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Early Development in the Study of Greenhouse
Warming: The Emergence of Climate Models

Following the pioneering contributions of Arrhenius,
Callendar and others, climate models emerged as a very
promising teol for the study of greenhouse warming. In the
early 1960s, a ene-dimensional, radiative-convective egui-
librium model was developed as the firs! step towards the
development of a three-dimensional model of climate;
Incorporating not only the radiative but also the convective
heal exchange between the earth's surface and the
atmosphere, the model overcame the difficulty encountered
by the earlier approach of surface radiative heat balance
in estimating the magnitude of greenhouse warming. By
the 1970s, a three-gdimensional, general circulation model
(GCM) of the atmosphere, coupled to a very idealized
ocean of swamp-like wet surface, had been used for
studies of greenhouse warming: Despite many drastic
simplifications, the GCM was very effective for elucidating
the physical mechanisms that control global warming and
served as a stepping stone towards the use of maore
comprehensive, coupled ocean-atmosphere GCMs for the
study of this problem.

INTRODUCTION

Towards the end of the 19th century, Arrhenius (1) estimated
the magnitude of greenhouse warming based upon the assump-
ticn of radiative equilibrivm. His work was followed by o se:
ries of the studies of Callendar (23, Plass (3), Kendratiev and
Miilisk (41, Kuplan (5), and Miiler (6, which estimated the
COveinduced warming based upon a regquirement of nudistive hea
balince at the earth’s surface.

Altheugh armosphieric carbon dioxide (CO) absorbs solar ra-
diation at near infrared wave lengths, the amount of the absorhed
energy is relatively small. On the other hand. 11 strongly absorbs
and emits terrestrial radiation at the wave length of ~12—1% um.
It 15 therefore expected that in response 1o the inceease n the
CO) concentration of the aimosphere. the downward Aux of ter-
restrial racdiation mereases @t the earth’s surface; To sansfy the
condiion of the surfuce Reat balancs, Callendar assumed thae
this COh-induced change of downward Hux of radiation should
he compensated by an increase ol equod magnitude in the net
upward terresirial radiation. if other componenis of surface heat
halance were unchanged. By estimating the increase of surface
temperature required for the inereuse of net upward radiation,
Callendar esumated the C0s-induced rise of surface temperaure.

Maoller (6 attempied 1o improve these estmates considering
the effect of the change i the water vapor content of air which
results from the CO--induced wiarming of the troposphere.
Mating that the condition of constant relutive humidity is
climatologically more reasonable than that of constant absolute
humidity, he asswmed that an increase in emperatine is accom-
panicd by an increase in absolute humidity of air, keeping the
relative humidity unchanged. This implies that the CO,-induced
increase of surface wmperature taises not only the temperature
of the troposphere but also its absolute humidity, further enhanc-
ing the increase in the downward fux of terrestrial radiation at
the earth’s surface. Thus, the chanze of ner upward terrestrial
radiation associated with a given change of surface temperature
becomes very small. To counterbalance the change in the down-
ward flux of terrestrial radianon due w the increuse of gmo-
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sphere carbon dioxade. 1 1s therefore necessary 1o increase sur-
lace lemperature by a very large amount. This explams why
Miller obtained 4 very surprising resull; an incresse in the wa-
ter vapor conlent of the atmosphere with rising temperatyre
causes o sell-amplification which results in g large temperatore
change. When the air temperarure is around 13°C, doubling the
COs content vielded o temperature increase ol as much as 10°C
For other lemperatures, the results may be completely different
[n Miiller’s sy, the net upward radiation ar the carth’s sur
face hardly mereased with mcreasing surface wemperature:be-
canse of the assumption of imvarable relative humidity, On the
other hand, the net upward radiation increases signtheantly with
increasing surface temperature when it 15 assumed that the ab.
solute humidity of air is unchanged despite the change of tropo-
spherie temperature, This is why the earlier studies of Callendar
and others yielded smaller CO--induced change in surface tem
peraturg

