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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
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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

VOLUME 7

292 T —T T

2901
£
. ]
4 oss- X s At
w Lad i Pyt ™ .J\'.N/\»Avb»w»vm,/ WNETY
é ,A‘/‘”¥'~ﬁ\p»\-~\l~<‘=/‘f""“f"’“‘f WAV 1
a

286% i

/S

284 L L
0 100

IPT—— | .

! _—y 1
200 300 400 500

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



JANUARY 1994

200 T T T T T T

1801 A

160}

1401

120]
o 100.
80,
60-
40-
20_

]

YEARS

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.
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(right column, g-i) from the 4XC integration. Top row: initial condition. Middle row: average over 130th~150th year. Bottom row: average

over 400th ~ 500th year. Units are in Sverdrups.

the subtropics of both hemispheres and the deep cell
in the Circumpolar Ocean of the Southern Hemisphere.
Thus, the ventilation of the deeper half of the model
oceans is reduced markedly.

It is important to note here that the thermohaline
circulation in the standard (S) integration maintained
its initial intensity throughout the course of the inte-
gration. For example, the intensity of thermohaline
circulation in the North Atlantic remains in the range
of 16 ~ 19 Sv in sharp contrast to the 4XC integrations

in which it is reduced to a few Sv as described earlier
(Fig. 4). One notes, however, that the intensity of the
thermohaline circulation fluctuates by a few Sv on a
time scale of 40-50 years. For further discussion of this
phenomenon, see Delworth et al. (1993).

In the 2XC integration, the thermohaline circulation
also weakens in the North Atlantic during the first 70
years. After the 70th year, when atmospheric carbon
dioxide ceases to increase, it continues to decrease and
is eventually reduced down to less than half of its orig-
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FIG. 6. Streamfunction of meridional circulation in the Atlantic
Ocean from the 2XC integration. (a) Initial condition. (b) Average

stored to its original intensity although it does not pen-
etrate as deeply and intensifies mostly in the North
Atlantic (Fig. 6). The slow recovery in intensity after
the 150th year of the 2XC integration underscores the
resiliency of the circulation. It also implies that the
weakening of the thermohaline circulation during the
early phases of the 2XC (or 4XC) integration is not a
collapse of the circulation due to instability. Instead,
it represents the slow adjustment of the circulation to
the evolving density structure of the model’s Atlantic
Ocean.

In the coastal seas near the Antarctic coast, ther-
mohaline circulation intensity is reduced from 8 Sv
down to only a few by the 160th year of the 2XC in-
tegration and it remains weak until the end of the ex-
periment. The formation of the Antarctic Bottom Wa-
ter ceases and the northward flow of the bottom water
disappears altogether in the Pacific Ocean.

b. Surface flux of fresh water

It has been found that the near extinction of the
thermohaline circulation described above results
mainly from the capping of oceans by relatively fresh,
low-density water in high latitudes. Figure 7 illustrates
the changes of zonal mean salinity during the entire
500-year period of the 4XC integration. According to
this figure, zonal mean surface salinity decreases in high
latitudes of both hemispheres, particularly over the
Arctic Ocean where the intense halocline prevents
mixing between the surface and deeper layers.

The reduction of surface salinity described above is
attributable to the marked increase in the supply of
fresh water at the oceanic surface (i.e., the excess of
precipitation over evaporation over oceans, runoff from
continents, and the melting of sea ice) in high latitudes.
Figure 8 compares the rates of precipitation and evap-
oration toward the end of the 4XC integration with
the rates from the S integration. This figure indicates
that in high latitudes the increase of precipitation is
much larger than that of evaporation. Because of the
increase in the moisture content of air that accompanies
the tropospheric warming, the poleward transport of
water vapor is enhanced, resulting in an increase of
the excess of precipitation over evaporation (i.e., P-E)
in high latitudes. The increase in (P-E), in turn, con-
tributes directly to an increase in the supply of fresh
water over oceans or, indirectly, through enhanced
runoff from continents. Another source of fresh water

over 140th-160th year. (c¢) Average over 400th-500th year. Units
are in Sverdrups.
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FiG. 7. The temporal variation of the latitudinal distribution of
annual mean difference of surface salinity between the 4XC and S
integrations. The salinity is zonally averaged over all oceans. Units
are practical salinity units (psu).

in the present model is the melting of sea ice. Its mag-
nitude, however, is relatively small.

