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ABSTRACT

To speculate on the future change of climate over several centuries, three 500-year integrations of a coupled
ocean-atmosphere model were performed. In addition to the standard integration in which the atmospheric
concentration of carbon dioxide remains unchanged, two integrations are conducted. In one integration, the
CO, concentration increases by 1% yr™' (compounded) until it reaches four times the initial value at the 140th
year and remains unchanged thereafter. In another integration, the CO, concentration also increases at the rate
of 1% yr™! until it reaches twice the initial value at the 70th year and remains unchanged thereafter.

One of the most notable features of the CO,-quadrupling integration is the gradual disappearance of ther-
mohaline circulations in most of the model oceans during the first 250-year period, leaving behind wind-driven
cells. For example, thermohaline circulation nearly vanishes in the North Atlantic during the first 200 years of
the integration. In the Weddell and Ross seas, thermohaline circulation becomes weaker and shallower, thereby
reducing the rate of bottom water formation and weakening the northward flow of bottom water in the Pacific
and Atlantic oceans. The weakening or near disappearance of thermohaline circulation described above is
attributable mainly to the capping of the model oceans by relatively fresh water in high latitudes where the
excess of precipitation over evaporation increases markedly due to the enhanced poleward moisture transport
in the warmer model troposphere.

In the CO,-doubling integration, the thermohaline circulation weakens by a factor of more than 2 in the
North Atlantic during the first 150 years but almost recovers its original intensity by the 500th year. The increase
and downward penetration of positive heat and temperature anomaly in low and middle latitudes of the North
Atlantic helps to increase the density contrast between the sinking and rising regions, contributing to this slow
recovery. The recovery is aided by the gradual increase in surface salinity that accompanies the intensification
of the thermohaline circulation.

During the 500-year period of the doubling and quadrupling experiments, the global mean surface air tem-
perature increases by about 3.5°C and 7°C, respectively. The rise of sea level due to the thermal expansion of
sea water is about 1 and 1.8 m, respectively, and could be much larger if the contribution of meltwater from
continental ice sheets were included. It is speculated that the two experiments described above provide a probable

JANUARY 1994

range of future climate change.

1. Introduction

The CO,-induced change of climate has been the
subject of many studies using general circulation mod-
els of the coupled ocean-atmosphere system (e.g.,
Bryan et al. 1982; Spelman and Manabe 1984; Schle-
singer et al. 1985; Bryan and Spelman 1985; Bryan et
al. 1988; Washington and Meehl 1989; Stouffer et al.
1989; Manabe et al. 1991, 1992; Cubasch et al. 1992).
This study, recently summarized by Manabe and
Stouffer (1993), is an extension of the earlier studies
by Stouffer et al. and Manabe et al., which explored
the response of a coupled ocean—-atmosphere model to
a gradual increase of atmospheric carbon dioxide.
(Hereafter, these earlier studies will be referred to as
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SM for the convenience of identification.) By exam-
ining the multiple-century responses of the coupled
model to the quadrupling and doubling of atmospheric
CO,, the present study examines the robustness of the
results from the earlier work. The study also speculates
on the nature of a large change of climate that may
occur in the more distant future.

Stouffer and Manabe noted that the CO,-induced
warming of sea surface temperature is delayed mark-
edly in the northern North Atlantic and the Circum-
polar Ocean of the Southern Hemisphere due partly
to the deep mixing of heat trapped by the increasing
greenhouse gas. This study investigates whether such
a delay continues when the time integration of the
coupled model is extended over several centuries.

Based upon the paleo-oceanographic evidence,
Broecker (1987) raised the possibility that the ther-
mohaline circulation in the Atlantic and the rest of the
world oceans may undergo an abrupt change in re-
sponse to the global warming of climate. Using a cou-
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pled ocean-atmosphere model with a sector compu-
tational domain bounded by two meridians 120° lon-
gitude apart and the equator, Bryan and Spelman
(1985) showed that the thermohaline circulation in a
model ocean with an idealized geography disappears
in response to an abrupt quadrupling of the atmo-
spheric carbon dioxide. In SM, it was noted that the
intensity of the thermohaline circulation in the North
Atlantic Ocean was weakened significantly in response
to the gradual increase of atmospheric CO,, due mainly
to the capping of high-latitude oceans by relatively fresh
near-surface water. The present study explores how the
thermohaline circulation, as well as other features of
the coupled ocean-atmosphere model, evolves as the
concentration of atmospheric CO; gradually increases
and remains four times or twice the initial value over
many centuries.