The siudy of Miller deseribed above exposed the basic diffi-
cully of the surface radiation balance approach, which does not
take into consideration the CO-induced changes in other com-
ponents of the surface heat bulunce. Obviously, the change of
the atmospheric CO. concentration alters net only 1he net
radigtive flux, but also the bowndary-laver exchanges of sensi
ble and latem heat Muxes between the canth’s surface and the
atrnosphere. To estimate the change in the heat fluses. it is nec-
essary 1o consider. not only the heat balance of the carth’s sur
face, bt alse that of the atmosphere. [nstead, Mller assumed
implicitly that the sum of sensible and latent hear fluses did not
change despiie the CO, -induced increase m the downward fuy
of terrestrial radiation. This is why his approach yielded a laroe
senstivily ol the surface temperature when he considered the
waler vapor feedback process in the gtmesphere. In his pertur-
bation analvsis of radiative equilibriom wiperawre of the carth’s
surtace, Arrhemus also assumed thar the sum of latent and sen-
sible heat Muxes did not change in response o the increase of
atmoespheric carbon dioxide, Therefore, i s likely that his ap
proach suffers from a similar shorleoming,

RADIATIVE-CONVECTIVE EQUILIBRIUM
In order to overcome the difficulty encountered by Miller (6,
Munabe and Wetherald (7 emploved the “radimive-convective
model” of the global mean atmosphere which was developed by
Manabe and Strickler (8). This one-dimensional model includes
not only radiative but also convective heat exchanges hetween
the earth’s surface and the gunosphere. The vertical distribunon
ol atmospheric-temperature in radiative-convective equilibrium
was approached asymptotically through the numerical tme in-
tegration of the globally averaged. thermodynamical equation
with the vertigal coordinate of pressure o
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where C s the specific heat of air under constamt pressure; T s
global mean temperature at a given pressure level: O and
are heating rate per unil mass due o radiation and convection,
respectively. For the computation of heating (or cooling) due 1o
solar and terrestrial radiation, the effects of water vapor, carbon
dioxide, pzone, and cloud cover were taken into consideration,




The effect of convection was incorporated into the model by use
of the very simple procedure of “convective udjustment™. This
procadure invelves the adjustment of the temperature lapse rate
i—a/l'fdp) 1o a critical value whenever it becomes supercritical
during the course of atime intearation. The adjustment was mode
such that the sum of internal and potential energy was unaltered.
For their study, the critical lapse rate was chosen 1o be 6.5°C
km . roughly the average value for the woposphere. Based upon
the assumption that the earth’s surface has no heal capacity, the
net downward radiative flux received by the eanth’s surface was
immediately returned to the lowest laver of the armosphere, in-
ducing the convective adjustment in the overlying layer.

Figure | illustrates how the temperature of the model atmo-
sphere approaches the equilibrium value starting from an initial
cordition of a warm isothermal aimosphere, Toward the end of
cach time integration, the model atmosphere altaing a realistic
structure consisting of a convective troposphere and ‘a stable
strutosphere. The net incoming solar radiaton becomes equal 1o
the outzeing terresirial radiation at the 1op of the armosphere,
indicating that the atmosphere-surface sysiem of the model 15
in radiative equilibrium as a whole, In the stable model strato-
sphere, the rate of radiative temperature chunge is equal W sero,
sarisfying the condition of local radiative equilibrinm, On the
other hand, the model tropesphere 5 nol in radiative equilibrivm,
The net radiative heat loss from the moedel roposphere is com-
pensated by the heat gain due tothe convective tnnsfor of heat
from the earth™s surface o the atmosphere,

In the numerical tme ntegration deseribed above, 1l 15 as-
sumed that the vertical distribution of absolute humadity remains
unchanged. On the other hand. noting that the seasonal vana-
tion of relative hurmdity in the woposphere 15 relatively small,
despite 8 large change 1o temperature, Manabe and Wetherald
(7 assiumed that the mode| atmosphere keeps the relative {rather
than absolute) humidity unchanged. As air temperature changed
during the course of & tme integration, the distribution of abso-
hete humidity was continuously updated such that relative hu-
midity remains unchangsd, On the other land, they assumed that
the uniform mixing ratio of 0O, and the vertical distributions
of cloud cover und ozone did not change with time.

