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Influence of Oceanic Heat Transport
Upon the Sensitivity of a Model Climate
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The influence of oceanic heat transport on the sensitivity of climate to an increase of the atmospheric
CO, concentration is studied by comparing the CO,-induced changes of two mathematical models. The
first model is a general circulation model of the coupled ocean-atmosphere system which includes ocean
currents. In the second model the oceanic component of the first model is replaced by a simple mixed
layer without ocean currents. Both models have limited computational domain with idealized geography
and annual mean insolation. For each model, the sensitivity of climate is evaluated from the difference
between the equilibrium climates of the normal CO, and 4 times the normal CO, concentrations. The
results indicate that the presence of ocean currents reduces the sensitivity of surface air temperature
because of the difference in magnitude of the surface albedo feedback effect. The poleward transport of
heat by ocean currents raises the surface temperature at high latitudes, shifts poleward the margins of
snow and sea ice, decreases the contribution of the albedo feedback effect, and reduces the sensitivity of
climate. The equilibrium response of climate is compared with the transient response of climate to a
sudden increase of atmospheric CO, content. According to this comparison, the latitudinal dependence
of the equilibrium response of zonally averaged surface temperature is qualitatively similar to the tran-
sient response approximately 25 years after the time of the sudden CO, increase. This result suggests that
the distribution of the zonally averaged temperature change in response to a gradual increase of atmo-
spheric carbon dioxide also resembles the distribution of the equilibrium response provided that the

characteristic time scale of the CO, increase is longer than 25 years.

1. INTRODUCTION

Several studies have been made of the climatic effect of
increasing the atmospheric CO, concentration in general
circulation models of the atmosphere [e.g., Manabe and We-
therald, 1975, 19807]. However, none of these studies takes into
consideration the effect of oceanic heat transport, with the
exception of the recent study by Bryan et al. [1982] which
investigates the transient response of climate to a sudden in-
crease of CO, in a coupled ocean-atmosphere model. The
present study is an outgrowth of their study. We investigate
the influence of oceanic heat transport upon the equilibrium
response of climate to an increase in the atmospheric CO,
concentration.

Very little is known about the effects of ocean currents upon
the sensitivity of the climate. Held and Suarez [1974] specu-
lated that the poleward transport of heat by ocean currents
reduces the meridional temperature gradient, increases the
latitudinal shift of the margin of snow-covered area re-
sponding to a given change in surface temperature, and thus
enhances climate sensitivity by increasing the contribution of
the albedo feedback process. Their argument applies to the
comparison of two climates with the same amount of ice but
with different meridional temperature gradients. However, we
also expect oceanic heat transport to shift the margins of snow
cover and sea ice poleward. In one-dimensional energy bal-
ance models of the atmosphere [e.g., Budyko, 1969], the equi-
librium response of surface temperature to a given change in
the solar constant typically decreases as the ice margin re-
treats toward the poles. If this effect dominates, oceanic heat
transport should reduce the sensitivity of climate.

In view of these counteracting influences of oceanic heat
transport, we decided to investigate whether ocean currents
enhance or reduce the sensitivity of climate. For this purpose,
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two climate models are constructed. The first is a coupled
ocean-atmosphere model with ocean currents; the second is a
mixed layer ocean-atmosphere model without ocean currents.
The responses ol these two model climates to an increase of
the atmospheric CO, concentration are compared in order to
determine the influence of oceanic heat transport upon the
climate sensitivity. The main emphasis in this comparison is
on the thermal response of the model climate to increasing
atmospheric CO,. Previous studies have shown that the
CO,-induced temperature change has significant variation
with respect to latitude. This study investigates how the lati-
tudinal distribution of the response is altered by the influence
of ocean currents.

Both of the models used in this study have the same limited
computational domain with idealized geography and annual
average insolation. With these simplifications, the numerical
experiments were completed in a reasonable amount of com-
puter time. Despite the simplifications, this preliminary study
yields some insights into the effects of oceanic heat transport
upon the sensitivity of climate.

Relevant aspects of the climate models are described in sec-
tion 2, and in section 3 the plan of the numerical experiments
is presented. A comparison of the model climates with and
without the effects of ocean currents is given in section 4 for
the normal concentration of atmospheric CO,. Section 5 con-
tains an assessment of the effects of oceanic heat transport on
climate sensitivity. A comparison of the sensitivity obtained in
this study with the sensitivities obtained in previous studies is
presented in section 6. In section 7 the sensitivity of the tran-
sient response of climate, as reported in a companion paper by
Bryan et al. [1982], is compared with the sensitivity of the
equilibrium climate response from the present study.

2. NUMERICAL MODELS

As explained in section 1, two numerical models are used in
this study. This section contains descriptions of both the cou-
pled ocean-atmosphere model (with ocean currents) and the
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Fig. 1. Computational domain for both the ocean-atmosphere
model and the mixed layer ocean-atmosphere model.

mixed layer ocean-atmosphere model (without ocean cur-
rents). The computational domain and geometry for both
models is shown in Figure 1. The domain, which is one sixth
of the globe, is divided into two equal areas of continent and
ocean extending from equator to pole. Cyclic continuity is
specified in the atmosphere at the meridional boundaries,
which are 120° of longitude apart. A condition of mirror sym-
metry is imposed at the equator.

21.

The atmospheric component of the coupled ocean-
atmosphere system is very similar to the general circulation
model of the atmosphere described by Wetherald and Manabe
[1981]. The spectral method of numerical integration is used
in the model to predict tendencies of horizontal divergence,
vertical component of vorticity, temperature, water vapor, and
surface pressure, based on the equations of motion, the ther-
modynamical equation, the prognostic equation of water
vapor, and the continuity equation of mass. Horizontal distri-
butions of these variables are represented by a finite number
of spherical harmonics. Tendencies of the prognostic variables
are computed at all grid points and then transformed to the
spectral domain. The horizontal resolution of the spectral rep-
resentation is determined by the maximum number of spectral
components retained. For this study, the maximum wave
number retained is 15 in the zonal and meridional directions
in the spectral truncation. Vertical derivatives are computed
by the finite difference method at nine unevenly spaced levels
in the atmosphere. The numerical time integration of the
prognostic equations is conducted by a semi-implicit method
in which the linear and nonlinear components of the rate of
change of a variable are separated and are time integrated
implicitly and explicitly, respectively. A time smoothing tech-
nique developed by Robert [1966] is applied at each time step
to prevent the growth of fictitious computational waves. Fur-
ther details of the dynamics of the spectral model are given by
Gordon and Stern [1982].

The annual mean distribution of solar radiation is pre-
scribed at the top of the atmosphere. The effects of clouds,
water vapor, ozone, and carbon dioxide are included in the
computation of both solar and terrestrial radiation. The
mixing ratio of carbon dioxide is assumed to be constant
everywhere. For ozone, a zonally uniform annually averaged
distribution is specified as a function of latitude and height.
Cloud cover is prescribed at zonally uniform values as a func-
tion of latitude and height. The distribution of water vapor is
determined from the time integration of the prognostic equa-
tion of water vapor. The solar constant is 1356 W/m?.

