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ABSTRACT

The zonally averaged, latitude-depth ocean model, developed in Part I, is extended to a two-basin system
representing the Atlantic and Pacific. Steady states are calculated under two different surface boundary conditions
to study a possible global thermohaline circulation linking the Pacific and the Atlantic. If the surface temperature
and salinity profiles are identical functions of latitude in both the Pacific and the Atlantic, the steady state under
restoring boundary conditions consists, in spite of the different basin extensions, of a two-cell structure in each
basin. Upon switching to mixed boundary conditions the state is unstable, and a one-cell circulation with
downwelling at high northern latitudes develops in both basins.

For a realistic surface salinity profile that is fresher in the Pacific, the steady state under restoring boundary
conditions is completely different. It exhibits a global thermohaline circulation with strong interocean mass
exchange. Deep water is formed primarily in the North Atlantic, from which a deep flow spreads into the Pacific,
where it upwells. This state is stable under mixed boundary conditions. The meridional heat flux is to the south
in the Pacific and to the north in the Atlantic with maximum values of order 0.7 PW (1 PW = 10'° W). Both
temperature and salinity structures of the steady state compare favorably with the observed zonal averages. The
model also demonstrates that this “conveyor belt” circulation is maintained by net evaporation in the Atlantic
and net precipitation in the Pacific.

Two deglaciation experiments simulating the termination of the last ice age are performed by applying a
freshwater flux anomaly of 0.12 Sv and 0.06 Sv (1 Sv = 10° m>s™!) in the North Atlantic. The strong anomaly
shuts off the interocean exchange, and deep water is formed subsequently only in the Southern Ocean. For the
small anomaly the interocean circulation weakens but remains in operation. When the anomalous flux is
switched off, the final equilibrium state for the first experiment is the mode with no interocean exchange, while
in the second experiment the state returns to the original conveyor belt. The global thermohaline circulation
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thus exhibits more than one stable equilibrium under realistic surface forcing.

1. Introduction

Beyond controlling the meridional heat flux in a
single ocean basin like the Atlantic, the thermohaline
circulation is likely to have a global significance within
the climate system. Observations confirm that the main
region of deep-water formation is located in the North
Atlantic (Warren 1981) with rates estimated at 14 to
20 Sv (1 Sv = 10® m? s~!), while the Pacific Ocean
shows primarily upwelling. Based on an analysis of wa-
ter characteristics in the main ocean basins, Gordon
(1986) proposed that these two areas are linked by a
thermocline flow of relatively warm water from the
Pacific through the Indian Ocean into the South At-
lantic, thus feeding deep-water formation in the North
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Atlantic. A corresponding deep flow exports Atlantic
water to the Indian and Pacific oceans. Such a global
thermohaline circulation would connect the three ma-
jor ocean basins, acting like a conveyor belt for water
masses, and would represent a key element of our cli-
mate system.

In Part I (Wright and Stocker 1991) we have de-
veloped a zonally averaged ocean model and shown
qualitative agreement with three-dimensional ocean
general circulation models (OGCMs). We are therefore
encouraged to apply an extended version of the model
to investigate whether the main ocean basins are indeed
connected by a global thermohaline circulation. A sec-
ond purpose of this paper is to study the stability of
such a conveyor belt circulation. More specifically, we
examine how freshwater released into the Atlantic
Ocean during the termination of an ice age affects the
global thermohaline circulation.

Support for the idea that the various ocean basins
are communicating via a thermohaline flow was re-
cently provided by several three-dimensional OGCM
experiments. Cox ( 1989) studied the steady-state water
mass structure of the World Ocean under zonally uni-
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form restoring boundary conditions on both temper-
ature and salinity. When the thermohaline flow was
enhanced by adding sait to the North Atlantic, water
masses originating from the North Atlantic were iden-
tified in the Indian and Pacific oceans. Maier-Reimer
and Mikolajewicz (1989) presented results of the
global, annual-mean version of the Hamburg OGCM,
which was spun up under restoring boundary condi-
tions. From this essentially steady state the salt flux
was diagnosed, and integration continued under mixed
boundary conditions. The model was able to clearly
reproduce a global thermohaline circulation linking the
main ocean basins. A highly symmetric two-basin ver-
sion of the Bryan-Cox OGCM was used by Marotzke
and Willebrand (1991) to examine multiple equilibria.
The two basins had identical geometry, were symmet-
rically forced, and were connected by a specified Ant-
arctic Circumpolar Current. Under mixed boundary
conditions four stable states could be realized: two
conveyor belt circulations and two states for which
there was little interocean exchange, and deep water
was formed either in high northern or high southern
latitudes in both basins.

