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ABSTRACT

Numerical experiments are carried out using a general circulation model of a coupled ocean-atmosphere
system with idealized geography, exploring the transient response of climate to a rapid increase of atmospheric
carbon dioxide. The computational domain of the model is bounded by meridians 120 degrees apart, and
includes two hemispheres. The ratio of land to sea at each latitude corresponds to the actual land—sea ratio for
the present geography of the Earth. At the latitude of the Drake Passage the entire sector is occupied by ocean.

In the equivalent of the Northern Hemisphere the ocean delays the climate response to increased atmospheric
carbon dioxide. The delay is of the order of several decades, a result corresponding to previous modeling studies.
At high latitudes of the equivalent of the ocean-covered Southern Hemisphere, on the other hand, there is no
warming at the sea surface, and even a slight cooling over the 50-year duration of the experiment. Two main
factors appear to be involved. One is the very large ratio of ocean to land in the Southern Hemisphere. The
other factor is the very deep penetration of a meridional overturning associated with the equatorward Ekman
transport under the Southern Hemisphere westerlies. The deep cell delays the response to carbon-dioxide warming
by upwelling unmodified waters from great depth. This deep cell disappears when the Drake Passage is removed

from the model.

1. Introduction

The direct effect of carbon dioxide in the atmo-
spheric radiation balance is perhaps the best understood
aspect of the overall CO,/climate problem. The ex-
treme complexity of predicting the corresponding re-
sponse of climate is due to the many feedbacks which
can take place in the climate system. For example,
warming causes an increase of water vapor in the at-
mosphere, which in turn increases the greenhouse effect
{Manabe and Wetherald 1967). It has also been sug-
gested (Hansen et al. 1984) that the carbon dioxide-
induced change in cloudiness will provide a positive
feedback. Manabe and Bryan (1985) have recently
shown that changes in the transport of heat by ocean
currents at high latitudes can provide another positive
feedback. While much remains to be done in exploring
all the feedbacks related to the equilibrium response
of climate to atmospheric carbon dioxide variations,
the present study is focused on an even less well un-
derstood aspect: the transient response of climate to
an increase of greenhouse gases. The transient response
of climate is strongly controlled not only by the feed-
backs identified above, but also by the very large ther-
mal inertia of the ocean.
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The heat capacity of the upper three meters of the
ocean is greater than the entire heat capacity of the
atmosphere. The rate at which the climate system will
change therefore depends on how rapidly heat anom-
alies generated in the atmosphere penetrate down into
the ocean. The immediate focus of this study is an
attempt to gain an understanding of the processes in-
volved, with the precise quantitative prediction of this
process as a long-term goal. Two extreme cases can be
visualized. In one case no penetration of the ocean
takes place, and the atmosphere would respond fully
to carbon dioxide increases within a period of years.
The other extreme case would be a complete mixing
of any heat anomalies through the entire depth of the
ocean. Mixing to the ocean bottom would imply such
an enormous thermal inertia in the climate system that
even a partial response to a sudden increase of atmo-
spheric carbon dioxide would require centuries. In the
Northern Hemisphere transient tracers like bomb-pro-
duced tritium, and bomb-produced carbon-14 indicate
that the intensity of vertical mixing of the ocean is
between these extreme cases. Surface properties mix
downward into the main thermocline on the time scales
of decades, but only a small fraction of surface waters
are mixed into the abyssal ocean on that time scale.

To predict the pace of climate change in response
to the build-up of greenhouse gases in the atmosphere,
we must learn to model this process of downward mix-
ing. Hoffert et al. (1980), Cess and Goldenberg (1981)
and Hansen et al. (1984) considered the ocean’s role
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in the transient response of climate to carbon dioxide
forcing in terms of simple box models or one-dimen-
sional models. Their work has been extended by
Harvey and Schneider (1985) and Wigley and Schle-
singer (1985). Sarmiento (1983) in a simulation of the
tritium penetration of the North Atlantic has shown
the importance of three-dimensional modeling to cap-
ture the actual processes which determine the fate of
transient tracers. The fundamental problem with one-
dimensional models is that they must be calibrated,
and the calibration (Bacastrow and Bjorkstrom 1981)
based on one transient tracer with a given input dis-
tribution over the World Ocean may not apply to an-
other case with a different input. Bryan et al. (1982) is
an attempt to examine the carbon dioxide climate re-
sponse using a fully three-dimensional, coupled ocean-
atmosphere model, in which the ocean has a very sim-
ple geometry. The results were analyzed in more detail
in subsequent papers by Spelman and Manabe (1984)
and Bryan and Spelman (1985). The same problem
has also been studied by Schlesinger et al. (1985), using
a coupled ocean-~atmosphere model which has seasonal
variation of insolation and realistic, global geography.
The details of the ocean response in that study have
recently been explored by Schlesinger and Jiang (1988).
In contrast, the present study is a less ambitious ex-
tension of the earlier work of Bryan et al. (1982). Sea-
sons are not included, the geometry of the oceans is
still highly idealized, and cloud cover is specified.
However, differences are allowed between the ocean
circulation in two hemispheres, one of which is pre-
dominately ocean-covered and one of which is pre-
dominately land-covered. In addition sea surface sa-
linity is freely predicted by the water balance of the
model. The motivation is to clarify key processes in
the ocean’s role in climatic response to carbon dioxide
warming rather than to attempt to include all relevant
elements of the climate system.