Figure 9 illustrates, for both Atlantic and Pacific
oceans, Ag,, that is, the zonal mean difference in sigma-
t between the last 100-year period of the 4XC and S
integrations [ see, e.g., Neuman and Pierson (1966 ) for
the definition of sigma-¢]. It indicates the CO;-induced
change of density during the 4XC experiment. For the
Atlantic Ocean, Ag, is subdivided into two parts [Eq.
(1b)], that is, A;e, and Az, which are attributable to
the changes in salinity and temperature, respectively:

Ao, = (a)axc — (0)s (1a)
~ Ago, + Aroy, (1b)
where
Aso; = 0,(Saxc, Ts) — a(Ss, Ts), (2)
Ara; = 0(Ss, Taxc) — 0./(Ss, Ts), (3)

and suffixes 4XC and S indicate the 4XC and S inte-
grations, respectively. The distributions of the zonal
mean values of Ao, and Aro, are shown in Fig. 10.
These figures (i.e., Figs. 9 and 10) indicate that, dur-
ing the course of the 4XC integration, the density of
water is reduced substantially in the near-surface layer
of the Atlantic Ocean poleward of 45°N due mainly
to the reduction of salinity. The layer of salinity-in-
duced, negative density change becomes deeper toward
the Arctic Ocean. The development of this thick surface
layer of reduced salinity described here is attributable
not only to the increased supply of fresh water at the
oceanic surface, but also to the weakening of the ther-
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mohaline circulation, which supplies relatively saline
water to the northern North Atlantic and Norwegian
seas. In contrast to the situation in high northern lat-
itudes, the salinity-induced change of density is positive
in low latitudes (i.e., 40°N ~ 40°S) of both hemi-
spheres (Fig. 10) where water rises very slowly as a part
of the thermohaline circulation in the Atlantic Ocean
(Fig. 5a). This positive salinity change in the upper
layer of low latitudes is attributable not only to the
decrease in (P-E), but also to the reduction in the up-
ward advection of relatively fresh water due to the
weakening of the thermohaline circulation. In short,
the salinity changes of opposite sign occur in high
northern and low latitudes of the Atlantic Ocean. On
the other hand, the temperature-induced change of
density has a larger negative value in low than high
latitudes (Fig. 10). The net consequence is the reduc-
tion of density difference between the sinking region
of the northern North Atlantic and the slowly rising
region in the rest of the Atlantic and other oceans. It
contributes to the weakening and eventual disappear-
ance of the thermohaline circulation in the Atlantic.
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FIG. 8. The latitudinal profiles of zonally averaged, annual mean
rates of precipitation (top), and evaporation (bottom) averaged over
the 400th-500th-year period of the 4XC (dashed line) and S (solid
line) integrations. Units are in cm day ™.
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FiG. 9. The latitude-depth distribution of zonal mean difference
in o, between the 4XC and S integrations [i.e., Ag,, see Eq. (1a)]
averaged over the 400th ~ 500th-year period. Top: Atlantic Ocean.
Bottom: Pacific Ocean. Note that the distribution in the deeper layers
of ocean is not shown for the economy of space. The salinity is zonally
averaged over all oceans. Units are practical salinity units.

A similar mechanism is involved in the weakening
of the thermohaline circulation in the North Atlantic
during the first 150 years of the 2XC integration. On
the other hand, the slow recovery in the intensity of
the circulation after the 150th year is attributable, in
no small part, to the development and intensification
of the subsurface positive temperature anomaly in low
and middle latitudes of the North Atlantic. After the
70th year of the 2XC integration when the atmospheric
CO, stops increasing and the rates of surface warming
and freshing slow down abruptly, the thermohaline
circulation continues to weaken in the Atlantic Ocean,
reducing the upward advection of relatively cold water
in low and middle latitudes. Thus, the subsurface layer
of maximum warming develops between the equator
and 45°N latitudes (Fig. 11). After the 150th year, the
layer of relatively large warming extends downward
and southward due mostly to isopycnal mixing (see
Fig. 11). The resulting increase in the density contrast
between the sinking and rising regions overshadows
the salinity-induced change in meridional density con-
trast in the upper layer of the North Atlantic and is
responsible for the slow recovery of the thermohaline
circulation mentioned above.

