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ABSTRACT

This article discusses the rôle of the THC in climate, based upon the results of several numerical
experiments which use a coupled ocean-atmosphere model developed at the Geophysical Fluid
Dynamics Laboratory of NOAA, USA. The first part of the article explores the mechanism which is
responsible for the abrupt climate change such as the Younger Dryas event using the coupled model.
In response to the freshwater discharge into high north Atlantic latitudes over a period of 500 years,
the THC in the Atlantic Ocean weakens, reducing surface air temperature over the northern north
Atlantic Ocean, the Scandinavian Peninsula, and the circumpolar ocean and Antarctic Continent of
the southern hemisphere. Upon the termination of the water discharge at the 500th year, the THC
begins to intensify, regaining its original intensity in a few hundred years. In addition, the sudden
onset and the termination of the discharge of freshwater induces the multidecadal fluctuation in the
intensity of the THC, which generates the almost abrupt change of climate. It is noted that similar
but much weaker oscillation of the THC is also evident in the control integration of the coupled
model without freshwater forcing. The irregular oscillation of the THC mentioned above appears to
be related to the fluctuation of the Subarctic Gyre and associated east Greenland current, yielding
the evolution of the surface salinity anomaly which resembles that of ‘‘great salinity anomaly’’. The
secondpart of this article describes the response of a coupled ocean-atmospheremodel to the doubling
and quadrupling of atmospheric carbon dioxide over centuries time-scale. In one integration, the
CO2 concentration increases by 1%/year (compounded) until it reaches 4× the initial value at the
140th year and remains unchanged thereafter. In another integration, the CO2 concentration also
incleases at the rate of 1%/year until it reaches 2× the initial value at the 70th year and remains
unchanged thereafter. One of the most notable features of the CO2-quadrupling integration is the
gradual disappearance of thermohaline circulation in most of the model oceans during the first
250-year period, leaving behind wind-driven cells. For example, thermohaline circulation nearly van-
ishes in the north Atlantic by the 250 years of the integration and remains very weak until the 900th
year. However, it begins to restore the original intensity by the 1600th year. In the CO2-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 weakening
of the THC moderates temporarily the greenhouse warming over the north Atlantic Ocean and its
vicinity. In both numerical experiments described above, the initial weakening of the THC results
from the capping of oceanic surface by relatively fresh, low-density water, which surpresses the con-
vective cooling of water in the sinking region of the THC.

1. Introduction model in which general circulation models of the
atmosphere and ocean are combined with that of

One of the most valuable tools used for the oceans. It was the late 1960s when Manabe and
study of climate is a coupled ocean-atmosphere Bryan (1969) developed and used a coupled ocean-

atmosphere model in order to explore the rôle of
oceanic circulation in maintaining climate. This* Corresponding author.

email: sm@frontier.esto.or.jp paper explores the rôle of the thermohaline circu-
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lation in shaping climatic change, based upon the 2. Coupled model
results from recent studies which use a coupled

ocean-atmosphere model developed at the 2.1. Model structure
Geophysical Fluid Dynamics Laboratory of

The coupled atmosphere-ocean-land surface
NOAA.

model used here was developed to study the
In the Atlantic Ocean, the THC transports

climate response to increasing greenhouse gases,
warm saline surface water towards high latitudes,

and will hereafter be called the coupled model, for
thereby keeping the sea-surface temperature of the

simplicity. The structure and performance of the
northern North Atlantic higher than that of the

model were described by Manabe et al. (1991),northern North Pacific at comparable latitudes.
hereafter identified as M91. Therefore, only a briefThus, the change in the intensity of the THC
description of the model structure is given here.could alter the distribution of surface temperature

The coupled model (Fig. 1) consists of generalin the North Atlantic Ocean and surrounding
circulation models (GCM) of the atmosphere andregions. Examples of such phenomena include the
ocean, and a simple model of the continentalso-called abrupt climate changes associated with
surface that involves the budgets of heat and waterthe Younger Dryas event which occurred during
(Manabe, 1969). It is a global model with realisticthe last deglacial periods. Broecker et al. (1985)
geography limited by its resolution. It has 9 ver-speculated that these abrupt climate changes result
tical finite difference levels. The horizontal distri-from the abrupt shift of the THC from one mode
butions of predicted variables are represented byof operation to another. The first half of this paper
spherical harmonics (15 associated Légendre func-discusses our attempt to explore these abrupt
tions for each of 15 Fourier components) and byclimate changes using a coupled ocean-atmo-
gridpoint values (Gordon and Stern, 1982). Thesphere model (Manabe and Stouffer, 1988, 1995,
model has a simple parameterization of land-1997). Based upon the results from the study of
surface process to compute surface fluxes of heatManabe and Stouffer (1993, 1994), the second half
and water. Insolation varies seasonally, but notof this study explores the rôle of the THC in
diurnally. The model predicts cloud cover whichshaping the change of a simulated climate which
depends only on relative humidity.occurs in response to gradual increase in the

atmospheric concentration of carbon dioxide. The ocean GCM (Bryan and Lewis, 1979) uses