The simple ocean-land geometry of Bryan et al.
(1982) avoided some of the complexity of the real-
ocean. Only a single ocean basin in one hemisphere is -
considered. To provide a strong signal to noise ratio,
the equilibrium climate was perturbed with a four-fold
increase in atmospheric carbon dioxide. The ocean
model causes a delay in climatic response to the new
carbon dioxide level with an e-folding time of about
two decades. The most significant result, however, was
related to the pattern of the transient response of surface
air temperature. About 25 years after the abrupt in-
crease of the atmospheric concentration of carbon
dioxide, the transient response of surface air temper-
ature increases with latitude and is at a maximum near
the pole. It qualitatively resembles the equilibrium re-
sponse which can be attained after an infinite length
of time. The effect of sea ice and polar halocline effec-
tively insulates the atmosphere from the deep ocean
and allows the large change of surface air temperature
to take place near the pole.
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Thompson and Schneider (1982) critically evaluated
the study of Bryan et al. (1982). In their opinion the
similarities between the transient and equilibrium
temperature response patterns was attributable to the
idealized geometry. They noted that the Southern
Hemisphere, which is mostly covered by oceans, should
have a very different response than the Northern
Hemisphere. Although Thompson and Schneider
(1982) used a very simple box model to illustrate their
discussion, their conclusions appear to be reasonable
and this study is an attempt to include a more realistic
geometry. The new geometry is shown in Fig. 1. Only
one basin is considered, but it extends over both hemi-
spheres, The fractional coverage of the ocean at each
latitude corresponds to that of the Earth’s geography.
Existing coupled models of the ocean and atmosphere
have not been successful in simulating deep water for-
mation in both the North Atlantic and near Antarctica
at the same time. Rather than attempting to simulate
the thermohaline circulation as observed, the present
study tries to capture some of the important charac-
teristics of the Northern and Southern hemisphere
land-ocean distributions in a simpler context. In par-
ticular, it allows us to compare the climate response
to rising atmospheric carbon dioxide in a predomi-
nately land-covered hemisphere to that in a predom-
inately ocean-covered hemisphere.

2. The model structure

As noted in the Introduction, the coupled model is
similar to that of Bryan et al. (1982) except for its ge-
ography as illustrated in Fig. 1. The domain consists
of three identical sectors extending over both Northern
and Southern hemispheres. The atmospheric compo-
nent of the model is constrained to be periodic from
one sector to another. Cyclic boundary conditions are
also applied to the ocean in the narrow bands corre-
sponding to the Drake Passage and Arctic Ocean where
the ocean is continuous from one sector to another.

In the atmospheric component of the model the dy-
namic computation is performed using a spectral
method in which the horizontal distributions of the
predicted variables are represented by a limited number
of spherical harmonics. The resolution is limited by a
cutoff at a zonal wavenumber of 15. There is the same
number of degrees of freedom in the meridional di-
rection for each zonal wavenumber. The climate model
contains a hydrologic cycle, including budgets of soil
moisture and snow cover. To evaluate solar and ter-
restrial radiation, the effect of clouds, water vapor and
ozone are taken into consideration. The distribution
of water vapor is predicted in the model, but the mixing
ratio of carbon dioxide is assumed to be a constant in
the model atmosphere. Ozone is specified as a function
of latitude and height from observations. The annually
averaged values of height, thickness and fractional
amount of cloud cover are also specified from data.
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F1G. 1. Geometry of the coupled model. Cyclic boundary conditions
are imposed along meridians 120° of longitude apart so that calcu-
lations only have to be carried out for one-third of the globe. The
ratio of ocean to land at each latitude corresponds to the Earth’s
present geography. The ocean has a uniform depth of 5 km with the
exception of the Drake Passage which is 3 km.

Another major simplification of the model is the spec-
ification of solar radiation without seasonal variations.
The solar constant is taken as 1356 W m™2. These sim-
plifications are consistent with the goal of understand-
ing the processes involved in a series of studies rather
than attempting a single definitive calculation.

The temperature of the land surface is determined
in such a way that it satisfies the assumption of no
surface heat storage. That is, the contributions from
net fluxes of solar and terrestrial radiations and tur-
bulent fluxes of sensible and latent heat must balance
locally. In this computation, zonally uniform albedo
was specified as a function of latitude over the conti-
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nents. However, it is replaced by higher local values
when the surface is covered by snow.

The albedo of snow cover depends on surface tem-
perature and snow depth. For deep snow (water equiv-
alent at least 2 cm), the surface albedo is 60% if the
surface temperature is below —10°C, and 45% at 0°C,
with a linear interpolation between these values from
—10° to 0°C. When the water equivalent of the snow
depth is less than 2 cm, it is assumed that the albedo
decreases from the deep snow values to the albedo of
the underlying surface as a square root function of snow
depth.

The oceanic component of the model is similar to
the model of Bryan et al. (1975). The vertical com-
putational resolution is enough to provide a description
of the thermocline and the thermohaline circulation.
The horizontal resolution of approximately 4.5° lati-
tude by 3.8° longitude is only marginally adequate for
resolving the intense coastal currents, and mesoscale
eddies in the ocean are included only implicitly through
lateral subgrid-scale mixing. The inclusion of salinity
and a detailed equation of state for seawater allows for
an interaction between the hydrological process in the
atmosphere and the ocean circulation which is quite
important in polar latitudes.