In the 4XC integration, the temporal variation of
the thermohaline circulation is significantly different
from the 2XC integration described above. In the
northern North Atlantic, the rate of freshwater supply
continues to increase much longer than in the 2XC
integration. By the 140th year when atmospheric CO,
stops increasing, the capping by a near-surface layer of
very low salinity is so effective that the formation of
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deep water nearly ceases in high latitudes. By the 220th
year, when surface salinity stops decreasing, the ther-
mohaline circulation becomes very weak not only in
the Northern but also in the Southern Hemisphere,
and the entire Atlantic gets into the state of inac-
tive thermohaline circulation despite the substantial
warming of upper oceanic layers in low latitudes. Thus,
it does not recover as it does in the 2XC integration.

In the northern North Pacific and immediate vicinity
of the Antarctic continent, the salinity-induced reduc-
tion of density is essentially confined to the thin surface
layer in contrast to the situation in the North Atlantic.
Nevertheless, the salinity reduction in the Southern
Ocean appears to be large enough to weaken and make
shallower the thermohaline overturning in the Weddell
and Ross seas, markedly reducing the formation of the
Antarctic Bottom Water as described below.

The increase of the static stability resulting from the
reduction of salinity in the upper layer of oceans in
high latitudes not only weakens thermohaline circu-
lation but also drastically reduces the convective activ-
ity in the model oceans. Figure 12 illustrates the zonal
mean rate of temperature change attributable to con-
vection for both the standard (S) and the last 100-year
period of the 4XC integration. This figure indicates
that, in the standard experiment, convection penetrates
deeply in high latitudes of the Northern Hemisphere
and in the immediate vicinity of the Antarctic conti-
nent. (Although it is not shown here, convection pen-
etrates very deeply in the northern North Atlantic and
down to an intermediate depth of | km in the northern
North Pacific.) However, convection becomes very

km
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FIG. 10. The latitude-depth distribution of zonal mean values of
Aga, (top) and Aro, (bottom) in the Atlantic Ocean averaged over
the 400th-500th-year period of the 4XC experiment. See Egs. (2)
and (3) for the definition of Age, and Ao, respectively. Note that
the distribution in the deeper layers of ocean is not shown for economy
of space. Units are in practical salinity units.
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F1G. 11. Latitude-depth distribution of zonal mean difference in
temperature ( °C) between the 2XC and S integration for the 140th-
160th-year period (top) and 400th-500th-year period (bottom).

shallow and is essentially confined to the near-surface
layer of oceans toward the end of the 4XC integration,
with the exception of the Ross Sea where it penetrates
down to an intermediate depth. In short, the deeper
half of the model oceans is no longer ventilated through
either thermohaline or convective overturning. Thus,
the formation of Atlantic Deep Water is terminated
and that of the Antarctic Bottom Water is reduced
markedly by the end of the 4XC integration.

In SM, it was noted that the present model tends to
overestimate the rate of precipitation in high latitudes
(Figs. 8 and A1). Recently, it has been found that this
tendency is reduced substantially when the horizontal
resolution of the model is doubled (from rhomboidal
15 to 30). Nevertheless, the equilibrium response ex-
periments conducted by an atmosphere-mixed layer
ocean model indicate that the change in the precipi-
tation rate due to the doubling of atmospheric carbon
dioxide is hardly different in high latitudes between the
two versions of the model with the two different hor-
izontal resolutions (i.e., rhomboidal 15 and 30). These
experiments suggest that the increase in the excess of
precipitation over evaporation (i.e., P-E) may not be
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FIG. 12. Zonal mean rate of temperature change (°C 10 yr™')
attributable to convection in the model oceans. Top: standard inte-
gration (0-100th year). Bottom: 4XC integration (400th-500th year).

exaggerated by the present model as speculated by
Manabe et al. (1991) (see the Appendix for further
details).

In addition to the sources of fresh water discussed
so far, there is another potential source, that is, the
melting of continental ice sheets, which is estimated
separately for our information. Figure 13 compares,
for the 4XC integration, the change in the rate of the
meltwater supply from the Greenland ice sheet with
the two components of freshwater flux that are inte-
grated over the region northward of 50°N latitude.
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FG. 13. The changes in the annual mean rates of 1) the excess of
precipitation over evaporation (i.e., P — E) plus the runoff from
continents and, 2) the net melting of sea ice during the 4XC inte-
gration, area integrated over the region northward of 50°N latitude.
Here, precipitation (P), evaporation (E), and runoff (r,) involve
both water and ice flux. In addition, total melting at the surface of
Greenland ice sheet (3) is shown for comparison. Units are in Sver-
drups.
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These components are 1) the excess of precipitation
over evaporation (i.e., P-E) together with runoff from
continents, 2) the net melting of sea ice and, 3) the
meltwater from ice sheets (assuming all meltwater goes
into the oceans) (shown for comparison). This figure
clearly indicates that (P-E) together with runoff is the
most important source of fresh water at the oceanic
surface of the model, and is about 2.5 times as large
as the potential contribution from the melting of the
Greenland ice sheet. It could be three to five times
larger if one considers that a substantial fraction of
meltwater might refreeze before reaching outside an
ice sheet. Nevertheless, the runoff from the melting ice
sheet, if it were included, could have reduced signifi-
cantly the salinity of near-surface water, thereby con-
tributing even further to the weakening of the ther-
mohaline circulation in the Atlantic Ocean. The con-
tribution from the melting of sea ice, however, appears
to be negligible.