Modifications in the thermohaline circulation can
be an important factor for climatic change. Stommel
(1961) found, using a box model, that a perturbation
of the thermohaline circulation might cause it to jump
into a different mode of operation; stable and unstable
equilibria found in several recent ocean models give
further support. Broecker et al. (1985) and Broecker
and Denton (1989) show evidence of significant
changes in deep-water formation rates of the North
Atlantic during the termination of the last ice age.
Meltwater from the disintegrating North American ice
sheets, which flows into the North Atlantic at various
latitudes, can influence the thermohaline circulation.
The immediate local effect is to stabilize the water col-
umn and decrease deep-water formation, which results
in a reduced oceanic meridional heat transport. If the
global conveyor belt flow suggested by Gordon (1986)
is operating, one must expect that a modification of
the Atlantic deep circulation will also have a global
impact. o

The early model studies (Bryan 1986; Marotzke et
al. 1988) on the effect of deglaciation on the thermo-
haline circulation use unrealistic scenarios and consider
only one ocean basin. A steady state is perturbed by
adding or removing salt at a given time. In a more
realistic scenario the surface flux of salt is modified for
several thousand model years. This was first done by
Maier-Reimer and Mikolajewicz (1989) in their global
OGCM. Their results indicate that an anomaly ten
times smaller than the current glacial meltwater esti-
mate of about 0.1 Sv is already sufficient to switch off
the Atlantic meridional heat transport.

The paper is organized as follows. Section 2 explains
the model setup. The steady states that evolve under
symmetric surface forcing and their stability are pre-

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 21

sented in section 3. Section 4 deals with the global
thermohaline circulation obtained when realistic sur-
face salinity is used. Two deglaciation experiments
are discussed in section 5. Conclusions follow in sec-
tion 6.

2. Model setup for the Pacific~Atlantic basin system

To simulate the global thermohaline circulation, the
ocean model is extended to two basins of 120° and
60° angular width representing the Pacific and Atlantic,
respectively. The Pacific basin extends from 55°S to
50°N, the Atlantic from 55°S to 80°N. Meridional
overturning transport in the individual basins depends
strongly on the zonally averaged east-west pressure
gradient. This quantity cannot be determined from the
zonally averaged equations and hence must be param-
eterized. As explained in Part I, we use the parameter-
ization

Ap
AA

ap

2’ (1)

= —2esc?

where s and ¢ are the sine and cosine of latitude, and
Ap/AA and dp/ds are the zonally averaged zonal and
meridional pressure gradient components. In Part I we
argued that the value of ¢ depends on the width of the
basin. Here we assume that, for a specified north-south
density gradient, the density contrast across a wide ba-
sin is independent of the width of the basin. Combined
with the hydrostatic approximation, this suggests that
the pressure difference across the basin is independent
of the basin width, so the pressure gradient (and hence
¢) is inversely proportional to the basin width. This is
also consistent with the fact that the zonally averaged
east—-west velocity comes closer to geostrophy with in-
creasing angular width.

Various runs have shown that ¢ = 0.2 for the Atlantic
(and hence ¢ = 0.1 for the Pacific) yields reasonable
values of the meridional overturning under realistic
surface forcing. Independent analysis of the three-di-
mensional OGCM (Part I, section 2¢) gives € = 0.3 for
the Atlantic. Test runs suggest that use of ¢ = 0.3 rather
than ¢ = 0.2 would not influence the basic conclusions
drawn here.

The Southern Ocean region plays an important role,
since all interbasin exchange in the model occurs
through it. An important assumption made here is that
the temperature and salinity may be approximated as
zonally uniform within this region, so that the Southern
Ocean can be modeled by cells that extend 360° lon-
gitudinally. In reality, the Antarctic Circumpolar Cur-
rent continuously spreads the influence of the adjacent
ocean basins and overlying atmosphere around the
Southern Ocean, thus helping to maintain zonal uni-
formity. This strong zonal flow must be maintained by
the wind stress: topographic pressure drag is probably
the dominant sink of momentum, with eddies affecting



DECEMBER 1991

the downward energy flux required to maintain the
deep circulation (Bryden 1983). It is important to re-
alize that while wind stress is not explicitly included
in our model, its influence is accounted for through
the assumption of zonal uniformity in the Southern
Ocean.

We must now deal with the meridional exchange
within the Southern Ocean and between the Southern
QOcean and the two adjoining basins. Within the
Southern Ocean there is clearly no geostrophic contri-
bution to the zonally averaged overturning, except near
the bottom, where topographic barriers can result in a
nonzero zonally averaged pressure gradient. Conse-
quently, north-south property gradients tend to be rel-
atively strong within this region, and it is tempting to
resolve this structure. However, in the interest of sim-
plicity, we have modeled the Southern Ocean region
by a single cell in the north-south direction. To test
the influence of this idealization, additional experi-
ments were performed with higher meridional reso-
Iution and ¢ = 0.0001 within the Southern Ocean. As
expected, the lack of an east-west pressure gradient
greatly reduces the meridional flow in this region, but
the influence is primarily localized and the global cir-
culation is not significantly altered. More important,
sensitivity to anomalous freshwater fluxes as well as
the transient behavior during circulation changes are
not influenced by increasing the meridional resolution
of the model in the Southern Ocean.

It remains to consider exchange with the adjoining
basins to the north. At the connecting boundaries with
these regions, zonal barriers do exist and an east—west
pressure difference can be maintained. To estimate the
exchange across these sections, the average east-west
pressure gradient is calculated by (1), and the resulting
(nearly geostrophic) meridional velocity, together with
horizontal diffusion, determines the meridional ex-
change between the northern basins and the zonally
uniform Southern Ocean. Once these exchanges are
calculated, vertical velocities within the Southern
Ocean follow by continuity, and temperature and sa-
linity evolve according to the usual advection-diffusion
equations, with convection removing unstable density
structures.