Toevaluate the sensitivity of the model armosphere 1o changes
i atmospheric COy concentration. a set of numerical tme ine-
srations wits performed with the radiative-convective model of
the atrmosphere as described above, Figure 2 illustrates the ver-
tcal distribution of the equilibrivm temperatore of the model at-
maosphere with the normal, half the normal, and twice the nor-
mal concentration of C0, This Figure indicates that, in response
to the doubling of the atmo-
spherie €O, the equitibrium
surface temperpture of the
model increases by about
2.3°C, whereas that of the
middle siratosphere decreas-
es by several degrees, In ad-
ditton, 1t reveals that the
magnitude of the warming
resulting from the doubling
of CO, concentration is ap-
proximately  equal w0 the
magnitude of the cooling
from the halving of CO, con-
centration. This resull sug-
gests thal COb-incduced tem-
perature change 1s approxi-
mately proportional w the
chunge m the emissivity of
air which is linearly depend-
ent on the logarithm of CO,
concentralion (see also 91

state of radiative, convective
equilibrium {8).

Temperature {K

Pressura {mi)}
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Figure 1. Approaches toward the

The physical mechanism of the greenhouse effect may be un-
derstood by realizing that greenhouse gases such as COyand H.O
can absorb and emit terrestrial radiation, but absorb o relatively
smaill fraction of solar radiation, In the mid-troposphere. these
pases absorb mujor fraction of the upward terrestrial radiation
emitted from the carth’s sorface and the lower troposphere and
reemil it. Thus. the effective source of emission for the outgo-
ing lerrestrial radiation ar the op of the atmosphere is |located
in the mid-troposphere. On the other hand, in an atmoesphere
without greenhouse gases, the source of emission is confined to
the earth’s surface which s warmer than the mid-troposphere.
In order o maimain the compensation between the net incom-
ing solur radiation and outgoing lerrestriad radiation al the top
af the atmosphere. it is therefore necessary that the equilibriom
temperature al the atmosphere with greenhouse zases be much
higher than that of the greenhouse gus-lree atmosphere. From
the ahove discussion, it follows that an increase in the atmos.
pheric concentration of carbon dioxide raises the altitude of the
effective source of emission and reduces the ougeing terresirial
radiation, contributing o the global warming of the combined
surface-troposphere system.

Because ol the gssumption ol fixed relative humidity, the ab-
solute humidity in the model rroposphere also increases associ-
ated with the COL-induced warming, This raises further the alti-
tude of the effective source of oulgping terrestrial radiation,
Thus. the temperature of the mode] roposphere ncreases fur-
ther, mainfaining the radiation balance of the surface-troposphere
svatemt as a whale. In addition, the increase of absolure humid-
ity increases the fraction ol solar radiation absorbed by the medel
rroposphere, thereby decressing the planetary albedo and enhanc-
ing the CO-induced warming. This is why the surface tempera-
ture i radwative-convective cqutlibrium with a given distribu-
tion of relative humidity 15 almost twice more sensitive 1o an
increase of atmospheric CO; than the equilibrivm temperature
with a given distribution of absolute humidity (1),

A poimted oul already, the temperature of the model sirato-
sphere in radiative equilibrium reduces in response to an increase

Flgure 2, Vertlcal distributions of
temperature in radiative, convective
equilibrivm for various values of
atmospheric CO, concentration, ie.,
150, 300, 6800 ppm by volume {7).
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ol the CO, concentration in the atmosphere. In order 10 com-
prehend this result, it is necessary o recognize that the radiative
et balance of the model stratosphere B8 essentially maimtained
as o balance between the hearing due 1o the absorption of the
solar ultraviolet radiation by ozone and the net radiative cool-
ing due 10 the excess of the emission over the absorption of ra-
diation by CCh, Becavse the collision broadening of line absom-
trom 15 small mothe stratosphere where pressuore is low, the heat-
ing due to the COL absorption of upward radiation from the ropo-

sphere is much smaller than the cooling due to the emission of

radiation, causing the net cooling of the stratosphere dug 1o ter-
restrial radiation. Thus, an increase of CO. concentration in air
levwers the equitibrium temperature of the model stratosphere.