2. Coupled ocean-atmosphere model
a. Model structure

The coupled ocean—-atmosphere model used for this
study is identical to the model described and used by
Manabe et al. (1991). It is a general circulation model
of oceans coupled to a general circulation model of the
atmosphere. Heat and water budgets of the continental
surface are included. The model has a global geography
and seasonally varying insolation.

In the atmospheric component of the model, dy-
namic computations are performed using the so-called
spectral element method in which the horizontal dis-
tributions of predicted variables are represented by a
series of spherical harmonics and grid values (Orszag

"1970; Gordon and Stern 1982). For the economy of
computer time, the spherical harmonics consist of only
15 zonal sinusoidal waves and 15 associated Legendre
functions (i.e., thomboidal 15 resolution). There are
nine finite-difference levels in the vertical. The effects
of cloud, water vapor, carbon dioxide, and ozone are
included in the calculations of solar and terrestrial ra-
diation. Water vapor and precipitation are predicted
in the model, but uniform CO, mixing ratio and zon-
ally uniform distributions of ozone are prescribed.
Overcast cloud is assumed whenever relative humidity
exceeds a certain critical value. Otherwise, clear sky is
prescribed.

The basic structure of the oceanic component of the
model resembles the model described by Bryan and
Lewis (1979). The finite-difference mesh used for the
time integration of the primitive equation of motion
has a spacing between grid points of 4.5° latitude and
3.7° longitude. It has 12 finite-difference levels in the
vertical. In addition to the horizontal and vertical
background mixing and convective overturning, the
model has isopycnal mixing as discussed by Bryan
(1987). For the specific choice of parameters in the
formulation of subgrid-scale mixing processes, see
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Manabe et al. (1991), The model predicts sea ice using
a simple model developed by Bryan (1969).

The atmospheric and oceanic components of the
coupled model interact with each other through the
exchanges of heat, water, and momentum at their in-
terface. The water flux includes runoff of not only water
but also ice from the continents. The runoff into oceans
is computed assuming that it flows toward the direction
of steepest descent. It is also assumed that an ice sheet
does not melt and the net snow accumulation over it
cannot exceed 20 cm of water equivalent, thereby pre-
venting the significant change in the shape of an ice
sheet.

For the purpose of bookkeeping, the melting rate of
an ice sheet is nevertheless computed from the surface
heat budget involving the fluxes of solar and terrestnial
radiation, and latent and sensible heat (e.g., Manabe
and Broccoli 1985). When the equilibrium tempera-
ture at the snow-free surface of an ice sheet exceeds
the freezing point of water, it is assumed that surface
temperature remains at the freezing point and the ex-
cess heat is used for melting the ice surface. The com-
putation scheme is similar to what is used for estimating
the rate of snowmelt by Manabe (1969).

b. Time integration

To explore the future change of climate over many
centuries, three long-term integrations of the coupled
model were performed varying the atmospheric CO,
concentration as illustrated in Fig. 1. Starting from an
initial condition, which is in a quasi-equilibrium state
identified in section 2c, the standard time integration
of the coupled model (hereafter referred to as the S
integration) was performed, maintaining the normal
concentration of atmospheric CO,. In addition, two
500-year integrations were performed from two slightly
different initial conditions. In one integration, referred
to as the 4XC integration, the CO, concentration in
the atmosphere increased by 1% yr™! (compounded)
until it reached four times the normal value at the 140th
year and remained unchanged thereafter. [ Following
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FiG. 1. Schematic of the temporal variation of the logarithm of
atmospheric CO; concentration used in the 4XC, 2XC, and S inte-
grations.
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the “Business-as-Usual” scenario of the IPCC (1990),
the total CO,-equivalent radiative forcing of greenhouse
gases other than water vapor is currently increasing at
the rate of approximately 1% yr~'.] The initial con-
dition for this integration is constructed as described
in section 2c¢. In another integration (hereafter referred
to as the 2XC integration ) the CO, concentration was
increased by the rate of 1% yr~! until it reached twice
the normal value at the 70th year and remained un-
changed thereafter. For this integration, the initial
condition is extracted from the standard (S) integration
but is slightly different from the condition from which
both the 4XC and S integrations are initiated. The in-
fluences of the eventual quadrupling and doubling of
atmospheric carbon dioxide are evaluated by comput-
ing the difference between the 4XC and S, and 2XC
and S integrations, respectively. Accordingly, these two
pairs of integrations will be identified as quadrupling
and doubling experiments in this study. The “Business-
as-Usual” scenario of the IPCC (1990) achieves a
quadrupling of the CO; equivalent of greenhouse gases
other than H,0 between 1960 A.D. and 2100 A.D. A
major effort may be required to prevent the quadru-
pling of the CO, concentration in the atmosphere (see,
e.g., Walker and Kasting 1992 ). We speculate that the
eventual doubling and quadrupling of atmospheric
carbon dioxide in the 2XC and 4XC integrations may
provide two of the possible scenarios for a future change
in the CO, equivalent of greenhouse gases.

