290, 291, 306 
Soot, 45, 200 
South America, 129, 132 
Southern Hemisphere, 162, 218, 278 

lag in response behind the Northern 
Hemisphere of, 175
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Southern Oscillation, 5, 279 
Spectroscopic measurements, 262 
S tatistical dynamical models, 70 
Step-function forcing, 15, 172, 173, 184 
Stratosphere

aerosols in, 45, 167-169, 182, 193, 222 
change in tem perature of, 87, 91, 100, 

125, 140, 267, 286 
chemistry of, 223 
definition, 6
longwave emission from, 270 
radiative budget of, 29-30, 40 
stratification in, 86, 291 
tem perature distribution of, 86, 220, 

290
Stratosphere-troposphere exchange mech

anisms, 222, 225 
Subtropics, 9, 119 
Sulfates, 200
Sulfur-containing gases, 198-199 
Sulfur dioxide, 199
Sulfuric acid aerosols, 44, 45, 182, 193 
Sunspot cycle, 202 
Sunspots, 166, 202

correlation with climate change, 166, 
186 

Surface:
energy flux at, 86, 285, 286, 291, 297 
human effects on characteristics of, 193 
hydrology on the, 276 
rate of evaporation at, 62, 69 
roughness of, 73
warming of the, 87, 100, 140, 165, 206, 

315, 327
Surface air tem perature, 9, 276, 326, 329, 

330, 331
carbon-dioxide-induced change in, xxi, 

84, 87, 90-93, 106, 107, 140, 292, 313, 
325, 330, 331, 332, 355, 356 

change in, 74
changes in geographical distribution of, 

100, 101, 115, 116, 117, 120, 121, 
125-130,140 

distribution of, 87, 292 
global mean, 10, 107, 142, 239, 271, 

297, 357
land-ocean contrasts in, 100, 102, 115 
latitudinal variation, 107 
maximum global mean, 314 
sensitivity of area mean, 108 
simulated, 114, 115, 121 
time series of, 151, 165 

Surface albedo, 5, 32, 46, 62, 73, 86, 87,
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91, 113, 137, 204. 216. 225, 290, 291, 

296

impact on the climate of the, 216 
Surface-albedo feedback, 88, 89, 144, 313- 

315, 316, 317 
Surface boundary layer, 68, 323 

param eterisation of the, 77 
Surface energy balance, 325-327 
Surface moisture (see Soil moisture)
Swamp model, 90, 105, 139, 141 
Synoptic disturbances, 91 
Tem perature (see also Temperature changes): 

air:
hemispheric average, 9 
latitude-altitude cross sections of dif

ferences in, 90-92, 124-126, 129- 
130

cloud top, 306
effects of waste heat on surface, 214 
estimates of for 6000 B.P., 247 
global mean, 239, 250 
ground, 306
historical records of, 166, 222 
history of the past century, 186 
instrum ental record for, 239 
lapse rate (see also Lapse rate), 88, 296, 

316
latitudinal and regional patterns of, 

xxiii, xxiv, 262 
maps of past, 269 
measurement of, 18 
Northern Hemisphere land, 18 
sea-surface, 77, 131, 262, 323, 355, 356 

estimates of, 247, 249 
latitudinal variation of, 90, 98 

seasonal changes in, 102, 104, 119, 265, 
271

simulated changes in, 176 
structure of in the atm osphere, 119, 262 
upper air, 218 
variation in patterns of, 8 
vertical distributions of, 286, 292 
zonal mean air, 90, 100, 116, 118, 119 

Tem perature changes, xx, 66, 90-93, 137 
contribution of the weak absorption 

bands to, 41 
factors contributing to, 163-168 
global, 165
global and zonal mean, 138, 140 
poleward amplification of, 21, 92, 173, 

271, 276 
rate of, 30 
regions of, 248

seasonal and latitudinal patterns of, 
xxiii

simulated tem perature changes, 91, 124- 
130, 152, 176, 183, 184 

zonal mean surface, xxi, 100 
Tem perature records, long-term, 17, 324 
Tem perature w ater vapor feedback, defi

nition, 15-16 
Termites, 195
Terrestrial radiation, 3, 31, 113 

balance of, 19 
Thermal damping (see also Thermal inertia), 

184, 267 
Thermal diffusion, 157, 158, 171 
Thermal forcing, 134, 285 
Thermal inertia, 8, 20, 102, 154 
Thermal reservoirs of the climate system, 