Fig. 1. The structure of the coupled ocean-atmosphere model.
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a full finite-difference technique and has a regular larger at −0.07C century−1. This trend appears
grid system with approximately 4° latitude by 3.7° to result from the imperfection of the procedures
longitude spacing. There are 12 vertical finite- used for determining the initial condition and time
difference levels. The atmospheric and oceanic integration of the coupled model. The specific
components of the model interact with each other reasons for this trend, however, have not been
once each day through the exchange of heat, identified and are under investigation.
water, and momentum fluxes. A simple sea ice
model is also incorporated into the coupled model.
It predicts sea ice thickness, based upon thermo-

dynamic heat balance and incorporating the effect
of ice advection by ocean currents. For further

3. Abrupt climate changes
details of the coupled model, see M91. Dixon et al.

(1996) also describe the ability of the model to
3.1. Younger Dryas event

simulate the uptake of anthropogenic trichloro-
fluromethane (CFC-11) by the ocean. Isotopic analysis of Greenland ice cores suggests

that large and rapid changes of climate occurred

frequently during the last glacial and deglacial2.2. T ime integration
periods. For example, the isotopic (d18O) temper-

Initial conditions for the time integration of the ature dropped very rapidly approximately 13 000
coupled model include realistic seasonal and geo- years ago, followed by the so-called Younger
graphical distributions of surface temperature, sur- Dryas event (Y-D) when the isotopic temperature
face salinity, and sea ice of the present, with which was almost as low as at the last glacial maximum.
both the atmospheric and oceanic model states Faunal and palynological analyses indicate that
are nearly in equilibrium. When the time integra- during the cold Y-D period, surface temperatures
tion of the model starts from this initial condition, were very low not only over the northern North
the model climate drifts toward its own equilib- Atlantic but also over western Europe. The Y-D
rium state, which differs from the initial condition period lasted several hundred years and ended
described above. To reduce this drift, the fluxes of abruptly, as indicated by the records from
heat and water imposed at the oceanic surface

Greenland ice cores. As noted in Section 1,
(including sea ice-covered areas) of the coupled

Broecker et al. (1985) suggested that such an
model are modified by amounts that vary geo-

abrupt change resulted from a very rapid change
graphically and seasonally but do not change from

in the thermohaline circulation (THC). They fur-
one year to the next (for details, see M91 and

ther speculated that meltwater from continental
Manabe and Stouffer, 1994)). Since the adjust-

ice sheets caused the capping of the oceanic surface
ments are determined prior to the time integration

by relatively freshwater in high North Atlantic
of the coupled model and are not correlated with

latitudes and was responsible for the rapidthe transient anomalies of SST (i.e., sea-surface
weakening of THC and the abrupt cooling oftemperature) and SSS (i.e., sea-surface salinity),
climate.which can develop during the integration, they are

This paper explores the physical mechanism ofunlikely to either systematically amplify or
abrupt climate change based mainly upon thedampen the anomalies. Owing to the flux adjust-
results from a set of numerical experiments con-ment technique, the model fluctuates around a
ducted at the Geophysical Fluid Dynamicsrealistic equilibrium state.
Laboratory of NOAA (Manabe and Stouffer, 1997Starting from the initial condition that was
identified hereafter as MS97). Particularly, itobtained and described above, the coupled model
attempts to elucidate the rôle of the thermohalineis integrated over a period of 1000 years. Owing
circulation (THC) in inducing the abrupt climateto the application of the flux adjustments, the
change; see MS97 for further discussion of themean trend in global mean surface air temperature
locations of freshwater discharge and its impactduring this period is only −0.023C century−1.
on the THC during the Bölling/Alleröd Y-DThe trend of global mean temperature in the

deeper layers of the model ocean is somewhat period.
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3.2. Freshwater experiment

The simulated modern state of the coupled
ocean-atmosphere system, which is obtained from
the time integration described in Subsection 2.2 is

used as the control for the freshwater experiments
conducted in the present study. Instead, one could
have used as a control a coupled model state of

the last deglaciation period when a major fraction
of the continental ice sheets of the last glacial
period still remained. Since the response of the

cold, glacial state of the coupled ocean-atmosphere
system to freshwater discharge could be different
from the corresponding response of the inter-

glacial, modern state (Winton, 1997), it is highly
desirable to conduct the numerical experiments
using boundary conditions of the last deglaciation

period. Unfortunately, we have not succeeded in
simulating either the glacial or deglacial world

using a coupled ocean-atmosphere GCM.
Therefore, we used the simulated modern state of Fig. 2. Region A indicates the area where freshwater is
the coupled model as a control and perturbed it discharged in the freshwater integration (from MS97).
with an input of freshwater into the North
Atlantic Ocean.

convective cooling of the water column and the
In addition to the control integration described

production of negative buoyancy in the sinking
in Subsection 2.2, two numerical integrations are

region of the thermohaline circulation (THC) in
conducted for the present study. The initial condi-

the northern North Atlantic, thereby weakening
tion for both integrations is the state of the coupled

the THC throughout the 500-year period of the
model at the 500th year of the control integration.

freshwater discharge. The streamfunction of the
In Subsection 3.3, we discuss the results from one

meridional overturning in the Atlantic Ocean
of these two integrations in which freshwater is

