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ABSTRACT

The role of a Southern Ocean gateway in permitting multiple equilibria of the global ocean thermohaline
circulation is examined. In particular, necessary conditions for the existence of multiple equilibria are
studied with a coupled climate model, wherein stable solutions are obtained for a range of bathymetries with
varying Drake Passage (DP) depths. No transitions to a Northern Hemisphere (NH) overturning state are
found when the Drake Passage sill is shallower than a critical depth (1100 m in the model described herein).
This preference for Southern Hemisphere sinking is a result of the particularly cold conditions of the
Antarctic Bottom Water (AABW) formation regions compared to the NH deep-water formation zones. In
a shallow or closed DP configuration, this forces an exclusive production of deep/bottom water in the
Southern Hemisphere. Increasing the depth of the Drake Passage sill causes a gradual vertical decoupling
in Atlantic circulation, removing the influence of AABW from the upper 2000 m of the Atlantic Ocean.
When the DP is sufficiently deep, this shifts the interaction between a North Atlantic Deep Water (NADW)
cell and an AABW cell to an interaction between an (shallower) Antarctic Intermediate Water cell and an
NADW cell. This latter situation allows transitions to a Northern Hemisphere overturning state.

1. Introduction

The gradual deepening of a southern gateway since
the Oligocene is thought to have had an influence on
Antarctic climate (Kennett 1977). Toggweiler and
Bjornsson (2000) and Sijp and England (2004, hereafter
SE2004) use climate models to suggest that Southern
Hemisphere (SH) climate change due to the opening of
a Drake Passage (DP) is relatively abrupt, in that it
occurs once even a shallow DP is established. They
based this conclusion on findings that the SH climate
for a shallow DP experiment is very similar to that of
today, yet markedly different to the closed DP climate.
The DP closed (DPclsd) experiment in SE2004 exhibits
large SH overturning and no North Atlantic Deep Wa-
ter (NADW) formation. Southern Hemisphere sinking
is particularly vigorous in the DPclsd experiment, where
55 Sv (1 Sv � 106 m3 s�1) sink off Antarctica. However,
no attempts were made in either SE2004 or Toggweiler

and Bjornsson (2000) to excite transitions to a possible
Northern Hemisphere (NH) overturning state. Here we
examine the existence of multiple equilibria for a range
of DP depths, including one that is closed, in a coupled
climate model.

Bryan (1986) showed that stable interhemispheric
overturning states with predominant sinking in one
hemisphere could be obtained in a rectangular basin
geometry under symmetric surface forcing. The density
contrast between the antipodean deep-water formation
regions determines the strength and polarity of this cir-
culation. For example, an SH sinking state corresponds
to higher SH surface densities. However, a striking sim-
plification of Bryan’s geometry is the absence of a cir-
cumpolar ocean at the latitudes of the DP. In the real
ocean, this unbounded region constitutes an obstruc-
tion to meridional geostrophic flow to higher southern
latitudes (Toggweiler and Samuels 1995). As a result of
the DP gap, ocean ventilation of Antarctic Intermedi-
ate Water (AAIW) occurs to depths of around 1000 m
(e.g., Cox 1989). Saenko et al. (2003) demonstrate the
importance of the relationship between densities in the
AAIW formation regions (�AAIW) and those in the
NADW formation regions (�NADW) in determining the
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global ocean meridional overturning (MOT). For ex-
ample, an SH sinking state can be obtained when fresh-
water (FW) is extracted from the AAIW formation re-
gions such that �AAIW � �NADW. Unlike Bryan (1986)
and the closed DP case of SE2004, this SH state consists
of an AAIW reverse cell overlying a circulation of Ant-
arctic Bottom Water (AABW) in the Atlantic below
2000-m depth. The AAIW reverse cell favors an en-
hanced FW flux into the Atlantic, transporting rela-
tively saline low-latitude waters out of the Atlantic near
the surface while importing fresher AAIW. Saenko et
al. (2003) show that the resulting freshening of the
North Atlantic (NA) prevents �NADW from rising above
�AAIW after cessation of the FW extraction, thus yield-
ing a stable NADW “off” state.