Surface temperatures of the continent are calculated from
the boundary condition that no heat is stored in the earth’s

Ocean- Atmosphere Model

surface. That is, the contributions from net fluxes of solar and
terrestrial radiation and turbulent fluxes of sensible and latent
heat must balance locally. The computation of solar radiation
in the heat balance requires a distribution of surface albedo.
Albedo of the soil surface is specified as a function of latitude,
as given by Manabe [1969]. Over snow cover, larger values of
albedo are used. When the surface temperature is below
—10°C, the albedo is 70% for snow; above —10°C, the snow
albedo is 60%.

The oceanic component of the coupled model is similar to
the model described by Bryan and Lewis [1979] and Bryan et
al. [1975]. Velocity, temperature, and salinity are predicted,
and density is calculated from a realistic equation of state. In
addition, the ocean model includes a simplified method for
calculating the growth of sea ice in polar regions. (The prog-
nostic scheme of sea ice used in this model is identical to the
scheme in the mixed layer ocean-atmosphere model described
below.) The computational grid in the ocean model is a
latitude-longitude grid, having a resolution of 4.4° latitude and
3.8° longitude. Twelve levels in the vertical, as in Bryan and
Lewis [1979], resolve the vertical structure of the ocean to a
uniform depth of 5000 m and give a detailed representation of
the ocean thermocline.

The box diagram in Figure 2 illustrates the major compo-
nents of the coupled ocean-atmosphere model and the interac-
tion among these components. The atmosphere and ocean of
the coupled model interact with each other through exchanges
of heat, water, and momentum. 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. 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 et
al. [1975].

2.2. Mixed Layer Ocean-Atmosphere Model

This model was constructed by replacing the oceanic com-
ponent of the ocean-atmosphere model described above with a
mixed layer model of the ocean. The mixed layer ocean model
is identical to that used by Manabe and Stouffer [1980]. The
model consists of a vertically isothermal layer of static water
with a uniform depth of 68 m. The rate of temperature change
of the mixed layer ocean is computed from the requirement of
heat balance, which includes the fluxes of radiation and ex-
changes of sensible and latent heat between ocean and atmos-
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Fig. 2. Diagram of the interaction of the major components of the
coupled ocean-atmosphere model.
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Fig. 3. Zonally averaged values of (a) surface air temperature and (b) sea surface temperature (degrees Kelvin) of the
model with ocean currents (solid lines) and the model without ocean currents (dashed lines) as a function of latitude for the
normal CO, case. Crosses indicate observed values from Crutcher and Meserve [1970]. Dots indicate observed values from

U.S. Navy Hydrographic Office [1964].

phere. When sea ice is present in the model, the temperature of
the ocean beneath the ice remains at the freezing point, and
the heat flux through the ice is balanced by the latent heat of
freezing or melting at the bottom of the ice. This process,
together with melting of the ice surface, sublimation, and
snowfall, determines the change of ice thickness. The albedo of
the sea ice surface is 70% when the surface temperature is
below —10°C; above —10°C, the ice albedo is 60%.

The mixed layer ocean model resembles the actual ocean in
that it provides an unlimited source of moisture for the hydro-
logic cycle and has heat capacity. However, the influences of
horizontal heat transport by ocean currents and heat ex-
change with deeper layers of the ocean are not included.

3. NUMERICAL EXPERIMENTS

To evaluate the effects of oceanic heat transport upon the
sensitivity of climate, two sets of numerical experiments are
conducted as outlined in section 1. Each set of numerical ex-
periments consists of two long-term integrations of a model in
which the normal and 4 times the normal CO, concentrations
are prescribed. The difference between the two equilibrium
climates, which emerge asymptotically from these time inte-
grations, indicates the response of each model climate to the
quadrupling of the atmospheric CO, concentration. By com-
paring the results from these two sets of experiments, the influ-
ence of oceanic heat transport upon the sensitivity of climate
is investigated. In these experiments the increase in CO,
amount is chosen to be large compared to any probable in-
crease in the actual atmosphere in order to discriminate the
CO,-induced change from the natural fluctuations of the
model climate. According to the sensitivity study by Manabe
and Wetherald [1980], which used a general circulation model
with a limited computational domain, the increase of atmo-

spheric zonal mean temperature is almost linearly proportion-
al to the increase of the logarithm of the CO, amount. The
results of their study suggest that the increase of atmospheric
zonal mean temperature caused by a smaller increase in CO,
amount could be inferred from the results of the present study.

The numerical time integration of the ocean-atmosphere
model is performed by use of a nonsynchronous method
which has been used in previous studies [Manabe and Bryan,
1969; Manabe et al., 1975]. Since the ocean has a much larger
thermal inertia (heat capacity) than the atmosphere, 110 years
of the ocean are integrated concurrently with 1 year of the
atmosphere in order to optimize the computer time required
to reach climate equilibrium. In the deeper layers of the model
ocean, the convergence toward equilibrium is accelerated fur-
ther by artificially reducing the heat capacity of water, as
described by Bryan and Lewis [1979]. Convergence to climate
equilibrium for the normal CO, experiment is obtained after
integrating the model over the period of 7.8 years for the
atmosphere, 850 years for the ocean. Because of the acceler-
ation technique mentioned above, the effective period of time
integration for the deeper ocean is 23,000 years. For the in-
creased CO, experiment, the corresponding time integration
periods for the atmosphere, ocean, and deeper ocean are 11.8
years, 1290 years, and 35,000 years, respectively.

The nonsynchronous method is also used for the time inte-
gration of the mixed layer ocean-atmosphere model. Since the
mixed layer ocean has a smaller thermal inertia than the full
ocean, the ratio of atmospheric-to-oceanic period of integra-
tion is changed. For the normal CO, case, the integration of
the atmosphere over a period of 4.5 years is performed con-
currently with 90 years integration of the ocean. This non-
synchronous integration is followed by a regular, fully syn-
chronized, mode of integration over an additional period of
3.3 years. For the increased CO, case, the time integration of
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Fig. 4. Zonally averaged planetary albedo (percent) of the model with ocean currents (solid line) and the model
without ocean currents (dashed line) as a function of latitude for the normal CO, case. Dots indicate observed values from

Ellis and Vonder Haar [1976].

the atmosphere over 2.8 years is performed concurrently with
55 years integration of the ocean, followed by a fully syn-
chronized integration over 2.8 additional years. The initial
data for the increased CO, experiment is the state of the
normal CO, experiment after 2.5 years of time integration.
The results from the model experiments presented in the
following sections represent the time-averaged states of the
mixed layer ocean-atmosphere models over the final 600 days
of integration. For the ocean-atmosphere models, the time-
averaged states are the final 600 days of the atmosphere model
integration and 300 years of the ocean model integration.

4, SIMULATED CLIMATE

In this section we describe the thermal structures of the
ocean-atmosphere model (with ocean currents) and the mixed
layer ocean-atmosphere model (without ocean currents) for
the case of normal concentrations of CO,. The results present-
ed here are the basis for discussing the sensitivity of the model
climates in the following section. Although it is not the pur-
pose of this paper to discuss details of the model simulation
results, a discussion of some basic features of the simulated
climate is necessary. This is because the reliability of the sensi-
tivity analysis depends on the similarity between the observed
and the model climates.

