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ABSTRACT

The standard version of the coupled ocean–atmosphere model developed at the Geophysical
Fluid Dynamics Laboratory (GFDL) of NOAA has at least two stable equilibria. One has a
realistic and active thermohaline circulation (THC) with sinking regions in the northern North
Atlantic Ocean. The other has a reverse THC with extremely weak upwelling in the North
Atlantic and sinking in the Circumpolar Ocean of the Southern Hemisphere. Although the
model has the seasonal variation of insolation, the structure of these two stable equilibria are
very similar to those of a previous GFDL model without the seasonal variation. It is noted
that the inactive mode of the reverse THC mentioned above is not a stable equilibrium for
another version of the same coupled model which has a large coefficient of vertical subgrid
scale diffusion. Although the reverse THC cell was produced in the Atlantic Ocean by a massive
discharge of freshwater, it began to transform back to the original direct THC as soon as the
freshwater discharge was terminated. It appears that there is a critical value of diffusivity, above
which two stable equilibria do not exist. Based upon paleoceanographic evidence, we suggest
that the stable state of the reverse THC mentioned above did not prevail during the cold periods
of Younger Dryas event which occurred during the last deglacial period. Instead, it is likely
that the THC weakened temporarily, but reintensified before it reached the state of the reverse
THC with no deep water formation in the North Atlantic Ocean.

1. Introduction tion. In winter, intense cooling of oceanic surface
can facilitate the formation of deep water in the
northern North Atlantic, significantly increasingConducting the time integration of a general
the rate of deep water formation and destabilizingcirculation model of the coupled ocean–atmo-
the reverse mode of the THC. Here, we demon-sphere system with the annual mean insolation,
strate that, despite the inclusion of the seasonalManabe and Stouffer (1988) obtained two stable
variation of insolation, the coupled ocean–atmo-equilibrium states: One state has realistic and
sphere model developed at Geophysical Fluidactive thermohaline circulation (THC), and the
Dynamics Laboratory (GFDL) of NOAA doesother has a weak, reverse THC without any deep
indeed possesses two stable equilibria which arewater formation in the northern North Atlantic
very similar to what are obtained from a modelOcean. It appears that these two states correspond
with annually averaged insolation.to two stable equilibria of a simple box model of

Recently, the existence of the stable state of weak,the THC identified by Stommel (1961).
reverse THC is questioned by Schiller et al. (1997).As noted above, the model used by Manabe
Using a coupled model with seasonal variation ofand Stouffer lacks the seasonal variation of insola-
insolation developed at the Max-Planck Institute
for Meteorology (MPI), they produced the reverse
THC with no North Atlantic deep water formation* Corresponding author.
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through a massive discharge of freshwater at the time integration of the GFDL coupled ocean–
atmosphere model with seasonal variation ofsurface of the northwest Atlantic Ocean. Upon

termination of the freshwater discharge, however, insolation. The structure of the two stable equilib-

ria of the THC obtained from the standard versionthe THC in the North Atlantic reintensified and
regained its original intensity after a few hundred of the GFDL coupled model is described briefly

in Section 3. Section 4 contains the results fromyears. Based upon the results from this numerical

experiment, they inferred that the state of the reverse the freshwater experiment which was conducted
using another version of the same coupled modelTHC with no North Atlantic deep water formation

is not a stable state. with a much larger coefficient of the vertical

subgrid–scale diffusion. Finally, the concludingAt GFDL, we also induced the state of the weak,
reverse THC using a coupled ocean–atmosphere section discusses the existence and stability of the

state of the reverse THC with no deep watermodel with seasonal variation of insolation. In

response to the prescription of very low surface formation in the Atlantic Ocean.
salinity (i.e., 28 psu) in the northern North Atlantic
over the period of 100 years, the state of the active

2. Coupled model
THC, which was produced by the control integra-
tion, collapsed into the state of the reverse THC

2.1. Model structure
with extremely weak upwelling in the North

Atlantic Ocean. Although the time integration of The coupled atmosphere–ocean–land surface
model used in this study was developed for study-the coupled model was continued several thousand

years after terminating the prescription of low sur- ing the climate response to increasing greenhouse
gases, and is called the coupled model for simpli-face salinity in the northern North Atlantic, the

state of the THC remains inactive, in sharp contrast city. The structure and performance of the coupled

model were described briefly by Stouffer et al.to the results obtained by Schiller et al. (1997).
We speculate that the different behavior of the (1989) and in more detail by Manabe et al.