While it is clear that the ocean is characterized by an
interhemispheric competition for ventilation domi-
nance, the role of SH–NH landmass asymmetry in set-
ting stable climate equilibria remains relatively unex-
plored. In this study we examine the role of the depth
of the DP sill in permitting multiple equilibria in the
ocean’s thermohaline circulation (THC). It will be
shown that the depth of the DP sill plays a fundamental
role in determining the relative importance of the three
global water masses (AABW, AAIW, and NADW) in
setting the global ocean THC. AABW mostly forms in
the Ross and Weddell Seas, spreading below NADW,
whereas intensive AAIW formation is thought to occur
in a localized region around the tip of South America
(McCartney 1977; England et al. 1993). A schematic of
these formation regions is indicated in Fig. 1. We will
show that the dominant SH water mass formation site
shifts gradually from AABW to AAIW with deepening
DP, thus shifting the thermohaline circulation control
from �NADW versus �AABW (DPclsd) to �NADW versus
�AAIW (DPopen). Different surface density conditions in
these respective areas make the latter density contrast
more favorable to a NADW “on” state, as seen in to-
day’s climate.

2. Methodology

a. The coupled model

The coupled model used in this study is described in
detail in Weaver et al. (2001). The model comprises an
ocean general circulation model coupled to a simplified
atmospheric model and a dynamic–thermodynamic sea
ice model. The components of the model have a global
domain with a horizontal resolution of 1.8° latitude �
3.6° longitude. The ocean model uses constant horizon-
tal mixing with no eddy-induced transport included in
the main set of experiments. Vertical mixing is achieved

using a diffusivity that increases with depth, taking a
value of 0.6 cm2 s�1 at the surface and 1.6 cm2 s�1 at the
bottom. The wind forcing is taken from the National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) reanalysis
fields (Kalnay et al. 1996), which are averaged over the
period of 1958–97 to form a seasonal cycle from the
monthly fields. There is a parameterization of brine
rejection during sea ice formation (after Duffy and Cal-
deira 1997). The atmospheric model calculates surface
heat and freshwater fluxes, advects and diffuses mois-
ture, and only diffuses heat. For a full model descrip-
tion the reader is referred to Weaver et al. (2001).

b. Experimental design

Our experiments are based on a series of 2100-yr
integrations from idealized initial conditions in six
bathymetries that are set up identically, with the excep-
tion of the DP sill depth. Table 1 lists the DP sill depths
considered in this study, ranging from 0 (DPclsd) down
to 2316 (DPopen). We then apply FW perturbations to
these experiments in order to obtain states with no
NADW formation, and, if possible, states with NADW
formation. All of the experiments can be perturbed to
yield a state with no NADW formation. This state is
denoted by NADWoff. Some experiments exhibit a
steady state with NADW overturn, these are denoted
by NADWon. We denote the FW perturbations by forc-

FIG. 1. Model domain and primary water mass formation re-
gions. The gray and red areas in the North Atlantic combined
indicate the region used in FW extraction under forcings 1 and 2.
The density contrast between NH and SH sinking regions deter-
mines the structure of the Atlantic MOT. With a deepening DP,
the importance of the AABW formation regions shifts to the
AAIW regions. Formation regions for AABW (blue), AAIW
(green), and NADW (red) are also indicated.
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ing 1 and forcing 2 (shown in Fig. 4b). These perturba-
tions involve the addition of an extra term to the usual
surface salinity flux field, which is otherwise deter-
mined by internal model factors such as precipitation,
evaporation, sea ice growth/melt, river runoff, and run-
off outside of river mouths. This artificial FW loss is
applied uniformly inside the gray and red regions
shown in Fig. 1. The two forcings vary to simulate
pulses of FW extraction from the North Atlantic to
excite possible transitions to stable NADW formation
states. Forcing 1 consists of a linear decrease from 0 to
�2.25 mm day�1 at year 150, returning to zero pertur-
bation by year 300. This is equivalent to an integrated
North Atlantic FW loss of 0.7 Sv at the peak of the
freshwater anomaly. Forcing 2 is double the intensity of
forcing 1.

