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ABSTRACT

The response of the Circumpolar Current to changing winds has been the subject of much debate. To date
most theories of the current have tried to predict the transport using various forms of momentum balance. This
paper argues that it is also important to consider thermodynamic as well as dynamic balances. Within large-
scale general circulation models, increasing eastward winds within the Southern Ocean drive a northward Ekman
flux of light water, which in turn produces a deeper pycnocline and warmer deep water to the north of the
Southern Ocean. This in turn results in much larger thermal wind shear across the Circumpolar Current, which,
given relatively small near-bottom velocities, results in an increase in Antarctic Circumpolar Current (ACC)
transport. The Ekman flux near the surface is closed by a deep return flow below the depths of the ridges. A
simple model that illustrates this picture is presented in which the ACC depends most strongly on the winds at
the northern and southern edges of the channel. The sensitivity of this result to the formulation of buoyancy
forcing is illustrated using a second simple model. A number of global general circulation model runs are then
presented with different wind stress patterns in the Southern Ocean. Within these runs, neither the mean wind
stress in the latitudes of Drake Passage nor the wind stress curl at the northern edge of Drake Passage produces
a prediction for the transport of the ACC. However, increasing the wind stress within the Southern Ocean does
increase the ACC transport.

1. Introduction

The dynamics determining the transport of the world’s
largest ocean current, the Antarctic Circumpolar Current
(ACC), remain unclear. Toggweiler and Samuels (1993,
1995, 1998) and McDermott (1996) performed a num-
ber of sensitivity studies where they varied the mag-
nitude of the wind stress south of 308S in a large-scale
general circulation model. They found that the magni-
tude of the current increased as the winds increased, as
did the pycnocline depth to the north of the channel and
the magnitude of the Northern Hemisphere overturning.
The total amount of water upwelling through the equa-
torial pycnocline was inversely related to the magnitude
of the wind stress in the Southern Ocean. Understanding
what determines the ACC transport, how it has changed
in the past, and how it could change in the future in
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response to changes in wind stress is thus of consid-
erable importance.

This paper reviews three possible responses of the
ACC in response to changes in the Southern Hemisphere
winds.

1) The ACC transport could depend on the mean mag-
nitude of the wind stress within the latitudes of Drake
Passage, as proposed by Wang (1994), Wang and
Huang (1995), Krupitsky et al. (1996), and others.
In these models, changes in wind stress change the
strength, but not the path of the ACC.

2) The ACC could be dependent on the wind stress curl
at the northern edge of Drake Passage, as proposed
by Stommel (1957), Baker (1982), and Warren et al.
(1996, henceforth WLR). Changes in the wind stress
that do not change the wind stress curl would not
change the strength of the ACC.

3) The ACC could have very weak dependence on the
wind stress. One way in which this could occur
would be for the current to accelerate until lee waves
formed by topography become stationary (Olbers
and Völker 1996, Völker 1999). The mean speed of
the current would then be determined by complicated
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FIG. 1. A conceptual picture of how Southern Hemisphere winds
change the depth of the pycnocline, the Northern Hemisphere over-
turning, and the ACC transport.

nonlinear interactions between the lee wave and the
mean current. Changes in the winds would change
the path of the ACC near topography (changing the
amplitude of the trapped wave), but would not nec-
essarily produce large changes in the mean strength
of the current. Straub (1993) also speculates that the
ACC could accelerate until it became baroclinically
unstable, at which point eddy transports would pre-
clude development of further shear.

Although considerable work has gone into modeling
the Circumpolar Current, little of it has been able to test
the above hypotheses. The low-resolution simulations
of Toggweiler and Samuels (1993, 1995, 1998) and
McDermott (1996) are not of adequate resolution to
properly test the final hypothesis, and cannot distinguish
between the first two. High-resolution models have been
used to make diagnostic calculations of the momentum
balance (Stevens and Ivchenko 1997; Gille 1997),
depth-averaged vorticity balance (Wells and DeCuevas
1995), and density balance (Saunders and Thompson
1993; Thompson 1993). However, these calculations
suffer from the fact that the density structure is not in
steady state (Killworth and Nanneh 1994), implications
of which will be considered in more detail later in this
paper. Additionally, the predicted strength of the current
in both the FRAM and Semtner–Chervin models O(180
Sv) is considerably larger than the estimated 110–140
Sv (Sv [ 106 m3 s21) from current meters (Whitworth
et al. 1982; Whitworth 1983) and using hydrographic
sections (Orsi et al. 1995). The results of these models
have been used to attack the second hypothesis (Hughes
1997; Olbers 1998) even though multiple runs with dif-
ferent wind stress patterns were not done within the
high-resolution models.

In general, work on what sets the transport of the
Circumpolar Current has focused on the dynamic bal-
ances involved. This has some advantages in that the
current comes into dynamic balance relatively quickly.
The major point of this paper is that such an approach
is insufficient for evaluating what sets the long-term
mean transport. There is a strong meridional pressure
gradient connected with the Circumpolar Current that
cannot be determined from the Sverdrup balance or by
looking at zonal pressure drops across ridges. We pro-
pose a mechanism by which the Circumpolar Current
and density stucture of the rest of the ocean are con-
nected as shown in Fig. 1. Northward transport of water
in the Ekman layer drives a meridional overturning, with
dense water being upwelled and lightened, initially by
surface freshening in the Southern Ocean, but as the
water moves farther to the north by warming as well.
This light water is then injected into the pycnocline to
the north of the ACC as Antarctic Intermediate Water
and mode water.

Since light water is being added in the south, in order
to maintain a steady state density field it must be taken
out somewhere else. This primarily occurs in the North

Atlantic as a result of Northern Hemisphere overturning.
In the large-scale GCMs, the magnitude of the Northern
Hemisphere overturning is directly correlated with the
depth of the pycnocline (Bryan 1987; Park and Bryan
2000; Gnanadesikan 1999). Essentially, the density con-
trast between the high northern latitudes and the sub-
tropical pycnocline produces a north–south pressure
gradient. This pressure gradient in turn drives frictional
currents along the boundaries (Bryan 1987; Hughes and
Weaver 1994; McDermott 1996; Park and Bryan 2000;
Gnanadesikan 1999). The deeper the pycnocline at low
latitudes, the stronger these frictional currents and the
water mass transformations that feed them become. It
should be noted that this mechanism is exactly that used
to drive meridional overturning in box models (Stommel
1961) and two-dimensional models of thermohaline
overturning (Wright et al. 1998).