One of the effects of ocean currents on the climate is to
transport heat poleward, which increases sea surface temper-
atures at high latitudes and reduces the meridional gradient of
temperature. This effect is depicted in Figure 3a and 3b, which
shows zonally averaged surface air temperatures (over ocean
and continent) and sea surface temperatures for the models
with and without ocean currents. The surface air temperatures
of the model atmosphere in Figure 3a are the temperatures at
the lowest finite difference level located at an altitude of about
70 m. Sea surface temperatures in Figure 3b over ice-covered
regions of the model ocean remain at the freezing point of sea

ice, which accounts for the constant values at high latitudes.
The difference in surface air temperature between the models
is very small in the tropics but increases with latitude and
becomes particularly large at high latitudes. When compared
with observed annual mean values, the surface air temper-
atures of the model with ocean currents are too high at high
latitudes, whereas the sea surface temperatures are closer to
observed values. On the other hand, surface air temperatures
and sea surface temperatures of the mixed layer ocean-
atmosphere model are lower than observed.

An important consequence of the poleward heat transport
by the oceans is the poleward retreat of snow and sea ice
cover due to warming at high latitudes. A significant reduction
in the planetary albedo can be expected as a result. (Here,
planetary albedo is defined as the percentage of reflected solar
radiation to the incoming solar radiation at the top of the
atmosphere.) This is evident in Figure 4, which indicates the
large difference of planetary albedo at high latitudes between
the models with and without ocean currents. In general, the
planetary albedo of the model with ocean currents is signifi-
cantly smaller than the observed values poleward of 50° lati-
tude. On the other hand, the planetary albedo of the model
without ocean currents is much larger than the observed
values at high latitudes because of the excessive coverage of
snow and sea ice.

An analysis of the heat balance at the earth’s surface yields
further insight into the influence of ocean circulation on the
temperature at high latitudes of the model. The heat balance
components at the earth’s surface are the fluxes of sensible
heat, latent heat, and net radiation. The net radiation flux
represents the difference between net downward solar radi-
ation and net upward longwave radiation. In addition, over
the sea surface the heat flux from the interior to the surface of
the ocean contributes to the surface heat balance. Zonally
averaged values of the heat balance components at each lati-
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Fig. 5. Zonally averaged components of the heat balance at the earth’s surface (W/m?) as a function of latitude, ()
computed by the model with ocean tyrrents (heavy lines) and by the model without ocean currents (light lines) for the

normal CO, case, (b) observed estnnatqs from Budyko [1974].
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tude are shown in Figure 5g for the' models with and without
ocean currents. This figure shows the relatiye importance of
the processes respons1b1e for the surface temperatire change
induced by the ocean currents. In the region poleward of 45°
latitude, the surface gains heat from the interjor of the acean
as a result of poleward transport of heat by the ocean. Also,
the net radiation flux at high latitudes is ldrger in the model
with ocean currents and has largest increases in the region of
largest decreases of planetary albedo in Figure 4. The decrease
of surface albedo, caused by the poleward retreat of snow and
ice cover, is mainly responsible for the increase of net radi-
ation. In short, the surface warming at hlgh latitudes is caused
not only by oceanic heatmg itself but also by the poleward
retreat of snow and ice cover which is induced by the oceanic
heating. It is of interest that the contribution from the latter
process is larger than the contribution from the oceanic heat-
ing. For comparison, the surface heat balance components
estimated by Budyko [1974] are shown in Figure 5b.

The difference in thermal structure of the atmosphere for
the models with and without ocean currents is analyzed fur-
ther in Figure 6. This figure shows the zonally averaged tem-
perature difference between the two models in a latitude-

25

height distribution. Ocean currents have the effect of warming
the atmosphere nearly everywhere, except in the stratosphere
whére cooling occurs. The amount of warming is greatest at
high latitudes of the lower troposphere. Previous studies by
Manabe [1969] and Manabe et al. [1975] have also shown
temperature differences caused by the influence of ocean cur-
rents. Their results indicate slight cooling of the equatorial
troposphere and less intense warming of the lower tropo-
sphere at high latitudes. Since ocean currents remove heat
from low latitudes and transport it to higher latitudes, cooling
is expected to occur at low latitudes and warming at high
latitudes. However, in the present experiment the tropical
cooling is missing because the overall warming caused by the
poleward retreat of snow cover and sea ice is larger.

One of the factors which may be responsible for the larger
polar warming in the present study compared to previous
studies is the idealized geography. Because of this idealization,
the polar ocean of the present model is entirely open to the
penetration of ocedan currents from lower latitudes. On the
other hand, the polar region of the model with idealized ge-
ography used by Manabe [1969] is covered entirely by conti-
nent, which prevents the penetration of ocean currents into
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Fig. 6. Latitude-height distribution of the zonally averaged temperature difference (degrees Kelvin) between the model
with ocean currents and the model without ocean currents for the normal CO, case.
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Fig. 7. Vcrtl¢a.|ly integrated poleward transport of energy (10"
W) in the model with ocean currents (solid lines) and in the model
without ocean ciirents (dashed lines) for the normal CO, tase. (a)
Total energy transport, (b) transport of dry static energy, (c) latent
energy transport, and (d) ttansport by the ocean. For the convenience
of illustration, the scale of the ordinate in Figure 7d is magnified.
Observed values, plotted by symbols at 10° latitude intervals, are
compllcd. by Sellers [1965] following Budyko [1963]. In Figure 7d,
circles indicate observed values from Sellers [1965], tridngles indicate
observed values from Oort and Vonder Haar [1976]. Since the compu-
tational domain of the model covers only one third of the latitude
circle, all transport values ate multiplied by a factor of 3 for compari-
son with the observed estimates.

high latitudes. The model used by Manabe et al. [1975] has a
global computational domain with realistic geography. There-
fore, the polar region in the southern hemisphere is covered by
the Antarctic continent, In the ‘northern hemisphere of their
model, the polar region is occupied by the Arctic Ocean which

is less open to the ocean currents from low latitudes than the
polar ocean of the present model. Therefore, it is reasonable
that northward heat transport by ocean currents poleward of
60°N is larger for the present model than for the other two
models vused in the previous studies. These discussions suggest
that the polar warming caused by oceanic heat transport may
be exaggerated in the present model because of the idealized
geography.

