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ABSTRACT

This study investigates the response of a climate model to a gradual increase or decrease of atmospheric
carbon dioxide. The model is a general circulation model of the coupled atmosphere—-ocean-land surface system
with global geography and seasonal variation of insolation. To offset the bias of the coupled model toward
settling into an unrealistic state, the fluxes of heat and water at the ocean~atmosphere interface are adjusted by
amounts that vary with season and geography but do not change from one year to the next. Starting from a
quasi-equilibrium climate, three numerical time integrations of the coupled model are performed with gradually
increasing, constant, and gradually decreasing concentration of atmospheric carbon dioxide.

It is noted that the simulated response of sea surface temperature is very slow over the northern North Atlantic
and the Circumpolar Ocean of the Southern Hemisphere where vertical mixing of water penetrates very deeply.
However, in most of the Northern Hemisphere and low latitudes of the Southern Hemisphere, the distribution
of the change in surface air temperature of the model at the time of doubling (or halving) of atmospheric carbon
dioxide resembles the equilibrium response of an atmospheric—mixed layer ocean model to CO, doubling (or
halving). For example, the rise of annual mean surface air temperature in response to the gradual increase of
atmospheric carbon dioxide increases with latitudes in the Northern Hemisphere and is larger over continents
than oceans. ]

When the time-dependent response of the model oceans to the increase of atmospheric carbon dioxide is
compared with the corresponding response to the CO; reduction at an identical rate, the penetration of the cold
anomaly in the latter case is significantly deeper than that of the warm anomaly in the former case. The lack
of symmetry in the penetration depth of a thermal anomaly between the two cases is associated with the
difference in static stability, which is due mainly to the change in the vertical distribution of salinity in high
latitudes and temperature changes in middle and low latitudes.

Despite the difference in penetration depth and accordingly, the effective thermal inertia of the oceans between
the two experiments, the time-dependent response of the global mean surface air temperature in the CO,
reduction experiment is similar in magnitude to the corresponding response in the CO, growth experiment. In
the former experiment with a colder climate, snow and sea ice with high surface albedo cover a much larger
area, thereby enhancing their positive feedback effect upon surface air temperature. On the other hand, surface
cooling is reduced due to the larger effective thermal inertia of the oceans. Because of the compensation between
these two effects, the magnitude of surface air temperature response turned out to be similar between the two
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experiments,

1. Introduction

It is well known that oceans spread the heat trapped
by greenhouse gases downward, thereby reducing the
rate of warming of the oceanic surface. The role of the
oceans in determining the rate of warming induced by
greenhouse gases has been the subject of several studies
(Hoffert et al. 1980; Bryan et al. 1982, 1988; Thompson
and Schneider 1982; Hansen et al. 1984, 1988; Spelman
and Manabe 1984; Harvey and Schneider 1985; Schle-
singer et al. 1985; Washington and Meehl 1989; Stouf-
fer et al. 1989; and Manabe et al. 1990). These studies
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indicate that oceans can have a major influence upon
the rate and the distribution of climate change. How-
ever, a major effort is required to elucidate the specific
dynamical mechanisms that control the greenhouse
warming of climate. The present study is the extension
of the study of Stouffer et al. (1989) in which the tran-
sient response of climate to a gradual increase of at-
mospheric carbon dioxide was investigated by use of
a coupled ocean—-atmosphere model with global com-
putational domain and seasonal variation of insolation.

In the present study, the results of Stouffer et al.
(1989) are described in detail and are compared with
another experiment in which atmospheric carbon
dioxide is reduced with time at an identical rate. In the
case of a simple linear model (Hoffert et al. 1980), it
is expected that the two antisymmetric CO, forcing
experiments would yield responses opposite in sign but
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qualitatively similar in distribution. The confirmation
of this expectation should enhance our confidence in
the results of the numerical experiments. However, one
also has to recognize that these two antisymmetric
forcings may not yield exactly antisymmetric responses.
As shown in this study, the vertical distributions of
both temperature and salinity are altered, thereby
changing the static stability of the upper oceanic layer
of the model in opposite directions. Thus, the pene-
tration depths of the positive and negative anomalies
in the model oceans are not the same. By evaluating
the difference in penetration depth and its effect upon
the temporal variation of climate between the two ex-
periments, it is hoped to elucidate the nonlinearity of
the processes that control the CO,-induced, time-de-
pendent variation of climate.