The response of the general circulation to changes in
Southern Hemisphere winds can then be described as
follows. If the winds in the Southern Ocean increase
suddenly, more water will be added to the density clas-
ses in the lower part of the pycnocline as a result of
thermal damping. This means that more water is being
added to these isopycnal layers than is being removed
in the Northern Hemisphere so that the pycnocline must
deepen. This deepening in turn causes an increase in
Northern Hemisphere overturning with a concommitant
increase in poleward heat transport and in the temper-
ature of the deep waters formed in the Northern Hemi-
sphere. Together, the deeper pycnocline and warmer
northern deep waters result in an increase in the strength
of the thermal wind shear within the ACC. Given that
near-bottom velocities are relatively small (Whitworth
1983, for example found that the velocities at 2500 m
could account only for one-fourth of the total transport),
increasing the thermal wind shear increases the strength
of the current. Eventually, the changes in density struc-
ture to the north of the ACC increase the Northern
Hemisphere overturning until it balances the increased
addition of light Southern Hemisphere water.

This paper has the following structure. Section 2 re-
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views the three possible responses to wind stress forcing
in more detail, emphasizing that overlooking the effects
of buoyancy forcing can have serious effects. Section
3 presents some simple numerical simulations that show
how the interaction between buoyancy forcing and wind
stress can affect the response of the ACC to winds.
Section 4 considers a set of runs with an ocean general
circulation model. Section 5 presents conclusions and
suggestions for future work.

2. Possible responses of the Circumpolar Current
to Southern Hemisphere winds

a. Dependence on the mean stress

The zonal momentum equation can be written
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where t x is the frictional stress in the zonal direction
associated with unresolved turbulence. If an average
over depth and longitude is taken, it can be shown that
at steady state the time-dependent term, the zonal mo-
mentum advection term, the vertical momentum advec-
tion term, and the zonal integral of the Coriolis term
drop out (ignoring the Goldsborough circulation). Scal-
ing arguments can be used to show that the meridional
advection of zonal momentum is small, so the momen-
tum balance becomes
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The left-hand side represents the difference between the
surface and bottom stresses. Since the latter are small
(given relatively weak bottom velocities), it can be es-
sentially replaced by the wind stress. The right-hand
side of (2) represents the pressure difference across ridg-
es, which is often referred to as the ‘‘form drag’’ or
‘‘mountain drag’’ in the oceanographic and meteoro-
logical literature (Munk and Palmen 1951). Since the
deep flow is basically geostrophic, form drag is asso-
ciated with a deep southward flow below the height of
the ridges. Insofar as Eq. (2) holds, this deep geostrophic
flow balances the northward Ekman flux associated with
the wind stress. This is, in fact, the dominant balance
in high-resolution general circulation models such as
FRAM (Stevens and Ivchenko 1997) and the quarter-
degree Semtner–Chervin model (Gille 1997) when a
vertical integral is made.

Is this overturning linked to the strength of the ACC?
Barotropic models can produce an effective overturning
circulation when averaged along geopotential surfaces
if northward flow occurs over ridge tops, southward flow
occurs in troughs, and frictional boundary layers con-
nect the two. This simple picture has been used by Wang

(1994), Wang and Huang (1995), Krupitsky and Cane
(1994), and Krupitsky et al. (1996) to argue that the
ACC transport should scale as the wind stress. The basic
assumption in all these models is that the paths of all
the currents are fixed (presumably by the deep topog-
raphy) and, thus, that the form drag scales as the strength
of the current.

As will be shown below, this assumption is ques-
tionable in a stratified ocean. The key point is that the
overturning circulation implied by the form drag balance
in the absence of active eddies requires some buoyancy
transformation not only in the Southern Hemisphere (to
convert dense North Atlantic Deep Water into lighter
Antarctic surface water, as noted by WLR) but also some
compensating transformation of light water to dense wa-
ter in the north. In large-scale ocean models this trans-
formation is accomplished by a stronger overturning
circulation driven by a deeper pycnocline and associated
north–south pressure gradients. This deeper pycnocline,
however, alters the meridional pressure gradient within
the ACC, thus changing the path of the current.

b. Dependence on the wind stress curl

An alternative suggestion has been present in the
oceanographic literature for many years and has recently
been taken up by WLR. It notes that the ACC is largely
found at latitudes to the north of Drake Passage, and
thus that Sverdrup theory should apply. The wind stress
curl computed from the dataset of Hellermann and Ro-
senstein (1983) at latitudes just to the north of Drake
Passage would support a southward transport of 130 Sv,
tantalizingly close to the observed magnitude of the
ACC. However, this wind stress field is not based on
much data within the Southern Ocean. More recent wind
stress products, for example the wind stress fields pro-
duced by the NCEP reanalysis project (Kalnay et al.
1996), have values of wind stress curl substantially larg-
er (20%–30%) than the Hellermann–Rosenstein winds.
It is thus possible that this agreement between wind
stress curl and ACC transport argued by WLR is entirely
fortuitous.

Several assumptions go into the argument that that
ACC is determined by Sverdrup balance. In general, the
vorticity balance in the oceanic interior is between vor-
tex stretching and the advection of planetary vorticity,

bVg 5 f (wE 2 wB), (3)

where Vg is the meridional geostrophic transport at
depths below the Ekman layer, wE is the Ekman pump-
ing, and wB is the vertical velocity just above the bottom
due to flows over topography. When Sverdrup balance
holds, wB 5 0. Theories that assert the ACC transport
is determined by the Sverdrup relation are effectively
arguing that the effect of bottom velocities on vortex
stretching is small. In that case, the meridional transport
can then be integrated across the ocean interior to get
a southward geostrophic interior transport, which is then
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balanced by a northward transport in the boundary cur-
rent (though what constitutes the interior and what con-
stitutes a boundary current may be controversial given
the large number of deep topographic features that steer
the Circumpolar Current). Continuity is then invoked to
equate the northward boundary current transport along
the coast of South America with the eastward transport
in Drake Passage.