The prognostic system of sea ice is essentially similar
to the very simple system developed by Bryan (1969).
The sea ice is in free drift provided that its thickness
is less than 4 m, but is stationary otherwise. The albedo
of sea ice, which is necessary for the computation of
the surface heat budget, depends on surface tempera-
ture and ice thickness. For thick sea ice (at least 1 m
thick), the surface albedo is 80% if the surface tem-
perature is below —10°C and 55% at 0°C, with a linear
interpolation between these values from —10° to 0°C.
If the ice thickness is less than 1 m, the albedo decreases
from the thick ice values to the albedo of the underlying
water surface as the square root of ice thickness. The
freezing and thawing of sea ice interacts with the salinity
field, but the effect is probably less important in this
model than in the real ocean because of the lack of
seasonal variations.
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Fi1G. 2. Components of the coupled climate model.
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The box diagram in Fig. 2 illustrates the major com-
ponents of the coupled ocean-atmosphere model and
the interaction among these components. The atmo-
sphere and ocean of the coupled model interact with
each other through exchanges of heat, water and mo-
mentum. Components of heat exchange are the net
radiative flux and turbulent fluxes of sensible and latent
heat. The components of water (or ice) exchange are
evaporation (or sublimation), rainfall (or snowfall), and
runoff from the continents. When the water equivalent
of accumulated snow exceeds 20 cm, the excess snow
is assumed to run off by glacial flow into the ocean.
The rate of runoff is computed by assuming that the
continental divide is a meridian located at the center
of the model continent and that water flows in the
zonal direction. However, the runoff from the polar
continent in the Southern Hemisphere flows in the
meridional direction. The ocean surface temperature
and sea ice predicted in the ocean are used as the lower
boundary condition for the atmosphere. Details of the
heat, moisture and momentum exchange processes are
given by Manabe (1969) and Manabe et al. (1975).

3. Equilibrium state

As pointed out in the Introduction, the heat capacity
of the entire atmosphere is less than the heat capacity
of the upper 3 m of the ocean. This explains why the
thermal response-time to climate forcing of the at-
mosphere alone is relatively short, while the equilibra-
tion time of the coupled ocean-atmosphere system is
of the order of centuries. Seeking climate equilibrium
of a coupled ocean—-atmosphere system through a direct
numerical integration with respect to time is therefore
impractical. Such an integration would have to resolve
both the high frequencies related to synoptic systems
in the atmosphere, and the ultralow frequencies related
to the water mass adjustment in the deep ocean. As an
alternative we seek a balanced thermal state through a
relaxation procedure (Manabe and Bryan 1969; Bryan
1984). The atmosphere, the upper ocean, and the deep
ocean are integrated with respect to time, using appro-
priate scales for each component. The time scales of
the faster components are stretched so that the thermal
response times of the “fast” and “slow” components
become nearly equal. Boundary conditions consisting
of the flow of heat, momentum and fresh water couple
the “fast” and “slow” components of the model, and
are updated at appropriate intervals. High frequency
signals from boundary conditions generated by the at-
mosphere must be filtered out before they are applied
to the “slow” ocean and sea-ice components of the
model. In the present case the procedure is facilitated
by the fact that seasonal variations are not considered.
The atmospheric component of the model was nu-
merically integrated over the equivalent of 8.2 years.
At the same time the upper ocean was integrated over
the equivalent of 1250 years, continuously exchanging
boundary conditions with the overlying atmosphere.
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The length of integration in the deep ocean was 34 000
years. The adjustment is not perfect at the end of the
asynchronous integration, but the residual drift in cli-
mate as measured by the change in the average sea
surface temperature or the temperature averaged over
the entire volume of the ocean appeared to be small
enough to provide an adequate control for our response
experiments. The details of the residual climate drift
will be discussed in the next section.

A parallel computation was carried out to determine
the equilibrium climate corresponding to twice the
normal level of atmospheric carbon dioxide. The pro-
cedure for accelerating the convergence was identical.
The difference between the two equilibrium climates
provides a useful measure of the time-dependent re-
sponse simulated by the coupled model.

The surface temperature and salinity patterns are
critical for determining the thermohaline circulation
in the ocean model and in determining the heat ex-
change between the ocean and atmosphere compo-
nents. In Fig. 3 the model equilibrium surface patterns
in the panels on the left may be compared with obser-
vations on the right. The latitude scale is the same for
the panels on the right and the left, but the longitudinal
scale of the model patterns is slightly expanded. Note
that the model ocean is only 90 degrees of longitude
wide at the equator, while the Pacific is about 150 de-
grees wide. For convenience we will refer to the hemi-
sphere with the preponderance of land as the Northern
Hemisphere and the largely ocean hemisphere as the
Southern Hemisphere. The model surface temperature
and salinity patterns resemble the observed patterns of
the North Pacific rather than those of the North At-
lantic. Figure 4b shows the meridional circulation in
the model. Deep sinking is confined to polar and sub-
polar latitudes of the Southern Hemisphere. There is
nothing corresponding to the formation of North At-
lantic deep water in the Northern Hemisphere of the
model. Observations indicate that intermediate water,
but no deep water, is formed in the North Pacific. Thus
there is a rationale for comparing the Northern Hemi-
sphere ocean of the model with the North Pacific. The
model obviously lacks anything equivalent to the deep
water formation that is observed to take place in the
North Atlantic. This missing feature could obviously
bias the transient response of the coupled model, and
we will return to this point in the final discussion in
section 5.

There is a resemblance of the configuration of the
28° isotherm in the temperature pattern predicted by
the model and observations in the Western Pacific. The
simulation is not as good along the equator in the east.
The model indicates high temperatures right at the
eastern boundary and observations indicate relatively
low temperatures along the coast of South America.
There are relatively low temperatures off the coast of
California associated with upwelling, and the model
also shows relatively low temperatures in the corre-
sponding location. In the Southern Hemisphere of the
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FIG. 4. (a) Streamfunction of the vertically integrated mass transport
corresponding to the initial equilibrium climate for normal atmo-
spheric carbon dioxide. (b) Streamfunction of the zonally integrated
mass transport showing the meridional circulation of the ocean model.
Units are in megatons per second.

model the sea surface temperatures are slightly higher
than observed. Note that the 8°C isotherm goes right
through the model Drake Passage, but in reality only
the 4° and 0° isotherms go through.