¢. Initialization and flux adjustments

When the time integration of a model starts from
an initial condition that is not in equilibrium, the
model climate often undergoes a rapid drift toward the
state of equilibrium. For example, Manabe and Stouffer
(1988) noted such a drift in the time integration of
their coupled model, eventually yielding an unrealistic
state characterized by an intense halocline in high lat-
itudes and the absence of thermohaline overturning in
the North Atlantic. Such a drift could distort the CO,-
induced, time-dependent response of the coupled
model, which is the subject of the present study. Thus,
it is highly desirable to minimize the initial drift of the
model climate.

To reduce the drift of the model climate from a re-
alistic initial condition, which is close to the state of
equilibrium, the fluxes of both heat and water at the
ocean-atmosphere interface are adjusted by amounts
that vary seasonally and geographically. However, these
adjustments, determined by the procedures described
below, do not change from one year to the next and
are independent of the magnitudes of the anomalies
in temperature and salinity at the oceanic surface.
Thus, they do not explicitly affect the damping rate of
these anomalies. Furthermore, the adjustments are re-
sponsible for maintaining surface temperature and sa-
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linity near the observed distributions, despite the sys-
tematic bias of the model. Thus, they allow the model
state to be perturbed or fluctuate around a realistic
surface condition.

The procedures of initialization and flux adjustment
were discussed in detail by Manabe et al. (1991).
However, they are described below in three steps for
the convenience of assessing the results obtained from
the present study.

1) STEP I: ATMOSPHERIC MODEL INTEGRATION

Starting from the initial condition of an isothermal
and dry atmosphere at rest, the atmospheric compo-
nent of the model is integrated over a period of 12
years with seasonally and geographically varying, ob-
served sea surface temperature [compiled by Levitus
(1982)] and sea ice as a lower boundary condition.
The distribution of sea ice thickness used here is sub-
jectively determined by referring to satellite and in situ
observations of the concentration and thickness of sea
ice, respectively. A few years after the beginning of this
integration, the model atmosphere attained a quasi-
steady state in which its seasonal variation nearly re-
peats itself. The atmospheric state reached at the end
of this integration is then used as the atmospheric part
of the initial condition for the 4XC integration of the
fully coupled ocean—-atmosphere model. For the de-
termination of flux adjustments mentioned above, the
seasonal and geographical distribution of net downward
fluxes of heat and moisture at the oceanic surface are
obtained by averaging over the last 10 annual cycles
of the atmospheric integration. The distribution of net
surface momentum flux is also computed to be used
as an upper boundary condition for the oceanic inte-
gration of step II described below.

2) STEP II: OCEANIC MODEL INTEGRATION

Following the atmospheric integration described
above, the oceanic component of the model is inte-
grated for 2400 years. Surface temperature, salinity,
and sea ice thickness are relaxed toward the observed
values [compiled by Levitus (1982)], which vary sea-
sonally and geographically. Here, the relaxation time
is chosen to be 50 days, which is short enough to keep
the surface condition close to the observed and long
enough not to constrain the model ocean too stiffly
and to avoid small-scale irregularity in the distribution
of the implied heat exchange at oceanic surface. The
surface flux of momentum, which was obtained from
the step I integration of the atmospheric model and
varies seasonally and geographically, is also imposed
as a part of a surface boundary condition. Throughout
this oceanic integration, the approach of the deeper
layers of the model ocean toward the equilibrium state
is accelerated as described by Bryan et al. (1975),
thereby extending the effective length of time integra-
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tion from 2400 years, mentioned above, to 34 000
years. There are no trends in the model oceans toward
the end of this integration. The state reached through
this integration is used as the oceanic part of the initial
condition for the integration of the fully coupled model.
The seasonal and geographical distributions of surface
heat and water fluxes, implied in the relaxation toward
realistic surface temperature, surface salinity, and sea
ice, are determined from the last 500 years of the in-
tegration. These fluxes are used for the determinations
of the surface flux adjustments as described in step III.