(1991,1992), and Manabe and Stouffer (1994). TheMPI and GFDL coupled models mentioned above

may be attributable to the difference in the magni- model consists of a general circulation model
(GCM) of the global atmosphere coupled to atude of diapycnal diffusion. For the computation

of advection terms, the oceanic component of the GCM of the oceans. Heat, water, and snow

budgets at the continental surface are included.MPI coupled model (with 11 vertical finite differ-
ence levels and grid spacing of 5.6° longitude×6° The coupled model has global geography consist-

ent with its computational resolution, and sea-latitude) employs the first order, upstream finite

difference technique which could yield large com- sonal (but not diurnal) variation of insolation.
In the atmospheric component of the coupledputational diffusion (see, for example, Wurtele,

1961 and Molenkamp, 1968). In such a diffusive model, dynamic computations are performed

using the so–called spectral element methodmodel, the production of negative buoyancy
resulting from the upward displacement of (Orszag, 1970; Gordon and Stern, 1982), in which

the distribution of a predicted variable is repres-watermass over a given distance is relatively small,

facilitating the reintensification of the THC in the ented by a set of spherical harmonics (with 15
zonal waves and 15 associated Legendre functions)numerical experiment conducted by Schiller et al.

(1997). In the present study, we investigate how and is specified at grid points of 4.5° latitude and

7.5° longitude intervals. There are nine unevenlythe stability and the structure of the two modes
of the THC depend upon the magnitude of the spaced levels in the vertical. The effects of clouds,

water vapor, carbon dioxide, and ozone arevertical diffusion coefficient in a oceanic compon-

ent of a coupled model. For this paper, we used included in the calculation of both solar and
terrestrial radiation. Water vapor and precipita-two versions of the GFDL coupled model with

the normal and large vertical diffusion coefficients. tion are predicted by the model (Manabe et al.,
1965), but a constant mixing ratio of carbonBased upon the results from this and other studies,

the stability and existence of these two modes in dioxide and a zonally uniform, seasonally varying

vertical distribution of ozone are prescribed.the real ocean of past and present are discussed.
The next section describes the structure and Overcast cloud is assumed whenever relative

Tellus 51A (1999), 3



.   . . 402

humidity exceeds a critical value. Otherwise, clear the two profiles of the vertical diffusion coefficient.
The first profile (thin line) was originally proposedsky is predicted.

The ocean model of Bryan and Lewis (1979) by Bryan and Lewis (1979) and has been incorpor-

ated in the standard version of the present coupledhas been modified as described by Manabe et al.
(1991). The finite–difference mesh used for the model. This profile was determined based upon

the measurement of Gregg (1977) that verticaltime integration of the primitive equations of

motion has a spacing between grid points of about mixing is lowest within the thermocline and
increases below the thermocline. On the other4.5° latitude and 3.7° longitude. It has 12 unevenly

spaced levels in the vertical. In addition to the hand, the second profile (thick line) is incorporated

into the LVD (large vertical diffusion) version ofhorizontal and vertical background subgrid-scale
mixing and convective overturning, the coupled the coupled model in order to investigate the

structure of the THC as influenced by a largemodel has isopycnal mixing as described by Redi

(1982) and Tziperman and Bryan (1993). For the vertical diffusion coefficient.
specific choice of parameters in the formulation of
subgrid scale mixing processes other than vertical

2.2. Initial condition and flux adjustment
diffusion, see Manabe et al. (1991). The coupled
model predicts sea ice using a simple scheme that The initial conditions for the time integration

of the coupled model have seasonal and geograph-incorporates the thermodynamics and horizontal

advection of sea ice by ocean currents (Bryan, ical distributions of observed sea surface temper-
ature (SST), sea surface salinity (SSS), and sea ice1969).