The temporal variation in the rate of the meltwater
supply from the Greenland ice sheet is compared with
the corresponding variation from the Antarctic ice sheet
(Fig. 14). The slower increase of meltwater from the
Antarctic as compared with the Greenland ice sheet is
attributable mainly to the relatively slow increase of
sea surface temperature in the Circumpolar Ocean dis-
cussed in SM and section 6. Nevertheless, it could also
have a significant effect upon the intensity of the ther-
mohaline circulation near the Antarctic continent to-
ward the end of the 4XC experiment as the antarctic
melt rate begins to approach the Greenland rate.

As noted in section 2, the runoff of the meltwater
from ice sheets into oceans and its effect upon the sa-
linity of oceans is not incorporated in the present
model. In view of our ignorance of the refreezing of
meltwater and spectral truncation of ice sheet topog-
raphy in the model, the estimate of ice sheet melting
described above should be regarded as highly tentative.
For further discussion of this issue, see Manabe and
Broccoli (1985) and Broccoli and Manabe (1993).

5. Zonal mean response

The disappearance of thermohaline circulation in
the 4XC integration has a profound impact on the
structure of the thermocline and the distribution of
water masses in the model oceans. Firstly, one notes
the marked intensification, deepening, and southward
extension of the halocline in the Arctic and surrounding
oceans, particularly in the Atlantic section (Fig. 15).
As discussed already, these changes are attributable to
not only the increased supply of fresh water, but also
the marked reduction in the northward advection of
saline water in the near-surface layer of oceans. Some
intensification and deepening of the pycnocline are also
evident in the near-surface layer close to the Antarctic
continent. However, they are much less pronounced
than its arctic counterpart (Fig. 15).
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FIG. 14, Temporal variation in the annual mean rates of meltwater
supply from the Greenland and Antarctic ice sheets. Units are in
Sverdrups.

In general, the thermocline deepens substantially
during the course of the 4XC integration. The deep-
ening is particularly pronounced in the North Atlantic
where contours of both salinity and temperature spread
much more deeply (Figs. 15, 16). The marked reduc-
tion in the southward advection of relatively cold and
fresh deep water by the thermohaline circulation is re-
sponsible for the deep penetrations of temperature and
salinity contours in the North Atlantic. In the Pacific
sector, the deepening of thermocline is much less than
the Atlantic sector.

The CO;-induced change in the zonal mean tem-
perature of the coupled model during the 4XC inte-
gration is obtained as the difference between the last
100-year period of the 4XC and the S integration and
is shown in Fig. 17. This figure clearly indicates the
deep penetration of warming particularly in the ocean
surrounding the Antarctic continent. In most low and
middle latitudes, the warming is at a maximum in the
subsurface layer of oceans. As the thermohaline cir-
culation weakens, the upward advection of relatively
cold water is reduced in low latitudes, enhancing the
continued warming of the subsurface layer in the At-
lantic. In addition, the abrupt cessation of the increase
in atmospheric carbon dioxide around the 140th year
of the 4XC integration reduced the rate of the warming
of the surface layer and contributes to the formation
of the subsurface maximum.