We use identical seasonal wind stress fields through-
out the experiments. We thus do not examine the effect
of a varying wind stress in driving the NH overturning.
The so-called “Drake Passage effect,” where winds
over the Southern Ocean control, in part, the rate of
NADW production, has been examined in many stud-
ies (e.g., Toggweiler and Samuels 1995; Rahmstorf and
England 1997; Tsujino and Suginohara 1999; Klinger et
al. 2004). There is still some debate as to whether this
control is via mechanical (Toggweiler and Samuels
1995) or wind-driven buoyancy effects (Gnanadesikan
and Hallberg 2000). It is noted that the DP effect re-
quires a DP sill depth of �1500–2000 m, which is much
deeper than our shallow DP experiments. In addition,
with fixed seasonal wind stress forcing in our experi-
ments, the DP effect is beyond the scope of this study.
We will explain model MOT behavior in terms of buoy-
ancy effects, which is a natural consequence of the
buoyancy perturbations employed in our experimental
design.

c. Overturning diagnostics

To study the dynamic behavior of the Atlantic MOT
in response to the FW perturbations, we record the
NADW formation rate as the maximum value of the
MOT in the downwelling branch of the North Atlantic
(see Fig. 5). We also record the following MOT quan-
tities.

1) Atlantic AAIW reverse cell strength: In the NADWoff

states of all of the experiments except DPclsd, the
AAIW reverse cell and the AABW cell are sepa-
rated by a local minimum of the absolute strength of
the MOT, occurring at around 2000-m depth (see
Figs. 3b–f). We measure the strength of the AAIW
reverse cell by taking the difference between this
absolute minimum and the peak magnitude of the
AAIW cell at 30°S (usually occurring in the upper
1000 m if a reverse cell exists; Figs. 3b–f indicate this
cell strength).

2) NADW outflow: This is taken to be the maximum of
the MOT in the Atlantic sector at 33°S (see Fig. 5),
normally occurring at around 1600-m depth.

3) Atlantic AABW inflow: This is taken as the maxi-
mum magnitude of the abyssal MOT cell at 33°S in
the Atlantic sector. This measures the amount of
inflow of AABW into the Atlantic (see Fig. 3).

4) Atlantic AABW upwelling: This is taken to be the
magnitude of upwelling transport across a 1980-m
depth in the Atlantic sector between 33°S and 59°N
(see Fig. 3). This measures the net amount of water
that is upwelled across 2000-m depth in the Atlantic.

3. Results

a. NADWoff states

We begin by analyzing the equilibrium overturning
of the respective NADWoff states. Figure 2 shows the
global MOT for DPclsd, DP690, and the NADWoff state
of DPopen taken from 10-yr means at the end of the
unperturbed model integrations. It can be seen that
DPclsd exhibits a large interhemispheric overturning cell
(55 Sv) originating in the SH. When the DP is opened
to 690-m depth, with still no NADW formation, a dra-
matic change in MOT occurs in the SH—the Deacon
Cell appears,1 which is characterized by surface Ekman
transport that is balanced by a deeper return flow be-
neath the DP sill, and the AABW production rate
drops from 55 to only

1 It is noted that the Deacon Cell mostly disappears in density
coordinates (Döös and Webb 1994) and, so, does not play a major
role in water mass modification in the Southern Ocean.

TABLE 1. List of all experiments and DP depth. The third col-
umn indicates whether a NADWon state is found. The last three
columns show Atlantic AABW inflow, AABW upwelling across
2000-m depth, and the strength of the AAIW reverse cell in the
Atlantic for the NADWoff states (for definitions of the MOT
quantities see section 2c). All transport values are given in Sv (1
Sv � 106 m3 s�1).

Experiment

DP
depth
(m)

NADW
exists?

AABW
inflow

AABW
upwelling

AAIW
reverse

cell

DPclsd 0 No 12.5 12.5 —
DP690 690 No 5.3 5.0 5.6
DP896 896 No 5.0 3.4 7.1
DP1128 1128 Yes 5.0 2.3 8.6
DP1386 1386 Yes 4.9 1.5 9.7
DPopen 2316 Yes 4.6 0.8 10.4
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interhemispheric density contrast between the high-
latitude deep-water formation regions (as also noted by
Rooth 1982; Bryan 1986). In Bryan’s study the asym-
metric overturning states are stable under symmetric
surface forcing because a north–south salinity contrast
is maintained by an interhemispheric MOT cell. In our
model, surface thermal forcing is not symmetric—heat
loss in the SH deep-water formation regions is signifi-
cantly larger than that in the NH due to the local at-
mospheric forcing. The cold Antarctic conditions force
a large SH sinking in DPclsd.