The present study employs two versions of the with which both the atmospheric and oceanic
model states are nearly in equilibrium (see Manabecoupled model which are identical to each other

with the exception of the magnitude of the vertical et al. (1991) for the computational procedure

which is used for obtaining the initial condition).subgrid-scale diffusion coefficient. Fig. 1 illustrates
When the time integration of the model starts
from this initial condition, the model climate drifts

toward its own equilibrium state, which differs
from the initial condition. To reduce this drift, the
fluxes of heat and water imposed at the oceanic

surface (including sea ice-covered areas) of the
coupled model are modified by amounts that vary
geographically and seasonally but do not change

from one year to the next [see Manabe et al.
(1991) and Manabe and Stouffer (1994) for
details]. Since the adjustments are determined

prior to the time integration of the coupled model
and are not correlated to the transient anomalies
of SST and SSS, which can develop during the

integration, they are unlikely to either systematic-
ally amplify or damp the anomalies. Owing to the
flux adjustment technique described above, both

SST and SSS of the coupled model fluctuates
around a realistic values. One should also note,
however, that this technique is quite different from

the ‘‘restoring’’ that has been applied to SST and
SSS during the time integration of an ocean-only

model (e.g., Bryan and Cox, 1967), which strongly
damps surface anomalies.

The initial condition is also computed for theFig. 1. Vertical distributions of the vertical subgrid-scale
high resolution version of the coupled model.diffusion coefficient (cm2 s−1 ). Thin line: Standard ver-

sion. Thick line: LVD version. Although the geographical distributions of initial
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SST and SSS are very similar between the two
versions, the deep water temperature obtained
from the LVD version of the coupled model is

warmer than that of the standard version by more
than 1°C because of larger downward diffusion of
heat. It turned out that the magnitude of water

and heat flux adjustments, which are required for
maintaining realistic surface conditions, differs
slightly between the two versions of the coupled

model.

3. Two stable equilibria

Fig. 3. Time series of 100-year mean intensity of the3.1. T ime integration
THC (in units of Sverdrups, i.e., 106 m3 s−1 ) in the North

Control integration. Starting from the initial Atlantic Ocean. Thin line: control integration. Thick line:
perturbed integration. The intensity of the THC iscondition described in section 2.2, the standard
defined as the maximum value of the streamfunction ofversion of the coupled model with the flux adjust-
meridional overturning circulation.ment was integrated over the period of 8000 years.

Owing to the application of the flux adjustment,
close to the state of thermal equilibrium. In thethe trend of the globally averaged, surface air
North Atlantic Ocean of the coupled model, thetemperature is only −0.023°C/century during the
THC remains active and its intensity remainsfirst 1000 years. The trend becomes much smaller
around 17 Sv throughout the course of theduring the remainder of the integration. On the
8000-year integration (Fig. 3).other hand, the trend of global mean temperature

in the deeper ocean at the depth of 3 km is
Perturbed integration. The control integration−0.07°C/century during the first 1000 years.
described above is perturbed by restoring theHowever, this trend also becomes very small
surface salinity to a very low value of 28 psu intoward the end of the 8000-year integration
the zonal belt from 50°N to 70°N latitude in the(Fig. 2), indicating that the coupled model is very
North Atlantic Ocean over a 100 year period,

inducing the state of the reverse THC with no
ventilation of subsurface water in the North
Atlantic Ocean. Despite the cessation of the sur-

face salinity restoration, the THC remains inactive
during the remainder of the 7000-year integration

(Fig. 3). The globally averaged, deep water tem-
perature decreases slowly and levels off eventually
with no sign of warming (Fig. 2). The results

indicate that the coupled model is very close to
the state of equilibrium towards the end of the
integration. Towards the end of the integration,

the temperature of bottom water is maintained as
the balance between the heating due to vertical
diapycnal diffusion and the cooling due to the

Antarctic bottom water formation.