The model simulates the distinctive tongue of fresh
surface water along the eastern boundary in the North
Pacific. In the tropical and subtropical latitudes, how-
ever, the surface salinity is much higher in the model
than in the Pacific. The values are much closer to those
found in the Atlantic. The geometry of the model may
be an important factor. In the Pacific there is a flow
through the Indonesian Archipelago which carries
equatorial surface waters into the Indian Ocean. Since
the model is closed on the western equatorial boundary,
the large region of low surface salinity in that area may
be thought of as corresponding to the low surface sa-
linities in the Eastern Indian Ocean. In the Eastern
Equatorial Pacific trade winds either flow over the nar-
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row Isthmus of Panama or are blocked by the Andes
Mountains. In the model the trade winds have a long
trajectory over land before moving over the ocean. The
situation in the model in this respect is much more
like the Atlantic than the Pacific. The relatively high
surface salinities in the model are more like those found
in the Atlantic than the Pacific.

A mass transport streamfunction may be defined as

0

O, O = f | p(—t, v)dz. 3.1)
The pattern of flow corresponding to the initial climate
equilibrium is shown in Fig. 4a. In the Northern
Hemisphere of the model the dominant feature is a
clockwise subtropical gyre centered at 30 N with a
strength of about 20 Mt s™'. Because the oceans narrows
to the north, the subarctic gyre occupies a much smaller
area and is correspondingly weaker. In the Southern
Hemisphere of the model there is a subtropical gyre
corresponding to the one in the Northern Hemisphere,
but the principal feature is a circumpolar current with
a total transport of 120 Mt s™!. By way of comparison,
measurements in the Drake Passage for one year
(Whitworth 1983) indicated that the transport varied
from 118-146 Mt s™',

A very different perspective on the circulation in the
model ocean is given by the zonally integrated over-
turning in the meridional plane. Let

N
Y, 0y = J; o(—v, w) cospadA. 3.2)

The pattern of meridional circulation shown in Fig.
4b consists of sinking in the Southern Hemisphere and
rising motion in the Northern Hemisphere. The
Northern Hemisphere ocean of the model corresponds
to the North Pacific. Near the surface in both hemi-
spheres the meridional circulation of the model is
dominated by Ekman transport in the planetary
boundary layer. In the trade wind zone the Ekman
transport is poleward in both hemispheres, causing a
concentrated upwelling at the equator. In the vicinity
of the westerlies the Ekman transport is equatorward.
In the Northern Hemisphere the Ekman flow under
the westerlies is compensated by a shallow return flow
in the upper thermocline. In the Southern Hemisphere,
on the other hand, the Ekman flow under the westerlies
is compensated by a very deep cell extending well below
the main thermocline. The existence of deep down-
welling equatorward of the Circumpolar Current and
deep upwelling south of the current was originally sug-
gested by Deacon (1937) on the basis of the results of
the Challenger Expedition. The dynamics of this cir-
culation are explored in the numerical experiments of
Gill and Bryan (1971). In order to provide insight we
have calculated the equilibrium climate and ocean cir-
culation for a case which is identical to the reference
normal carbon dioxide case, except that the gap
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through the Drake Passage is closed off. The meridional
circulation corresponding to the closed gap case is
shown in Fig. 5. Again the sinking is largely confined
to the Southern Hemisphere, but the pattern is very
different. A single downward branch exists in the vi-
cinity of the southern boundary. There is no deep wind-
driven cell in the ocean below the Southern Hemi-
sphere westerlies.

Gill and Bryan (1971) explain the deep cell in the
open gap case as the result of the constraint imposed
by the Earth’s rotation. Zonally averaged meridional
flow can be geostrophically balanced when the ocean
basin is confined between walls on the eastern and
western boundaries. In the latitude of the gap other
terms in the momentum equations must balance the
Coriolis term associated with meridional motion. Since
inertial effects are relatively small in the model (and
in the real ocean) nongeostrophic meridional flow be-
low the Ekman layer is very weak in the gap. Thus the
wind induced equatorward flow under the Southern
Hemisphere westerlies can only be compensated by a
deep downwelling north of the gap, southward geo-
strophic flow at the base of the gap, and deep upwelling
south of the Circumpolar Current. Recently the picture
of the meridional circulation presented by Deacon has
been extended by McCartney (1977). In a more detailed
analysis of water mass data McCartney points out that
the downwelling north of the gap is probably very con-
centrated at certain longitudes. In particular the ocean
off the coast of Southern Chile may be the most im-
portant downward pathway. This finding is consistent
with vertical motion patterns in the numerical exper-
iments of Gill and Bryan (1971) and the present model.

Zonally averaged temperatures in the coupled model
may be compared to observations in the Pacific in Fig.
6. The temperature structure of the atmosphere is rea-
sonably well simulated, but the model ocean thermo-
cline tends to be too thick, and deep water too warm.
Cold dense waters formed near the surface in polar
ocean areas of the model tend to entrain unrealistic

DEPTH (km)

90N 60 30 0 30 60 908
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FIG. 5. The zonally integrated flow corresponding to an equilibrium
climate for the normal atmospheric carbon dioxide case except that
the gap corresponding to the Drake Passage is closed. The pattern
may be compared to Fig. 46. Units are megatons per second.
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amounts of surrounding water as they move downward
in a model of limited horizontal resolution. Thus it is
difficult to get realistic deep water properties.

The same difficulty is apparent in the simulation of
the salinity field shown in Fig. 7. The model is unable
to reproduce the tongues of intermediate, low salinity
water of the Pacific which are formed in subarctic areas
and push equatorward at the base of the main ther-
mocline. Halocline regions are formed in the polar
oceans as observed, but the high salinity waters formed
at the surface in the subtropics spread out to form an
unrealistic deep lens within the main thermocline of
the model ocean.