The numerical scheme used is the same as that in
Part I. Fluxes across cell boundaries are estimated using
the method of Fiadeiro and Veronis (1977), and for-
ward time differencing is applied. The calculations dis-
cussed here are performed on grids with a total of either
15 or 31 cells in the meridional direction and either
10 or 20 cells in the vertical and Ky = 10° m? s~!. For
the coarser vertical resolution we will use K, = 0.4
X 10™* m?s™" and 74 s = 100 days, while for 20 vertical
cells we select K,y = 0.8 X 10™* m? s™! and 74,5 = 50
days. A comparison of results obtained on the different
grids is presented in the Appendix.

To obtain a steady-state circulation the standard
procedure of ocean spinup is applied. Integration starts
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from an ocean at rest with uniform temperature T
= 7°C and salinity S = 35 ppt. The circulation is set
up by thermal and haline surface forcing. At the ocean
surface T and S are relaxed to specified values 7* and
S* on a time scale 75 = 75 = 100 days. The following
analytic forms are used initially:

T*(s) = (1 + cos(=ws)) X 12.5°C (2a)
S*(5) = (36 + cos(ws)) X ppt. (2b)

Once a steady state under restoring boundary condi-
tions is reached, the vertical salt flux is diagnosed, and
further integrations are carried out under mixed
boundary conditions: surface temperatures are still re-
laxed to (2a), while the salt flux is kept constant.

3. Global thermohaline circulation under symmetric
salinity forcing

Here, temperature and salinity are restored to sym-
metric forcing fields, i.e., Pacific and Atlantic latitudes
have identical restoring values given by (2). Figure la
shows the meridional overturning streamfunction after
1000 years of spinup under restoring boundary con-
ditions using the coarse 15 X 10 grid. The resulting
thermohaline circulation consists of two cells in each

Atlantic
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FiG. 1. Contours of the meridional overturning streamfunction in
Sv (1 Sv = 10% m® s7) in the Pacific-Atlantic basin system. The
Pacific extends from 50°N (left) to 55°S, where it joins the Atlantic
basin extending to 80°N (right). Interbasin exchange occurs through
the Southern Ocean, located within the two vertical dashed lines.
The steady state under symmetric temperature and salinity restoring
boundary condition (a) is unstable upon a switch to mixed boundary
conditions and undergoes a transition to the final steady state (b).
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ocean basin. Deep water is formed primarily in the
Southern Ocean; intermediate water is formed in the
North Atlantic and shallow overturning occurs in the
North Pacific. There is very little mass exchange be-
tween the Pacific and Atlantic, and the flow shows the
structure of two independent basins that are individ-
ually forced. The asymmetries between Pacific and At-
lantic are primarily due to the fact that the Pacific basin
only extends to 50°N.

The salt flux in both basins was diagnosed from this
state, the boundary condition was switched to the
mixed type, and a 0.5-ppt positive salinity anomaly
was added to the surface layer of the Atlantic north of
32°N. As expected, the circulation is not stable, and
after 1000 years the Southern Hemisphere cells in both
basins have disappeared. The final steady state shows
a one-cell circulation with deep-water formation in the
northern latitudes of both basins (Fig. 1b). Interocean
exchange did occur during the transient adjustment,
but in the final equilibrium it has almost ceased, re-
sulting in nearly independent thermohaline circulations
in the two basins. This experiment shows that the geo-
metrical asymmetry is not sufficient to produce a steady
interocean exchange of water in this model. Under
symmetric forcing, the system evolves to a state in
which the interaction between the two basins is min-
imal.

4. Global thermohaline circulation under realistic sa-
linity forcing

In this section steady-state circulations under re-
storing and mixed boundary conditions are obtained.
The restoring profiles of 7* and S* are given by (2a),
and

Sp— S4
Sp+ 84

S*(s) = (35 + cos(ws) +

+AS S—_S%) -ppt, Atlantic
Sp+ S4
+ s , (3)
s — .
—AS ——0}-)) +ppt, Pacific
spt+ 8y

where so4, Sop, S14, and s, p are the sines of the latitudes
of the southern and northern extents of Atlantic and
Pacific basins, respectively, and sp = $1p — Sop, S4 = Sig
— So4. Superposed on the restoring salinity given by
(2) is therefore a linear variation with an increase of
about AS-ppt from the North Pacific through the
Southern Ocean to the North Atlantic. We select AS
= 2 corresponding to realistic conditions and use the
coarse 15 X 10 grid, unless stated otherwise. Due to
the asymmetric salt forcing (3), the ocean spinup takes
much longer to reach steady state. Since the vertical
surface heat and salt fluxes integrated over both basins
must vanish for a steady state, these quantities are use-
ful indicators of deviations from equilibrium. After

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 21

7000 years of spinup under restoring boundary con-
ditions, the integrated sait flux was four orders of mag-
nitude smaller than typical values in each basin.

Figure 2 displays the meridional overturning
streamfunction in the two ocean basins after 7000 years
under restoring boundary conditions (2a) and (3). The
state is steady, and deep water is formed at a rate of
16 Sv in the North Atlantic only. The Atlantic bottom
water flows south, and about 7 Sv are exported into
the Pacific. The rest is upwelling in the Atlantic and
joins the thermocline return flow from the Pacific. In
the Pacific about 10 Sv are upwelling, the main part
of which originates from Atlantic bottom water. About
7 Sv are returned to the Atlantic as a shallow flow
through the Southern Ocean (delineated by vertical
dashes). Two weak and shallow cells in the South At-
lantic and the North Pacific are also observed. From
the state in Fig. 2 the salinity flux in both basins is
diagnosed and used for further integration under mixed
boundary conditions. When the integration is contin-
ued with no other changes, only small adjustments oc-
cur in the salinity field. While the effect is small, the
fact that the system undergoes some change and evolves
to a new equilibrium under mixed boundary conditions
allows us to conclude that this state is stable against
small perturbations. Sensitivity of this state to grid res-
olution is discussed in the Appendix.