There has been little critical evaluation of the Sver-
drup balance theory within the context of numerical
models. Baker (1982) and Mestaz-Nunez et al. (1992)
presented observational evidence that the dynamic to-
pography of the ACC was qualitatively governed by the
Sverdrup balance. However, Wells and DeCuevas
(1995) argued that within FRAM, the classical Sverdrup
balance was not the dominant balance when a circum-
polar integration was made. Although they found that
Sverdrup balance held over most of the Pacific and In-
dian Oceans, within the Atlantic sector topographic ef-
fects were extremely important. Essentially they found
that water parcels that move south as tall columns in
the ocean interior move north in the boundary current
next to South America as short columns. It should be
noted that this vorticity balance is just what would be
expected from a form drag balance.

If the Sverdrupian theory were true, changing the
mean wind stress within the Southern Hemisphere with-
out changing the Ekman pumping would not change the
meridional geostrophic flow within the ACC. If merid-
ional pressure gradients or bottom velocities play a sig-
nificant role in setting the current strength, the Sver-
drupian theory will fail and the current can be sensitive
to such changes in the wind stress field. This hypothesis
is testable with numerical models.

c. Saturation of the ACC

A third suggestion has recently been proposed by
Olbers and Völker (1997) and Völker (1999) based on
the ideas of atmospheric blocking first explored by
Charney and DeVore (1979). The basic idea is that the
deep geostrophic flows are intimately connected to the
surface geostrophic flows, but not in a linear manner as
in the barotropic and equivalent barotropic work. The
passage of the current over a ridge generates a lee wave.
When the current becomes large enough to counter the
westward propagation of baroclinic Rossby waves, the
lee wave becomes trapped on the ridge and grows to
large amplitude. Bottom friction acting on this lee wave
generates a second lee wave out of phase with the ridge.
This second lee wave has a pressure distribution that
produces mean southward geostrophic flow below the
ridge depth and mean northward geostrophic flow over
the ridge, thus giving a form drag balance.

Such a picture of Circumpolar Current dynamics does
not yield a simple dependence of ACC transport on wind
stress. Larger wind stresses can result in lee waves with
larger amplitude, but this can be accomplished by rel-

atively small changes in the velocity, moving it closer
to the resonance condition where the mean velocity is
equal to the baroclinic wave speed. There is no buoy-
ancy forcing in this description. The implicit assumption
is that interfacial stresses (acting as a proxy for eddies)
produce ageostrophic flows in the upper and lower lay-
ers that balance the mass fluxes associated with the Ek-
man and deep geostrophic flows respectively.

Similar ideas regarding transient eddies have been
proposed by Straub (1993). The basic idea is that the
northward export of light water associated with the Ek-
man transport causes the pycnocline to shoal in the
Southern Ocean, creating a height gradient in the dense
layer underlying the pycnocline. In the absence of buoy-
ancy forcing, this height gradient increases until the
potential vorticity gradient in the lower layer is in the
opposite direction from that in the upper layer. At this
point, the current becomes baroclinically unstable,
which results in the creation of mesoscale eddies. Bal-
ance is achieved when the mass fluxes associated with
the eddies (which tend to smooth out the height gra-
dients in the layers) counterbalance the Ekman and deep
geostrophic mass fluxes. The current transport in this
picture is controlled by the relative thicknesses of the
fluid above and below the pycnocline (which determine
at what point baroclinic instability sets in), but is in-
sensitive to the magnitude of the surface stress.

The simulations presented in this paper are not suf-
ficient to test these saturation hypotheses. Although
coarse-resolution general circulation models do have a
representation of stationary waves (the currents in the
models do meander), that the horizontal resolution is so
coarse may not allow for strong enough currents to build
up over topographic features. Similarly, either multiple
simulations that resolve the mesoscale eddy field under
different wind stress fields or an accurate parameteri-
zation of the effects of these eddies is necessary to test
the hypothesis of Straub (1993). Neither is available at
the present time.

d. Problems with previous theories

The theories described above all assume that dynamic
balances are sufficient to constrain the strength of the
Circumpolar Current. It is far from clear that this should
be the case. The reason is that the vertical shear within
the Circumpolar Current is determined by the density
field (Gill and Bryan 1971). It is important to consider
what maintains this density field. Acting in isolation,
the frictional surface flow and deep geostrophic flow
acting alone would drain the Circumpolar ocean of light
water and fill it with dense water. In order to counteract
this one of two things must happen, as illustrated in Fig.
2 for an idealized two layer system.

One possibility (shown in Fig. 2a) is that the interface
between the light water and dense water tilts, and the
shear between the two layers builds up until it results
in the upper layer exerting a stress on the lower one.
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FIG. 2. Illustration of two extreme cases illustrating the relationship between the zonal mo-
mentum balance and buoyancy forcing. Light arrows represent mass fluxes. Heavy arrows rep-
resent momentum fluxes. (a) A case where there is no diapycnal mass flux between the light and
dense layers. In order to establish a steady state, momentum must be fluxed from the upper layer
to the lower layer and the mass fluxes generated by the stress between layers must balance the
surface Ekman flux and the deep geostrophic mass flux below the ridges. (b) A case where
buoyancy forcing allows for diapycnal mass fluxes between the upper and lower layers. This
case does not require interfacial stresses to close the momentum balance. Note that in both cases,
averaging vertically will yield a balance between wind stress and ‘‘form drag.’’

This stress could be carried by standing eddies (as in
Olbers and Völker 1997) or by transient eddies (as ar-
gued by Johnson and Bryden 1989 and Marshall et al.
1993). It should be emphasized that this picture does
not imply that there is no Ekman layer in the Southern
Ocean (contra Johnson and Bryden 1989, this point is
also made by Olbers 1998). Form stresses associated
with mesoscale eddies in continuously stratified models,
for example, are small near the surface and bottom
(where height displacements are small), but rise to large
values within the interior of the water column (where
height displacements are large). A steady state is
reached when the stress between the upper and lower
layer is equivalent to the surface wind stress (and cross-
ridge pressure difference at the bottom). The result is
that the mass transports implied by a deep geostrophic
flow below the ridge depth and and Ekman transport in
the surface layer are compensated by eddy-driven flows
in both layers. The eddy stresses balance the surface
stress and bottom pressure differences across ridges so
that there is no net flow (and thus no net Coriolis force)
within either layer (Olbers 1998). Within this picture
the dynamics must play the dominant role in determin-
ing the response of the ACC to the winds since no
thermodynamics are involved.