(Fig. 4) indicates that the THC not only weakens
discharged at the rate of 0.1 Sv (one sverdrup=

but also becomes much shallower (Fig. 4b).
106 m3 s−1 ) uniformly over the 50°N–70°N belt of

Meanwhile, the northward flow of Antarctic
the North Atlantic Ocean (identified as domain A

bottom water extends northward, thereby intensi-
in Fig. 2) over the period of 500 years. After the

fying the reverse overturning cell near the bottom
termination of the freshwater discharge, the time

of the Atlantic Ocean (Fig. 4b). Following the
integration is continued for the additional 750

termination of freshwater discharge on the 500th
years until the 1250th year. By comparing this

year, the THC reintensifies and fully recovers its
‘‘freshwater integration’’ with the control over the

original intensity and distribution by the 900th
corresponding period of 1250 years, the impact of

year (Fig. 4c).
freshwater input upon the coupled ocean-atmo-

As the intensity of the THC weakens, the surface
sphere system is investigated.

currents in the North Atlantic Ocean also undergo
marked changes, which can be inferred by compar-
ing Figs. 5a, and b, e.g., the North Atlantic current,

3.3. Model response
which extends from the coast of the Southeast US
towards the Norwegian Sea, also weakens in theIn response to the sustained, massive freshwater

discharge described above, the region of low sea- Atlantic during the period of the freshwater dis-
charge. Thus, the warm, saline surface water insurface salinity (SSS) spreads down to 30°N–40°N

(Fig. 3), creating an intense halocline several hun- the subtropical Atlantic hardly penetrates into the

northern North Atlantic Ocean towards the enddred meters beneath the surface. The surface layer
of relatively fresh, low-density water prevents the of the 500-year period of freshwater discharge. On
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Fig. 3. The geographical distribution of SSS anomalies (psu) averaged over years 401–500. The anomalies represent
the difference between the freshwater and the control integrations. Contours are in logarithmic intervals for values
of 0, ±0.1, ±0.2, ±0.5, ±1 and ±2 (from MS97).

the other hand, the Subarctic Gyre and associated the meridional SST gradient. For further detail of
the results of this analysis, refer to MS97.east Greenland current become more intense and

extend southwards (Fig. 5b). It is of particular The freshwater-induced change of sea-surface
temperature described above affects the overlyinginterest that the intensified Labrador current and

its southeastward extension in the model results atmosphere, causing a reduction in surface air

temperature over an extensive region (Fig. 7). Thetrack the path of ice-rafted debris during the
so-called Heinrich events (Bond et al., 1992), cooling is particularly large over the northern

North Atlantic and the Nordic Seas, and extendswhich often occurred during cold periods of

Dansgaad-Oeschger oscillation. over not only Greenland but also the Arctic
Ocean, the Scandinavian Peninsula, and westernAssociated with the weakening of the THC

described above, the northward advection of the Europe (Fig. 7). Furthermore, small negative

anomalies extend over most of the high northernwarm and saline surface water is reduced, causing
a large reduction in sea-surface temperature (SST) latitudes. The cooling centered around Iceland

increases until the end of the freshwater dischargein the northern North Atlantic (Fig. 6). The local

maximum in cooling located south of Greenland, (i.e., the 500th year of the experiment), but
decreases rapidly thereafter and disappears com-however, is attributable to the intensification and

the southward extension of the east Greenland pletely by the 750th year. Negative anomalies also

appear in the Indian and Pacific sectors of thecurrent (Fig. 5) which advects cold Arctic surface
water southward. circumpolar ocean of the southern hemisphere,

extending to the Antarctic Continent. On the otherInterestingly, an extensive region of SST reduc-

tion appears not only in the North Atlantic but hand, very small positive SST anomalies cover the
rest of the world. The global mean change ofalso in the circumpolar ocean of the Southern

Hemisphere. The cold anomaly in the Pacific surface air temperature are small throughout the

course of the experiment, because small but exten-sector continues to intensify until the 800th year
of the integration. Preliminary analysis (MS97) sive positive temperature anomalies compensate

for the large but geographically limited negativeindicates that this anomaly results from the

delayed weakening of the deep reverse THC cell anomalies.
The distribution of the freshwater-inducedinvolving the Antarctic bottom water in the Pacific

Ocean. The weakening increases the meridional change in surface air temperature described above
is consistent with the map of the surface temper-SST gradient of the circumpolar ocean and intensi-

fies the surface westerlies which, in turn, reduces ature difference between the Y-D and Alleröd,

which was prepared by D. Peteet (Broecker, 1995)SST by enhancing the northward Ekman drift of
cold surface water and sea ice and further increases based upon the analysis of oceanic and bog sedi-
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ments (Fig. 8). Over the western Europe and
Labrador Peninsula, for example, palynological
records indicate the Y-D cooling of significant

magnitude, whereas they do not over most of the
North American Continent. The qualitative
resemblance between the two patterns encourages

the speculation that the cold climate of the Y-D
could have resulted from the slow-down of the
THC which was induced by an input of freshwater,