Poleward energy transport occurs in both ocean and atmos-
phere. By comparing the distributions of energy transport in
the models with and without océan currents, we can evaluate
how oceanic heat transport influences the total energy trans-
port in the coupled ocean-atmeosphere system. In the coupled
system, poleward energy transport occurs by the following
processes: (1) atmospheric transport of dry static energy,
which is the sum of enthalpy (c,T), potential energy (¢), and
kinetic energy (k); (2) atmospheric transport of latent energy
(Lr); and (3) heat transport by ocean currents. Here, T, ¢, and
r represent temperature, geopotential height, and water vapor
mixing ratio, respectively; c, denotes the specific heat of air
under constant pressure; and L the latent heat of evaporation.
The vertically integrated meridional energy transports by each
of these three processes are shown separately in Figures 7b, 7c,
and 7d for both the ocean-atmosphere model and the mixed
layer ocean-atmosphere model. Poleward energy transport in
Figure 7a in the ocean-atmospheré model is accomplished by
all three processes identified above, whereas in the mixed layer
ocean-atmosphere model only processes 1 and 2 contribute to
the energy transport. Therefore, it is surprising that the total
poleward energy transport shown in Figure 7a is actually re-
duced in middle latitudes when the addditional transport by
ocean currents is included. In this case, the reduction of dry
static energy transport by the atmosphere in Figure 7b is
larger than the addition of energy transport by the ocean in
Figure 7d. (Note that the scale of the ordinite in Figure 7d is
expanded). The albedo feedback effect is an important factor
in this reduction. The increased heating which occurs at high
latitudes by the oceanic heat transport is amplified by the
albedo feedback effect. This reduces the meridional gradient of
temperature. As a result, the transport of dry static energy by
the atmosphere in Figure 7b is reduced in the model with
ocean currents.

In the previous study by Manabe et al. [1975] using a
global model, the total energy transport remained unchanged
when the additional energy transport by the oceans was in-
cluded in the model. This occurred because the additional
contribution of oceanic heat transport was counter balanced
by the réduction of dry static energy transport by the model
atmosphere.

Figure 7 also indicates that the processes of meridional
energy transport in the models have distributions that are
qualitatively similar to estimates for the actual atmosphere
from Sellers [1965] However, as Flgure 7c indicates, the meri-
dional transport of latent energy in both model atmospheres is
significantly different from the observed transport, particularly
at low latitudes. This is consistent with the fajlure of the
model to simulate correctly the precipitation rates, especially
in the tropics and at high latitudes. As pointed out by We-
therald and Manabe [1981], model precipitation is systemati-
cally underegtiniated in the tropics and overestimated at high
latitudes compared to the observed rates. This model bias is
consistent with the overestimation of the poleward transport
of latent ernergy. Nevertheless, the atmeospheric transport of
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Fig. 8. Components of the poleward oceanic heat transport (10'* W) in the model with ocean currents as a function of
latitude for the normal CO, case.

moist static energy (i.., the sum of dry static energy and latent
heat) in the ocean-atmosphere model is in good agreement
with the observed transport. Another discrepancy occurs in
the energy transport by ocean currents shown in Figure 7d.
The poleward oceanic heat transport in the subtropics is sub-
stantially smaller than Sellers’ estimate of the actual transport
indicated in this figure and is much smaller than the indepen-
dent estimate obtained by Oort and Vonder Haar [1976]. The
subtropical maximum of oceanic heat transport results from
the enhancement of meridional overturning by the wind
driven Ekman drift in the subtropical ocean [Bryan and Lewis,
1979]. An improvement in the modeling of the Ekman bound-
ary layer and vertical thermal mixing by subgrid scale eddies
in the interior of the ocean may be required in order to obtain
a more realistic oceanic heat transport. In the polar region,
where the effect of oceanic heat transport is particularly im-
portant because of the surface albedo feedback process, the
model transport is larger than the estimates of the actual
transport shown in Figure 7d. This is consistent with the ear-
lier speculation that the present model may exaggerate the
oceanic heat transport into the polar region because of the
idealized geography.

To gain some insight into the mechanisms of meridional
heat transport by the ocean in the model, it is necessary to
consider the components of the transport process. As indicat-
ed by Bryan [1969], the average meridional heat transport Hy,
across a given latitude in the ocean may be written

Hoy = pe (50 + v'0 + Aza™'00/0¢) )

where () indicates zonal average and ()’ indicates deviation
from zonal average, v and 6 are velocity and potential temper-
ature, respectively, A, is the lateral coefficient of turbulent
diffusion, p is density, a is the earth’s radius, and ¢ is latitude.
The term & 6 in the expression for H, is the component of
transpori associated with overturning in the meridional plane.
This term is important only when zonally averaged values of
velocity and temperature are correlated. The term v'@ is the
transport due to correlations of velocity and temperature at
the same level and is associated with the major mid-latitude
gyres. The last term, A, a~'00/0¢, represents transport by lat-
eral mixing. Figure 8 shows the vertically integrated meridion-
al energy transport by each of these processes for the ocean-
atmosphere model. At low latitudes, poleward heat transport
in the model ocean is accomplished mainly by meridional
overturning. (Recently, Bryden and Hall [1980] estimated the
poleward heat transport in the Atlantic at 25° latitude and

found that the contribution from meridional overturning ac-
counts for most of the transport.) Poleward of about 50° lati-
tude where the albedo feedback effect is important, the domi-
nant mechanisms are the horizontal gyre component and
overturning, whereas the mixing component is relatively less
important. The latitudinal distributions of the various compo-
nents shown in Figure 8 are qualitatively similar to those
obtained by Bryan and Lewis [1979] from their ocean model.
Their study discusses in detail the mechanisms responsible for
the oceanic heat transport.

5. CLIMATE SENSITIVITY

As described in section 3, the influence of oceanic heat
transport upon the Sensitivity of climate is investigated by
comparing the CO,-ipduced temperature changes of two
model climates. K

The zonally averaged temperature response of the ocean-
atmosphere model to the quadrupling of CO, is shown in
Figure 9 in a latitude-height distribution. In the model atmos-
phere the troposphere has higher temperatures and the strato-
sphere has lower temperatures as a result of increasing the
CO, content. These features are in agreement with the results
of earlier studies [e.g., Manabe and Wetherald, 1967, 1975].
The tropospheric temperature differences are particularly large
near the earth’s surface at high latitudes where the poleward
shift of the snow and sea ice margins reduces the surface
albedo and enhances the CQ,-induced warming. The warming
of the surface layer is much smaller at low latitudes than at
high latitudes of the model. Because of stable stratification, the
layer of large temperature differences tends to be confined to
the lower model troposphere at high latitudes. On the other
hand, the CO,-induced warming at low latitudes spreads over
the entire model troposphere due to intense vertical mixing
through the moist convective process. For further discussion
of the physical mechanisms responsible for the CO,-induced
temperature change in a model atmosphere, refer, for example,
to Manabe [1983], Manabe and Wetherald [1980], and Held
[1978]. '

In the model ocean, zonally averaged temperatures are
higher everywhere due to the atmaspheric CO, inerease. The
warming in the.deep ocean of 7.5°C is approximately equal to
the large warming of the ocean surface at about 65°-70° lati-
tude where the stratification is relatively weak and the heat
anomaly can penetrate from the surface into the deeper ocean.
For this reason, the CO,-induced warming of the deep ocean
is significantly larger than the area averaged warming of the
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Fig. 9. Latitude-height distribution of the zonally averaged temperature change (degrees Kelvin) due to quadrupling
the atmospheric CO, content in the mpdel with ocean currents.

ocean surface layer. (See section 8 for a discussion of the pa-
leoclimatic implications of this result.j The smallest temper-
ature increases in the ocean occur in surface tropical waters
where the warming in the overlying atmosphere is relatively
small. Largest temperature increases at the ocean surface
occur not at the pole but 1n a very shallow layer near 75°
latitude. In this region the stable stratification of the halocline,
which is caused by an excess of precipitation over evapora-
tion, partially insulates the surface water from the deeper
ocean water.

