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Response of a Coupled Ocean-
Atmosphere Model to Increasing
Atmospheric Carbon Dioxide

This study investigates the respanse of a climate model o
a 1% peryear increase of atmospheric carbon dioxide, The
model is a general circulation model of the coupled ocean-
atmosphere-land surface system. witha global computational
domain, smoothed geography, and seasonal variation of
insolation, The simulated increase of sea-surface tempera-
iure is very slow in the northern North Atlantic and the
Circumpolar Ocean of the Southern Hemisphere where the
vertical mixing of water penetrates very deeply and the rate
of deep water formation is relatively fast. Extending this
work, we investigated the transient responses of the coupled
maodel to the doubling and quadrupling of atmospheric CO,,
over the period of several centuries. During the entire 500-
yr period of the experiment, the global mean surface air
temperature increases almost 3.5°C when CO. is doubled,
and 7°C when it is gquadrupled. In the latter experiment, the
thermal structure and dynamics of the model cceans undergo
drastic changes, such as cessation of the thermohaline
circulation in most of the model oceans, and substantial
deepening ofthe thermocling, especially inthe North Atlantic.
These changes prevent the ventilation of the deeper layer
of the oceans and, if they occurred in reality, could have a
profound impact on the carbon cycle and biogeochemistry
of the coupled ocean-atmosphere system.

INTRODUCTION

The imeractions amang the atmosphere; oceans and land surface
play amajor role i determmng the tutureclimate change induced
by greenhouse gases. The COanduced -chunge of climate has
bien the subject of many studies by use of general circulation
models of the coupled ccean-utmosphere-land surface system
(=13

This paper describes the response of a coupled ocean-
atmosphere-land surface model, developed at the Geophysical
Fluid Dynumics Laboratory. Lo increasing atmospherice C0. I
includes a summary of the resulis in three published papers{9, 1.
123 In additien. results from secent investigations (14, 131 wre
discussed, exploring the muluple-century response of the coupled
model to o doubling and quadrupling of atmosphene OO0,

In response tooan increase of atmospheric CC., the indrared
opacity of the atmesphere increases, thereby raising the effective
surce of crmission for the sutgoing terrestrial rmdiation (al the lop
alf the atmosphere) toa higher level which has lower lemperature,
This upward shift of the effective emission source resulis in
wiarmning of both the convective iroposphere and the Earth's
boundary-laver heat exchangs. The rise of tropespheric
emperiture, it mdwces an merease of the mastere content
of air, further enhancing the infrared opacity of the stmosphere

Figure 1. lllustration of coupling between the cceanic and
atmospheric componeants of the model,
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Figure 2, Latitude-time distribution over 100 yr for the difference
in zonally averaged decadal mean surface air temperature (- C)
between the standard integration of the coupled occean-
atmosphere model, with unchanged, present-day levels of CO.,
and the integration for CO; increases ol 1% per year (11),
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Figure 3. The latitudinal distribution
af the difference in zonal mean
temperature (“C) of the coupled
maodel between the standard and
CO.-growth integrations, shown as
a function of almospheric height
and ccean depth, for the G0-801h yr
periad of the experiment. When the
atmospheric CO; is doubled in the
CO, growth simulation .

and further raising the wemperature of the roposphere-surface
system | [6),

The warmning of the coupled system is reduced by the effective
thermal inertia of the oceans. which izessentially contrelled by the
vierical mixing ol heat in the oceans. This stody deseribes how
such verticad mixing of heat delays the greenhouse wearming in the
coupled troposphere-ocean-land surface system,

MODEL STRUCTURE

The mowdel consists of general cirealation modeds (GOM) of the
atmosphers and oceans, and a simple model of the continental
surface that involyves the budgets of heat and water (173, [tis o
alobal modelwith realistic geography, Theutmesphenc component
of the model includes the seasonal variation of insolation, and
predicted cloud caver which depends anly on relative huovidity,
[t bas mpe verdeal finne: difference levels. The horizoneal
distributions of predicted variables are sepresented by sphencal
harmaonics (13 associated Legendre functions for each of 15
Fourer components )y and aoid-point values (18),

The peean GOM uses o full finite difference technigue and has
aoregular grid svstem with 4.5°% 1 3757 (latide x longitude)
spacing and 12 vertical levels (19, The atunospheric and oceanic
compoenents of the model interact with each other continuoushy
through the exchange of heat, water and momentuny fuxes s
illustrated by Figure 1. For further details of the model used here,
see (1)