such as the discharge of the meltwater from the
continental ice sheets. The pattern of the model-
generated change, however, does not extend

sufficiently toward low latitudes compared to the
pattern of the Y-D/Alleröd difference determined
from proxy data. Furthermore, the simulated cool-

ing at Summit, Greenland, appears to be smaller
than the actual cooling estimated from the isotopic
analysis of ice cores (GRIP Members, 1993). These

descrepancies result partly from the use of simu-
lated modern climate as a control rather than the

much colder climate of the last deglaciation period.
The extensive coverage of sea ice during the cold
deglaciation period could have not only extended

the region of cooling towards lower latitudes but
also increased its magnitude. Therefore, it is desir-
able to conduct additional freshwater experiments

using a simulated deglacial climate as a control.
Superimposed upon the weakening and intensi-

fication of the THC which occurs over the period

of several centuries, is a multidecadal fluctuation
of the THC which follows the sudden onset of the
freshwater discharge at the beginning of the experi-

ment (Fig. 9a). The multidecadal fluctuation of
the THC is approximately in-phase with the cor-
responding fluctuations of SSS and SST. Shortly

after the start of the water discharge, a very rapid
drop of both SSS and SST occurs, followed by
large oscillations of both variables with a time-

scale ranging from a few decades to a century
(Figs. 9b, c). The amplitudes of the oscillations
gradually decrease until the termination of fresh-

water discharge (i.e., the 500th year). The ampli-

Fig. 4. Streamfunction of the THC in the Atlantic Ocean
of the coupled model in units of sverdrups. (a) Control
experiment (100-year average taken just prior to starting
the freshwater integration). (b) Average over years
401–500 of the freshwater integration. (c) Average over
years 901–1000 of the freshwater integration. On the left-
hand side of each panel, depth is indicated in meters
(from MS97).
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Fig. 5. Map of surface current vectors. (a) Control experiment (100-year average taken just prior to starting the
freshwater integration). (b) Average over year 401–500 of the freshwater integration (from MS97).

Fig. 6. Geographical distribution of SST anomalies (°C) averaged over year 401–500 of the freshwater integration.
The anomalies are defined as the difference between the freshwater and the control integrations (from MS97). The
logarithmic contouring is employed with contour values of 0.5, 1, 2 and 5.
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Fig. 7. The geographical distributions of surface air temperature anomalies (°C) averaged over (b) years 401–500
and (d) years 801–900 of the freshwater integration. The anomalies represent the difference between the freshwater
and the control integrations (from MS97).

tude, however, increases again a few hundred years variation in the intensity of convective activity

(Fig. 9d), in turn, further enhances the variabilitylater, resulting in repeated, almost abrupt warming
and cooling (Fig. 9b). The large fluctuations in of both SST and SSS.

The reduction of SST during the period ofsurface conditions are approximately in phase

with the fluctuations of the THC, as noted above. freshwater discharge and its increase after the
termination of the discharge are much more grad-Because of the sudden onset of the freshwater

discharge, the surface of the North Atlantic Ocean ual than the abrupt reduction and increase of

surface air temperature which occurred at theis capped by low salinity water with relatively low
density. The capping reduces markedly the con- beginning and end of the Younger Dryas period,

respectively. However, the rapid changes of SSTvective cooling of water, and accordingly, the

production of negative buoyancy in the sinking generated by the multidecadal fluctuation of the
THC are almost as abrupt as the rise and fall ofregion of the THC. Thus, the THC weakens almost

instantaneously, inducing the multidecadal oscilla- SST associated with the Y-D. In an earlier numer-

ical experiment, Manabe and Stouffer (1995) gen-tion which involves the multidecadal fluctuations
of not only the intensity of the THC but also SSS erated even more abrupt falls and rises of SST by

increasing the rate of freshwater discharge. Inand SST. The fluctuation in the density of near-
surface water thus generated causes the corre- response to the sudden onset of a massive dis-

charge of freshwater into the northern Northsponding variation in convective activity, which

mixes the cold and fresh surface water with warmer Atlantic at the rate of 1 Sv, the THC weakened
very rapidly, thereby lowering the SST inand more saline subsurface water. The temporal
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Fig. 8. Map prepared by D. Peteet showing sites of ocean sediment (planktonic forams) and bog sediments (pollen
grains) where records covering the interval of deglaciation are available. The pluses (minuses) indicate that the
Younger Dryas event (Y-D) cooling is seen (not seen). Two pluses are added by the present authors at 43.5°N,
29.9°W and 33.7°N, 57.6°W, referring to the studies of Keigwin and Lehman (1994), and Keigwin and Jones (1989),
respectively. The locations of the Greenland ice cores (all show the Y-D) are also given. The shaded region shows
the area coverage of the ice cap at the time of the Y-D (from Broecker, 1995). See also Fig. 6 of Peteet (1995) which
indicates the global distribution of polynological evidence for the Y-D cooling. This figure is taken from Broecker
(1995).