In Figure 10, the increases of zonally averaged surface air
temperature caused by the quadrupling of CO, content are
shown for the model with ocean currents and for the model
without ocean currents. According to this figure, the
CO,-induced warming of surface air temperature is much
smaller in the model with ocean currents. This implies that
oceanic heat transport markedly reduces the sensitivity of a
model climate, particularly at high latitudes. To investigate
the physical mechanisms responsible for the difference in sen-
sitivity between the two models, the influences of various
physical processes upon the radiation budgets of the two
models are investigated. In more specific terms, the contri-
butions of the CO,-induced change of various relevant vari-
ables upon the radiative flux at the top of each model atmos-
phere are evaluated. The variables considered here include
surface albedo, atmospherlc temperature, water vapor mixing
ratio, and CO, concentration in air. The results from the
models with.and without ocean currents are compared with
one another to determine the effect of oceanic heat transport
upon the sensitivity of the model climate. A detailed account
of this analysis follows.

The change in the net downward radlatlon R at the top of
the model atmosphere in response to mcreasmg the CO, con-
tent is given by

R = S — 6F ©)

where § and F are changes of net downward solar radiation
and net upward terrestrial radiation at the top of the model
atmosphere, respectively. S and F may be approximated as

)

58 % 600, + 6,5 + 6,8 3)
OF 7 bco,F + 6,F + 6;F )

where 6,5 and 6_F denote changes in S and F in response to a
change in quantity x when it is assumed that all other relevant
quantities do not change. The subscripts CO,, T, r, « denote
atmospheric carbon dioxide content, atmospheric temper-
ature, water vapor mixing ratio, and surface albedo for solar
radiation, respectively. From physical considerations, we have
8,F = 8;8 = 0. Because of the nonlinear dependence of S and
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Fig. 10. Latitudinal variation of the change of zonally averaged
surface air temperature (degrees Kelvin) caused by quadrupling the
atmospheric CO, content for both the model with ocean currents
(solid line) and the model without ocean currents (dashed line).
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TABLE 1. CO,-induced Partial Changes in Radiative Flux Com-
ponents, &S, 6F, 6R (W m~2) at the Top of the Ocean-Atmosphere
Model Caused by Separate Changes in Various Relevant Factors

CO,, T,r,a
Cco, T r a Y
éS 0.3 —_ 1.0 3.6 49
—oF 3.2 —14.5 6.2 — —-51
R 35 —14.5 7.2 3.6 -0.2

The sum of all the partial changes is denoted by Y.

F on these quantities, the sums of all parts are not exactly
equal to 6S and OF. The following expression for §,S is an
example of the procedure used to compute each quantity on
the right hand side of (3) and (4):

8,8 = S('COy, {'r}, *0) ~ S('CO,, {'r}, ') 4

where superscripts 1 and 4 indicate the data from the experi-
ments with normal and 4 times the normal atmospheric CO,
concentrations, and {r;} indicates values of water vapor
mixing ratio at all finite difference levels of the model. In other
words, (5) indicates that the influence of the change of surface
albedo, o, on the solar radiation is evaluated by changing «
while all other quantities are kept unchanged.

The results of this analysis for the model with ocean cur-
rents are presented in Table 1. It contains area averaged par-
tial changes of S, F, and R resulting from the changes in CO,,
T, r, and « in response to increasing the CO, content. Accord-
ing to this table, the change of surface albedo has a positive
contribution to SR, which indicates the positive feedback
effect of snow and sea ice. The CO,-induced increase in the
infrared opacity of the atmosphere reduces the outgoing ter-
restrial radiation at the top of the atmosphere and contributes
positively to dR. In addition, the CO,-induced warming of the
atmosphere is accompanied by a general increase of the abso-
lute humidity and the infrared opacity of the atmosphere. This
further reduces the outgoing terrestrial radiation (6,F=
— 6.2 < 0), increases the atmospheric absorption of solar radi-
ation (6,8 = 1.0 > 0) and contributes positively to 6R. These
positive contributions are counter balanced by an increase of
the upward flux of terrestrial radiation resulting from the at-
mospheric warming (6F = 14.5 > Q). A comparison of the net
contributions in the bottom row of Table 1 shows that the
area averaged J,R is smaller than 6,R. This result is in agree-
ment with the previous study of Manabe and Wetherald
[1980]. It is of particular interest that dco, R is significantly
smaller than J,R even though the increase of the atmospheric
CO, is the original cause of the atmospheric warming. The )’
column in Table 1 indicates that the sum of the partial
changes of S and &F, which are computed from (3) and (4),
are not equal in magnitude because of nonlinear interactions
among the relevant quantities.

To appreciate the influence of the surface albedo change for
the model with ocean currents, it is useful to examine its vari-
ation with latitude in contrast to the variation of other com-
ponents by use of Figure 11a. In this figure, the scale of the
abscissa is proportional to the sine of latitude and is indicative
of the area from the pole to a given latitude circle. Thus, the
area under each curve is proportional to the contribution of
each quantity. From this figure it is clear that 5,R is the
dominant positive contribution at high latitudes, whereas
dco,R and 6,R have a more uniform, positive distribution at
all latitudes. J,R is significant from about 55° latitude to the

pole where the surface albedo is changed by the reduction of
snow and ice cover. This is also indicated by Figure 12, which
shows the difference of zonally averaged planetary albedo be-
tween the increased CO, and normal CO, climates.

In the model without ocean currents, the contribution of the
albedo feedback effect is very large at high latitudes as indicat-
ed by Figure 11b. Accordingly, the area averaged contribution
of 6,R is larger than the area averaged value of either 6o,R or
o,R presented in Table 2. In this model the zonally averaged
surface air temperature is significantly lower and the snow and
ice cover is more extensive than in the model with ocean
currents as discussed earlier (see Figure 3). Therefore, the
CO,-induced retreat of snow and sea ice margins occurs at a
lower latitude than the model with ocean currents. This differ-
ence is depicted in Figure 12 which shows the latitudinal dis-
tributions of the CO,-induced changes of zonal mean planet-
ary albedo [rom both models. Since both insolation and the
length of latitude circles increase with decreasing latitude, the
CO,-induced poleward retreat of snow cover has a much
larger impact on the reflected solar radiation than in the
model with ocean currents. This is clearly indicated in Figure
11b as the large area under the §,R curve at high latitudes. In
summary, the difference in magnitude of the albedo feedback
effect is one of the key factors which accounts for the higher
sensitivity of the model without ocean currents.