A second possibility involves exchange of fluid be-
tween the layers as the result of buoyancy forcing.
Buoyancy forcing within the Antarctic has been tradi-
tionally thought of as driving two cells (Sverdrup et al.

1942). In one, the Circumpolar Deep Water is trans-
formed to Antarctic surface water through cooling and
freshening, and this freshwater is then warmed as it
moves northward and is subducted at the Polar Front to
form Antarctic Intermediate Water. In the other, the Ant-
arctic surface water is enriched in salt through brine
rejection, and mixes with Circumpolar Deep Water to
form Antarctic Bottom Water. As pointed out by WLR,
that the coefficient of thermal expansion is small at the
surface means that over the Antarctic as a whole, the
first cell will dominate the second, so there is a buoyancy
transport of the right sign to connect the deep southward
geostrophic flows with the northward Ekman flux. Be-
cause the buoyancy flux allows a net transport to occur
in both the upper and lower layer, each layer can ex-
perience a net Coriolis force that can balance the surface
wind and bottom pressure gradient without requiring
interfacial stresses.

It is unclear which picture most resembles the real
ocean, though both are probably operative. Results from
the FRAM model, for example, support the idea that
the first picture is dominant. Killworth and Nanneh
(1994), show that in the FRAM model the vast majority
of the 7 Sv of water lighter than s0 , 27.5 flowing
northward at 568S is supplied from water masses that
neither touch the surface nor the bottom. However, be-
cause in the FRAM model many of the deep isopycnal
layers are filling or emptying, it is unclear where these
waters that feed the Antarctic surface water actually
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FIG. 3. Schematic of the simple model runs. (a) Model geometry. The basin is reentrant over the sill between 558
and 658S. The sill depth is 2000 m and the deep basin is 4000 m deep. Winds are applied within the deep basin only
over the hatched portion. (b) Wind stress within the forcing region for two cases, the baseline case with constant Ekman
transport everywhere except near the boundaries, and the northern jet case, with a jet of winds centered at 558S. (c)
Ekman transport (in Sv) for the two cases in (c).

originated, and thus whether changes in Southern Hemi-
sphere winds would be compensated by changes in the
local gyres and transient eddies or by pycnocline deep-
ening and greater Northern Hemisphere overturning.
Conversely, Warren (1990) argued that the geostrophic
flow at intermediate layers that intersected neither the
surface nor the bottom would have to be zero when
integrated around the entire Southern Ocean. This would
seem to imply that the northward Ekman flux would
have to be closed by transforming deep flows that in-
tersect topography. Since the density classes that occur
at such depths are of polar origins, this would favor the
second picture.

Whether one picture is dominant in a particular nu-
merical model depends on exactly how the buoyancy
fluxes are applied. If there are no buoyancy fluxes at
all, dynamic balances must come into play to bring
about a steady-state density field, as in Fig. 2a. If the
buoyancy flux is in some way dependent on the density
field, so that more light water in northern latitudes re-
sults in a stronger cooling at those latitudes, then the
relationship between ACC transport and wind can be
closely related to the buoyancy flux. In the following
two sections, we present two systems where the ther-
modynamics are very important. In both of them, Sver-
drup balance governs the interior flow and form drag
describes the vertically and zonally averaged momen-
tum balance. However, neither Sverdrup balance nor
form drag correctly predicts the dependence of the ACC
transport on the winds. Changes in the transport through
an open passage can be produced without changing the
wind stress curl to the north of the passage, contradicting
the hypothesis the Sverdrup balance is predictive. Ad-
ditionally, in contrast to the linear models of Wang
(1994) and Krupitsky et al. (1996) the models with ther-
modynamic forcing do not produce a simple linear re-
lationship between form drag and current transport, so

form drag does not provide a predictive theory for the
transport of the current. Although these models are not
good tests of the saturation hypothesis, they should be
good tests of the other two hypotheses for how the trans-
port of the Circumpolar Current is set.

3. The relationship between buoyancy forcing and
dependence on the wind stress:
Simple model experiments

a. Model setup

Figure 3 shows a simple scenario used here to con-
sider the effect of wind stress and buoyancy forcing on
the Circumpolar Current. Model runs were made using
the isopycnal coordinate model of Hallberg (1995). A
reentrant basin 1008 latitude by 508 longitude was used.
The basin geometry is shown in Fig. 3a. The basin is
reentrant with a silled channel between 0 and 108E. The
sill has a depth of 2000 m. The interior basin has a flat
bottom with a depth of 4000 m. The model has two
layers, an upper layer 1500 m thick and a lower layer
2500 m thick. All geostrophic contours are blocked in
the lower layer, but there are unblocked geostrophic
contours within the upper layer. Wind stress forcing is
applied over the 10 degree strip shown by the shaded
patch. Four wind stress fields were used. The base case
produces no Ekman pumping except far to the north and
south of the channel latitudes, as shown in Figs. 3b,c.
The other three runs added a Gaussian jet of winds with
a half width of 5 degrees centered on the northern edge
of the passage, the center of the passage, and the south-
ern edge of the passage. These three cases are referred
to as the northern jet, centered jet and southern jet,
respectively. The model resolution was 0.758 in the zon-
al direction and 0.58 in the meridional direction. A hor-
izontal viscosity of 2 3 104 m2 s21 was used.
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b. Buoyancy flux closed by interface restoring

In order to explore the question of how buoyancy flux
could determine the response of the ACC to winds, a
series of runs was made in which the buoyancy flux
was parameterized by damping the interface between
the layers back toward its initial value. This results in
a diapycnal velocity w,

w 5 2l(h 2 h0), (4)

where l is a damping coefficient, h is the height of the
interface between the two layers, and h0 is the unper-
turbed height of the interface. Kawase (1987) used a
similar closure for buoyancy forcing in looking at the
response of the deep stratification to changes in dense
water production. This forcing produces a lightening of
the deep water when the interface is displaced upward
and an increase of the density of the light water when
the interface is displaced downward. It therefore leads
to a flow of water from the dense to the light layer in
the southern part of the basin, where light water is being
exported northward, and a flow of water from the light
to the dense layer in the northern part of the basin. These
buoyancy fluxes close the circulation associated with
the Ekman flux. A circulation where water becomes
lighter within the Southern Ocean is consistent with the
argument of WLR, although no claim is made here that
the way in which the forcing is implemented is realistic.