NUMERICAL EXPERIMENTS

To study the response of the coupled acean-atmosphere-land
surface model o agradual increase of atmosphericcarbon dioxide,
twor LO0-yr integrutions were performed. Starting from wn initial
condition in a quasi-equilibrinm state, the standard thme integra-
tion of the coupled model was performed with the nornal
concentrution of wtmespheric carbon dioxide, In the other inte-
gration; the OO0, concentration was increased by 1% per yr
compounded ), The rate of 1% per yr ischosen because the total
CO-eguvalent wmount of varous greenhouse gases, other than
waler vapor, 15 currently increasing al approximately this rate
(20}

The imual conditions for both integrations lave realistic seasonal
and geosraphical distributions ol surlace lemperature, surface
salinity, and seaice, with which both the atmospheric and oceanic
components of the model are nearly in equilibriom, This quasi-
cquilibrium condition was obtuined by separate tme integritions
of these twor components of the model with ohserved surface
boundary conditions. The convergence of the cceanic component
towards equilibriom was accelerated by the method deseribed in
(21%

When the time integration of a model starts trom the initial
conditions identified above, the model climate undergoes a rapid
drift wwards 1ts own eguilibriom state. To prevent the dritt, the
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Figure 4, The geographical distribution of the difference in
surface-air temperature [ C) between the standard and €O, growth
integrations, shown as the average over the 80-80th yr period of
the experiment when atmospheric CO. is doubled.

Huxes of heat and water @ the ocean-aimosphere inerface are
adjusted by amounts that vary seasonally and geographically 011,
Theseadjustments do not change from one vear to the next and are
independent af the anomalies of temperature and salinity ar the
oceunic surlace, Thus, they netther damp noe amplify the anomalies.

TEMPERATURE CHANGE

Annual Mean Response

Fiaure 2 shows the latitude-tme distribution ol the CO-induced
change of zonal lv averaged. decadal-mean surface-air temperature
during the 100 yrexperiment. ln the. Novthern Hemisphere the
warming of surface wir increases with laitude, partly becayse of
the paleward retreat of both snow cover and sea ice, which have
high surface albedo. The relatively large warming inhigh northern



Latitudes is essentially confined to the lower tropusphere becanse
of the stable stratification, This is indicated in Figure 3, which
shows, for both the atmosphere and oceans, the zonal-mean
temperature difference between the two integrations for the 20-yr
period between the 60-80th vears of the experiment. The oceanic
warming 1s essentially canfined to the upper layers, except near
Amtarctica and around T0° N

The simulated response of surface air lemperature 15 relatively
small over the Circumpolar Ocean of the Southern Hemisphere
and the northern North Atlantic (Fig. 43 As explainedin (| |3, the
vertical mixing of water extends very deeply in these regions
through wvertical subgrid-scale mixing including convection,
Because of this deep vertical mixing, heal sequesiered by the
ingreasing atmospheric carbon dioxide spreads over a thick laver
of water, thereby muking the warming of surfice temperature very
small in these oceanic regions,

In both the northern North Adlante and the Circumpolar Ogcean
of the Southern Hemisphere, there are other physical mechanisms
that reduce the CO-induced increase of sea surface wemperature.
Forexample, the surface warnuing in the Morth Atlantic 1s reduced
further because the northward advection of warm surface water
decreases due to the weakening of the thermohaline circulution,
This effect is described 1n more detal below, under Muldtiple-
Century Responses; wlso see (1) for additional elucidation of
Lthese processes.

Seasonal Dependence

Inresponsetoa gradoal increase of aunosphericCO., Lhe inereise
of surface air temperaturs is al o miadimom over the Aretie Ocean
and 1s surroundingsan lute sutamn and winter, On the other hand,
the Arctic warming is-at a minimum o summer (Fig. 3% The
mechanism responsible far the seasonal dependence ol the Arctic
surface-air lemperatuee change is similar 1o the mechanism noted
i an equilibrium experiment which was conducted earlier (23,
24y with an atmospheric GCM coupled with a mixed-laver ocean
madel, Because of the exisience of o haloceling with very stable
stratification. the heat exchange between the mixed laver and
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Figure 5. Seasonal and latitudinal variation of the
difference in zonal mean surface air temperature (“C)
between the standard and CO-growth integrations,
shown as the average over the 60-80th yr pericd
when atmaospheric CO, is doubled.
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deeper ocean s very small in the Arctic Ocean. Therefore, it s not
surprising that the seasonal variation of COy-induced change n
surface air temperature obtmned from the present model is
gualitatively similar W the response of a coupled atmosphere
mixcd-Liver ocean model.