In the model atmosphere, the increase of zonal mean
temperature is particularly large in the near-surface
layer over the Arctic Ocean (Fig. 17) where the air-
sea heat exchange is enhanced by the thinning and
disappearance of sea ice. Furthermore, the albedo
feedback involving sea ice and snow also amplifies the
warming. In the vicinity of the Antarctic continent,
the warming is much less than the Arctic due to the
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F1G. 15. Latitude-depth distribution of zonally averaged, annual mean salinity (psu) in the Atlantic (left column),
and Pacific (right column) from the 4XC integration. Top row: initial condition. Bottom row: 400th-500th year average.

deep vertical mixing of heat in the Weddell and Ross
seas, as discussed extensively in SM. In low latitudes,
the warming is smaller than high northern latitudes in
the near-surface layer of the model atmosphere and
increases with increasing altitude (Fig. 17). Owing to
moist convection, the vertical temperature gradient of
the model troposphere in low latitudes is constrained
toward the moist-adiabatic lapse rate, which decreases
with increasing surface temperature. Accordingly, the
tropical lapse rate of the model decreases with time,
yielding the vertical warming profile described above.
In the model stratosphere, temperature is reduced sub-
stantially during the course of the integration. Together
with the large increase of the upper-tropospheric tem-
perature, this cooling should result in a significant in-
crease in the height of the tropopause.

6. Geographical structure

The geographical distributions of surface salinity in
the beginning and toward the end of the 4XC integra-

tion are illustrated in Fig. 18 together with the difference
between the two. This figure clearly indicates a marked
reduction of surface salinity in high latitudes of both
hemispheres, which results from the increased supply
of fresh water, as already discussed. The reduction is
particularly pronounced over the Arctic Ocean and
northern North Atlantic, as discussed already. It is no-
table that the surface salinity over the northern North
Atlantic becomes as low as the northern end of the
Pacific Ocean toward the end of the 4XC integration.

In low latitudes, surface salinity increases substan-
tially over the tropical Atlantic (Fig. 18). As noted in
the preceding section, the weakening and disappear-
ance of the thermohaline circulation results in the re-
duction in the upward advection of relatively fresh wa-
ter, thereby increasing the near-surface salinity in low
latitudes.

The geographical distributions of the increase in sea
surface temperature obtained from both the 4XC and
2XC integrations are far from uniform. For example,
despite the increase of atmospheric carbon dioxide, the
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FIG. 16. Latitude-depth distribution of zonally averaged, annual mean temperature (°C) in the Atlantic (left column)
and Pacific (right column) from the 4XC integration. Top row: initial condition. Bottom row: 400th-500th year average.

increase of sea surface temperature around the 140th
year of the 4XC integration is close to zero in the
northern North Atlantic and the vicinity of the Ant-
arctic continent (Fig. 19a). As discussed extensively
in SM, the deep vertical mixing of heat trapped by
increasing atmospheric carbon dioxide helps reduce the
warming of the sea surface and is partly responsible
for the slow rise of sea surface temperatures in these
regions. In the North Atlantic, the reduction in the
northward advection of warm surface water due to the
weakening of the thermohaline circulation also reduces
the warming. In the Ross and Weddell seas, the capping
of the surface by relatively fresh water reduces the fre-
quency of convective overturning between the cold
near-surface and slightly warmer subsurface water, re-
sulting in the slight reduction of sea surface temperature
as discussed, for example, by Manabe et al. (1990).
Over the Arctic Ocean where the vertical mixing of
heat is small due to the existence of an intense halo-
cline, the increase of sea surface temperature is also
small because remaining sea ice keeps surface water

temperature near the freezing point. The change of sea
surface temperature during the first 140-year period of
the 4XC integration is qualitatively similar to the results
obtained by SM. Refer to their study for further dis-
cussion of the change.

After the first 140 years of the 4XC integration, sea
surface temperature continues to increase slowly in
most of the model oceans despite the absence of an
increase in the atmospheric carbon dioxide. The change
in sea surface temperature during most of the 4XC
integration is obtained as the difference between the
last 100-year period of the 4XC and S integrations and
is shown in Fig. 19b. In this figure, one can still identify
narrow regions of no temperature change to the south
of Greenland and near the Antarctic coast. Because of
the marked reduction of vertical mixing, which ac-
companies the weakening of thermohaline circulation,
the regions of relatively small sea surface temperature
change become much narrower.

Figure 19b also indicates that the increase of sea
surface temperature is most pronounced in the north-
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FI1G. 17. Latitude-height (or depth) distribution of zonally aver-
aged, annual mean difference in temperature (°C) between the 4XC
and the S integrations averaged over the 400th—500th year period.
Top: atmosphere. Bottom: ocean.

ern end of the Pacific Ocean, reaching 8°C by the end
of the 4XC integration. It is also large near Greenland
and in the Berents Sea. In the Southern Hemisphere
the warming is relatively large in the South Atlantic
aro