Fig. 2. Time series of globally averaged, 100-year mean
oceanic temperature (°C) at the depth of 3 km obtained 3.2. Structure
from the standard version of the coupled model. Thin

The results from the control and perturbedline: control integration. Thick line: perturbed
integration. integrations described in Subsection 3.1, indi-
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cate that the standard version of the coupled Circumpolar Ocean of the Southern Hemisphere
(Fig. 4b). It has no ventilation of subsurface watermodel possesses two stable equilibria which have
in the North Atlantic Ocean.two quite different structures of the THC particu-

In order to examine the surface currents associ-larly in the Atlantic Ocean. In this section, we
ated with the Atlantic THC, the geographicalbriefly describe these two stable equilibria, called
distribution of the difference in surface currentsstate I and II. State I has an active THC with
between the state I and II is illustrated in Fig. 5sinking regions in the northern North Atlantic
by vectors. As this figure indicates, the surfaceOcean. The time mean rate of the North Atlantic
currents associated with the THC in the Atlanticoverturning is about 17 Sv (1 Sv=106 m3/s) as
Ocean pass through the Indonesian Passage, moveindicated in Fig. 4a. On the other hand, state II
westward in the tropical part of the Indian Ocean,has a reverse THC cell with extremely weak
and move northwestward in the South Atlantic,upwelling in the North Atlantic and sinking in the
eventually reaching the northern North Atlantic
or Nordic Seas where the sinking of water and
deep water formation take place. The distribution
of surface currents closely resembles the surface
manifestation of the ‘‘conveyor belt’’ determined,
for example, by Gordon (1986).

Fig. 6 illustrates the geographical distributions
of surface salinity of the equilibrium states I and
II and the difference between them. In the North
Atlantic Ocean, surface salinity of state I is larger
than that of state II. The difference is particularly
large around the Denmark Strait by as much as
3 psu (Fig. 6c). The northward advection of saline
surface water from the subtropics by the THC is
responsible for maintaining the relatively high
surface salinity in state I compared with state II.
The difference in the rest of the world is negative
but is very small.

The sea surface temperature is significantly
warmer in state I than state II in the North
Atlantic (Fig. 7). The difference between the two
states is most pronounced poleward of 40°N in
the Atlantic Ocean. As noted with regard to
surface salinity, the northward advection of warm
surface water by the THC from the tropics to high
latitudes helps maintain the relatively high surface
salinity in the North Atlantic in state I, whereas
such advection is missing in state II.

The two stable equilibria of the coupled model
described above are very similar to those of a

Fig. 4. The latitude–depth distributions of the stream- previous GFDL coupled model without the sea-
function of the thermohaline circulation (THC) in the

sonal variation of insolation (Manabe and
Atlantic Ocean obtained from the standard version of

Stouffer, 1988). The present result suggests thatthe coupled ocean–atmosphere model. Upper and lower
the seasonal variation is not required for thepanels (a) and (b) represent the streamfunctions of meri-
existence of two stable equilibria.dional circulation averaged over the years 5901–6000 of

the control and perturbed integrations, respectively.
Units are in Sverdrups (i.e., 106 m3/s). The silhouette of

4. Large diapycnal diffusionthe bottom topography in the Atlantic Ocean of the
coupled model, as seen in a zonal direction, is covered

As speculated in the introduction, state II withby black, resulting in the penetration of streamfunction
contours into the bottom topography. the reverse THC and sinking in the Circumpolar
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Fig. 5. Vector difference in surface currents between the control and perturbed integrations (i.e., the states I and II)
of the standard version of the coupled ocean–atmosphere model. The difference vectors represent the time means
over years 5901–6000 of both integrations.

Ocean of the Southern Hemisphere could be (Subsection 2.2), the control integration was per-
formed over a period of 4000 years. Throughoutunstable in a coupled model with larger diapycnal

diffusion. This is because the vertical movement the integration, the global mean surface air tem-

perature has almost no systematic trend and theof water across isopycnal surfaces is easier in an
oceanic general circulation model using a larger THC remains active in the North Atlantic Ocean.

The intensity of the THC, which remains aroundvertical subgrid-scale diffusion coefficient. In such

a model, a given watermass tends to lose its 29 Sv (Fig. 8), is much larger than 17 Sv obtained
from the control integration of the standardidentity and negative buoyancy as it rises in a

stable environment, facilitating the reintensifica- coupled model (compare Fig. 4a and Fig. 9a which

illustrate the streamfunction of the Atlantic THCtion of the THC. Furthermore, a model with larger
vertical diffusion has smaller static stability, pro- obtained from the standard and LVD versions of

the coupled model, respectively). The results indi-ducing smaller negative buoyancy for a given