Denmark Strait and surrounding regions. Upon changes in the Arctic Ocean, from where the
SSS anomaly exits through the east Greenlandsuspension of the freshwater discharge, the THC

exhibited a complex transient behavior, including current. The anomaly then propagates around the

subpolar gyre into the Labrador Sea and thean almost abrupt fall, rise and fall of SST for
several decades followed by a gradual recovery central North Atlantic (Fig. 10) in a manner sim-

ilar to the so called great salinity anomaly eventtoward the initial state. One can speculate that,

for example, multidecadal fluctuations of isotopic discribed by Dickson et al. (1988). The SSS vari-
ation mentioned above accompanies the in-phasetemperature between Bølling and Y-D, which are

evident in the high-resolution records from variation of SST with amplitude up to 2°C in the

Greenland Sea. Analysis of instrumental andGreenland ice cores (e.g., Fig. 2 of Grootes et al.,
1993), may also be caused by the abrupt onset proxy data from the last five centuries provides

evidence for distinct multidecadal variability inand termination of massive discharge of meltwater.

The time-scale of the fluctuation of the THC, the North Atlantic and Arctic Oceans (Mann
et al., 1995). A promising path toward satisfactoryinduced by the freshwater discharge in the coupled

model, is similar to that of the much weaker, assessment of such variability lies in the combina-

tion of well-designed model experiments with theirregular oscillation of the THC which was found
by Delworth et al. (1993) in the unforced, control analysis of both instrumental and proxy data.
integration of the coupled model. The pattern of

SST anomalies associated with this irregular oscil-
3.4. T wo stable equilibria

lation bears an encouraging resemblance to the
pattern of observed multidecadal variability in the Manabe and Stouffer (1988) found that their

coupled ocean-atmosphere model with the annu-North Atlantic Ocean (Kushnir, 1994). Delworth
et al. (1997) also found that this irregular oscilla- ally averaged insulation has at least 2 stable

equilibria with active and inactive modes of thetion of the THC is partially coherent with the
temporal variation of the East Greenland Current THC in the North Atlantic Ocean. The active

mode resembles the current state of the THC withwhich induces the fluctuation of SSS in the

Greenland Sea. The SSS variation in the a sinking region in the northern North Atlantic,
whereas the inactive mode is characterized by aGreenland Sea is preceded by large scale SSS
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Fig. 9. Time series of annual mean values of (a) intensity
of the THC (in units of Sv, i.e., 106 m3 s−1 ) defined as
the maximum value of its streamfunction in the North
Atlantic Ocean, (b) SST (°C), (c) SSS (psu), (d) rate of
SST change (°C d−1 ) due to convective adjustment, at a
location in the Denmark Strait (30.0°W, 65.3°N) over
the 1250-year period of the freshwater integration. The
initial values of THC, SST, and SSS are enclosed by
circles (from MS97).

Fig. 10. Regressions of annual mean SSS at each grid
point versus the time series of annual mean SST in the
Denmark Strait (15°W to 26°W at 70°N). The contoured
values are the slopes of the regression lines multiplied
by −2 (to indicate conditions associated with an SST

currents are indicated by the vectors. Units are cm s−1anomaly of−2°C). The field at Lag −15 indicates condi-
per −2°C SST anomaly. For clarity of plotting, not alltions 15 years prior to a −2°C SST anomaly in the
vectors of surface current anomalies are shown at veryDenmark Strait. Units are parts per thousand per −2°C
high latitudes (from Delworth et al., 1997).SST anomaly. In addition, the regressions of the surface
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evidence (Boyle and Keigwin, 1987; Duplessy
et al., 1988) indicates that the Atlantic Ocean of
the last glacial maximum (LGM) is also signific-

antly different from the inactive mode of the THC
obtained by Manabe and Stouffer (1988). It is
characterized by not only the absence of lower

deep-water production and enhanced northward
penetration of the Antarctic bottom water, but
also significant ventilation of the upper deep-

water. Thus, it is likely that the North Atlantic
Ocean of the Y-D or the LGM are more similar
to the transient state of a weakened and shallow

THC (obtained from the present experiment) than
the equilibrium state of the inactive THC obtained
earlier by Manabe and Stouffer (1988).

The coupled model used here also possesses the
2 stable equilibria (Manabe and Stouffer, 1999).
The distributions of the streamfunctions of the

2 modes (Fig.11) of the THC resemble what was
obtained earlier with a coupled model with annual

mean insulation (Manabe and Stouffer, 1988).
Once it is induced, the state of the inactive mode
of the reverse THC is stable and remains stable

over the period of at least several thousand years.
Despite the heating due to the vertical thermal
diffusion, the temperature of the bottom water

does not increase because of the cooling due to
the formation of the Antarctic bottom water. Thus

Fig. 11. The latitude-depth distributions of the stream-
the stratification of the deeper layer of the model

function of the THC (Sv) in the Atlantic Ocean obtained
ocean remains unchanged, preventing thefrom the coupled model. (a) and (b) represent the stream-
re-activation of the THC.function of the meridional overturning of the two stable

states (from Manabe and Stouffer (1999)). These results differ from what Schiller et al.