To study the influence of the northward extension
of the Atlantic basin, two additional spinup runs under
restoring boundary conditions (2a) and (3) with AS
= —2 and AS = —4 are performed; note that here the
Atlantic is fresher than the Pacific. In the former case,
AS = —2, the circulation is similar to Fig. la, except
that North Atlantic deep-water formation is shallow
and sinking in the North Pacific reaches about 3000
m. No interocean flow is observed. Upon switching to
mixed boundary conditions, this state is again unstable,
and the new equilibrium state is similar to Fig. 1b.

Depth [km]

d 2.00 2.u\/-
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F1G. 2. Under restoring boundary conditions using realistic sea
surface salinity, a global thermohaline circulation results. The steady
state on the 15 X 10 grid, evolving from 7000 years of spinup, shows
deep-water formation only in the North Atlantic, part of which is
returned to form intermediate South Atlantic water. The rest spreads
into the Pacific, where it upwells. Thermocline flow is to the south
in the Pacific and to the north in the Atlantic.



DECEMBER 1991

Atlantic

Depth [km]

Latitude

FIG. 3a. Meridional overturning streamfunction of the steady state
at ¢ = 8000 yr under mixed boundary conditions on the 31 X 20 grid
with Ky = 0.8 X 107* m? s~ and 75 = 75 = 50 days. The negative
contour interval is 1 Sv.

Only for the large salinity contrast, AS = —4, does a
reversed conveyor belt develop. Therefore, in this
model the present geographical extension of the Pacific
and Atlantic basins favors the conveyor belt circulation
as shown in Fig. 2 but is not the cause of its mainte-
nance. The latter point will be discussed below.

The temperature and salinity fields of the flow are
now examined for a run with realistic salinity and tem-
perature forcing. Restoring surface salinity is given by
(3), and for the restoring surface temperature we select

T*(s) = 14.5 + 12.5 cos[% s(1 + Isl)] [°C], (4)

which is a good approximation to the data of Levitus
(1982). The model is spun up under restoring bound-
ary conditions for 6000 years on the 31 X 20 grid using
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FIG. 3b. Sea surface temperature (solid), Levitus (1982) zonal
averages (dashed), and ocean-atmosphere heat flux in W m~2 (dash—
dotted) of the steady state of Fig. 3a.
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FIG. 3c. Sea surface salintity in ppt (solid), Levitus (1982) zonal
averages (dashed), and P-E in m yr™' (dash-dotted) of the steady
state of Fig. 3a.

Ky =0.8X10"*m?s ! and 75 = 75 = 50 days. From
this steady state the integration continues for 2000 years
under mixed boundary conditions. The meridional
overturning streamfunction at ¢ = 8000 yr is shown in
Fig. 3a. Deep-water formation occurs only in the North
Atlantic at a rate of 19 Sv; 11 Sv flows as a deep current
into the Pacific basin where it upwells over a broad
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FIG. 3d. Meridional heat transport in PW (1 PW = 10" W) in-
tegrated over the respective basin for the state of Fig. 3a. Heat is
transported mainly to the south in the Pacific and to the north in
the Atlantic.
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region. Intermediate water is formed in the North Pa-
cific (2.6 Sv) and in the Southern Ocean region (15
Sv), part of which (10 Sv) flows into the South Atlantic.

Figure 3b gives the latitude profiles of sea surface
temperature (model and Levitus data) and the vertical
ocean-atmosphere heat flux in watts per square meter.
The model ocean temperature varies from 10.7°C
(2.9°C) in the North Pacific (North Atlantic) to 27°C
at the equator and falls to 4°C in the Antarctic Cir-
cumpolar Current region. The ocean receives energy
at rates of 12 and 20 W m™2 in the equatorial regions
of the Pacific and Atlantic, respectively. Most of the
heat is released in the North Atlantic at an average of
30 W m~2 and at less than half this rate in the South
Pacific.

_ Sea surface salinity (model and Levitus data) and
the vertical salt flux are given in Fig. 3c as functions
of latitude. Maximum salinities occur at the equator
with 35.5 ppt in the Pacific and 36.5 ppt in the Atlantic;
the North Pacific is fresh at 33.5 ppt compared to the
North Atlantic at 35.0 ppt. The salt flux can be con-
verted to P-E rates; the model shows a negative salt
flux due to evaporation excess in the equatorial regions
with 0.18 m yr™! and 0.49 m yr~! in the Pacific and
Atlantic, respectively. The basin integral over the At-
lantic indicates a ret evaporation excess of 0.13 m yr~!
(0.06 m yr~! and 0.21 m yr~! over the North and South
Atlantic, respectively), which in turn is compensated
by a net precipitation excess over the Pacific. Baum-
gartner and Reichel (1975) give an observed value of
0.18 m yr~! (0.12 m yr~! and 0.24 m yr~' over the
North and South Atlantic, respectively). Considering
the large uncertainties of these estimates, the model
successfully reproduces the observed water transport
through the atmosphere from the Atlantic to the Pa-
cific. More details on the hydrological cycle are given
below.