4. Transient response

/

a. Temperature change at the surface

The previous section describes the solution obtained
by an extended asynchronous experiment with dis-
torted time scales applied to the “fast” and “slow”
components of the climate model. This solution was
tested in a control run by carrying out an extended
integration with no distortion of the thermal time scales
of the atmosphere and ocean. Only in the ocean model
was the dynamic distortion retained to slow down the
speed of internal gravity waves (Bryan 1984). The av-
erage sea surface temperature is plotted as a function
of time in Fig. 8. After about 30 years of integration,
the average sea surface temperature leveled out at about
17.8°C for the remaining 80 years of the integration.
During the entire integration the volume-averaged
temperature rose steadily, indicating a net heating of
the ocean equivalent to a downward flux at the surface
of approximately 0.6 W m™2. This is a measure of lack
of equilibrium in the initial climate obtained by asyn-
chronous integration. A flux of heat of 1 W m™2 would
be less than the error of heat balance calculations with
conventional air-sea data. Névertheless, a smaller drift.
would be desirable, since the net heating associated
with a doubling of atmospheric carbon dioxide is only
about 2.5 Wm™

The curves labeled A, B and C in Fig. 8 represent
three “switch on” experiments in which atmospheric
carbon dioxide is doubled at the start of each run. The
ordinate is the globally averaged sea surface tempera-
ture. Note that variability with respect to time causes
significant differences in response, clearly indicating
the need for an ensemble of experiments to obtain a
more reliable average response. The response is isolated
in Fig. 9a by subtracting the control run temperatures
from curves A, B and C. The heavy solid line is the
average of the individual experiments. The response
was characterized by a sudden rise in less than 5 years
to a level of approximately 0.25. This was followed by
a slow steady rise over the next four decades to a final
value of about 0.5 after 50 years. The e-folding time
for the global mean temperature response is quite sim-
ilar to that obtained by Schlesinger et al. (1985), but
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FIG. 6. (a) Observed zonally averaged and annually averaged temperatures in the ocean and
atmosphere. Units are degrees Centigrade. Atmospheric data from Oort (1983). Ocean data from
Levitus (1982) for the Pacific. (b) Computed temperatures from the initial climate for the coupled

model.

the details of the coupled models are so different that
the correspondence may not be very significant. The
ensemble-average response for the Northern and
Southern hemispheres of the model are shown sepa-
rately in Fig. 9b. All subsequent figures will also refer

to the ensemble-average transient response. A very dif-
ferent response in sea surface temperature is indicated
for the Northern Hemisphere, which is covered by large
land masses, and the Southern Hemisphere, which is
oceanic over most of the total surface area. In the



JUNE 1988
0 / 343
35
05[ ——34 r 4
£ 1.0} .
X
r 15F 4
&
a8 20 J
1
N S L . ] 3
0 30 60 908
T 3F
3
3 35 7]
=
T —
K
w —
a 34,5
1 | i 1 i 1 L =

o
w
o
[o2]
o
0
Q

S
LATITUDE

FI1G. 7. (a) Observed zonally averaged and annually averaged salinity
for the Pacific in parts per thousand. (b) Computed salinity for the
initial climate equilibrium.

northern land-hemisphere a response of about 0.6 is
reached within one decade after “switch on” followed
by a slow rise of about 0.04 per decade. In the southern
ocean-hemisphere an initial response of about 0.15 is
followed by a steady rise of about 0.04 per decade. The
difference between the response in the two hemispheres
is striking, and very consistent with the conjecture of
Thompson and Schneider (1982) discussed in the In-
troduction. As will be shown later, however, the dif-
ferences in response between the hemispheres are too
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large to be accounted for solely by the simple mecha-
nism they propose.

More insight on the latitudinal dependence of the
response may be gained from Fig. 10, which shows the
normalized response of zonally averaged sea surface
temperature as a function of latitude and time after
“switch on” for the ensemble of experiments. The
Northern Hemisphere of the model indicated a rather
uniform response with respect to latitude from the
equator to 60°N. At higher latitudes the ocean was
covered with sea ice which retreats very slowly and
forces the sea surface temperatures to remain at the
freezing point. In general, the sea surface temperature
of the Southern Hemisphere responded at a slower pace
than that of the Northern Hemisphere. In the imme-
diate vicinity of the southern continent, it hardly
changed at all. There was a large variability in polar
latitudes which is greatest in the vicinity of the bound-
ary of the polar ice pack.

The analysis of air temperatures near the ground
allows the possibility of comparing the response over
land to the response over the ocean. In Fig. 11 we have
the zonally averaged normalized response of air tem-
peratures as a function of time after “switch on”. In
general, air temperatures over the sea compare closely
with sea surface temperatures. A notable exception oc-
curs over sea ice, which serves as a thermal insulation
between the atmosphere and underlying sea water. In
Northern Hemisphere polar regions the normalized
response of surface air temperature is up to 0.5 over
the ice, compared to no response for sea surface tem-
perature in Fig. 10. The thermal insulation effect of
sea ice identified here helps maintain the latitudinal
uniformity in the normalized response of surface air
temperature despite the absence of sea surface warming

60 0 80 90 100 110

YEARS

FIG. 8. Globally averaged sea surface temperature (degrees Centigrade) of the model as a function
of time during the synchronous integration in which the thermal time scales of all components
of the climate model are kept the same. The thick line corresponds to the control run with fixed
normal atmospheric carbon dioxide. The thin curves A, B and C represent “switch on” experiments
in which the atmospheric carbon dioxide is doubled.
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F1G. 9. The transient response of the area-averaged annual mean
sea surface temperature normalized by the equilibrium response as
a function of time after “switch on”. (a) The globally averaged re-
sponse for the ensemble of experiments. (b) The ensemble averages
for the Northern and Southern hemisphere ocean are shown sepa-
rately.