(1997) obtained using a coupled ocean-atmo-
sphere model developed at the Max-Planck-weak, reverse cell of the THC with sinking motion

in the circumpolar ocean of the southern hemi- Institute (MPI) in Hamburg, Germany. In

response to the input of a massive amount ofsphere and no ventilation of subsurface water in
the North Atlantic Ocean. These 2 modes appear freshwater, the THC of the MPI model collapsed

into the inactive mode of the reverse THC, whichto correspond to 2 stable modes which were

obtained by Stommel (1961) using a simple box is qualitatively similar to the inactive mode
obtained by Manabe and Stouffer (1988, 1999).model. Manabe and Stouffer (1988) suggested

further that an oceanic state similar to this inactive However, upon termination of the freshwater dis-

charge, the THC intensified rapidly, eventuallymode prevailed during the period of the Y-D.
Paleoceanographic evidence, however, does not regaining its original intensity, in sharp contrast

to the behavior of the inactive, reverse modesupport this suggestion. Although the deep-sea

cores from the North Atlantic Ocean indicate obtained by Manabe and Stouffer (1988). The
difference in behavior between the GFDL andmarkedly reduced deep-water formation (Boyle

and Keigwin, 1987; Keigwin and Lehman, 1994), MPI models identified above may be attributable
to the difference in the magnitude of diapycnalthe distribution of benthic d13C estimated by

Sarnthein et al. (1994) suggests that an upper diffusion. Specifically, the oceanic component of

the coupled model used by Schiller et al. (1997)deep-water production of significant magnitude
did occur during the Y-D. Paleoceanographic employs the 1st-order, upstream finite difference
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technique for the computation of advection and, reverse THC with no deep-water formation in the
North Atlantic Ocean. Instead, it is a temporarilytherefore, has relatively large implicit, computa-

tional diffusion (Wurtele, 1961; Molencamp, 1968). weakened state of the THC. As noted already, the

paleoceanographic signature of deep-water forma-It is likely that the large diapycnal diffusion of
potential temperature and salinity facilitates the tion is consistent with this assertion.
movement of water across isopycnal surfaces,

resulting in the reintensification of the THC and
4. Future climate change

the resumption of North Atlantic deep-water
formation which occurred after the termination of

4.1. Global warming experiments
freshwater discharge in the numerical experiment
conducted by Schiller et al. The thermohaline circulation could also change

associated with global warming in the future. InIn order to evaluate this speculation, Manabe

and Stouffer (1999) recently conducted a similar response to the increase of atmospheric carbon
dioxide, the absolute humidity as well as thefreshwater experiment using a modified version of

the GFDL coupled model in which the coefficient temperature of the troposphere increase, enhan-

cing the poleward transport of water vapor andof vertical subgrid scale diffusion in the upper
2 km layer of oceans is several times larger than causing the large increase of precipitation and

runoff in high latitudes. The increased supply ofin the standard version. Although the reverse THC

was produced in this version of the coupled model freshwater in the Arctic and surrounding oceans
could weaken the THC. This is what happened inin response to the massive discharge of freshwater,

it began to transform rapidly back to the original, the multiple-century global warming experiments
conducted by Manabe and Stouffer (1993, 1994).direct THC as soon as the freshwater discharge

was terminated, in qualitative conformity with the Their study is hereafter identified as MS94. This

essay discusses the results obtained from thesebehavior of the MPI model.
Our results clearly indicate that the inactive global warming experiments.

In order to explore the future change of climatemode of the reverse THC is not a stable state in

a coupled model with a large diapycnal diffusion over many centuries, 3 long-term integrations of
the coupled model were performed with temporalcoefficient. Measurement of the invasion of anthro-

pogenic tracers, such as bomb tritium and 3He, variations of atmospheric carbon dioxide, illus-

trated in Fig. 12a. In addition to the controlhave indicated that the coefficient of vertical diap-
icnal mixing in the ocean thermocline of the integration referred here as S-integration, in which

the atmospheric concentration of carbon dioxidesubtropical North Atlantic is less than 0.1 cm2 s−1
(Jenkins, 1980) or about 0.2 cm−2 s−1 (Rooth and is held fixed, 2 long-term integrations of the

coupled model were performed. In one integration,Östlund, 1972). Based upon the results from a
recent field experiment (Ledwell et al., 1994), the referred to as the 4×C integration, the CO2

concentration in the atmosphere increased at themost likely value of the effective vertical diffusion
coefficient in the ocean thermocline is rate of 1%/year (compounded) until it reached

the 4× the normal concentration at the 140th0.1–0.2 cm2 s−1. Even the standard version of the

GFDL coupled model, with the stable mode of year and remains unchanged thereafter. In another
integration, referred to as the 2×C integration,the inactive, reverse THC, has a larger vertical

diffusion coefficient than these values. Therefore, the CO2 concentration was increased at the rate

of 1%/year until it reached twice the normal valueit is highly likely that the mode of the reverse
THC is also stable in the real Atlantic Ocean at the 70th year.

The study of Walker and Kasting (1992) indi-which has a small vertical diffusion coefficient.