The Atlantic heat flux (Fig. 3d) is mainly northward
with a maximum of 0.66 PW (0.41 PW across the
equator). The Pacific, on the other hand, has a heat
transport to the south peaking at 0.69 PW (0.37 PW
across the equator). Although a substantial interocean
mass flux is evident from Fig. 3a, there is very little
exchange of heat between the basins.

Let us now compare the model results with the ob-
served zonal averages of Levitus (1982). Figure 4 pre-
sents the model estimate of the latitude~-depth tem-
perature field of the Pacific and the corresponding ob-
served field. Note that here and in the following figures
the latitude scales are different, and no comparison
can be made south of 55°S; as mentioned earlier, the
present model makes no attempt to resolve the detailed
water mass structures within the Southern Ocean.

The model shows the observed stratification and the
well-mixed regions of the upper 1000 m of the South
Pacific. As expected, the equatorial doming due to Ek-
man pumping is not present in the model. The salinity
fields are given in Fig. 5. Near the equator the model
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and observed salinities decrease with depth over the
upper 600 m, below which there is intermediate water
exhibiting very weak salinity gradients. From both the
north and the south, tongues of freshwater intrude
equatorward between about 600 m and 1000 m. The
deep ocean is uniformly stratified with only a very weak
latitude dependence showing doming in the equatorial
regions. All these features are in general agreement with
the observations.

The temperature field of the Atlantic (Fig. 6) is sim-
ilar to that of the Pacific, showing a vertically stratified
structure. Again, the equatorial doming is not produced
by this purely buoyancy-driven model. Strong vertical
mixing is visible in the North Atlantic where deep water
is formed. This is in general agreement with the data.
The deep ocean does not show the cooler waters reach-
ing the ocean bottom from the Southern Ocean. Figure
7 gives the model (a) and Levitus (b) salinity fields of
the Atlantic. The model again reproduces the inverse
stratification of the upper ocean at low latitudes. A
prominent observed feature of the Atlantic is the in-
trusion of fresh thermocline water from the Southern
Ocean, beneath which saltier water penetrates from the
north to form a wedge of saltwater in the deep ocean.
Both structures are present in the model although the
intrusion of Antarctic intermediate water proceeds too
far north.

In spite of the various idealizations, both temperature
and salinity fields of the Atlantic and Pacific are re-
produced fairly realistically. In particular, the model
is able to give the gross water mass structures for both
the Pacific and the Atlantic. These are very different
in the two ocean basins. In the Pacific the low-latitude
intermediate water shows a well-mixed region that is
enclosed by freshwater tongues from the north and
south. The corresponding Atlantic water, on the other
hand, is dominated by a freshwater wedge emanating
from the Southern Ocean and overlying a wedge of
saltwater from the north. Both phenomena are present
in the model fields, which suggests that the observed
T and S structures in the two ocean basins are direct
evidence for the presence of interocean thermohaline
flow. The largest differences between the model and
observed fields are, as expected, in the Southern Ocean,
the meridional structure of which the model makes no
attempt to resolve.

Atmospheric freshwater transport is essential to
maintain the global thermohaline circulation. This is
confirmed by an experiment on the 31 X 10 grid start-
ing from the steady-state conveyor belt (corresponding
to Fig. 3a) and reducing the Atlantic-Pacific freshwater
transport by 80%. Time series of some characteristic
variables are given in Fig. 8. Maximum and minimum
Atlantic overturning and the net surface heat flux over
both basins are shown in Fig. 8a. The negative cell in
the southern Atlantic increases in strength for about
500 years with relatively minor adjustments of the wa-
ter mass properties (see Fig. 8b), until the two Atlantic
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FIG. 4. Comparison of (a) the zonally averaged temperature field in the Pacific
for the steady state of Fig. 3a with (b) the observed temperature from Levitus (1982).
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F1G. 6. Comparison of (a) the zonally averaged temperature field in the Atlantic
for the steady state in Fig. 3a with (b) Levitus (1982).

cells have about equal strength. At this time instability convective events is completed within the next 400
of the two-cell circulation in the Atlantic occurs, and years. The positive cell disappears, and a steady state,
a relatively rapid transition accompanied by strong which has one cell in each basin with deep-water for-
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FiG. 8a. Time series of the maximum and minimum Atlantic
overturning rates {solid ) and the basin-integrated ocean-atmosphere
heat flux in PW (dashed). Reduction of the atmospheric Atlantic~-
Pacific freshwater transport by 80% causes the destruction of the
conveyor belt, and the circulation in the Atlantic reverses.

mation in the southern latitudes, results similar to Fig.
9a. The reduced freshwater exchange between the ba-
sins causes the mean Pacific surface salinity to increase
only slightly (Fig. 8b, dashed ). For the first few hundred
years the excess freshwater in the surface of the Atlantic
is removed to the deep ocean. However, this reduces
the meridional density gradients that drive the deep
posttive cell in the North Atlantic. The cell weakens
and ultimately collapses. Consequently, the mean sur-
face salinity in the Atlantic drops by 2.6 ppt. During
the transition from the conveyor belt to the new equi-
librium state, both deep basins receive heat and warm
up by about 0.4°C (Fig. 8b, solid). In the new steady
state the Atlantic is fresher than the Pacific.