Table | shows the changes of surface temperature due to the
doubling of the atmospheric COs concentration. The data were
obminad from radistive-convective models of the aimosphere
developed by various authors, The magnitedes of warming con-
twined in s table range frome 1.5 10 2.3°C, and depend partly
upon how variows OO, absorption bunds are treated [or the com-
putation of radiative rransfer. For further discussion of the dif-
ferences among these results, see Augustsson and Ramanarhan
47} 8

THREE DIMENSIONAL MODEL

The discussion of the greenhouse effect in the preceding sec-
tion implies that its magnitude depends eritically upon the ver-
tical femperature gradient in the stmosphere. In the one dimen-
stonal model of radiative-convective equilibrivm described i the
preceding section, it 1s assumed that convection prevents the
lapse rate of wimospherie temperature from exceeding a given
eritical value, In the actual atmospherg, the lapse rate is deter-
mined, however, through the intéraction ameng not only
racdiative transfer and cumulus convection, but also Jarge scale
circulations, Furthermore, the model does not distinguish Jatent
heat Trom sensible heat flux from the earth's surface to the al-
maosphere and thus 15 not wseful for siudying clanges in the hy-
drologic eyele, The radiative-
convective madel also misses
various processes such as albedo

3D-Atmosphere/'Swamp Ocean Maodel

adveciion but also condensation of water vapor. The effect of
moist convection was represenied by the so-called maist con-
veetive adjustment (137, For the computation of radiative trans-
fer, the predicted distribution of water vapor was used together
with the zonal mean climatolosies of observed cloud cover and
DO COTICCTILTRLLO.,

For the finite difference computation of both prognostic and
diggnostic equations, a horizontal grid system with =300 km
spucing and nine vertical levels was chosen. The idealized dis-
tribution of ocean and continent adopted for this model is ilfus-
trated in Figure 4. Cyelic continuity [rom one meridional bound-
ary 1o another was assumad. At the equatorial boundary, a svm-
metry condition was imposed. Because of these idealizations, the
numerical computations reguired Tor the tme ineeration ol this
model was approximately ene-sixth of that required for a glo-
bal model with comparable finite-difference resolution,

Oiver the continental surfuce, soil motsture was predicied from
the requirement of water balance, {In the other hand, the oce-
anic surface was represented by swamp-like wet surface with-
out any heat capueity. It has an unlimited supply of water, but
lacks the thermal inertia of the actual ovean. The temperutures
of both oceanic and comntinental surfaces were computed from
the equation of heat bulance with the asswmption that these sur-
faces have zero heat capacity. To incorporaee the albedo feed-
buck process inlo the model, the depth of snow cover was pre-
dicted by an cquation of spow budzet, whereas the extent of sea
e was determined according o the wemperature ol the swamp
surface. The albedos af snow cover and sea ice were assumed
to be much targer than those of bare sail or open sea,

The climutic infTuence of the change i OOy concentration was
estimated by comparing ewo quasi-equilibrium model climutes
with nommal (1 % COW) and twice normal (2 % CO-) concentri-
tinns of CO), which were obtained (rom the long-termy numneri-
cal integrations af the model described above, Figure 5 shows
the zonal mean temperature differance between the 2 x CO- and
1 x OO, euses as a function of tatitude and height. Tn gualitative
agreament with the results from the study of radiative-convectve

feedback, which enhunces the ; Atmosphere |

sensitivity of model climate in- Continuity Equation ] T =

vOIVING SHOwW Cover and sea ice af Watar Yapor \- Equatian of Mation

as noted by Budvko (130 This * Radiative Trangfer

wits why Manube and Wetherald |

(14 began to mvestigite green- BApealiy saneole + lator heat fluxss f e : -

: ; preEcitalion \1
house warmming by using three-

racative flux

Flgure 4. Diagram illustrating the

dimensional GOM of the aimo-
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distribution of continent and
ocean in 8 madel of Manabe and

sphere 1 which many of these
[eedback processes Werd incor-
porated.