The results from the present and carlier studies (23, 24 ) indicate
that. during avtumn and winter. the larse increase of surface air
temperature i achieved by the enhanced upward heat conduction
from the ocean to the cold, overlying armosphere through thinner
seaice. During the warm season, the downoward {lux of terrestrial
radiation incriases inresponse 10 the incresse of greenhiouse gases
(1.es, €0, und H,Ob in the atmosphere, and the reflection of salar
raciation by the surface decrenses due to the reduced coverage ol
seqice, enhancing the absorpuon of radiative energy by the mixed
Laver of oocan. However, the wemperature of the sea surface and
overlying airhardly changes insummer because they are anchored
near the freczing point duc to the melting of seaice. The additional
heat, which is thus stored 10 the mixed laver of ceean during the
WaTTI season, is lost to the atmosphere during the cold season doe
torthe enhanced heat condoction through thinner sea we, therehy
increasing surface wir lemperature,

In sharp contrast to the situation in the Arenie Ocean, the
increase of surface air temperature and its seasonal variation in the
Circumpolar Ocean of the Southern Hemisphere are verv small
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Figure 6. The latitudinal profiles of zonal mean
rates of precipitation (a), and evaparation (b},
averaged over the G0-80th yr period of the
experiment (11). Sofid ling, standard integration
(8); dashed line, CO;-growth integratian [G),
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duetothe deep vertical mixing ol waterdiscussed carlier, Thusthe
maximum warmning during the cold season does not materialize in
the Cireumpoeluar Ocean. This is gquite different from the résults of
the eartierequilibrium experiments conducted by use of g coupled
atmosphere mixed-layver ocean maodel.

HYDROLOGICAL CHANGES

Figure 6 illustrates the C0,-induced change 1n the zonal mean
rates of precipitation and evaporation averaged over the 6l-80th
year period of the experiment. This figure indicates that, as noted
10 Ay previows studies (eogs 25) the annuil mean rates of both
precipitation and evaporation increase as the resull of an increase
of atmospheric carbon dioxide. However, the latitudinal profile ol
the CO--induced increase in precipitation rawe is guite different
from the lmitudinal protile of evaporation increase. In genceral, the
chunge in evaporation decreases with increasing latitudes and 15
very small in high latitudes. On the other hand, the eornchment of
Walker vapor in air secompanying the warming enhances the
poleward moisture transport in the atmosphere, thereby causing a
substantial increase in the precipitution rate in high alitades,
Ilwis. the excess ol precipitation over evuporation also increnses
significantly in these lattedes and contributes o the marked
incresse in river tunoeff in the subarctic regions,
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Figure ¥, Changes over the 500-yr experimental period of (a)
fogarithm of atmospheric CO, concentration, and (b) giobal
mean surface air temperature (- K}, computed as the
differences between the standard integration ($) and those for
doubled (2XC) and quadrupled (4XC) CO. (141
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It is notable that, in the present experiment, the precipitation
rate increases even in high latiudes of the Southern Hemisphere
where the CO--induced surfoce warming is small. As indicated in
Figure 3, significant mid-tropospheric winming coeurs in high
latitudes of the Southern Hemisphere, thereby enhancing the
penetration of warm, moisture-rich atr wwards the Antaretic
continent

The COs-induced changes in the annual mean rates of
precipitation and evaporation described above increase the excess
of precipitation overevaporalion in high Jutitudes thereby reducing
the salimity inthe upper layver of the model ncean. The capping of
the Atlantie Ocean by water of relatively low salinity weakens the
thermohaline circulation, moderating the increase of surface-air
lemperature 17 the northern North Atlantie (9, 11, 125, This wopic
15 discussed [urther in the following section.