3) STEP III: DETERMINATIONS OF FLUX
ADJUSTMENTS FOR COUPLED MODEL

The states of the atmosphere and oceans, which were
reached toward the end of steps I and II, respectively,
are combined to construct the initial condition for the
time integration of the coupled ocean-atmosphere
model used in the present study. In addition, the dif-
ferences between the two sets of heat and water fluxes
obtained from the atmospheric and oceanic integra-
tions (i.e., steps I and II, respectively) are computed.
In the integration of the coupled model, the interfacial
fluxes of heat and water from the atmospheric com-
ponent of the coupled model are modified by the
amount that is equal to the difference between the two
sets of fluxes mentioned above. Although the adjust-
ments are independent of the magnitude of the anom-
alies of sea surface temperature and salinity, it is en-
couraging that the coupled model exhibits only a very
small trend throughout the course of the S integration
(see Fig. 2). Identical adjustments of heat and water
fluxes are also performed in not only the standard but
also the 4XC and 2XC integrations.

3. Global mean response

a. Surface air temperatures

Figure 2 contains the time series of global mean sur-
face air temperature from the 4XC and 2XC integra-
tions. For reference, the time series from the S inte-
gration is also added to the same figure. During the

first 140 years of the 4X C integration when atmospheric

carbon dioxide concentration increases by 1% yr !, the
global mean surface air temperature increases by 5°C,
at a rate of approximately 3.5°C century~!. This rate
is slightly larger than the rate of 3.0°C century !, which
is the best estimate of the IPCC (1990 ) for the Business
as Usual emission of greenhouse gases. After the 140th
year, global mean surface air temperature increases by
an additional 1.5°C despite the absence of CO; increase
in the model atmosphere. This slow increase results
partly from the very slow adjustment of sea surface
temperature toward equilibrium in the northern North
Atlantic and the immediate vicinity of the Antarctic
continent, where the effective thermal inertia of the
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FIG. 2. Temporal variation of the global mean surface air tem-
perature from the 4XC, 2XC, and S integrations. Units are in kelvin.

ocean is very large due to the deep vertical mixing of
heat.

A qualitatively similar feature is evident in the time
series of the 2XC integration. During the first 70 years,
when atmospheric carbon dioxide increases by
1% yr™!, the global mean temperature increases by
2.2°C, again at the rate of about 3.5°C century ~' and
is nearly identical to the rate during the first 140 years
of the 4XC integration despite the slight difference in
initial condition between the two integrations. After
atmospheric carbon dioxide concentration stops in-
creasing at the 70th year, the global mean surface air
temperature increases by an additional 1°C. However,
the rate of warming is about 0.2° ~ 0.25°C century ~*,
which is about half the residual warming rate of 0.4°
~ 0.5°C century ™! in the 4XC experiment. As dis-
cussed in section 4b, the vertical mixing of heat due
to thermohaline circulation and convective overturning
in the 4XC experiment decreases much more than in
the 2XC experiment, thereby reducing faster the effec-
tive thermal inertia of oceans. Accordingly, after ces-
sation of the increase in atmospheric CO,, the approach
of global mean surface air temperature toward the
equilibrium value is faster in the 4XC than the 2XC
experiment as indicated in Fig. 2.

b. Sea level

The temporal variations of the global mean sea level
due to the thermal expansion of sea water are obtained
for both the 4XC and 2XC experiments and are shown
in Fig. 3. Although sea level is not explicitly computed
in the present model, the global mean sea level rise
shown here is computed separately by summing up the
local change in specific volume for the entire world
ocean (Bryan and Hsieh 1993).