So far, most of the modeling studies of greenhouse
warming have been conducted by computing the so-
called equilibrium response of a climate model to a
doubling or quadrupling of atmospheric carbon diox-
ide. The equilibrium response is the change of climate
achieved over an infinite length of time and represents
the full response of climate to a given change of at-
mospheric carbon dioxide without the delay or reduc-
tion due to the thermal inertia of the oceans. Thus, its
distribution may be substantially different from that
of the transient response, which is influenced by the
large thermal inertia of the oceans. Such a possibility
was emphasized by Thompson and Schneider (1982)
by noting the large interhemispheric asymmetry in
oceanic area coverage. The present study conducts an
extensive comparison between the time-dependent re-
sponse of the coupled ocean-atmosphere model ob-
tained by Stouffer et al. (1989) with the equilibrium
response of another model in which the atmospheric
model is combined with a simple mixed layer model
of the oceans. In this latter model, the heat exchange
between the mixed layer and deeper oceanic layer is
prescribed such-that the seasonal and geographic dis-
tribution of sea surface temperature is realistic in the
control run. An identical heat flux is also prescribed
in the doubled and halved CO, runs. This is in contrast
to the transient response of the coupled ocean-atmo-
sphere model in which the heat exchange between the
mixed layer and deeper ocean layers changes with time.
By comparing the equilibrium and transient responses,
the present study explores how ocean currents spread
downward the heat trapped by the gradually increasing
atmospheric carbon dioxide, thereby reducing the
warming of the sea surface and altering the climate
response.

2. Coupled ocean-atmosphere model

The coupled ocean-atmosphere model used for this
study consists of a general circulation model of the
world ocean coupled to a general circulation model of
the atmosphere. Heat and water budgets of the conti-
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nental surface are included. The model has global ge-
ography consistent with its computational resolution
and seasonally varying insolation. It is very similar to
the model used by Manabe et al. (1990) except that
the seasonal variation of insolation is taken into ac-
count.

In the atmospheric component of the model, the
dynamic computation is performed using a spectral
transform method in which the horizontal distribution
of a predicted variable is represented by a truncated
series of spherical harmonics and grid point values
(Gordon and Stern 1982).. The resolution is limited
by a cutoff beyond zonal wavenumber 15. The same
number of degrees of freedom is used in representing
the latitudinal distribution of each zonal wave com-
ponent. The effects of clouds, water vapor, carbon
dioxide, and ozone are included in the calculation of
solar and terrestrial radiation. The distribution of water
vapor is predicted in the model, but the mixing ratio
of carbon dioxide is assumed to be constant throughout
the model atmosphere. Ozone is specified as a function
of latitude and height from observations. Overcast
cloud is assumed whenever the relative humidity of air
exceeds a critical value (99%). Otherwise, clear sky is
predicted. As noted above, the insolation imposed at
the top of the atmosphere has seasonal variation. How-
ever, its diurnal variation is removed for the sake of
simplicity and economy of computation. The solar
constant is assumed to be 1353 W m™2.

Precipitation is simulated whenever supersaturation
is indicated by the prognostic equation for water vapor.
The precipitation is identified as snowfall when the air
temperature near the surface falls below freezing; oth-
erwise it is identified as rain. Moist convective processes
are parameterized by a moist convective adjustment
scheme as described in Manabe et al. (1965).

The computation of land surface temperature sat-
isfies the constraint of no surface heat storage. That is,
the contributions from net fluxes of solar and terrestrial
radiation and turbulent fluxes of sensible and latent
heat must balance locally and continuously. The albedo
distribution of snow-free surfaces is determined by re-
ferring to the study of Posey and Clapp (1964). When
the surface is covered by snow, the albedo is replaced
by a higher value depending on surface temperature
and snow depth. For deep snow (water equivalent 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 under-
lying surface as a square root function of snow depth.

The change in snow depth is computed as the con-
tribution of snowfall, sublimation, and snowmelt,
which is determined from the requirement of surface
heat balance [see Manabe (1969) for further details].

The budget of soil moisture is computed by the so-
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called bucket method (Manabe 1969). Within the
model, soil is assumed to have the ability to contain
15 cm of liquid water. When soil is not saturated with
water, the change of soil moisture is predicted as the
net contribution of rainfall, evaporation, and snowmelt.
If the soil moisture value reaches the field capacity of
15 cm, the excess water is regarded as runoff. The rate
of evaporation from the soil surface is determined as
a function of the water content of the “bucket” and
potential evaporation, i.e., the hypothetical evaporation
rate from a completely wet surface.

The basic structure of the oceanic component of the
model is similar to the model described by Bryan and
Lewis (1979). The primitive equations of motion are
constructed by use of Boussinesq, rigid-lid, and hydro-
static approximations. Subgrid scale motion is included
as turbulent viscosity or turbulent diffusion. Whenever
the vertical stratification in the model oceans is unsta-
ble, it is assumed that the coefficient of vertical diffusion
becomes infinitely large, and the vertical gradients of
both temperature and salinity are removed. This pro-
cess of convective adjustment, together with the large-
scale sinking of dense water, contributes to the for-
mation of deep water in the model oceans. For further
details on the parameterization of the effect of subgrid
scale mixing, refer to appendix A.