This parametrization of buoyancy forcing implies that
the mean interface height displacement to the south of
the channel gives the total buoyancy forcing to the
south:

^Q&s 5 l(^h&s 2 h0)dr, (5)

where ^ &s denotes averaging over latitudes to the south
of the channel. At steady state

^Q&sAs 5 dr 5 l(^h&s 2 h0)AsdrEkF s (6)

so that

^h&s 2 h0 5 /Asl,EkFs (7)

where As is the area of the basin to the south of the
passage and is the Ekman flux at the southern edgeEkF s

of the channel. Thus the interface height rise to the south
of the channel is directly related to the export of water
from the southern part of the basin. Similarly, the in-
terface height drop to the north of the channel is linearly
related to the import of light surface water:

^h&n 2 h0 5 /Anl.Ek2F n (8)

Defining the shear transport as the zonal transportshearTACC

due to the geostrophic shear between the upper and
lower layers,

g(^h& 2 ^h& )H drn s 1shearT 5 (u 2 u )H 5ACC 1 2 1 r f

Ek EkgH dr F F1 n s5 1 , (9)1 2r f A l A ln s

where u1,2 are the velocities in the upper and lower layers
respectively, g is gravity, dr is the difference in density
between the two layers, r is a mean density, and H1 is
the thickness of the upper layer. The total transport is
then the shear transport plus a deep transport ,deepTACC

which corresponds to the zonal velocity in the deep layer
integrated over the depth of the water column.

The model was initially run with l 5 0.001 day21

and gdr/r 5 0.019 m s22. Together with areas for the
southern and northern basins of 1.8 3 1012 m2 and 3.8
3 1013 m2, respectively, a baseline Ekman flux of 0.75
Sv, and taking f at the middle of the channel, this pro-
duces an estimated of 8.5 Sv. Figure 4a shows theshearTACC

actual solution, which has a total transport of 10.4 Sv
and a shear transport of 9.6 Sv. The agreement is su-
prisingly good considering the numerous physics that
have been neglected (friction, the fact that the height
anomaly, shown in Fig. 4b need not be uniform through-
out the basin, etc.). The meridional flow patterns away
from the circumpolar region are easily comprehensible
(Fig. 4c,d). In the upper layer, there is northward flow
over the band of longitude where there is wind stress,
with weak modification by Munk boundary layers. On
the western boundary, some portion of the flow is re-
turned in the upper layer and some portion in the lower
layer, with the balance shifting from the upper to lower
layer as one moves from north to south.

The mean height difference across the interior basin
is shown in Fig. 5a for the baseline case. To the north
of the channel, there is a weak depression of the pyc-
nocline by an average of 1.79 m [compared with 1.73
m predicted from (8)]. To the south of the channel the
pycnocline rises by 30.3 m, [compared with 35.9 m from
(7)]. As the wind field is changed by adding a localized
jet (Figs. 5b–d), the changes in the interface height do
track the predictions, showing the largest height differ-
ence for the southern jet, with successive decreases in
the height difference and current strength as the jet is
moved northward. However the details of the height
field change so that in some cases there appears to be
one coherent Circumpolar Current, while in others there
are clearly two currents. The resulting transports are
shown in Table 1.

The velocity fields for all four runs with interface
damping are shown in Fig. 6. The addition of wind stress
curl does produce a counterclockwise gyre to the north
of the jet with a clockwise gyre to the south. The effect
is to shift the central latitude of the ACC. Notice that
the northern jet case is qualitatively similar in structure
to the real ACC, with the bulk of the current to the north
of the channel. This is because the westward drift as-
sociated with the gyre circulation to the south of the
wind stress jet counters the eastward drift produced by
the mean meridional pressure gradient associated with
the export of light water from the Antarctic.

The dependence of the ACC on wind stress is quite
compatible with the theory developed earlier in this sec-
tion. Equation (9) gives a good prediction of the ACC
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FIG. 4. Solution for the baseline case with interfacial damping. (a) Barotropic streamfunction (in Sv). (b) Interface
height displacement (in m). (c) Upper layer meridional velocity at 58N and 358S. (d) Lower layer meridional velocity
at 58N and 358S.

transport, indicating that it should increase for all three
wind jets, but that by far the largest increase should be
for the jet centered at the southern boundary. This is in
fact the case.

By contrast, it is difficult to understand the changes
in transport within the passage in terms of the changes
in the mean wind stress. The centered jet case has a
lower transport than the southern jet case, even though
the wind stress within the latitudes of the passage is
higher for the centered jet. This is despite that the depth-
integrated momentum balance within the channel is
largely between pressure differences below 2000 m and
wind stress (Fig. 7) in all four runs. That this form drag
balance holds does not translate into a current dependent
on the mean strength of the winds within the passage
since the path of the current (as seen in Fig. 6) is not
fixed.