in these regions. The patterns of air temperature re-
sponse over both the land and sea confirm the impres-
sion of Fig. 9 that the major changes took place in the
first decade after “switch on” and further changes were
extremely slow. The most obvious trends are in the air
temperatures over the Southern Hemisphere Ocean
where the 0.5 response line moved slowly from about
20° to 40°S from year 10 to year 50. The most striking
feature of the response of air temperature over land
surfaces was the uniformity of the normalized response
from the Northern Hemisphere of the model right
down to 30°S. The uniform normalized response with
respect to latitude does not imply that the actual tem-
perature rise is uniform, only that the pattern of zonal
mean response is similar to the equilibrium-response.
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As Thompson and Schneider (1982) predicted, the re-
sponse is very different in the Southern Hemisphere
where most of the surface is covered by ocean. How-
ever, the surface air temperature over land surfaces in
low latitudes of the Southern Hemisphere appeared to
change in concert with the Northern Hemisphere in
spite of the lag in the response of the Southern sea
surface temperature.

b. Response above and below the surface

Up to this point the “switch on” solutions of the
coupled model have been examined only in terms of
temperature adjacent to the surface of the ocean and
land. To provide an understanding of the processes
involved, it is necessary to look at the response in three
dimensions. Fig. 12a shows the zonally averaged tem-
perature difference between equilibrium climates for
twice normal and normal atmospheric carbon dioxide.
The ordinate scale is chosen to provide detail in the
lower atmosphere and the upper ocean. The main fea-
tures of the response pattern are similar to the coupled
ocean-atmosphere study with a single hemisphere
(Spelman and Manabe 1984). In the atmosphere the
maximum warming appears in the stable surface layer
over the pole and'is associated with the positive feed-
back effect of snow cover and sea ice. The warming is
relatively large in the upper troposphere over the equa-
tor. In the lower stratosphere there is a slight cooling.
Note that the equilibrium response is nearly symmet-
rical across the equator.

The strong polar amplification shown in Fig. 12a is
consistent with earlier sensitivity studies (Manabe and
Wetherald 1975). The uniformity of the normalized
response with respect to latitude shown in Fig. 11 shows
that over land areas in the Northern Hemisphere the
transient response is also polar amplified. A similar
conclusion was made by Bryan et al. (1982) and Spel-
man and Manabe (1984) on the basis of a one hemi-
sphere model. As we have already noted, it does not
hold up at all for surface air temperature in the South-
ern Hemisphere.

In the ocean the equilibrium response is greater in
the deep ocean than it is at the surface for most lati-
tudes. As pointed out by Spelman and Manabe (1984)
and Manabe and Bryan (1985), this is simply due to
the fact that deep waters of the ocean are formed at
high latitudes where polar amplification leads to greater
climate sensitivity. Figure 12b is the transient response
averaged over the period from 41-50 years after “switch
on”. If one compares this figure with the equilibrium
response, one finds the largest difference in the deep
ocean waters. On a 40-t0-50 year time scale most of
the transient temperature response was still confined
to the upper ocean and only penetrated to greater
depths in the zone of active deep water formation in
the Southern Hemisphere polar region. In the upper
thermocline the warming is particularly large around
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FIG. 10. Zonally averaged normalized response of sea surface temperature shown as a function
of latitude and time. Dashed line indicates the boundary of polar pack ice. Units are percent of

total equilibrium response.

50°-60°N in the Northern Hemisphere. In the polar
region of the Northern Hemisphere the warming of the
model ocean is very weak, but the warming of the
overlying air is very pronounced. Both sea ice and the
polar halocline tend to decouple the atmosphere from

the deep ocean allowing polar amplification of atmo-
spheric warming to take place in the Northern Hemi-
sphere. In the Southern Hemisphere the thermal
anomaly penetrated deeply, but the amplitude was very
small as indicated by the analysis of sea surface tem-
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FIG. 11. As in Fig. 10, but for surface air temperature.
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perature response. The atmosphere indicates a marked
asymmetry between the hemispheres in the transient
response in Fig. 12b.

It should be noted, however, that there is no equiv-
alent of North Atlantic Deep Water formation in the
present model. This undoubtedly speeds up the climatic
response in the Northern Hemisphere relative to a more
realistic model. We will return to this point in the final
section. The interesting new feature was the very small
oceanic response in the high latitudes of the Southern
Hemisphere, associated with the great expanse of ocean
and deep penetration of the heat anomaly in the vi-
cinity of the Circumpolar Current. Note that in the
vicinity of the southern polar land boundary the ocean
has actually cooled by 0.5°C. We will return to this
result in the final discussion.

The normalized response shown in Fig. 12c is simply
the transient response shown in Fig. 12b divided by
the equilibrium response shown in Fig. 12a. Note that
in the atmosphere the high normalized response in the
Northern Hemisphere was fairly uniform within the
troposphere. In the Southern Hemisphere, however,
the layer of small response was confined to a region
close to the surface in high latitudes. In the ocean the
high normalized response region inh the Northern
Hemisphere penetrates poleward below the stable
halocline near the pole. The halocline acted as a barrier
to the downward penetration of surface influences. This
effect might be modified somewhat if seasons were in-
cluded in the model.

To provide a background for understanding the very
deep penetration of the thermal anomaly in the South-
ern Hemisphere, the zonally integrated overturning is
shown in Fig. 13. The patterns represent an average
for the years 41-50 after “switch on”. Changes in the
meridional circulation can be seen by comparing Fig.
13 with Fig. 4b. From the standpoint of response in
the Southern Hemisphere the important point is that
the deep circulation, downward on the equatorward
side of the gap and upward on the poleward side, was
still present. The downward flow on one side of the
gap provided an important downward pathway and
the upward flow continued to supply deep water to the
surface which was untouched by the “switch on” event.