When a coupled model with sufficiently low cates that, if we keep burning fossil fuels at a
business-as-usual pace, and continue to cut trop-vertical diffusion coefficient enters the stable state

of the reverse THC, it does not get out of it easily ical rainforests, the atmospheric CO2 could quad-
ruple above the preindustrial level during the next(Rahmstorf, 1995). However, the abrupt warming

occurred at the end of the cold state of Y-D. This few centuries. Therefore, the 2×C and 4×C

senarios of future CO2 increase described aboveis another important reason why we believe that
the cold state of Y-D was not a stable state of the may not be excessive.
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Fig. 12. Temporal variations of: (a) logarithm of atmospheric CO2 concentration; (b) global mean surface air temper-
ature (K); (c) the intensity of the THC in the north Atlantic; obtained from 4×C, 2×C and S (from MS94). Here,
the intensity of the THC is defined as the maximum value (Sv) of the streamfunction representing the meridional
overturning in the North Atlantic Ocean.

4.2. Model response 4×C integration, the global mean surface air
temperature increases by about 5°C at the rate of

Fig. 12b contains the time series of global mean ~3.5°C per century. After the 140th year, the
surface air temperature from the 4×C, 2×C, and global mean surface air temperature increases very

slowly by an additional 1.5°C despite the absenceS-integrations. During the first 140 years of the
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of further CO2 increase in the model atmosphere. nearly vanishes in the North Atlantic during the
first 250 years of the integration. The near-extinc-The large thermal inertia of the deep ocean is

mainly responsible for this residual warming. tion of the THC (Fig. 13) is attributable mainly

to the capping of oceans by relatively fresh waterA qualitatively similar feature is evident in the
time series of the 2×C integration. During the in high latitudes, where the supply of water to the

ocean surface increases markedly. In high northernfirst 70 years, the global mean temperature

increases by 2.2°C, again at the rate of 3.5°C per latitudes poleward of 50°N, the supply of fresh-
water due to the excess of precipitation overcentury. After atmospheric CO2 stops increasing

at the 70th year, the global mean surface air evaporation increases by about 0.28 Sv over the

500 years period of the 4×C experiment becausetemperature increases by an additional 1°C.
Fig. 12c indicates that, in the 4×C, the THC of the enhanced poleward transport of water vapor

in the warmer model troposphere (refer to Fig. 13

of MS94).
The evolution of the THC in 4×C described

above can be compared with the 2×C in which

the atmospheric carbon dioxide increases until it
doubles. In the 2×C, the THC in the North
Atlantic again keeps weakening long after the 70th

year when atmospheric CO2 stops increasing and
the rates of surface warming and freshening are

abruptly reduced (Fig. 12); the THC is eventually
weakens to less than half of its original intensity
(Fig. 14). However, the THC begins to recover

very slowly around the 150th year of the integra-
tion, resulting from the reduction in the meridional
density gradient of the upper layers of the model

ocean. Because of the reduction in the rate of the
upward advection of cold water that accompanies
the weakening of the THC, a large warming of

the subsurface layer takes place in the 2×C
between the equator and 45°N latitudes, thereby
increasing the meridional density gradient. Since

the thermal expansion coefficient of sea water
depends upon temperature, the general warming
also results in the increase of meridional density

gradient in the upper oceanic layer as water
becomes lighter in low than high latitudes. The
resulting increase in not only the meridional den-

sity gradient in the upper layer of the north
Atlantic appears to be responsible for the gradual
recovery of the intensity of the THC after the

150th year of the 2×C.
The structure of the THC at its weakest stage

in the 2×C integration differs from the stable

states of reverse cell which Manabe and Stouffer
(1988, 1989) obtained and was discussed in

Subsection 3.3. It appears that the initial
weakening of the THC from the normal to the
weakest is not the transition from one stable modeFig. 13. Streamfunction of meridional circulation (Sv) in
to another. Instead, it is similar to the temporarythe Atlantic Ocean from the 4×C. (a) Initial condition.

(b) Average over the 400th–500th year (from MS94). weakening of the THC which occurred in the
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very slow recovery of the THC is attributable to
the very slow rise of the bottom water temperature
that begins around the 250th year. The capping

of oceanic surface by low salinity water occurs
not only in high north Atlantic latitudes but also
in the immediate vicinity of the Antarctic

Continent, markedly reducing the rate of the
bottom water formation there. Thus, the heating
of the bottom water due to the downward thermal

diffusion exceeds the cooling due to the Antarctic
bottom water formation, thereby contributing to
the gradual warming of bottom water temperature.

As the temperature of the bottom water rises
slowly, the static stability of deeper layers of the
Atlantic Ocean is reduced, resulting in the delayed,

slow recovery of the THC described above. This
recovery suggests that the state of the very weak
but direct THC which was reached by the 250th

year of the 2×C integration is very close to, but
differs from the stable mode of the reverse cell

discussed in Subsection 3.3.
Fig. 16a illustrates the geographical distribution

of surface air temperature change which occurred

by the 500th year of the 4×C integration. It
shows that the increase of surface air temperature
is relatively small over the North Atlantic resulting

from the weakening of the THC discussed above.
The warming is also reduced in western Europe
which is located at the downstream of the North

Atlantic. In general, the increase of surface temper-

Fig. 14. Streamfunction of meridional circulation (Sv) in
the Atlantic Ocean from the 2×C. (a) Initial condition.
(b) Average over the 140th–100th year (from MS94).