Similarly, it is difficult to understand the response of
the modeled Circumpolar Current to wind stress in terms
of changes in the Ekman pumping. Relative to the base-
line case, for example, the northern jet has slightly more
transport even though the Ekman suction to the north

has decreased. The model response is opposite to that
predicted by the Sverdrupian theory. This is despite the
fact that the spatial structure of the meridional flow can
be entirely understood in terms of Sverdrup dynamics
with Munk boundary layers. As in the case of the form
drag balance, Sverdrup balance provides a prediction of
the meridional, but not the zonal, flows.

c. Buoyancy circulation closed with fixed sources and
sinks

An interesting contrast to the above results is found
when the buoyancy flux associated with the overturning
is closed by fixed sources and sinks of fluid. A model
run was made in which the Ekman transport was bal-
anced by a flow from the heavy layer to the light layer
centered at 708S, 158E and a flow from the light layer
to the heavy layer centered at 208N, 158E. As shown in
Fig. 8, there is now essentially no Circumpolar Current
associated with the Ekman transport, despite that the
southward geostrophic flow below the sill depth bal-
ances the northward flow in the Ekman layer (Figs.
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FIG. 5. Internal interface height displacement averaged across the center of the basin for the runs with
interfacial restoring. Dashed lines are predicted height displacements from (7) and (8). Chain-dotted lines
mark the latitudes of the channel edges.

TABLE 1. Wind stresses and ACC transport for the simple models with damping. Columns show average wind stress, wind stress at the
northern edge of the channel, wind stress at the southern edge of the channel, modeled ACC transport, transport due to lower layer
pressure gradients, transport in the upper layer relative to the lower layer, and predicted transport in the upper layer relative to the lower
layer from (9).

Expt Mean stress Stress at 558S Stress at 658S TACC Tdeep
ACC Tshear

ACC

Predicted
from (9)

Baseline
Northern jet
Centered jet
Southern jet

.175

.219

.250

.219

.141

.249

.185

.146

.217

.218

.250

.317

10.4
11.3
13.2
13.8

0.8
0.9
1.0
1.2

9.6
10.4
12.2
12.6

8.6
8.8
9.8

12.3

8c,d). The meridional flows are qualitatively very sim-
ilar to those with interfacial damping, and the force
balance (not shown) is essentially the same.

This case illustrates the statement of WLR that the
form drag balance, by itself, tells us nothing about the
transport of the ACC. When there is buoyancy forcing
the applicability of bottom form drag does not imply
the existence of interfacial form drag or internal vertical
viscous stresses. For the case in Fig. 8, the existence of
deep geostrophic flows does prevent the ACC from ac-
celerating. This is not because the associated interface
displacements cause a ‘‘stress’’ between the upper and
lower layers, decelerating the upper layer and acceler-
ating the lower layer. The upper layer momentum bal-
ance is simply that of an Ekman layer, where the wind
stress and Coriolis acceleration balance. Instead, the

deep geostrophic flows feed diapyncal mass fluxes that
prevent the internal interface from being displaced up-
ward in the south and downward in the north. This in
turn prevents the development of a meridional pressure
gradient that would drive a Circumpolar Current.

Despite many unrealistic features, this simple model
demonstrates that the wind-driven response of a reen-
trant basin can depend critically on how dense water is
transformed into light water, and vice versa. This is in
contrast to closed basins in which density transformation
does not change the Sverdrup circulation at all. The
difference arises because a reentrant domain allows for
the presence of a mean zonal flow driven by a meridional
pressure gradient. As long as the channel is much larger
than the baroclinic radius of deformation, such a pres-
sure gradient will be sustainable. In the present model
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FIG. 6. Velocity fields for the four runs with interfacial damping. Standard vector is 0.015 m s21. (a) Baseline case,
(b) southern jet, (c) centered jet, and (d) northern jet.

this pressure gradient is directly linked to the strength
of the Ekman transport at the northern and southern
edges of the channel.

The model illustrates the fundamental difference be-
tween the ACC and other parts of the World Ocean.
When there are blocked geostrophic contours in both
warm and cold water spheres, a change in the mean
Ekman flux can be balanced by a southward geostrophic
transport within the surface layer, with no density trans-
formations necessarily implied. However, because of the
open upper layer geostophic contours within Drake Pas-
sage, this is not true for the ACC. Northward flow in
the surface layer must be balanced by deep geostrophic
flow below the ridge depth. Unless the isopycnal dis-
placements are very large, this implies density trans-
formation or strong eddy fluxes.

d. The deep flow and its dependencies

The previous subsections have focused on the vertical
shear. In order to understand how the total transport is

determined, it is also important to understand what sets
the deep transport. It is clear from inspection of Table
1 that a simple dependence on the wind stress curl north
of Drake Passage does not account for the deep transport
(since this would predict no increase for the southern
jet and a decrease in the transport for the northern jet).
There also appears to be a scaling between the shear
and deep transports, with the latter being about 10% of
the former. Explaining why this is the case, however,
turns out to be a daunting problem since the actual value
of the deep flow turns out to be extremely sensitive to
the details of topography, stratification, and friction.
This is illustrated in Table 2, which shows how the shear
and deep transports are changed by changes in the model
setup.

The first two runs reported in Table 2 demonstrate
that the deep flow is quite sensitive to the details of the
topography. Both runs were made with the topography
within the channel changed from a simple plateau 2000
m high to a north–south ridge 2000 m high. While the
shear transport changed relatively little in these cases
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FIG. 7. Balance between the wind stress (solid lines) and the pressure gradient below 2000 m depth (dashed
lines) for the four runs with interfacial damping, demonstrating that within the latitudes of the passage (658
to 558S) these two terms are largely in balance. Strong frictional ageostrophic effects are seen at the edges
of the passage. (a) Baseline case, (b) southern jet case, (c) centered jet case, and (d) northern jet case.

(10%–15%), the deep geostrophic transport changed by
a factor .3. It should be pointed out that, were the
Sverdrupian explanation favored by WLR to be oper-
ating here (and there is no reason why it should not),
changing the topography within the channel should have
no effect on the transport at all.

The third run reported in Table 2 demonstrates that
the deep flow is more sensitive to friction than the shear
flow. Doubling the frictional coefficient reduces the
shear flow by only 15% (comparing the first and third
lines of Table 2), while it reduces the deep flow by more
than 30%. This indicates, incidentally, that the shear
flow is only weakly affected by friction. Again, such a
change in the deep flow would not be expected were
the Sverdrupian explanation of ACC transport to de-
scribe this situation.

The final run reported in Table 2 demonstrates that
the deep flow depends on the stratification. In this run
the depth of the upper layer is reduced from 1500 to
1000 m. From Eq. (9) this would be expected to result
in a decrease in the shear transport by one third. The
actual change is close to this (39%). The deep transport,
by contrast increases by a factor of 2.