The finite difference mesh of the oceanic component
of the model has a spacing between grid points of 4.5°
latitude and 3.75° longitude. It has 12 levels for the
finite differencing in the vertical direction. The com-
putational resolution specified above is marginally ad-
equate for representing coastal currents but cannot de-
scribe mesoscale eddies.

Because of the coarse horizontal resolution of the
model, many features of bottom topography are only
crudely resolved. For example, the mid-Atlantic Ridge
of the model is not as high above the sea floor as ob-
served; also Iceland is eliminated. To computationally
resolve the ocean currents passing through the narrow
Drake Passage, the meridional span of the passage in
the upper oceanic layers is expanded to four grid in-
tervals, i.e., 2000 km. No attempt is made to resolve
the flow through the Strait of Gibraltar. Instead, the
water at the westernmost Mediterranean grid point is
mixed horizontally and completely with the water at
the adjacent Atlantic grid point to a depth of 1350
meters. [ See Fig. 2 of Manabe et al. (1990) for the map
of bottom topography.] No net flow is permitted
through the Bering Strait.

The prognostic system of sea ice is similar to the
very simple free drift model developed by Bryan
(1969). The sea ice moves freely with the surface ocean
currents provided that its thickness is less than 4 m,
but is stationary for higher values. Following Broccoli
and Manabe (1987), the albedo of sea ice depends on
surface temperature and ice thickness. For thick sea
ice (at least 1 m thick), the surface albedo is 80% if
the surface temperature is below —10°C and 55% at
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0°C, with a linear interpolation between these values
for intermediate temperatures. If the ice thickness is
less than 1 m, the albedo decreases with a square root
function of ice thickness from the thick ice values to
the albedo of the underlying water surface.

The atmospheric and oceanic components interact
with each other through exchanges of heat, water, and
momentum. The heat exchange is accomplished by
the net radiative flux and turbulent fluxes of sensible
and latent heat. The water (or ice) exchange consists
of evaporation (or sublimation), rainfall (or snowfall),
and runoff from the continents. The runoff flows in
the direction of steepest descent based on the specified
topography. Glacier flow is computed in a similar
manner. To prevent indefinite growth of an ice sheet
through snow accumulation, it is assumed that the wa-
ter equivalent depth of snow does not exceed 20 cm
and the excess snow also runs off by glacial flow in the
direction of the steepest descent and instantly reaches
the oceans. The ocean surface temperature and sea ice
predicted in the ocean are used as lower boundary con-
ditions for the atmosphere. Details of the heat, mois-
ture, and momentum exchange processes are given,
for example, by Manabe (1969).

3. Transient response experiments

a. Numerical experiments

To study the response of a coupled ocean—-atmo-
sphere model to a gradual increase (or reduction) of
atmospheric carbon dioxide, three 100-year integra-
tions of the model were performed as illustrated sche-
matically in Fig. 1. Starting from an initial condition,
which is in a quasi-equilibrium state described in sec-
tion 3b, the standard time integration of the coupled
ocean-atmosphere model (hereafter referred to as the
S integration) was performed with a normal concen-
tration of atmospheric carbon dioxide. In addition, two
100-year integrations were performed from the iden-
tical initial condition. In one integration, the CO, con-
centration in the atmosphere increased by 1%/year
(compounded), whereas it is reduced by the identical
rate in the other integration. The rate of 1%/year is
chosen because the total CO,-equivalent radiative
forcing of various greenhouse gases other than water
vapor is currently increasing at the rate of approxi-
mately 1%/ year [see, for example, Hansen et al. (1988)
on the current trace gas trends]. For convenience, these
two integrations with growing and decreasing CO,
concentration are identified as G and D integrations,
respectively. The influences of a gradual increase and
a gradual reduction of atmospheric carbon dioxide are
evaluated by computing the differences between the G
and S integrations and the D and S integrations, re-
spectively. Accordingly, these two pairs of integrations
will be identified as the CO, growth and CO, reduction
experiments.
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FiG. 1. Schematic diagram of the G, S, and D integrations. The
abscissa denotes time in years and the ordinate is the logarithm of
the ratio of atmospheric carbon dioxide at time ¢ to its initial value.
The period chosen for detailed analysis is indicated by shading.
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Since the infrared absorptivity (or emissivity) of
carbon dioxide is approximately proportional to the
logarithm of its amount, the exponentially growing and
decreasing concentration of carbon dioxide exerts
thermal forcings that are similar in magnitude but have
opposite sign. Thus, it is of interest to see whether the
responses of the coupled model to such antisymmetric
forcings are opposite in sign, but are similar in mag-
nitude, indicating a linear relationship between the
thermal forcing and the response of the model. On the
other hand, if the responses of the coupled model to
these two forcings significantly deviate from antisym-
metry, it suggests that the coupled model responds
nonlinearly to these forcings.

b. Initial condition and time integrations

When the time integration of a model starts from
an initial condition that is not in equilibrium, the
model climate usually undergoes a rapid drift toward
the equilibrium state. Such a drift contaminates the
COs-induced, time-dependent response of climate,
which is the subject of the present study. Thus, it is
highly desirable that the initial condition for the time
integrations conducted here be as close to the state of
equilibrium as possible.