The gradual build up of the oceanic heat storage
with respect to time is shown in the two panels of Fig.
14. The zonally averaged increase in heat storage per
unit area is plotted in the upper panel. As shown in
Fig. 12b the penetration of heat is very shallow, but
intense in the Northern Hemisphere. In the Southern
Hemisphere the penetration is much deeper, but the
strength of the anomaly is much weaker. The result is

K. BRYAN, S. MANABE

AND M. J. SPELMAN 863

o>

20

DEPTH (km)

4.0+

50 L
90N 60

90S

LATITUDE

FIG. 13. The zonally integrated mass transport in units of megatons
per second averaged over the 41-50 years after “switch on”.

almost perfect compensation and the heat storage per
unit area is quite symmetric across the equator.

The lower panel of Fig. 14 shows the total zonally
integrated heat storage. In this case the width of the
ocean becomes important. In the Northern Hemi-
sphere the maximum heat storage occurs at midlati-
tudes rather than at subpolar latitudes because the area
of ocean shrinks so rapidly with increasing latitude.
The dominance of the Southern Ocean with its huge
area is obvious. In the first 5 years after “switch on”
the total heat stored at each latitude is nearly sym-
metrical across the equator indicating that the CO,
heating of the two hemispheres is similar. After this
initial period, the zonally integrated storage of heat in
the Southern Hemisphere becomes significantly larger
than the heat storage in the Northern Hemisphere. This
is because the sea surface temperature fails to increase
in high latitudes of the Southern Hemisphere as de-
scribed earlier, thereby lowering the surface cooling due
to evaporation and sensible heat transfer. In summary,
it is clear that the geography of the Southern Ocean of
the model and the deep sinking and upwelling near
the Drake Passage allow the Southern Hemisphere
Ocean to be a very effective brake on climate change
due to external forcing.

¢. Heat balance of the Southern Ocean .

The previous discussion provides a qualitative pic-
ture of the thermal response. The purpose of this section
is to present a more quantitative analysis of the mech-
anisms involved. The local heat balance of the ocean
may be represented as

FIG. 12. Zonally averaged temperature response of the model. (a) Equilibrium response.
Units are ° Centigrade. (b) Transient response averaged over the period 41-50 years after
“switch on”. (c) Normalized response corresponding to (b) divided by (a).
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F1G. 14, (Upper panel) The average of excess heat content in the water column per unit area
as a function of time. Units are 10° J m~2. (Lower panel) Total heat storage for an entire 1°

latitude belt in units of 10?' J.

8,7 = Advection + Horizontal diffusion

+ Convection. (4.1)

In this breakdown of the heat balance vertical and hor-
izontal advection are combined, and subgrid-scale ver-
tical mixing is lumped together with convection. Hor-
1zontal diffusion is the contribution from the subgrid-
scale, horizontal mixing.

The zonally averaged values of these terms in the

upper 500 m layer of the model ocean are shown in
Fig. 15 for the interval from 46° to 90°S. This interval
covers both the subpolar and polar regions of the
Southern Hemisphere. The heat balance is taken over
the period 16-35 years after “switch on”. The average
for the control run is shown in Fig. 15a. Through most
of the water column lateral diffusion and advection
caused warming. This was associated with a conver-
gence of warm waters into the subpolar and polar areas.
The cooling effect of advection in the mixed layer can
be understood in terms of the meridional circulation
(Fig. 4b) and temperature field (Fig. 5b). The Ekman
transport under the westerlies is equatorward and it
sweeps cold polar waters with it. The Ekman flux is
kinematically compensated at deeper levels by slightly

warmer waters moving poleward. Convection in the
ocean normally transports heat upward, warming the
surface and cooling lower levels.

The heat balance for the control run subtracted from
the heat balance in the “switch on” case is shown in
Fig. 15b. The convection below the surface is slightly
stronger in the “switch on” case, but it is compensated
by stronger equatorward Ekman transport associated
with an increase in zonal winds. Stronger westerlies
appear to be due to the increased poleward temperature
gradient associated with higher sea surface temperatures
in lower latitudes of the Southern Ocean and almost
no change in sea surface temperature at high latitudes.
Below the surface level the change in the heat balance
is much smaller. The analysis described above clearly
indicates that the equatorward advection of upwelled
cold water by the Ekman drift currents prevents the
net warming of the sea surface despite the warming
tendency due to increased vertical mixing near the sur-
face.

Next we examine the heat balance in a narrower
zone centered on the Circumpolar Current where the
downward penetration of the warm anomaly is most
pronounced. This analysis is shown in Fig. 16. In this
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F1G. 15. Components of the heat balance defined in (4.1) averaged
over the entire ocean area from 46°S to 90°S. (a) Corresponding to
the control run. Units are 1072 °C s™'. (b) The difference between
the control run and “switch on” averaged over the years 16-35.

case we consider the water column down to 3 km, but
the breakdown is the same as in the previous figure. In
the control case shown in Fig. 16a advection and hor-
izontal diffusion caused warming throughout the water
column. Both terms supply heat to this region from
lower latitudes. Convection and vertical diffusion acted
to cool the deep water column by transporting heat to
the surface where it was transferred to the atmosphere.
The effect of the warming event shown in Fig. 16b was
to weaken both advection and convection in most of
the water column with the exception of the surface
layer. In other words, the convergence of heat transport
into this zone became less and the upward transport
of heat became less. However, the weakening of con-
vection was greater, so that the net effect was an ac-
cumulation of heat below the surface that extended to
great depths in the vicinity of the Circumpolar Current.