MULTIPLE-CENTURY RESFONSES

In order 10 assess the possible future change ol climare aver the
nexl several centuries, the numericul integrations of the coupled
rreesclel dre extended to 300y (14, 150 In addition 1o the standard
integration {5 in which the atmospheric COLremains unchanged,
two further integrations are conducted (Fig. Tu). In one integra
tiem, 2300, the atmospheric COs concentration increases by 1%
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Figure B. Stream function of zonal mean meridional circulation in the
medel cceans (14). Tep: initial distribution obtained from the standard
Integration, Bottom: average over the 400-500th yr of the guadrupled
CO, integration. Units are Sverdrups (10°m” sec™').
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pervricompounded) until it reaches twice the indtiad value around
the 70th vear and remains unchanged thereafter. In the other
integration, (4XC), the CO, concentration lso ineredses by %
per veuntil it reaches four times the iitial valee at the 140th vear
apd remains unchanged thereafter. By companng these three
imegratons, ong can eviduate the long-term impact of the eventual
doubling or guadrupling of aunoespheric €O upon the global
climale system.

Figure Th shows the time series of elobal mean surface-uir
temperature from the 8, 2RC and 4XC integrations, Buring the
firsy 140 yrof the 4X0 interration, the slobal mean surface ar
femperature increases al the rate of approximatély 3.5 O per

entury, After the [40th vear, global meansurface air temperature
incréases slowly by an additional 137C despite the absence of
further €0, inerease 1o the model atmosphere. Over the entire
MKl-yearpericd. the global meansurluce uirtemperature Increases
by 7°C and the thermocline becomes deeper, particularly over the
Atlantic Ovean.

Aoqualitutively similar bebavior s evident in the lemporad
vartation of global mean swface air temperature from the 2XC
integration. During the Grat 7 yr. the global mean temperature
inereases by 2570, apain al the rate of about 3,570 per century,
Alter atmespheric CO- stops inereasing at the T0th yr, the alobal
mean surface air temperature icreases by an additional 19C

Oneal the most notable featores of the X0 experimuent is the
aradual disappearance of thermehaline circulations in most of the
miode] oeeans during the first 230 yr pernod, leaving behind anly
surface wind-driven cellsiFizo 8). For example, the thermohaline
circulation nearly vamishes in the MNorth- Atlantic during the first
200 years of the integration (Fig. 91 In the immediate vicinity of
the Antarctic Continent the thermohaline circulation becomes
weakerand shallower (Fig, 8) murkediy reducing the lommation af
Antarctic Botom Water, This, in . weakens the northward
How af bottom water in the Pacific and Atlantic Oceans.

The near extinetion of the thermaohaline areolaten deseribed
above i attributahle mainly o the capping of the mode] oceans hy

relatively fresh waler where the supply of water 1o the ocean
surface increases murkedly, The excess of precipitgion over
evaporation and mnolt from continents inereases 1 high lantsde
due to the enhanced poleward transport of water vapor in the
warmer model troposphere, as discussed in the previous seetion,

In the 2XC experiment, the mtensity of the thermohaline
circularion also keeps decreasing in the North Adlanue long after
the T0th yr, when atmespheric carbon dioxide stops increasing
and the rate of surface warming and freshening are reduced
abruptly, It eventually is reduced 1w Jess than ball of its original
intensity (Freo9). However, the thermohaline circulation begins
ey intensily very slawly acound the [3h vear of the integration,
Becasse of the reduction of the upward adveetion of cold water
that-accompanies the weakening of the thermohuline errculation
i low lantudes, a large warming of the subsurface Laver lakes
place mthe 2XC imegration berween the equatorand 45 "N latitode,
The resulting increase in the deosity contrast between the sinking
and rising regioms in the MNorth Atlantic overshadosws the salinaty-
induced reduction indensity contrast and appears tobe responsible
Foor the gradual re-intensibication of the thermoehaline circoaltion
in the North Adlantic by the 300th vr, This intensification is aided
by the pradual increase and recovery of salinity toward the initial
value, due 16 the enhanced northward advection of saline water by
the thermohaling circulaion,