The components of the poleward transport of energy are
shown in Figure 13 for the ocean-atmosphere model for the
cases of normal CO, and increased CO, concentrations. Sig-
nificant features of the energy transport for the normal CO,
case have been discussed in the previous section (cf. discussion
of Figure 7). According to Figure 13b, the poleward transport
of dry static energy is reduced, except in the tropics, as a result
of quadrupling the CO, concentration in the model atmos-
phere. As discussed by Manabe and Wetherald [1975, 1980],
this results from the CO,-induced reduction of meridional
temperature gradient in the lower model troposphere. The
poleward transport of latent energy in Figure 13c increases,
except in the tropics, as a result of increasing the CO, content.
This increase of transport is caused by a general increase of
atmospheric water vapor associated with the CO,-induced
warming of the atmosphere. In the model tropics the equator-
ward flux of latent energy is larger for the increased CO, cases
in agreement with previous studies [e.g, Manabe and We-
therald, 1975]. As shown in Figure 13d, the contribution by
ocean currents is reduced slightly at most latitudes by increas-
ing the atmospheric CO,. (Note that the scale of the ordinate
in Figure 13d is expanded.) This indicates that the change in
oceanic heat transport slightly reduces the CO,-induced
warming at high latitudes. However, the influence of this re-
duction upon the sensitivity of the model climate is small.

An interesting aspect of increasing CO, is that the total
energy transport in Figure 13a is unchanged at low latitudes
and only slightly reduced at high latitudes from the normal
CO, case. This occurs despite the reduction in meridional
temperature gradient in both the atmosphere and ocean.
Changes in poleward transport of dry static energy in Figure
13b are almost completely offset by changes in the transport of
latent energy in Figure 13¢, while the reduction of energy
transport by the ocean is small.

6. CLIMATE SENSITIVITY COMPARED TO PREVIOUS STUDIES

In the previous section the sensitivity of surface air temper-
ature to increasing the atmospheric CO, concentration was
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Fig. 11. The latitudinal variation of zonaltly averaged CO,-induced changes in net radiative fux, SR (W/m?) at the top
of the model atmosphere caused by separate changes in various relevant factors CO,, T, r, « for (a) the model with ocean

currents (b) the model without ocean currents.

discussed. It is of interest to compare the sensitivity obtained
in this study with that of previous studies, in order to place
the present results in proper perspective. The characteristics of
the models used in three recent studies are given in Table 3.
For the purpose of identification, the models are denoted by
the symbols given in the first column of the table. A common
characteristic of the models listed in Table 3 is the use of the
spectral transform technique for the dynamical calculation.
Since all these models have the same computational resolu-
tion, they are chosen for the present intercomparison.

The discussion in the preceding section indicates that the
albedo feedback effect has a strong influence upon the sensi-

tivity of a model climate. When the CO, concentration is
increased, the warming of the atmosphere is amplified particu-
larly at high latitudes by the change of surface albedo as the
snow and ice margin retreats toward the pole. Since the lo-
cation of the snow and ice margin depends upon the distri-
bution of surface air temperature, it is reasonable that the
magnitude of the climate sensitivity will be influenced by the
temperature distribution. The dependence of sensitivity upon
atmospheric temperature has been noted in the results from
simple energy balance models [Budyko, 1969; Suarez and
Held, 1979] as well as from general circulation models [We-
therald and Manabe, 1975; Held et al., 1981]. Figure 14 indi-
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Fig. 12. The CO,-induced changes of zonally averaged planetary
albedo (percent) as a function of latitude for the model with ocean
currents (solid line) and the model without ocean currents (dashed
line).

cates how the sensitivity of surface air temperature depends
upon the area averaged surface air temperature of the normal
CO, case for each of the models listed in Table 3. This figure
indicates that models which have nearly the same area
averaged surface air temperatures have similar sensitivities.

Figure 14 also indicates that, in general, models which have
lower surface air temperatures have higher sensitivities. For
example, because of the absence of oceanic heat transport, the
SM1(A) model used in the present study has much lower sur-
face air temperature and higher sensitivity than the com-
panion SM2(A) meodel with oceanic heat transport. Although
the WM(A) model also does not have oceanic heat transport,
it has area averaged surface air temperature which is much
higher than the SM1(A) model and is comparable to the
SM2(A) model. Accordingly, its sensitivity is similar to the
SM2(A) model, but much lower than the SM1(A) model. As
Table 3 indicates, the WM(A) model has 1% larger solar con-
stant and 20% larger blackness of cirrus clouds than the
SM1(A) model. (Otherwise, these two models are identical.)
Since the influence of a 10% increase in cirrus blackness upon
the net radiative flux at the top of the model atmosphere is
approximately equal to a 1% increase of the solar constant,
the net effect of these two differences is equivalent to a 3%
difference in the solar constant. This is why the surface tem-
perature of the WM(A) model is much higher than the SM1(A)
model even though both models lack oceanic heat transport.
Because the surface air temperature difference between the
WM(A) and the SM1(A) models is comparable to the corre-
sponding difference between the SM2(A) and the SMI1(A)
models, these discussions suggest that the oceanic heat trans-
port in the SM2(A) model has a warming effect which is ap-
proximately comparable to a 3% increase in the solar con-
stant. (See Wetherald and Manabe [1981] for a discussion of
the difference between the two companion models WM(A) and
WM(S) and the somewhat lower sensitivity of the MS(S)
model with realistic geography.)

The data for the SM3(A) model in Figure 14 illustrates the
almost linear dependence of sensitivity upon the area averaged
surface air temperature. As Table 3 indicates, the SM3(A)
model is identical to the SM1(A) model except that the solar
constant is reduced by 0.5% and the blackness of cirrus clouds

TABLE 2. Same as Table 1, for the Mixed Layer Ocean-
Atmosphere Model
co, T r o ¥y
oS 04 — 30 14.7 18.1
—dF 2.7 —3038 8.5 — —19.6
R 31 —30.8 11.5 14.7 —-1.5

is increased by 20%. The net effect of these two differences is
approximately equivalent to a 1.5% increase of the solar con-
stant. Therefore, this model has a significantly higher area
averaged temperature and lower sensitivity than the SM1(A)
model, confirming the almost linear relationship mentioned
above. To summarize, the results in Figure 14 suggest that the
different sensitivities of the various spectral models discussed
here can be attributed mostly to the differences in the contri-
bution from the albedo feedback process.