That the deep transport is so sensitive to details of
the topography, friction, and stratification is not sur-

prising. As noted by Hallberg (1997) in the presence of
finite amplitude topography, the large-scale planatary
wave that establish the structure of the flow experience
scattering. The details of the scattering, however, depend
on the details of the stratification and topography and
the structure of the currents established depends on the
friction. This means that it is unlikely for a simple theory
to be able to describe the relationship between the deep
transport and the shear transport.

e. Conclusions that can be drawn from the simple
model

Several lessons emerge from the simple models pre-
sented in this section.

1) Buoyancy forcing can determine how the wind stress
produces a meridional pressure gradient across lat-
itudes where there is an open passage. Some patterns
of buoyancy forcing (as in section 3c) can counteract
the tendency of the Ekman transport to produce any
meridional pressure gradient, while others (as in sec-
tion 3b) do not.

2) As a result, the same wind stress forcing can produce
many different ACC transports, depending on the
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FIG. 8. Same as Fig. 4 but with fixed sources and sinks instead of interfacial damping.

TABLE 2. Sensitivity of shear and deep transport to changes in model framework.

First
experiment Change

Old/new
Tshear

ACC

Old/new
Tdeep

ACC

Baseline
Southern jet
Baseline
Southern jet

Topography changed to ridge
Topography changed to ridge
Topography changed to ridge, friction, doubled
Upper layer 1000 m thick

9.6/11.0
12.6/13.8

9.6/9.6
12.6/7.7

0.8/2.6
1.2/3.9
0.8/1.8
1.2/2.4

buoyancy forcing. These different currents may all
involve a ‘‘form drag’’ type of balance when the
momentum equations are vertically integrated.

3) The fact that away from the channel vorticity dy-
namics are given by Sverdrup balance with Munk
boundary layers does not imply that Sverdrup bal-
ance predicts the flow through the channel.

4) In all of the model runs presented here, there is a
relationship between the shear transport and the deep
transport. However the details of this relationship
are dependent on details of the topography, friction
and stratification. Because of this, it seems unlikely
to us that a general theory which describes the deep
flow will be quickly forthcoming.

4. Response to Southern Hemisphere winds in a
GCM

a. Model setup

In order to look at a more realistic scenario, a number
of runs were made with the Modular Ocean Model (Pa-
canowski 1996). These runs span the entire globe at a
resolution of 3.758 in the meridional direction and 4.58
in the zonal direction. Surface salinity and temperature
were restored to the Levitus dataset. Vertical mixing is
given by the parameterization of Bryan and Lewis
(1979) that uses a value of 0.3 cm2 s21 in pycnocline
and 1.3 cm2 s21 in the abyss with a transition at 2500
m. Mesoscale eddies are assumed to mix in the hori-
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TABLE 3. Summary of the different model wind fields and their effect on various quantities.

Expt
Mean stress

(simple form drag)

Ekman suction
to north

(Sverdrup)
Wind stress

(southern edge)
ACC strength

relative to baseline

No winds (NW)
Reduced winds (RE)
Negative offset (NOF)
Positive offset (POF)
Increased winds (IN)
Northern jet (NJ)
Centered jet (CJ)
Southern jet (SJ)
Far southern jet (FSJ)

Decreased
Decreased
Decreased
Increased
Increased
Increased
Increased
Increased
Increased

Decreased
Decreased
Unchanged
Unchanged
Increased
Decreased
Decreased
Unchanged
Unchanged

Decreased
Decreased
Decreased
Increased
Increased
Unchanged
Increased
Increased
Increased

Decreased
Decreased
Decreased
Increased
Increased
Increased
Increased
Increased
Increased

zontal only. All cases were run out for 2000 years at
which time they are essentially in equilibrium.

The response of this model to changes in the mag-
nitude (but not the pattern) of the wind stress field was
studied by Toggweiler and Samuels (1993, 1995, 1998)
and McDermott (1996). They found that increasing the
wind stress field increased the transport of the Circum-
polar Current, the overturning circulation, and the depth
of the pycnocline. The Circumpolar Current transport
was found to increase linearly with the wind stress field.
Gnanadesikan (1999) also analyzed a similar model in
which the vertical transport of momentum (and hori-
zontal transport of mass) due to mesoscale eddies was
included. These runs also produced a linear relationship
between the ACC transport and wind stress. Since the
pattern of wind stress was not changed, however, these
runs do not provide a test for whether certain specific
latitudes are especially important (the wind stresses at
all latitudes scale together) or whether Sverdrup balance
is predictive (the wind stress curl increases as the wind
stress does).

In order to look at the response of the model to South-
ern Hemisphere winds in a more general way, offsets
in the winds similar to those imposed in the idealized
runs were applied. A summary of the different runs is
given below.

1) The baseline run (BA) uses winds given by Hell-
erman and Rosenstein (1983).

2) Three cases were run with winds south of 308S mul-
tiplied by a constant, paralleling those of Toggweiler
and Samuels (1995) and McDermott (1996). Zonal
winds south of 308S (the latitude of zero mean zonal
wind stress) were scaled by 0, 50%, 150%. These
runs do not provide a means for distinguishing be-
tween different mechanisms for explaining the trans-
port of the ACC, but they do provide a means for
evaluating the linearity of the solution, and the con-
tribution of buoyancy forcing. The three runs are
referred to as no winds (NW), reduced winds (RE),
and increased winds (IN).

3) Parallel to the previous section, wind stress field per-
turbations were added to the Hellerman and Rosen-
stein winds. Two such perturbations were added in

which the wind stress depended on the tangent of
the latitude u:

Dt x 5 t p tan(u), u , 0. (10)

This perturbation wind stress field does not change
the Ekman pumping on a sphere except at the ocean
boundary. Two values of t p were used, one corre-
sponding to an increase in the Ekman transport [pos-
itive offset (POF)] and another corresponding to a
decrease in the Ekman transport [negative offset
(NOF)]. Since these cases have identical Ekman
pumping within Drake Passage, a Sverdrupian scal-
ing for the ACC would predict that they would have
an identical ACC transport as the baseline case. The
theories that suppose the ACC to scale with the av-
erage winds would predict an increase for the pos-
itive offset and a decrease for the negative offset.