Recently Manabe and Stouffer (1988) have shown
that a time integration of the original version of their
model without using flux adjustments yielded an un-
realistic equilibrium state, characterized by an intense
halocline in high latitudes and the absence of a signif-
icant thermohaline circulation in the North Atlantic.
In order to offset this bias, they adjusted the flux of
water at the oceanic surface by an amount that varies
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geographically but does not change during the integra-
tion of the model. Performing this adjustment, they
obtained two stable equilibria with and without a sig-
nificant thermohaline circulation in the Atlantic Ocean,
depending upon the initial conditions chosen. Although
the latter equilibrium resembles the state obtained ear-
lier without the adjustment, the former equilibrium
with the thermohaline circulation is similar to the cur-
rent condition in the Atlantic Ocean. In the present
study, such an adjustment is performed for both water
and heat fluxes. The adjustments have no interannual
variation and are independent of the temporal variation
of the model climate. The initial condition for the time
integration and the distributions of the flux adjustments
are determined from separate integrations of the at-
mospheric and oceanic components of the model.
These preliminary integrations, as well as the synchro-
nous integration of the coupled model, are described
below.

1) ATMOSPHERIC LEG OF THE PRELIMINARY IN-
TEGRATION

Starting from the initial condition of an isothermal
and dry atmosphere at rest, the atmospheric compo-
nent of the model is time integrated over the period of
12 years with the seasonally and geographically varying,
observed sea surface temperature and sea ice as a lower
boundary condition. For this purpose, the seasonally
varying, geographical distribution of sea ice thickness
is estimated from satellite observations of sea ice con-
centration (Parkinson et al. 1987; Zwally et al. 1983).

0.4
0.3
0.2
0.1

(a) Globe

/“\
:::;(b)vw V\f
i

i

1A T

N

Py

P10

o
T T

O

—-0. I
—0,2

M hl\N\l\/\/\ AA[\
VVW

e
g

_04 Loa 1
0 IO 20 30 40 50 60 80 90 100

(c)SH

’.1.|.|L1.|4.‘:.>|.m.|.

Z

FIG. 2. The temporal variations of area-averaged deviation of an-
nual mean surface air temperature (°C) from the 100-year mean
temperature produced by the S integration of the coupled model for
(a) globe, (b) Northern Hemisphere, (¢) Southern Hemisphere.
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During the last 10 years of this integration, the model
atmosphere attained a quasi-steady state in which its
seasonal variation nearly repeats itself. The atmo-
spheric state reached at the end of the integration is
then used as the atmospheric part of the initial con-
dition for the integration of the coupled ocean-at-
mosphere model. For the determination of the flux
adjustments mentioned above, the seasonal and geo-
graphical distributions of the net downward fluxes of
heat and moisture at the oceanic surface are obtained
by averaging over the last 10 annual cycles of the at-
mospheric leg. The corresponding distribution of sur-
face momentum flux is also computed to be used as
an upper boundary condition for the oceanic leg of the
preliminary integration described below.

2) OCEANIC LEG OF THE PRELIMINARY INTEGRA-
TION

The oceanic component of the model is time inte-
grated over the period of 2400 years. The surface tem-
perature and salinity are relaxed toward the observed
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values, which vary seasonally and geographically. The
relaxation time is chosen to be 50 days, which is short
enough to prevent significant deviation of the surface
condition from the observed. The distribution of sur-
face flux of momentum from the atmospheric leg of
the integration is also imposed. In this time integration,
the approach of the deeper layers of the model ocean
toward the state of equilibrium is accelerated as de-
scribed by Bryan et al. (1975) and Bryan (1984),
thereby extending the effective length of time integra-
tion to 34 000 years. Toward the end of this integration
there is little systematic trend in the temporal variation
of the oceanic state. The oceanic state, which is reached
at the end of this integration, is used as the oceanic
part of the initial condition for the time integrations
of the coupled ocean-atmosphere model. In addition,
seasonal and geographical distributions of the surface
fluxes of water and heat, needed to maintain the re-
alistic distributions of imposed sea-surface temperature,
surface salinity, and sea ice are also computed from
the last 500 annual cycles. These fluxes are used for
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FIG. 3. Geographical distribution of annual-mean sea surface temperature (°C). (a) The simulated dis-
tribution of the temperature averaged over the 100-year period of the S integration of the coupled model.

(b) The observed distribution from Levitus (1982).