5. Summary and conclusions

A coupled model of the ocean and atmosphere is a
new tool for climate research which builds on the suc-
cess achieved with atmospheric models. It is particu-
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larly appropriate for studying the response of climate
to an externally imposed change of carbon dioxide,
since the ocean plays an important role in controlling
the time scales of climate change. The present study is
a continuation of the previous transient climate cal-
culations analyzed by Bryan et al. (1982), Spelman and
Manabe (1984) and Bryan and Spelman (1985). The
new factor introduced is a much more general geometry
which provides for an asymmetric response between
hemispheres and a simulation of the main features of
the Southern Ocean. No attempt has been made to
include the carbon cycle and the interaction of climate
and the biosphere. Our calculations are restricted to
the response of a coupled atmosphere—ocean model to
specified changes in atmospheric carbon dioxide.

A very different response was found in the predom-
inantly land-covered Northern Hemisphere compared
to the largely ocean-covered Southern Hemisphere. In
the predominantly ocean-covered hemisphere the re-
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sponse of sea surface temperature lags substantially be-
hind the corresponding response in the predominantly
land-covered hemisphere. This is consistent with the
prediction of Thompson and Schneider (1982) men-
tioned in the Introduction, However, it is of particular
interest that there was almost no response in polar lat-
itudes of the Southern Ocean four decades after “switch
on”. In fact there was a slight cooling poleward of the
Circumpolar Current. The analysis of the heat balance
suggests that this is not just due to the large extent of
ocean. In the presence of a Circumpolar Current the
response of the ocean is fundamentally different. Dy-
namic constraints (Gill and Bryan 1971) force a deep
downwelling equatorward of the Circumpolar Current
and a deep upwelling poleward of the current. The low
response at very high latitudes is ifi part due to the fact
that the surface of the ocean is being continually re-
newed by virgin waters from great depth.

The minimum response in the polar region of the
Southern Hemisphere of the model has wide impli-
cations. It has frequently been suggested that warming
of the seas around Antarctica and a possible destabi-
lization of the Antarctic ice cap could lead to a drastic
rise in global sea level. The present study suggests even

~if such an instability were possible, the precondition
of warming in the seas around Antarctica may not oc-
cur for a long time after warming has already taken
place in the lower latitudes of the Southern Hemisphere
and in the Northern Hemisphere. In our previous study
(Bryan et al. 1982) it was concluded that the response
pattern of zonal mean surface air temperature to a slow
carbon-dioxide warming would be qualitatively similar
to that for equilibrium response. The present study
shows that this is true only for the Northern Hemi-
sphere. The geometry of the present model is very un-
like that of the actual continent—-ocean distribution. A
question might arise as to the applicability of the results
in a more realistic context. Currently a similar response
experiment is being carried out in a model with more
realistic geometry and preliminary resuits confirm the
lack of response and even of a slight cooling of sea
surface temperatures in the high latitude Southern
Ocean.

In the Weddell Sea there is a time series of deep-sea
temperature measurements that goes back to the early
part of the century. While the long term trend in sea
surface measurements appears to be nearly constant
or slightly upward in the Southern Hemisphere (Jones
etal. 1986), the trend in deep Weddell Sea temperatures
is downward (Gordon 1982). In the light of the response
of ocean temperatures indicated in our numerical ex-
periments, opposite trends in surface waters at lower
latitudes in the Southern Hemisphere and deep waters
around the Antarctic Continent are not implausible.

A caveat naturally arises in the physical interpreta-
tion of our results because there is no deep water for-
mation in the Northern Hemisphere of the model
equivalent to the formation of North Atlantic Deep
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Water. However, new calculations have recently been
completed which include the actual geometry of the
World Ocean and realistic deep water production in
the Northern Hemisphere. The same asymmetry in the
transient response between the hemispheres is found,
suggesting that the results of the present study are quite
robust.

A key feature in producing thé asymmetry between
the hemispheres is a deep meridional cell in the vicinity
of the circumpolar current. Would this cell exist if sea-
sonal variations were included in the model? A positive
indication is provided by the results of a previous study
by Bryan and Lewis (1979). In a World Ocean model
driven by seasonally varying, observed boundary con-
ditions at the ocean surface, a deep meridional circu-
lation exists, which is very similar to the meridional
cell in the vicinity of the circumpolar current in the
present model.

At this stage coupled models of the ocean and at-
mosphere are designed to investigate the feedback
mechanisms in climate. For this purpose deliberate
simplifications are useful. Due to the very simplified
geometry of the ocean model used in the present §tudy, '
the lack of seasonal variations and predicted cloudiness,
it is not possible to make a quantitative comparison
with the results obtained by Schlesinger et al. (1985).
The main qualitative difference is that the present
model appears to support d marked asymmetry in the
response of the Northern and Southern hemispheres
as predicted by Thompson and Schneider (1982), while
the Schlesinger et al. (1985) results show only a very
weak asymmetry. Furtlier numerical experiments will
be needed to clarify this difference. As the important
feedbacks of the climate system become more clearly
defined, it will be appropriate to refine the models and
attempt calculations that are increasingly more accu-
rate simulations.

Hansen et al. (1984) noted that the interaction be-
tween cloud cover and radiation may have a positive
feedback effect which delays the response of a coupled -
model to a thermal forcing. Therefore, it is urgent to
improve the parameterization of this feedback process
and incorporate it into the model in order to obtain a
better estimate of the transient response of climate.
Other obvious improvements are to include the effect
of seasons and realistic geometry of the oceans. In-
creased resolution of both atmospheric and oceanic
components of the model would allow a much more
realistic representation of variability. In the long run
a prediction of changes in climate variability over the
globe may be as important as predicting changes in
time-averaged quantities.
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