upward displacement of watermass. Thus, the cate that the model with higher vertical diapycnal
diffusion coefficient has a stronger THC. Bryanmode of reverse THC could become unstable and

transform into the mode of active THC through (1987) noted a qualitatively similar dependence of

the THC intensity upon the magnitude of thethe reintensification of the upwelling in the
Atlantic Ocean. vertical diffusion coefficient. Because of the com-

pensation between the heating of the thermoclineIn order to confirm this speculation, we con-

structed another version (i.e., the LVD version) of water due to vertical diffusion and its cooling due
to the advection of potential temperature bythe coupled model, which has a large coefficient

of vertical subgrid-scale diffusion in the thermoc- upward motion, it is possible to maintain the

stronger THC in the more diffusive ocean.line as described in Subsection 2.1 (Fig. 1). Both
the control and perturbed integrations were con- The perturbed integration of the LVD version

of the coupled model started from year 500 of theducted using the LVD version of the coupled
model. control integration. During the first 100 years of

the experiment, freshwater is discharged uniformlyStarting from an initial condition, which was

constructed in the same way as we did for into the 50°N to 70°N belt of the North Atlantic
Ocean at the rate of 1 Sv (i.e., 106 m3/s). Thethe time integration of the standard version
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Fig. 7. Geographical distribution of sea surface temperature difference (°C) between the control and perturbed
integrations (i.e., states I and II) of the standard version of the coupled ocean–atmosphere model. The sea surface
temperatures represent time averages over years 5901–6000 of both integrations.

to induce the inactive mode of the reverse THC

in the standard version of the coupled model. As

indicated in Fig. 8, the THC in the North Atlantic
Ocean weakens rapidly and reverses direction

towards the end of the 100-year period. The

streamfunction of the reverse THC at the end of

this period is illustrated in Fig. 9b, which indicates
weak upwelling in the North Atlantic and sinking

in the Circumpolar Ocean of the Southern

Hemisphere. Upon termination of the freshwater

discharge, however, the THC in the Atlantic Ocean
reverses direction again and regains its original

intensity (Fig. 9c), in sharp contrast to the
behavior of the standard version of the model.

Fig. 8. The time series of 100-year mean intensity of
After undergoing large fluctuations, the global

thermohaline circulation in the North Atlantic Ocean
mean temperature of the deep water alsoobtained from the LVD version of the coupled ocean–
approaches asymptotically the value reached byatmosphere model. Thin line: control integration. Thick
the control integration (Fig.10). These results indi-line: perturbed integration. Units are in Sverdrups (i.e.,

106 m3/s). cate that the state of the reverse THC is not a

stable equilibrium for the LVD version of the

coupled model.massive input of freshwater described here has
In both control and perturbed integrations ofvery similar effect on the THC as the restoration

the LVD version of the coupled model, the globalof surface salinity towards a very low value, which
was employed earlier (i.e., Subsection 3.1) in order mean oceanic temperature at the depth of ~3 km

Fig. 6. (a) and (b) illustrate the geographical distributions of sea surface salinity (psu) averaged over years 5901–6000
of the control and perturbed integrations (i.e., the states I and II), respectively, of the standard version of the coupled
ocean–atmosphere model. (c) illustrates the difference between (a) and (b).
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Fig. 10. The time series of globally averaged, 100-year
mean oceanic temperature (°C) at the depth of 3 km
obtained from the LVD version of the coupled model.
Thin line: control integration. Thick line: perturbed
integration.

the static stability in the deep layer of the LDV
version of the coupled model is less than those of
the standard version towards the end of both

perturbed and control integrations. It is likely that
the reintensification of the THC in the LVD
version of the coupled model is facilitated due not

only to the direct effect of larger vertical diffusion
coefficient but also to smaller static stability.