Figure 3 indicates that, during the first few decades
of the 4XC experiment, sea level rises at the rate of
approximately 1 cm decade™!. The rate increases up
to about 5 cm decade ™! by the 100th year. The sea
level continues to rise at this rate until about the 180th
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FiG. 3. Temporal variation of the global mean sea level from the
4XC and 2XC experiments. The 4XC and 2XC time series represent
the difference between the 4XC and S, and 2XC and S integrations,
respectively. Units are in centimeters.

year. Even after the 180th year, the rate of sea level
rise is reduced only very gradually. As discussed in sec-
tion 5, the gradual, downward penetration of positive
temperature anomaly in the model oceans is mainly
responsible for the continuous sea level rise after the
140th year when the atmospheric CO, stops increasing.

In the 2XC experiment, the initial rate of sea level
rise is nearly identical to the initial rate in the 4XC
experiment. By the 70th year when atmospheric carbon
dioxide stops increasing, the rate of sea level rise reaches
3 cm decade ™! and stays at this value until about the
110th year when it begins to decrease very gradually.
A qualitatively similar feature is indicated in the curve
of sea level rise obtained by Warrick and Oerlemans
[Fig. 9.8 of IPCC (1990)]. Note, however, that their
result includes the contribution of meltwater from ice
sheets and mountain glaciers.

Because of the downward penetration of a larger
temperature anomaly, the rate of sea level rise is larger
in the 4XC than the 2XC experiment even after the
atmospheric CO, stops increasing in both experiments.
Thus, the total sea level rise over the entire 500-year
period of the 4XC experiment amounts to about 1.8
m and is substantially larger than the corresponding
rise of about 1 m in the 2XC experiment.

Although the meltwater from continental ice sheets
is not included in the computation of sea level rise
mentioned above, the rate of melting at the surface of
ice sheets has been estimated as described in section
2b for the sake of bookkeeping. Assuming that the
meltwater does not refreeze at all in the ice sheet, sea
level would rise by as much as an additional 7 m during
the 500-year period of the 4XC integration, resulting
in a total sea level rise of about 9 m. Even if only half
of the meltwater were to eventually run off into the
oceans, the total sea level rise would be about 5 m.
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(For the temporal variation of the meltwater from
continental ice sheets, see Fig. 14 in section 4b.)

4. Thermohaline circulation
a. Temporal variation

One of the most remarkable aspects of the 4XC in-
tegration is the gradual disappearance of the thermo-
haline circulations in the model oceans. For example,
the thermohaline circulation almost vanishes in the
North Atlantic Ocean before the end of the 4XC in-
tegration (Fig. 4). It weakens rapidly during the first
140 years of the CO; increase, and continues to decrease
after the 140th year despite the absence of the CO,
increase until its intensity is reduced to a few Sverdrups
(1 Sv = 10°® m?®s™') around the 200th year. During
the second half of the integration, very weak overturn-
ing is essentially confined equatorward of 45°N with
practically no sinking in the northern North Atlantic
(Fig. 5¢). In the immediate vicinity of the Antarctic
continent, the thermohaline overturning not only
weakens markedly but also shifts toward the surface
during the first 140 years of the 4XC integration (Figs.
5g and Sh). Although the coastal cell of thermohaline
circulation reintensifies slightly after the 140th year, it
is essentially confined to the top 1.5-km layer of ocean,
(Fig. 5i), resulting in a marked reduction of the for-
mation of Antarctic Bottom Water. Thus, the north-
ward flow of the bottom water stops and the deep cell
of clockwise circulation disappears in the Pacific Ocean
(Fig. 5f). The reduction in the formation of the Ant-
arctic Bottom Water (AABW) also affects deep cir-
culation in the Atlantic sector. Although the clockwise
cell of AABW in the Atlantic intensifies during the first
140 years as the upper thermohaline cell becomes shal-
lower, it eventually disappears and the northward flow
of the bottom water also stops for all practical purposes
toward the end of the 4XC integration (Fig. 5¢). In
summary, most of the thermohaline circulations dis-
appear in the model oceans toward the end of the 4XC
integration, leaving the wind-driven, shallow cells in
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FIG. 4. Temporal variation of the intensity of the thermohaline
circulation in the North Atlantic Ocean from the 4XC, 2XC, and §
integrations. Here the intensity is defined as the maximum value of
the streamfunction representing the meridional circulation in the
North Atlantic Ocean (e.g., Fig. 5a). Units are in Sverdrups.