It has been shown that a model with oceanic heat transport
has a lower sensitivity of climate than a model without ocean
currents. Therefore, one is tempted to conclude that previous
studies using models without ocean currents [e.g., Wetherald
and Manabe, 1981; Manabe and Stouffer, 1980] have overesti-
mated the sensitivity. Before doing so, however, one should
examine the surface temperature of the model atmosphere,
which plays a key role in determining the sensitivity of climate
as discussed above. In view of the uncertainties in basic pa-
rameters such as the solar constant, optical properties of
clouds, and snow/ice albedo, it is not surprising that some of
the models without ocean currents in previous studies ob-
tained suface temperature distributions that correspond close-
ly to the observed distributions. (The observed area averaged
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Fig. 13. Vertically integrated poleward transport of energy (10'*
W) in the model with ocean currents for the normal CO, case (solid
lines) and the increased CO, case (dashed lines). (@) Total energy
transport, (b) transport of dry static energy, (c) latent energy trans-
port, and (d) transport by the ocean. The scale of the ordinate in
Figure 13d is magnified. All transport values of the models are multi-
plied by a factor of three, as indicated in Figure 7.
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TABLE 3. The Characteristics of Spectral Climate Models Used for Recent Studies of CO,-Climate Sensitivity

Solar Computa-

Constant Cirrus tional
Model Insolation  (W/m?) Blackness Domain Geography Atmosphere Ocean Reference
SM1(A) annual 1356 80% 1/6 globe idealized spectral GCM  mixed layer present study
SM2(A)  annual 1356 80% 1/6 globe idealized spectral GCM  full ocean present study
SM3(A) annual 1349 100% 1/6 globe idealized spectral GCM  mixed layer present study
WM(A)  annual 1370 100% 1/6 globe idealized spectral GCM  mixed layer ~Wetherald and Manabe [1981]
WM(S) seasonal 1370 100% 1/6 globe idealized spectral GCM  mixed layer Wetherald and Manabe [1981]
MS(S) seasonal 1356 100% global realistic spectral GCM  mixed layer Manabe and Stouffer [1980]

surface air temperature is indicated in Figure 14.) Therefore, it
would not necessarily be correct to conclude that the results of
all previous studies which neglect the effect of oceanic heat
transport have overestimated the climate sensitivity.

7. TRANSIENT RESPONSE OF CLIMATE

In the present study of climate change, we have discussed
differences between the equilibrium states of a model with
normal CO, and increased CO, concentrations. However, the
equilibrium state of climate response to increased CO, will
not be reached for a millenia or longer, mainly because of the
large thermal inertia of the oceans. Recently, Schneider and
Thompson [1981] suggested that the distributions of the equi-
librium response of climate may be quite different from the
distributions of the transient response to increasing the CO,
concentration of the atmosphere. Therefore, it is worthwhile to
compare the equilibrium and transient responses of the model
climates. Such a comparison has recently been made and is
briefly described by Bryan et al. [1982]. In this section, the
results from their study are discussed in further detail so that
one can properly appreciate the implication of the results from
the equilibrium sensitivity study described in this paper.

To evaluate the transient response of climate, Bryan et al.
used a coupled ocean-atmosphere model which is similar to
the model used for the present study. They perturbed the equi-
librium climate of the coupled model with normal CO, con-
centration by a sudden fourfold increase in the atmospheric
CO, concentration. The atmospheric and oceanic components
of the model were time integrated in a synchronous mode, as
opposed to the nonsynchronous, economical method dis-
cussed in section 3 to obtain climate equilibrium. To evaluate
the transient response for comparison with the equilibrium
response of the model, Byran et al. defined the fractional re-
sponse of temperature as

_T-T%

R=
Tno_TO

(©)
where T is the area averaged temperature, T, is the initial
equilibrium value from the normal CO, case, and T is the
final equilibrium value for a fourfold increase in atmospheric
CO,. Figure 15 illustrates the latitude-time distributions of the
fraction response, R, of the zonally averaged surface air tem-
perature separately over ocean and continent. This figure indi-
cates that the fractional response of surface air temperature is
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Fig. 14. The sensitivity of area mean surface air temperature (degrees Kelvin) to quadrupling the atmospheric CO,
content for various climate models showing its correspondence to the area mean surface air temperature of the normal
CO, case. A description of the symbols is given in Table 3. Solid dots are plotted for the models having limited
computational domain with idealized geography; the triangle indicates the model that has global domain with realistic
geography. The observed value of area mean surface air temperature is indicated for reference.
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Fig. 15. The latitude-time distributions of fractional response of zonally averaged surface air temperature over (g) ocean
and () continent.

initially more rapid in the tropics than at high latitudes. How-
ever, the fractional response becomes nearly uniform with re-
spect to latitude after about 10 years over the continent and
about 25 years over the ocean. This result implies that sensi-
tivity studies of climate equilibrium can be used as an ap-
proximate guide for predicting the latitudinal pattern of sur-
face temperature trends provided that the characteristic time
scale of CO, increase is longer than 25 years.

Upon further examination of Figure 15, one notes slight
differences between ocean and continent in the fractional re-
sponse of surface air temperature. Because of the difference in
thermal inertia, oceanic response lags behind the continental
response. (The fractional responses of area mean surface air
temperature are 0.75 and 0.67 over land and ocean, respec-
tively, when they are averaged over the period from 30 to 50
years of the integration.) Furthermore, one notes small but
systematic latitudinal variations in fractional response over
both ocean and continent. This is a subject for future study.

To examine the vertical and latitudinal distribution of the
transient response, Figure 16 is presented. Figure 16a is the
zonally averaged temperature change in the atmosphere and
upper ocean for the transient response study. The values

shown are temperatures at 25 years minus initial temperatures
at each latitude. In addition, the fractional response, R, of
zonally averaged temperature is given in Figure 16b. This
figure shows the temperature change of Figure 16a normalized
by the total temperature difference between the two equilibri-
um climates shown in Figure 9. The fractional response for the
stratosphere is not shown because R becomes indeterminate in
the lower stratosphere where the total CO,-induced temper-
ature change is near zero.

Throughout the troposphere, the fractional response of tem-
perature varies little with latitude. In the shallow surface layer
of the ocean, the fractional temperature response also has little
latitudinal variation, except at the pole. In this region, sea ice
exists at the ocean surface and the underlying seawater, which
remains at the freezing point, is insulated from the large tem-
perature increases in the overlying atmosphere. Near the sea
ice margin at about 75° latitude, the CO,-induced warming of
the sea surface is limited to a shallow surface layer of water
because the stable stratification of the halocline insulates the
surface water from the deeper ocean. (The halocline appears
because of the excess of precipitation over evaporation as
pointed out in section 5.) Because of the influences of sea ice
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Fig. 16. Latitude-height distributions from the transient response study showing (a) the zonally averaged temperature at
25 years minus initial temperature (degrees Kelvin) and (b) the fractional response of zonally averaged temperature, R.

and the halocline, the surface layer of the model atmosphere
at high latitudes is almost decoupled from the deep ocean
layer of large heat capacity. Thus, the CO,-induced warming
of the surface layer of the model atmosphere is particularly
large at high latitudes, even though the temperature of the
sub-surface ocean layer has hardly increased. Equatorward of
65° latitude, the penetration of the thermal anomaly is deeper,
particularly at about 60° latitude. However, the fractional
temperature response R at the ocean surface is nearly uniform
with latitude. On the other hand, the value of R decreases with
increasing depth and is very small in the deep ocean of the
model. In other words, the latitudinal dependence of zonally
averaged temperature of the transient response is similar to
that of the equilibrium response in the atmosphere and in the
oceanic surface layer, whereas these two responses are quite
different from one another in the deep ocean of the model.
This result implies that, after approximately 25 years of time
integration, the rate of penetration of surface warming into the
deep ocean is very slow and accordingly has only a small
influence upon the latitudinal distribution of zonally averaged
response of temperature in the surface layer of the model
ocean. From these results, one can infer that the transient
response of zonally averaged surface temperature to a gradual
increase of atmospheric CO, may also resemble the corre-
sponding equilibrium response provided that the time con-
stant for the CO, increase is larger than 25 years.