Unless a dramatic cooling over the NA is artificially
prescribed, none of the FW perturbations we employed
could excite a transition to a state where �NADW re-
mains above �AABW in a DPclsd geometry. In the
present-day climate �AABW � �NADW, and so NADW
formation occurs by virtue of the existence of a deep
DP that limits AABW production and sufficiently re-
stricts the influence of this water mass to levels below
2000-m depth in the Atlantic. With the introduction of
a DP gap, a third water mass, AAIW, enters the stage.
Our results suggest that as DP deepens there is a
gradual shift in importance from �AABW to �AAIW in the
relation between SH surface density and �NADW. Figure
7 shows that the NADWon states in the cases that per-
mit multiple equilibria (DP1128, DP1386, and DPopen) are
characterized by the relation �NADW � �AAIW. Saenko
et al. (2003) stress the importance of this relationship in
determining whether stable NADW sinking can occur.
In our experiments the stability of the NADWon states
appears to depend on the criteria that �NADW � � �
�AAIW 	 
 � �AABW, where � and 
 are mixing coef-
ficients depending on the DP sill depth. Only in DP1128,
DP1386, and DPopen is 
 sufficiently small for the rela-
tionship to hold.

The decreased influence of AABW that upwells
above 2000-m depth in the Atlantic Ocean (Fig. 3) re-
veals the mechanism by which the shift in importance
from �AABW to �AAIW occurs. When DP is shallow,
there is significant upwelling of AABW to the surface
in the Atlantic. This mass transport forms a closed cell
that encompasses the surface layers and the AABW
formation regions (Fig. 2b). This situation is similar to
that of DPclsd. In the shallow DP experiments (DP690

and DP896), surface waters that are downwelled north
of the DP gap recirculate to AABW formation regions
(Fig. 2b), thereby sustaining the dominance of AABW
on global MOT polarity. With deepening DP this
mechanism of AABW dominance is impaired by an
increasing obstruction for poleward geostrophic flow
across the DP gap to the AABW formation regions.
Water that is downwelled north of the DP exhibits an
increasing preference for northward flow (as AAIW)

instead of geostrophic flow to the south. This is because
the downwelled water has more difficulty reaching the
depths of the increasingly deep DP sill because of its
buoyancy. The NADWoff states displayed in Fig. 3 in-
volve a gradual increasing preference (as DP deepens)
for a northward branching of the water that is down-
welled north of the circumpolar gap, thus, causing a
gradual increase of AAIW inflow. This increase of
AAIW inflow comes at the expense of AABW up-
welling across 2000-m depth (Table 1). With more or
less constant AABW inflow once DP is opened,
AABW increasingly tends to recirculate below 2000-m
depth as DP deepens (Fig. 3). The influence of �AABW

in the upper 2000 m is thus reduced, and it becomes
possible for NADW to overlie the Atlantic variety of
AABW. With an increasing amount of AAIW inflow,
�AAIW becomes a key factor in determining interhemi-
spheric MOT patterns. At some stage a threshold oc-
curs (in our experiments between DP sills at 896 and
1128 m) where the influence of the high �AABW (due to
cold conditions around Antarctica) becomes suffi-
ciently reduced with respect to the lighter �AAIW to
allow a stable NADWon state. The observed reduction
in NADW outflow for the stable NADWon states
shown in Fig. 5 with decreased DP depth also results
from a decreased southward branching of water that is
downwelled north of the DP gap.

Global MOT polarity is determined by the sign of
[�(D) � �AABW 	 
(D) � �AAIW � �NADW] where D is
the DP depth. However, �AAIW also affects the pen-
etration depth of AAIW. The fraction of north/south
branching in the bifurcation of water that is down-
welled north of DP is determined by the DP depth and
by the buoyancy of the downwelled water. Therefore, a
change in �AAIW while D remains constant can also
affect the bifurcation. This means that � and 
 are func-
tions of �AAIW as well as D. We find, however, that
�AAIW remains relatively constant across experiments
with changes in D (see Fig. 7). This means that the
bifurcation rates depend almost exclusively on the DP
depth in our experiments.

We assessed the role of surface heat flux forcing in
determining the critical threshold DP depth for NADW
formation to be sustained. Under a present-day heat
flux forcing scenario, this critical DP depth appears to
be around 1000 m. However, different heat flux sce-
narios, such as a cooler NA, see different threshold DP
depths. For example, a sufficiently high ocean heat loss
in the NA is found to permit a stable NADWon state in
the DP690 geometry. From a paleoclimate perspective,
this suggests that while the DP depth controls the ex-
istence of multiple ocean equilibria, there is no single
threshold depth that characterizes all climate states.
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