Becanse of the limitasions of
the available computer ar that
time; the mathematical model
they used containgd many sim-
plifications. Figure 3 is o box
dingram which illustrates the ba-
sic components of the atmos-
pleric moadel and the interaction
among these components, This
Figure indicates that the aimao-
spheric moedel consists of the
cquutions of motion, sermody-
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Figure 3. Box diagram lllustrating the basic struciure of
a mode! constructed by Manabe and Wetherald {14},

Table 1. Increase of surface temperature in
radiative-convective equilibrium due 1o the
doubling of CO; concentration of air. The
eslimates of Wang el al, (12) are inferred from
the result of numerical experiments in which
CO, concentration is increased by a factor of

Wetherald {14).
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namical equation with latent
heating and radiative transfer,
andd the prognosuc equation of
witker vapor which incorporates
not anly the three-dimensional

Manabe and YWatharald [7)
Manabe (10

Ramarathan (11}

Wang &t al, {12)

Augustsson and Ramanathan {§)

ATIG) T T e e
Latituea

?'g Figure 5. Latitude-height distribution of

1.5 the zonal mean temperature difference

1.6 ["K) between the 2 x CO; and control

24 cases. Shaded area denates negative

values (14).

Ammn Val, 286 N, |, Peb, 997

£ [oyal Swedinh Avaddiy of Scienees 197 44

—



equilibrium described carlier, the temperature
of the model roposphere increases whereas
that of the model stratosphere decreases i re-
sponse to the doubling of CO-concentration in
air, The area-mean merease of surface air iem-
perature is about 3°C and is somewhat larger
than that obtained from the one dimensional,
radiative-convective model in which the posi-
tive [eedbuck mechanism involving snow and
sea lee was not taken into consideration. The
tropospheric warming is enhanced inhigh lati- g
tudes by the poleward retreut of show cover
and sea ice with high albedo and is conlined -4
to the mear-surface laver due 1o stable thermal
steatification: Ar low latitudes, the COs-
nchuced warming i the upper moedel wopo-
sphere is larger than the warming near the
earth’s surface due to the meist convegtive
control of the vertical wemperature distribution,
{Note that the moist adiabanc lapse rate de-
creases with increasing air lemperatare, | Ac-
cordingly, the increuse of surface air fempera-
ture at low latitudes is much less than the cor-
responding increase at high lutitudes,

The polar amplification of zonal mean surtace wir empera-
ture chunge discussed above is also evident in the anulvsis of
the actual atmosphere (see. for example. 16 and 171 Figure 6
ilustrtes the long-term variations of annual mean surface air
temperature averaged over the entire Northern Hemisphers and
Arctic Ocean. Irindicates that surface air temperature variation
over the Arctic is much luroer than the rest of the Northarm Hermi-
sphiers in qualitative agreement with the CO-induced change of
near-surface temperature in the model atmosphere discussed
ahove, However, ihe polar amplilicution is missing in the ob-
served surtace lemperature variation during the last few decades.
One can speculate that the recent absence of the polar amplifi-
cation may be attributabde o the accelerasted increase in the
roposphierie loading of sulfate aerosols which eeflect solar ru-
digtion (18), As noted by Manabe and Stouffer { 1Y), some of
the low frequency vanation al climate could be internally gen-
erated, Therefore, it s not reasomahle 1o explain the observed
temperature varution by the greenhouse effect alone,