Although the results presented in Figure 16 are significant,
the quantitative aspects of the transient response study must
be considered tentative, pending numerical studies with even
more detailed ocean models. Also, the transient behavior of
the ocean model must be validated against the observed tran-
sient behavior of the actual ocean. Further studies, such as

that being conducted by Sarmiento [1983] in the modeling of
observed transient tracer data, are essential to gain confidence
in the simulation of the transient response of the ocean.

After the publication of the study by Bryan et al. [1982], an
error was found in the code which filters short zonal waves lor
the purpose of computational stability poleward of 45° lati-
tude in the oceanic component of the coupled model. In this
polar region, cyclic continuity was erroneously imposed from
one lateral ocean boundary to the other. Therefore, we repeat-
ed the transient response experiment after correcting this
error. This explains the slight quantitative differences between
Figure 16 of this study and Figure 3 of Bryan et al. Fortu-
nately, the main conclusions obtained by Bryan et al. remain
valid despite this error.

8. CONCLUSIONS

The results of this study indicate that the poleward heat
transport by ocean currents reduces the sensitivity of climate.
The reduced sensitivity is the result of a decrease in the mag-
nitude of the surface albedo feedback process. The oceanic
heat transport raises the surface temperature at high latitudes,
which shifts the margins of snow cover and sea ice poleward
and also reduces the meridional gradient of temperature. The
poleward shift of snow and ice margins decreases the climate
sensitivity by reducing the contribution from the surface
albedo feedback process, since both insolation and length of
latitude circles decrease toward the poles. On the other hand,
a reduction of the meridional temperature gradient increases
the latitudinal change of snow and ice margins in response to
a given change of temperature and thus enhances the climate
sensitivity because of a larger contribution from the albedo
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feedback process. However, this effect is overshadowed by the
effect of the poleward shift of snow and ice margins, resulting
in a net reduction of sensitivity due to ocean currents.

Since the poleward heat transport by ocean currents re-
duces the sensitivity of the model climate as discussed above,
one is tempted to speculate that previous studies using models
without oceanic heat transport may have overestimated the
climatic response to a forcing such as an increase of the atmo-
spheric CO, concentration. However, such a speculation is
not necessarily correct. This is because radiative parameters
(e.g., solar constant, and optical properties of clouds) are
chosen such that surface air temperatures at high latitudes,
and accordingly the coverages of snow and sea ice, are realis-
tic. For this reason, the influence of the albedo feedback pro-
cess upon the sensitivity of surface air temperature may not be
overestimated despite the absence of oceanic heat transport in
the models used in these studies.

Because of the large thermal inertia of the ocean, it takes an
extremely long time (i.e., several thousand years) before the
equilibrium response of climate to a CO, increase is fully
realized. Therefore, we have compared our results with those
from the study of Bryan et al. [1982] in which the transient
response to a sudden increase of atmospheric CO, was inves-
tigated by use of the coupled ocean-atmosphere model. As
pointed out by Bryan et al, the latitudinal distribution of
zonally averaged temperature change in the atmosphere and
in the oceanic surface layer in response to this CO, increase
becomes qualitatively similar to the distribution of the equilib-
rium response approximately 25 years after the time of the
sudden CO, increase. (However, the zonally averaged temper-
ature change in the deep ocean for the transient response is
very different from that for the equilibrium response.) This
result implies that, after approximately 25 years of time inte-
gration, the rate of penetration of warm anomaly from the
surface layer to the deep ocean of the model is very slow and
has a relatively small influence upon the latitudinal distri-
bution of zonally averaged thermal response in the atmo-
spheric and oceanic surface layers. It is of particular interest
that, at high latitudes, sea ice and the halocline tend to reduce
the heat exchange between the surface atmospheric layer and
the subsurface oceanic layers of the model. Therefore, the
CO,-induced warming of the surface atmospheric layer at
high latitudes turns out to be relatively large even though the
temperature of the deep ocean hardly increases. In summary,
this study suggests that the distribution of zonally averaged
change of surface air temperature in response to a gradual
increase of atmospheric CO, may also resemble the distri-
bution of the equilibrium response, provided that the charac-
teristic time scale of the CO, increase is longer than 25 years.

Further examination of the results from the transient re-
sponse experiment reveals that the response of surface air tem-
perature over the ocean significantly lags behind the corre-
sponding response over the continent. A detailed comparison
of the geographical distributions of the transient and equilibri-
um responses is the subject for [uture research.

It has been suggested that the CO, concentration in the
atmosphere during the Cretaceous epoch was several times
larger than the modern concentration [Budyko and Ronov,
1979; Fischer, 1982]. Therefore, the equilibrium response of
the coupled ocean-atmosphere model to a CO, increase,
which is discussed in this paper, may have implications for
paleoclimatic studies. According to a review article by Savin
[1977], the temperature of the deep ocean (as determined from
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the isotopic analysis of Tertiary benthic foraminifera) has de-
creased markedly during the last 100 million years. A re-
duction of almost the same magnitude also occurred in the
ocean surface temperature at high latitudes. (See Figure 3¢ of
Savin’s paper.) On the other hand, isotopic surface temper-
ature at low latitudes appears to have decreased only slightly
during the same period. Emiliani [1954] pointed out that
bottom-water temperature anywhere in the world should be
indicative of surface water temperature at high latitudes where
dense, cold water sinks to form bottom water. The Tertiary
change of isotopic temperature described above appears to be
consistent with Emiliani’s statement. In the present study, the
analysis of the equilibrium response of the model ocean to a
CO, increase indicates that the warming of the deep ocean is
similar in magnitude to the large warming of the surface layer
at high latitudes. In other words, the warming of the deep
ocean is significantly larger than the area averaged warming of
surface water. The qualitative similarity between the isotopic
temperature variation during the Tertiary and the equilibrium
response of the model ocean to a CO, increase suggests that a
similar mechanism (i.e., sinking of cold water at high latitudes)
is involved in both cases. The process described here is differ-
ent from an alternative mechanism for the formation of warm
deep water (i.e., the sinking of warm saline surface water from
the shallow sea in the subtropics as speculated, for example,
by Brass et al. [1982]).

It has been noted that the poleward heat transport in the
subtropics of the present coupled ocean-atmosphere model is
much smaller than the estimates of the actual transport. In the
polar region, where the effect of oceanic heat transport is par-
ticularly important because of the albedo feedback process,
the magnitude of simulated transport, however, is larger than
the estimates of the actual transport. Thus, the influence of
oceanic heat transport upon the sensitivity of surface air tem-
perature at high latitudes may be overestimated in the present
study. It is suggested that this overestimate results from the
idealization of geography in the present model.

In addition to the idealization of geography, other sim-
plifying assumptions were made in the construction of the
present model, including the use of annually averaged inso-
lation and zonally uniflorm prescribed cloud cover. It is clear
that this study represents only a preliminary attempt to evalu-
ate the influence of oceanic heat transport upon the sensitivity
of climate. Further improvement of the coupled ocean-
atmosphere model is essential for a more reliable assessment
of this issue. ‘
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