In summary, the present two-dimensional ocean
model reproduces the global thermohaline circulation
proposed by Gordon (1986 ) and is capable of modeling
the main structure of the latitude-depth distribution
of both temperature and salinity. The importance of
atmospheric water vapor transport for the maintenance
of this interocean exchange of water is demonstrated.

5. Stability of the Pacific-Atlantic interocean circu-
lation

It has often been argued in recent years that the ocean
circulation might have more than one stable mode of
operation. Transitions between different equilibria can
be triggered by freshwater flux anomalies, which occur
naturally during the termination of ice ages. The most
recent termination, the transition into the present Ho-
locene started about 14 000 years ago, caused the com-
plete melting of the Laurentide and several other,
smaller continental ice sheets in the Northern Hemi-
sphere. Denton and Hughes (1981) estimate that 30
X 106 km® melted during a period of about 8000 years.
We assume, taking the simplest possible scenario, that
this volume was released at a constant rate of about
0.12 Sv into the Atlantic. Broecker et al. (1985) suggest
that the river discharge changed from the Mississippi,
at the earlier stages of the melting, to the St. Lawrence
later. Several other melting scenarios have been pro-
posed, and Fairbanks (1989) reports a recent recon-
struction.
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To test the influence of such freshwater additions,
two experiments are conducted on the 31 X 10 gnd
with Ky = 0.4 X 10™* m? s~!. The model is spun up
from rest under the restoring boundary conditions (2a)
and (3). Atz = 7000 yr mixed conditions are applied;
the perturbation experiments start at ¢ = 8000 yr from
the conveyor belt circulation. A salt flux anomaly cor-
responding to a freshwater flux of 0.12 Sv for Expt. I
is applied at 15°N for 4000 years and then moved to
45°N for another 4000 years to model the change in
discharge location. At t = 16000 yr the anomaly is shut
off, and the system was integrated until ¢ = 27 000 yr.
Experiment II tests the same scenario for half the
anomaly, 1.e., 0.06 Sv. ‘

Figure 9 displays the meridional overturning at ¢
= 12 000 yr for Expts. I (a) and II (b). The realistic
anomaly of Expt. I causes a breakdown of the global
conveyor belt and a complete reversal of the North
Atlantic thermohaline circulation. Deep water is now
formed in the South Atlantic, and the North Atlantic
shows upwelling. The flow in the Pacific, on the other
hand, has not changed much, except that sinking in
the Southern Ocean now reaches deeper depths. Inter-
ocean exchange has stopped, and the two basins exhibit
rather independent fields. This state was already estab-
lished 600 years after the anomaly was initiated. Only
minor adjustments occur when the flux anomaly is
moved north. Once the flux anomaly is shut off, the
North Pacific cell decreases in strength, but the final
steady state obtained at ¢ = 27 000 yr (10 000 years
after the anomaly was switched off) has still one cell
in each basin with downwelling in the Southern Ocean.
When only half the anomaly is applied to the conveyor
belt, the shallow South Atlantic cell is intensified, but
the global thermohaline circulation remains in oper-
ation (Fig. 9b). After the anomaly is shut off, the system
returns to the original equilibrium state.

In Fig. 10 we present the evolution of some char-
acteristics in both basins for the first 2000 years of Expt.
I. The anomalous freshwater input decreases deep-wa-
ter formation in the Atlantic steadily, while the negative
cell in the South Atlantic is increasing in strength. After
about 400 years the Atlantic surface salinity decreases,
indicating that the freshwater is no longer exported to
the deep ocean. The new equilibrium state shows again

Surface Salinity [ppt}

Deep Ocean Temperature [°C]

Time [yr}

FIG. 8b. Time series of the mean deep-ocean temperature ( >3000
m, solid) and mean surface salinity (dashed) in the Atlantic and
Pacific.
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FIG. 9. The steady-state global thermohaline circulation under mixed boundary conditions
after 4000 years of the deglaciation experiments. The conveyor belt circulation is perturbed by
an Atlantic freshwater flux anomaly of 0.12 Sv for (a) and 0.06 Sv for (b), applied at 15°N for
4000 years. The strong anomaly causes the Atlantic circulation to reverse (a), while the weak
anomaly only causes minor adjustments to the conveyor belt (b).

a warmer deep ocean. Qualitatively, the transition
evolved like that in Fig, 8, suggesting that local fresh-
water anomalies and global changes to the hydrological
cycle can have similar effects on the global thermo-
haline circulation,