The results fram the 2XC imtegration described above imply
that the weakening of the thermohaline circulation in the Atlantic
during the carly phases of both experniments 15 not the collapse ol
thecirculation due 1o an instability. Instead. it represents the slow
adjestment of the cicculation o the evolving density strscture of
the model™s Atlantic Ceean. However, the thermohaline circulanon
eventually collapses inthe 4X0C integration. und docs ndtregencrate
tespite the downward peneteation of positive temperiture anomaly
i lovw aned mitddle latiades of the North Atlante. This suggests
thit the state of inuetive thermohaline ciroulation reached inthe
A} C integration isa stable stale which is distinet from the state of
the active circulation maimtained in the eurdy phase- of both
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Figure 9. Temporal variation of the intensity of the
thermohaling circulation in the North Atlantic Ocean fraom the
standard {S), doubled {2XC} and quadrupled (4XC) CO,
integrations (14}, Here, the Inlensity is defined as the
maximurn value of stream function, in Sverdrups,
representing the meridional circulation in

the North Atlantic Ocean,

COUFLED QUEAN-ATMOSPHERE-LAND MODEL
AN SUPER COMPUTERS
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Figure 10, The triad strategy for tha manitaring and prediction of inter-

decadal climate change.
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integrations. The existence of two stuble equilibria in a coupled
pceun atmosphere made ! bus been demonstrated previously (260,

In summiary, this study explores the responses of a coupled
maodel 1o bath doubling and quadrupling of atmospheric CO. over

the perod of several centuries. Doring the entire 300-yr periods ol

these two experiments; the global mean surface oir temperature
increases by almost 3.57 and 7.53°C. respectively. In the CO--
lehldftli"ht'l:__‘ experiiment, the warming 15 almost as large as the
ditference betwesn the present climate and the very warm climate
of the late Cretaceous (27, X8). Furthermore, the thermal and
dynaamical structure of the modeloceans undergoes drastic changes,
such s the cessation of thermohuling circulation in mest of the
middel poeans, and o substaminl deepening of the thermocling,
especially in the North Atlantic. These changes prevent the
venlilation of the deep ocean and could have a profound impacton
the carbon eyele and bioseochemistry of the coupled system.

Averaged over the entire globe, the rate of increase in surface-
ar femperature is approximately 2.57C per century during the first
FS0 years of the OO -guadrupling integralion, in response o an
nerease of stmospheric concentration of CO, at the rate of 19 per
v, This mate of increase in €O, is approximately equal to the
business-as-usual scenario for the rate ol incrense ol CO--equivalent
areenhouse pases, as estimated by the 1990 Scientific Assessment
of the Intergovernmental Fanel on Climate Change (22} The
wemperalure response is slightly lareer than the rte of 3000 per
cemury which is the best estimate by the [PCC for the business-
as-usial case. 11 has also been estimated that the equilibrium
response of Lhe present model woihe doubling of atmospherie 0.
woapprosimatedy 3590 o global mean surlace air emperature.
This response belongs inthe upper half of the | 557 C range of
climage senswvity estimated by the IPCC, Thus. it 1s possable that
the present model exageerates somewhat the sensiiivity of actoul
climite

According 1o the [PCC (221 the quadrupling of the C0.-
equivident ol greenhouse sases could be realized if the Business-
as-tsil emission of greenhotse euses continwes antil the end of
the 2 Istcentury, Draconian measures would probably be required
wrpreventthe COLequivalentol greenhouse muses fromguadraphing
during the next several centuries (249, Considering the possible
overestimate of climate sensitivity by the present model, it may he
regsonable wospeculate thar the CO-doubling and quadruphing
experiments provide o probable ranse of future olimate change,
Thus; one should not discard oo readily the possibility of avery
Large long-term climate change such as that which occurred i the
CO-guadruphng esperiment,

LONG-TERM MONITORIMG OF THE COUPLED
SYSTEM

The feture climate changes obtained in the present study are
subject Wy large uncertaintics because of our inubility 0 model
varions processes that control fniurechmatechange. [Nstheretors
NECESSAry nnprc:v:: VArTOLS I:I':JH[PL?IIL‘!IL‘: {Jt' the cimi;m: mﬂd::l

itis L,hM,,I'I[I.I] i L.ll_LILJiij. FEELS the molel |'||r.d|L!mn~. nHlmm_
climate change based upon the reliable, long-term monttoring of
climate torcing lactors and actual climate changes. The sereement
hetwaen the simudited and observed climate should enhance our
confidence in model prediction. A comprehensive rind strategy
for predicting future climate islusrrated in Figure 1 Ioinvolves
the monitoring of the coupled ocean-atmosphere-land surface
svstemy by /n sifn and remote sensing, the prediction of fufure
climate by state-ol-the-grt models, and in-depth analysis ol
predicted und momitored climate: The insight gained by this
comprehensive effort s indispensable not only for enhancing our
confidence mn model prediction of future climate, but also for
adapting o future climate change and limiting the emassion ol
greenhonse pases.
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