152, 156, 267 
Thermal response time of oceans, 8, 20, 

21, 102, 162, 175, 242, 262, 268, 276, 
277

Thermocline, 144
density tem perature relationship in, 157 

Thermodynamic energy equations, 66, 294 
Thermohaline overturning, xxii, 156, 185 
Thunderstorm s, 9
Tim e-dependent forcing, climatic response 

to, 15, 20
Time scale of the carbon dioxide climate 

problem, 156 
Time scale of the effects on climate, 193 
Time scale of the global mean transient 

response, 158, 173 
Time series, tem perature and sea ice, 152 
Trace gases, 3, 194-199, 205, 217, 222- 

223, 224, 262, 267, 271, 277 
anthropogenic sources of, xvii, 224, 263 
band centers of, 30 
chemical reactions of, 207, 268-269 
climatic effects of, 21, 164-165, 206, 

221, 224, 241, 263-264, 268 
concentrations of, xxiv, 5, 193 
effects of on ozone, 220 
infrared absorption by, xviii, xix, xxii- 

xxiii, 224 
monitoring of, 277
radiative properties of, 30, 41, 222, 262, 

264, 268, 277 
Tracers, 185
Transfer function, definition, 18 
Transient climatic effects, 152, 153-156, 

169-184 
Transient lag, 152
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Transient models, 169-184 
testing of, 177-184 

Transient Tracers in the Ocean data , 186 
Transmissivity of gases, 33 
Transpiration, 73 
Tree rings, 62, 240 
Tritium, 179
Tropical oceans, warming of, 287, 323 
Tropics, 88, 98 
Tropopause, 94 

definition, 208
radiative fluxes at, xix, 41, 43, 264, 348 

Troposphere:
carbon-dioxide-induced tem perature change 

in the, 86, 92, 267, 270, 286 
characteristics of aerosols in the, 46 
chemistry of the, 223 
coupling between the upper and lower,

264
coupling with E a rth ’s surface, 264, 324,

333 
definition, 6
heating rates of the, 35, 333 
radiative budget of, 40 
radiative emissions to space of, 270 
upper, 98, 290
warming of the, 87, 91, 98, 100, 125,

140, 302, 315 
Turbulence, oceanic, 179 
Turbulent mixing of oceans, 179, 180 
Umkehr data , 217, 218 
Uncertainty analysis, 339-340, 346-347, 

358-361
Union of Soviet Socialist Republics, 244,

247

United States Environm ental Protection 
Agency, 170, 174 

United States of America, 214, 248 
Upwelling, 156, 158, 276

effects of transient surface tem peratures 
on, 182 

equatorial, 185 
Urban heat island effects, 213 
Urbanization, v, 62, 200, 203 
Varves, 18 
Vegetation:

changes of, 193, 225, 313 
effects on climate of, 204-205, 216 

Vegetative cover, 7, 63, 73, 262 
Verification, definition, 14 
Vertical eddies, 158, 171, 178, 181 
Vertical energy balance models (see Mod

els, radiative convective)
Vertical mixing of the atmosphere, 6 
Viking period, 17, 241, 269 
Viscoelastic creep, 163 
Volcanic aerosols, xviii, 44, 45, 46, 186, 

198, 199, 267, 268
effects on climate of, xxii, 21, 163, 167- 

169, 171, 184 
Volcanic eruptions, 167, 182, 199-200, 

213, 222, 268, 278
injections of sulfur-containing gases by, 

44, 213
Volcanoes, 44, 59, 170, 182, 183, 199, 213, 

265
Warming (see Temperature change)
Waste heat, 203, 213-214, 221, 223 

definition, 203 
effects of, 213 
release of, 193, 225 

W ater resources, 279

W ater vapor, 3, 5, 6, 27, 29, 40, 51, 87, 
197-198, 263, 269, 270, 291, 296, 326, 
330, 332, 333
abundance in atm osphere of, 43, 315, 

330
atmospheric mixing ratio of, 86, 198, 

291, 313 
budget of, 198 
continuity equation for, 66 
radiative properties of, xviii, 30, 31, 35, 

50, 198, 262 
stratosphere-troposphere exchange of, 

198
stratospheric, 198 
transport of, 7, 98, 99, 135, 265 
tropospheric, 197, 205 
variation in abundance of, 43, 315, 330 
vertical profiles of, 137, 153, 329 

W ater-vapor absorption (see also Longwave 
radiation), SO, S94 

W ater-vapor continuum, 50 
W ater-vapor feedback, 297, 298, 299, 309, 

317, 330, 355 
W ater-vapor/tem perature feedback, 65, 

88, 89, 107, 141, 155 
Weather:

definition, xviii, 4 
synthetic data  set of, 14 

West Berlin, 203 
Windblown soil and sand, 200 
Window region, absorption in the, 50 
Wind:

change of, 66, 99, 205 
patterns of, 269 

Wind velocity, 48, 63 
World Ocean Circulation Experim ent, 275 
Xerothermal, 250
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