freshwater discharge experiment discussed in

Section 3.
Recently, the 4×C integrations of the coupled

model were extended beyond the 500th year to

5000th year. Fig. 15 illustrates the time series of
the 100-year mean intensity of the THC over the

Fig. 15. Time series of the 100-year mean intensity offirst 3000 years. It shows that, although the THC
the THC (Sv) obtained from the 4×C integration of the

remains to be very weak from 250th to 900th year
coupled model over the period of 3000 years (from

of the 4×C integration, it begins to reintensify MS94). Here, the intensity of the THC is defined as the
around 1000th year and fully regains the original maximum value of streamfunction representing the meri-

dional overturning in the North Atlantic Ocean.intensity by the 1600th year. It appears that this
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ature is much larger over continents than over climate change associated with the Y-D event and
oceans. The larger continental warming is attribut- Dansgaard-Öschger oscillation. In response to the
able not only to smaller effective thermal inertia discharge of freshwater into a high-latitude belt of
but also to smaller evaporative cooling of contin- the North Atlantic Ocean, the THC weakens,
ental surface. creating the cooling pattern which resembles the

The pattern of surface air temperature change pattern of the Y-D cooling, as inferred from the
which occurs by the 500th year of the 2×C comprehensive analysis of ice cores and deep sea
integration is illustrated in Fig.16b. Although this and lake sediments (Broccker, 1995). The geo-
pattern resembles the corresponding pattern from graphical distribution of the cooling, however, is
the 4×C integration (Fig. 16a), this feature of highly variable, with particularly large cooling in
reduced warming in the North Atlantic is not as the northern North Atlantic and surrounding
pronounced. This is because the THC almost regions.
restored the original intensity by the 500th year The sudden onset and termination of massive
and is no longer reducing the warming over the discharge of freshwater also induces the multideca-
North Atlantic Ocean. dal fluctuations of the THC, SST and SSS in the

coupled model. The rapid changes of SST thus

generated are almost as abrupt as the rapid tem-5. Concluding remarks
perature fluctuations of the Y-D period inferred

from the isotopic analysis of Greenland ice coresThe coupled ocean-atmosphere model used here
qualitatively reproduces many characteristics of (Grootes et al., 1993).

Fig. 16. Geographical distributions of the increase of annual mean surface air temperature (°C) from (a) 4×C and
(b) 2×C (from MS94). The increase represents the difference between the 401th–500th year average of the 4×C
or 2×C and 401th–500th year of the S.
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The THC also weakens in the 2×C (or 4×C) not only greenhouse gases but also anthropogenic
sulfate aerosols. It is assumed that the rate ofintegration in which the atmospheric concentra-

tions of carbon dioxide initially increases at the future increases of the CO2-equivalent concentra-

tion of greenhouse gases is 1%/year which mayrate of 1%/year until it doubles (or quadruples)
and remains unchanged thereafter. The weakening, be realized in the absence of new and explicit

control measures. This numerical experimenthowever, is not as abrupt as the initial change of

the THC or its multidecadal oscillation which is reproduces reasonably well the observed increase
of global mean surface air temperature during theinduced by the sudden onset of massive freshwater

discharge mentioned above. This is because the 20th century. They noted that the THC in this

experiment starts to weaken significantly aftergradually increasing supply of freshwater in high
latitudes, which occurs during the early stages of 2010. By 2065, the intensity of the THC in the

North Atlantic Ocean is reduced from 18 to 10 Sv.the 2×C (or 4×C) integration is not as effective

in inducing the abrupt change of the THC intensity It is likely, however, that the magnitude and the
rate of weakening could be affected not only byas the sudden commencement of freshwater dis-

charge in the Y-D integration. the temporal variation of radiative forcing but

also by the model characteristics such as theRecent studies of Stocker and Schmitter (1997)
and Stouffer and Manabe (1998) indicate that the formulation of subgrid scale mixing processes and

the computational resolution of the oceanic com-total weakening of the THC which occurred by

the time of CO2 doubling, for example, depends ponent of a coupled model. For example, the
coupled model used here poorly resolves thecritically upon the rate of CO2 increase. They

found that the larger the rate of increase, the bottom topography of the North Atlantic Ocean
which could critically affect the stability of thelarger is the magnitude of reduction in the intensity

of the THC that occurred by the time of the CO2 THC. It has been shown (MS94) that the rate of

precipitation in high latitudes of the coupleddoubling. For example, if the initial rate of CO2
increase were significantly below 1%/year in the model changes significantly when its resolution is

doubled. A recent coupled model integration at4×C integration, the magnitude of the reduction

of the THC would be much smaller and the MPI Hamburg, which uses higher resolution,
shows that the influence of CO2 increase on thereintensification of the THC would have occurred

much earlier than what happened in the 4×C intensity of the THC is much reduced (Private

communication). In order to evaluate reliably theintegration.
Following the path-finding study by Mitchell future change in the THC, it is therefore necessary

to repeat the global warming experiments when-et al. (1995), Haywood et al. (1997) investigated

the response of the coupled model to increases of ever a coupled model is improved substantially.
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