It should be noted that there are differences between
our results and those of Maier-Reimer and Mikolajew-
icz (1989) in their three-dimensional Hamburg
OGCM. First, they find that the thermohaline circu-
lation collapses within the first 100 years whereas here,
in Expt. 1, after 400 years the conveyor belt has dis-
appeared and the Atlantic circulation consists of two
cells of about equal strength. The response time in the
two-dimensional model can be reduced to less than
200 years by placing the flux anomaly directly into the
region of deep-water formation. In the three-dimen-
sional model the freshwater is efficiently carried north-

ward by the western boundary current, providing a
mechanism for a faster response time. Second, the two-
dimensional model appears to be less sensitive to an
anomalous salinity flux, as shown in Expt. II. In com-
parison, the Atlantic thermohaline circulation of the
Hamburg OGCM can be shut off by a small anomaly
of only 0.01 Sv. As Birchfield et al. (1990) note with
regard to the GCM results of Bryan (1986) and Manabe
and Stouffer (1988), it appears possible that the steady
state of the Hamburg OGCM may have been close to
an unstable equilibrium point. Indeed, additional ex-
periments have shown that reducing horizontal diffu-
sivity can significantly increase sensitivity to anomalous
freshwater fluxes in the two-dimensional model. Also,
a more realistic surface forcing using the zonally av-
eraged temperatures and salinities of Levitus (1982)
helps increase sensitivity significantly. It is also im-
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FIG. 10a. Time series of the maximum and minimum Atlantic
overturning (solid) and the basin-integrated vertical heat flux (dashed)
for the first 2000 years of the deglaciation Expt. I. A steady inflow
of 0.12 Sv of freshwater into the Atlantic causes a breakdown of the
conveyor belt within a few hundred years.

portant to note that the two-dimensional model prob-
ably overestimates the influence of the near-surface sa-
linity contrast between the Atlantic and the Pacific and
hence the stability of the conveyor belt, due to the use
of rather coarse vertical resolution.

The two experiments demonstrate that the present
model possesses two stable states of the coupled Pacific-
Atlantic basin system under the same forcing. A real-
istic flux anomaly is capable of causing a transition
from the state with interocean exchange to a state in
which the thermohaline circulations of Pacific and At-
lantic operate independently. The oceanic heat trans-
port is dramatically different for the two states. Figure
11 compares the meridional heat transport of the initial
steady state (solid), Expt. I (dashed), and Expt. Il
(dash~dotted) at f = 12 000 yr. In Expt. I the Atlantic
heat flux is to the south with very little transport in the
highest latitudes. In the Pacific, on the other hand,
modifications are only minor. Experiment II shows
changes only in the South Atlantic, where the heat flux
is increased. Again, the Pacific flux is unaltered.

It is the vertical ocean-~atmosphere heat flux from
which we expect climatic changes that would be de-
tected in proxy data. Table 1 shows the average vertical
heat flux in the North Atlantic from 50° to 80°N (a),
and in the North Pacific from 41° to 50°N (b).
Changes in the North Pacific are too small to cause a
detectable signal in any proxy record. However, in the
Atlantic the heat flux reduces by 25 W m~2 for Expt.
I and 3.3 W m~2 in Expt. II; the corresponding values
in the Pacific do not exceed 0.7 W m™2, To give a
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FIG. 10b. Time series of the mean deep-ocean temperature (>3000
m, solid) and mean surface salinity (dashed) in Atlantic and Pacific
for the first 2000 years of Expt. I.
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rough upper estimate for the associated surface air
temperature changes, we use a greybody radiation es-
timate, 8Q = 40eT>6T, with a mean emissivity of e
= (.6 and high-latitude temperature 7 = 4°C, to obtain
temperature changes of order —9°C (Expt. I)and —1°C
(Expt. 1I) in the Atlantic; in the Pacific changes are
less than 0.2°C. Both Atlantic signals could, if present,
be observed in oxygen isotope records. The picture here
is consistent with Broecker et al. (1985) who find the
Younger Dryas signal only in locations that are under
the influence of the North Atlantic (Europe, Green-
land, and the Canadian maritime), but not where
changes in the north Pacific would have a major effect
on the climate (central and western North America).

6. Conclusions

The model developed in Part I was extended to sim-
ulate a possible global thermohaline circulation, which

TABLE 1. Average vertical heat flux (W m~2) in the North Atlantic
between S0°N and 80°N and in the north Pacific between 41°N
and 50°N.

t (years)
Freshwater
anomaly 8000 12000 16000 17 000
Expt. 10.12Sv  Atlantic 124 —126 -—126 —12.7
Pacific 8.3 79 7.8 7.6
Expt. 11 0.06 Sv  Atlantic 12.4 9.9 8.7 11.4
Pacific 8.3 8.3 8.4 8.3
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connects the Pacific and Atlantic and allows for inter-
ocean exchange of mass, heat, and salt. The state ob-
tained under restoring boundary conditions with iden-
tical latitude profiles of salinity for both basins consists
of a two-cell circulation in both Pacific and Atlantic.
Atlantic deep-water formation is more pronounced due
to the increased northward extent of this basin. The
main deep-water production, however, is in the South-
ern Ocean. Upon a switch to mixed boundary condi-
tions, the system shows a transition with strong inter-
ocean exchange of water. The final steady state is one
with deep-water formation in both high northern lat-
itudes and very little cross-basin flow.

The essential features of a global thermohaline cir-
culation proposed by Gordon (1986 ) could be realized
by restoring to an asymmetric surface salinity profile
that is fresher in the Pacific; this corresponds to present-
day conditions. Deep water is now formed only in the
North Atlantic from where it spreads into the Pacific
to upwell. The main features of the latitude-depth
structure of temperature and salinity show fair agree-
ment with the zonal averages by Levitus (1982). The
state is stable under mixed boundary conditions, We
have also shown that the present geographical extension
of Pacific and Atlantic basins favors a conveyor belt
circulation of this nature: it seems unlikely that the
conveyor belt actually reverses direction as hypothe-
sized by Broecker et al. (1985). :

The global circulation is maintained by a net fresh-
water flux from the Atlantic to the Pacific through the
atmosphere. If this flux is removed, the oceanic cir-
culation changes on a comparatively short time scale
(here about 600 years) to a state in which deep water
is formed in both southern latitudes with very little
interocean exchange. This emphasizes the key impor-
tance of the hydrological cycle in determining the ther-
mohaline flow and hence the direction of the oceanic
heat flux.