The increase of CO, concentration in air affects not only the
thermal structure of the atmosphere but also the hydrologie
behavior ol the model. For example, the glabal hydrologic cy-
cle intensifies in response fo an increase in atmospheric €O,
As Table 2o indicates, the global mean rates of evaporation in-
erease by almest 85, In view ol the Fact that the tropospheric
response o the doubling of atmospheric CO, is practically iden-
tical to the response to the 2% merease of solar irradiance (200,
this Large fractional increase in the global mean rawe of evapo-
ration deserves explanation,

The antensification of the hydrologie cyele mentioned ahove
is essantially controlled by the surlace heat hudger of the mode|
shewn in Table 2b. In response to the doubling of atmospheric
L0, the troposphere becomes warmer, resultimg in the increase
of the abzalwe humidity of air. Thus, the net downward Aux of
radiation incréases by us much g5 34% due 1o the increases of
both €0k concentration and the ubselute humidity of air. The
increased radiative energy received by the earth’s surface is, in
turm, removed by the wrbulent eddy flux of not only sensible
but alse latent heat and enhances evaporation from the surface.
This partly accounts for the substantial increase of the global
rgan evaparatien shown in Table 2hb,

One can identity another important factor which is responsi-
ble for the enhancement of global evaporation, According to the
Clapeyran-Clausius relationship, the saturation vapor pressure
af e increases almost exponentially with increasing temperu-
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Figure &, Annual mean surface air
temperature {°C) &5 departures from the
reference period 19461960 averaged over
(@) the Marthern Hemisphere (0-85°N) and
{b) the Arctic {B5—85" N) (17). Note that the
scale of the ordinate is larger in (a) than (b) [
by a factor of two.

1920

Flgure 7. {a) Zanal mean rates of total
grecipitation, and (b} zonal mean
rates of evaparation (14).
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ture ez, roughly o factor of two for 4 ~6°C increase). As sur-
Face femperature increases, evaporation (rather than sensible heat
Muxy becomes a more effective means of ventilating the earth's
surlace. Thus, o larger fraction of radiative energy received by
the earth’s surface is removed as latent rather than sensible heat,
This 15 why the global mean flux of evaporation increases: by
almost 8% (whereas that of sensible heat s reduced by 8%,
resulting in the 8% increase of the global hydrologic cycle
iTables 2a and b,

In order to satisty the balance requiremen of water vapor in
the model atmosphere, the increase in the global mean rate of
evaporation discussed above should be matched by the same in-
crease in globul mean rate of precipitation. This explains why
the global mean rates of both precipitation and evaporation in-
crease 10 response toan increase of wimospheric CO-content,

The intensificanon of the hydrologic cvele due to an increase
m almespheric C0- s also evident in Figure 7 which illusirates
the katitudinal distributions of zonal mean rates of precipitation
and evaporation with the normal and twice the normal concen-
tration of atmespheric €O This figure indicates that, at high
latitudes, the CO--induced increase n the precipitation rate s
barger than that of evaporation rate, Because of the warming of
the model troposphere. the poleward ransport of medsture in-
crcasces. causing the marked increase in the excess of precipita-
tion over evaporation in high latitudes, Recent results from a cou-
pled ceean-atmosphere GUM with realistic geography (21} in-
dicates that the large increase of moisture supply into the Arc-

Table 2. {a} Global mean rates of evaporalion (or precipitation)

frem the controf and CO.-doubling (2 ¥ CO,) experiments In units of
m yr', (b} Glebal mean flux of various heat balance components at
the earth's surface in units of W m® Mote that net downward
radigtion Includes both solar and terrestrial radiation (14).

g

Contrgl R eca s Ircrease
Evapaoration Rate 083 1.00 SO [+8%)
[Precipilation)
b

Cantral 2 ¥ 00, Incroase
MNat Downward Radiatian 1026 106,14 3.5 (+3.4%)
Latent Heat 75.4 a1.0 +5:8 +B%:|
Sensible Heat ara 251 =21 [-B25)
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tic and surrounding ccean slows down the intensity of thermo-
haline circulation in the MNorth Atlantic Gcean, moderating the
CO-induced warming in Western Europe,