5. Conclusions

We have confirmed that the standard version
of the GFDL coupled model with seasonally
varying insolation has at least two stable equilib-

rium states. One state has a realistic and active
THC with sinking in the northern North Atlantic
Ocean. The other has a reverse THC with sinking

in the Circumpolar Ocean of the Southern
Hemisphere and no ventilation of subsurface water

Fig. 9. The latitude–depth distributions of the stream- in the North Atlantic Ocean.
function of the thermohaline circulation (THC) in the However, the reverse THC is not a stable equi-
Atlantic Ocean obtained from the LVD version of the

librium for another (LVD) version of the coupled
coupled ocean–atmosphere model. Streamfunction is

model with a large vertical subgrid-scale diffusionaveraged over (a) years 2101–2200 of the control integra-
coefficient. Although a reverse THC was inducedtion, and (b) years 101–200 and (c) years 1601–1700 of
in the Atlantic Ocean by a massive discharge ofthe perturbed integration.

freshwater, it began to transform back to the
active, direct THC as soon as the freshwaterapproaches asymptotically 2.6°C, which is larger
discharge was terminated. The results from thethan 1.2°C reached in the integrations of the
two versions of the coupled model indicate thatstandard version of the coupled model. This

implies that, because of large vertical diffusion, there is a critical value of diffusivity above which
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two stable equilibria do not exist. In order to employs an explicit, large vertical subgrid-scale
diffusion coefficient.know whether the two stable equilibria exist in

The stable mode of the active THC obtainedthe real oceans or not, it is therefore necessary to
from the LVD version of the coupled model isdetermine the magnitude of vertical diapycnal
more intense than that of the MPI model. Asdiffusion in the oceans. Measurement of the inva-
discussed in Section 4, the larger the verticalsion of anthropogenic tracers, such as bomb tri-
diffusion is, the stronger is the intensity of thetium and 3He, have indicated that the coefficient
THC. Accordingly, it is likely that the magnitudeof vertical diapycnal mixing in the ocean thermo-
of the effective vertical diffusion of the MPI modelcline of the subtropical North Atlantic is less than
is somewhere between the standard and LVD0.1 cm2 s−1 (Jenkins, 1980) or about 0.2 cm2 s−1
version of the coupled model.(Rooth and Östlund, 1972). The results from a

Using coupled models in which a so-calledrecent field experiment, which injected an artificial
energy balance model of the atmosphere is com-tracer into the Atlantic Ocean, indicate that the
bined with an oceanic circulation model, Fanningmost likely value of the coefficient of the vertical
and Weaver (1997) and Mikolajewicz (1996)diapycnal diffusion in the ocean thermocline lies
obtained the mode of the reverse THC by dischar-in the range between 0.1 and 0.2 cm2/s (Ledwell
ging large amounts of freshwater in the Northet al., 1994). The vertical diffusion coefficient in
Atlantic Ocean. After termination of the freshwaterthe standard version of the coupled model is larger
discharge, the reverse THC in their modelsthan these values. Therefore, it is likely that the
remains stable, in agreement with the behavior ofreal ocean has the stable mode of the reverse THC
our coupled model. When the effect of the ‘‘windin addition to that of the direct THC.
stress feedback’’ (Marotzke, 1989) was incorpor-Rahmstorf (1995) investigated the response of
ated into their model, however, the mode of the

the THC to the input of freshwater using a global
normal, direct THC began to intensify very slowly

ocean circulation model coupled to a simplified
and regained the original intensity over a millen-

model of the atmosphere. In response to very
nium time scale, which is much longer than the

slowly increasing removal of freshwater (or addi-
restoration time of ~100 years obtained by

tion of salt), for example, the inactive mode of the
Schiller et al. (1997). The behavior of their models

reverse THC becomes unstable and transformed
described here, however, differs from the standard

into the active mode of the direct THC. Here,
version of the GFDL coupled model, in which the

similar transformation occurred in the LVD ver-
mode of the reverse THC remains stable over very

sion of the coupled model in response to the
long time despite the termination of the freshwater

termination of freshwater supply. It appears that
discharge. It is likely that this difference results

the increase of the vertical diffusion coefficient in partly from the difference in vertical subgrid scale
the coupled model ocean make it possible to diffusion coefficient between the GFDL and other
induce the transition from the inactive to active two models. For example, the value of vertical
modes of the THC at larger meridional gradient diffusion coefficient in the oceanic component of
of surface salinity. the GFDL coupled model shifts from 0.3 to