We analyzed the stability of this interocean flow by
conducting a deglaciation experiment. The stable state
under mixed boundary conditions was perturbed by a
salt flux anomaly of 0.12 Sv and 0.06 Sv during 8000
years. The strong anomaly causes the Atlantic circu-
lation to reverse completely within the first 600 years
of the experiment, thereby inhibiting any interbasin
flow. Eventually, the stable one-cell circulation is
reached in each basin individually. However, the con-
veyor belt persisted for the weaker anomaly and ex-
hibited decreased ocean—-atmosphere heat fluxes in the
North Atlantic. For both scenarios the Pacific ther-
mohaline circulation did not change much; this is con-
sistent with the spatial distribution of the Younger
Dryas climate event (Broecker et al. 1985).

The deglaciation experiment also showed that the
global thermohaline circulation is stable for small per-
turbations. However, a second stable state under iden-
tical surface forcing exists. In this state there is little
interocean exchange, and the thermohaline circulations

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 21

of Pacific and Atlantic basins operate independently.
A transition is possible for salt flux anomalies exceeding
a threshold value, which lies within present estimates
of glacial meltwater fluxes at the last termination.

The present paper emphasizes the significance of the
thermohaline circulation of the ocean for climate
change. It is shown that multiple equilibria are realized
under present-day forcing. The atmospheric part of the
hydrological cycle (including runoff) plays a crucial
role in maintaining the salinity contrast between the
Atlantic and the Pacific and hence the global conveyor
belt. The eventual goal is to incorporate two-dimen-
sional models of the atmosphere and the cryosphere
in order to obtain a realistic and yet inexpensive model
suitable for paleoclimatic studies. This work is in pro-
gress (Stocker et al. 1991).
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APPENDIX

Sensitivity to Grid Resolution
and Vertical Diffusivity

Here we examine the dependence of the flow on the
grid resolution. Vertical diffusivity and relaxation time
scales are given in Table Al. Calculations are per-
formed on three different grids with 15 (meridional)
X 10 (vertical), 31 X 10, and 31 X 20 cells. Spinup
under restoring boundary conditions, followed by a
switch to mixed boundary conditions, is repeated in-
dependently for each grid resolution and qualitatively
similar flows are obtained. The maximum transport
does not vary much when the horizontal resolution is
increased. However, with double the vertical resolution
we get a significant reduction in the maximum trans-
port (Table Al).

Part of this discrepancy can be directly related to
the restoring surface boundary condition [Part I: Egs.
(11), (12a)}. As Az is reduced, the relaxation time
scale should also be reduced approximately in propor-

- tion. However, vertical diffusivity is also important.

Because temperature is taken to vary linearly through
the two uppermost grid cells, the influence of the sur-
face boundary condition extends to greater depths for
coarser vertical resolution. By doubling K}, and halving
the relaxation time we obtain similar transports again.

The dependence of the meridional overturning on
vertical diffusivity was also examined on the 31 X 10
grid (Table Al). By increasing K; from 0.4 to 0.8
X 10™* m?s™!, the maximum transport was increased
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TABLE Al. Comparison of maximum transport and meridional heat flux for different grid resolutions,
vertical diffusivities, and relaxation time scales.

Maximum meridional heat

flux (PW)
North Atlantic

Ky THS overturning Atlantic Pacific

Grid (10™* m?s7) (days) (Sv) (north) (south)
15X 10 0.4 100 16.9 0.81 0.63
31 X 10 0.4 100 17.0 0.74 0.60
3t X 10 0.8 100 20.2 0.92 0.78
31X20 0.4 100 119 041 0.40
31 X 20 0.8 50 17.2 0.59 0.62

by about 19%, in fair agreement with the 1/3-power law
found by Bryan (1987).

Finally, we note an interesting phenomenon that
occurs using the 31 X 10 grid. A remarkable periodic
variability of the global thermohaline circulation is ob-
served. The period is 38 yr, and once initiated the fluc-
tuations persist throughout the 8000 years of integra-
tion with a peak-to-peak amplitude of 1.2 Sv or about
7%. Similar variability can be inferred for the climate-
relevant meridional heat transport. Given the steady
forcing, the variability is apparently a self-sustained
oscillation. Therefore, even in this idealized ocean
model, natural variability under mixed boundary con-
ditions does occur, indicating again that the ocean is
an active component of the climate system. A similar
phenomenon of decadal variability was recently found
by Weaver and Sarachik (1991) in their three-dimen-
sional OGCM. The self-sustained oscillation is absent
for doubled vertical diffusivity, and no fluctuation of
the steady state is observed. A spurious numerical mode
can be excluded as a cause of the variability in the
previous run; one cycle of the oscillation is covered by
more than 550 time steps. The result rather indicates
that the vertical diffusivity is an important parameter
that strongly influences the natural variability of the
thermohaline circulation. Further work is in progress
to elucidate the physical mechanisms and the time
scales that are involved.
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