The study of Manabe and Wetherald [ 14) described above was
followed by a series of studies which consider, in addition, the
seasonal varation of insotation and realistic geography (z.g..
Manabe and Stouffer (22, 23); Washington and Mechl (247
Wilson and Mitchell (25): Hansen et al: {260} In these studies,
the swamp-like cocan was replaced by simple mixed-layer mod-
els of the surface laver of oceans, which moderate the ampli-
tude of the seasonal varigtions of surface emperature, In addi-
tien 0 confirming the basic features of the results described
above, the atmosphere-mixed layer ocean models thus con-
structed have enabled us o explore the seasonal and geographi-
cal distributions of the CO-induced change of climate and hy-
drologic eyele.

The stucies described so far deal with the so-called equilib-
riwm response of climate which represents a response of climare
to an merease of atmospheric OO, given sufficient time. Actu-
ally. the equilibrium response of climate 15 seldom realized due
to the thermal inertia of seean which delays the response of cli-
mate, This is why the equoilibrium response studies have been
complemented by the so-called transient response studies which
investigate the transient response of climate to incregsing atmos-
pheric COL. By coupling the atmospheric GCM o an oceanic
GUM which incorporates the ocganic uptake of heat, the delay
of climatic response due to the thermal inertia of ocean is taken
inte consideration. Since some of the latest results from a cou-
pled occan-wimosphere GCM are presented by Bengtsson (27)
in this volume, [ will nor discuss the ransient response studies
in this article. Readers can also refer to our recent article pub-
lished 1o Ambio {21) for the resulis which were abtained earlier
from coupled ocean-asimosphere models.

CONMCLUDING REMARKS

[t this article. 1 lave reviewed how and why the pionesering stud-
ies of Arrhenius, Callendar and others evolved it more com-
prehensive studies which emploved GUMy of climate, It was
shown that a one dimensional model of radiative-convective
equilibrium and a highly simplified GCM were very useful (or
understanding vanous physical mechanisms invelved in global
WATMILE, serving as a slepping stone towards transient response
studies which use coupled ncean-atmosphere GCMs,

Although we have made grear progress in the modeling study
of the greenhouse effect during the last century, large uncertain-
thes still remain in estimating the magnitude and distribution of
the zlobal climaie change. According (o the 1993 repont of the
Infergovernmental Panel on Climate Change, the equilibrium re-
sponse of global mean temperature to the doubling of atmos-
pheric carbon dioxide ranges between 1.53°C and 4.5°C. The un-
ceramty in estimating the sensitivity of climate stems in no smail
part from our mability to reliably incorporate into a climate
model various feedback processes involving cloud. sea oo and
snow cover which substantially aflect imcoming solar and/or out-
guing terrestrial radistion wt the top of the atmosphers. Other
processes of entical importance include cumulus convection and
heat and water budgets of land surface. Inereased usage of dara
from remote sensing and e site monitoring of the earth-
atmosphere system should be essential for evaluating and im-
proving the parameterizations of the important processes tden-
tified above,

Obwviously, the reduction of uncertainty in projecting the fu-
ure climate change may not be achieved by the improvement
of parameterizations alone. In order 1o assess how realistic the
sensitivity of 2 climate model is, it is necessary 1o simulate ob-
served. long-term change of climate by driving the model with
the time series of the actual thermal forcing such as changes in
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solar radiation and increased concentrations of greenhouse gases
and asrozols in the atmosphere, When the simulations are done,
ong could then assess the performance of the models by com-
paring simulated and ohserved long term climate changes. In or-
der to reduce the uncertainty o the model projection, it is there-
fare necessary Lo relizhly monitor the basic structure and ther-
mal forcing of climate as it emerges from the natural, internally
generated fluctuations.
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