The behavior of the LVD version of the coupled 1.3 cm2/s−1 at 2.5-km depth, i.e., well below the
model described above resembles the response of thermocline. On the other hand, the shifts between
the MPI coupled model to the massive discharge the two values occur around the depth of 1 km in
of freshwater (Schiller et al., 1997). As hypothes- the Fanning–Weaver model. Larger coefficient of
ized in the introduction, the resemblance of vertical subgrid scale diffusion in the Fanning–
behavior between the MPI model and the LVD Weaver model may be responsible for the differ-
version of our coupled model may be attributable ence in the behavior between the two models.
to the large vertical diapycnal diffusion which is The oceanic component of the coupled model
common to both models. It has been noted already used by Mikolajewicz is similar to that used by
that the MPI model employs the first order, Schiller et al. However, he modified the original
upstream difference technique which yields large, code (Maier-Reimer et al., 1993) to include the
implicit computational diffusion. On the other explicit vertical diffusion of temperature and salin-

ity. On the other hand, he increased the numberhand, the LVD version of our coupled model
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of vertical finite difference levels from 11 to 22, distribution of benthic d13C determined by
Sarnthein et al. (1994) suggests that an upperthereby reducing the computational diffusion

which results from the first order, upstream differ- deep-water production of significant magnitude

did occur during the Younger Dryas. It appearsencing. Although it is difficult to determine the
magnitude of effective oceanic diapycnal diffusion, that the state of the Younger Dryas in the Atlantic

Ocean may be significantly different from theone can speculate that the magnitude lies some-

where between the GFDL and original MPI stable state of the reverse THC with no ventilation
of subsurface water in the North Atlantic Ocean.models, yielding the results which was described

by Mikolajewicz. When the standard version of the coupled model

produces the stable state of the reverse THC, itThe different behavior between the GFDL and
other two models may also be attributable to the remains in that state. However, it appears that in

the actual North Atlantic Ocean, the THC reco-different patterns and magnitudes of surface wind

stress in the models. Specifically, the pattern of vered its intensity very rapidly at the end of the
cold Younger Dryas period inducing the abruptpositive sea level pressure anomaly in our model is

confined more towards Greenland, making it harder warming. This is another important reason why

we believe that, during the cold Younger-Dryasto reintensify the THC. Obviously, a more careful
evaluation of the models is needed for a convincing period, the stable mode of the reverse THC did

not prevail in the North Atlantic Ocean.determination of the basic cause of the difference.

However, since the mode of the reverse THC is only Recently, Manabe and Stouffer (1995, 1997) con-
ducted a series of numerical experiments exploringmarginally unstable in the models of Fanning–

Weaver and Mikolajewicz, the use of smaller vertical the response of the standard version of the coupled
model to various types of freshwater discharge.diffusion coefficient could have stabilized the mode

of the reverse THC in their models. They found that, if the freshwater discharge was

terminated before the coupled model reaches theIn order to confirm convincingly the existence
of the inactive mode of the reverse THC, it is stable state of the reverse THC, the THC could

reintensify upon termination of the discharge. Theirnecessary to determine more accurately the magni-

tudes of diapycnal as well as isopycnal eddy experiment also indicates that, upon abrupt initi-
ation and termination of the freshwater discharge,diffusion in the ocean. In addition, it is highly

desirable to repeat the experiments conducted here large oscillations of the THC with multidecadal

time scale were generated, inducing large rise andusing a coupled model with much higher computa-
tional resolution which permit better representa- fall of sea surface temperature in a few decades.

Based upon the results of the numerical experimentstion of the THC and its interaction with the

bottom topography. described above, they suggested that the state of
temporarily weakened THC (rather than the stableEarlier, Manabe and Stouffer (1988) speculated

that the inactive mode of the reverse THC pre- state of the reverse THC) be realized during the

Younger Dryas. This suggestion appears to be con-vailed in the North Atlantic Ocean during the
cold period of Younger Dryas. However, paleoce- sistent with the paleoceanographic evidence as

noted above. However, further analysis of fast-accu-anographic evidence does not necessarily support

this speculation. Although the deep-sea cores from mulating cores in both East and West Atlantic is
needed in order to confirm reliably the existence (orthe North Atlantic Ocean indicate markedly

reduced deep water formation (i.e., Boyle and absence) of North Atlantic deep water formation

during the Younger Dryas.Keigwin, 1987; Keigwin and Lehman, 1994), the
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