4) Several cases were run where the perturbation added
to the baseline Hellerman–Rosenstein winds was a
zonal jet of winds, again paralleling the simple model
results of section 3a. For these cases the perturbation
was

Dt x 5 0.5 cos[(u 2 u0)/Du],

u0 1 Du . u . u0 2 Du, (11)

where Du was the channel width. Four values of u0

were run, with the additional jet of wind centered at
the northern edge of the passage (NJ), centered with-
in the passage (CJ), at the southern edge of the pas-
sage (SJ), and to the south of the passage (FSJ),
paralleling the runs discussed in section 3.

b. Model results

The GCM predicts a complicated relationship be-
tween the wind stress field and the ACC transport. A
summary of the how different wind stress fields alter
the mean wind stress within the channel, wind stress
curl to the north of the channel, wind stress at the south-
ern edge of the channel and ACC transport (relative to
the baseline case) is presented in Table 3. The key is
that as the wind stress within the channel increases; so
does the ACC transport. Such a simple relationship does
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TABLE 4. Dependence of ACC transport on mean wind stress, wind
stress at northern edge of the channel, and wind stress at the southern
edge of the channel for the global MOM runs.

Expt

Mean
stress

in channel
Stress at
53.38S

Stress at
62.28S

ACC
strength

Baseline (BA)
No winds (NW)
Reduce (RE)
Negative offset (NOF)
Increase (IN)
Positive offset (POF)
Northern jet (NJ)
Centered jet (CJ)
Southern jet (SJ)
Far South jet (FSJ)

0.83
0.00
0.42
0.12
1.25
1.53
1.12
1.12
1.07
0.89

1.08
0.00
0.54
0.49
1.62
1.68
1.62
1.34
1.08
1.08

0.49
0.00
0.25

20.35
0.74
1.33
0.49
0.74
1.03
0.74

207
80

136
127
265
271
231
224
220
214

FIG. 9. Regression of the ACC and deep transport in the global runs vs wind stresses. (a) ACC transport
vs mean wind stress in channel. (b) ACC transport vs wind stress curl at 51.18S.

not hold for the Ekman suction at 51.18S since the ACC
transport can increase even when the Ekman suction
decreases. This leads us to believe that Sverdrup balance
does not predict the ACC transport.

This conclusion holds when a more quantitative eval-
uation is made. A full tabulation of the numerical model
results is presented in Table 4, and the ACC transport
is plotted against the wind stress in Fig. 9a. Although
the data in Table 4 and Fig. 9a show some relationship
between the average wind stress in the channel and the
ACC transport, the relationship is not simple. The re-
duced wind stress case (RE) has a much larger average
stress in the channel than the negative offset case (NOF),
yet the transports are quite close. There is an enhanced
response to winds at the northern edge of the channel.
This can be seen by considering the cases where a jet
of winds is added to the forcing fields. The northern jet
case produces the strongest response relative to the base-
line case, increasing the transport by 24 Sv, with the
centered jet (117 Sv), southern jet (113 Sv), and far
southern jet (17 Sv) producing weaker responses. This
is despite the fact the centered jet has the same wind
stress, averaged over the channel, as the northern jet.

By contrast, the ACC transport is not related to the
wind stress curl at 51.18S (Fig. 9b). The northern jet

(NJ) and centered jet (CJ) cases have a wind stress curl
of the opposite sign as the baseline case, yet have a
larger ACC transport. The southern jet (SJ) and far
southern jet (FSJ) cases have the same wind stress curl
at the north, but also show increases in total transport.
The correlation coefficient between the wind stress curl
and transport is small (0.25) and drops to 20.04 when
the case without winds (NW) is omitted. For this model,
at least, there is no discernable relationship between the
wind stress curl and ACC transport.

The question of how much of the modeled changes
in transport is due to changes in the thermal wind shear
and how much is due to changes in the deep flow is not
an easy one to answer. This is in part because changes
in the deep flow in one location can become magnified
in their effect over topography (as discussed by Hallberg
1997). A small eastward geostrophic flow in a deep layer
may become much larger as it squeezes over a topo-
graphic bump. Over topography the effect of the ‘‘con-
stant of integration’’ represented by the deep meridional
pressure gradients may be much more important. Given
the rough topography of the Southern Ocean, there is
no single point at which the deep flows may be defined
unambiguously. Figure 10 shows the deep transport (de-
fined as the transport due to the velocities at the lowest
grid point integrated over the entire water column) at
two points. One (at 67.58W) is within Drake Passage,
the other (at 52.58W) lies to the east. Within the channel,
the deep transport are a considerable percentage of the
total transport, ranging from 25% to 60%. Downstream
of the channel the values are much smaller, ranging from
217% to 24%. The deep transports also are related to
the average winds within the channel latitudes. They do
not appear to have any relationship with the wind stress
curl (Figs. 10c,d).

It should be noted that the deep transports within the
channel and upstream of the channel have different de-
pendencies on wind stress. The IN and POF cases, for
example, have essentially identical deep transports with-
in the channel (159 Sv) but very different deep trans-
ports to the east (38 and 64 Sv respectively). The re-
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FIG. 10. Regression of the deep transport at two locations vs wind stress and wind stress curl. (a) Deep
transport at 67.58W (in Drake Passage) vs mean wind stress in channel latitudes. (b) Deep transport at
52.58W vs mean wind stress. (c) Deep transport at 67.58W transport vs wind stress curl at 51.18S. (d) Deep
transport at 52.58W vs wind stress curl at 51.18S.

sponse of the deep transports to the east appears to be
nonlinear as well so that the RE, BA, and IN cases do
not lie on a straight line as they do within the channel.

A more detailed picture of the ACC in different runs
illustrates the failure of either the mean stress or the
wind stress curl to predict the ACC transport. Figure 11
shows the results from four runs. In the absence of any
winds (Fig. 11a), there is still a reasonably strong ACC
with a transport of about 80 Sv. Given that the pyc-
nocline is too deep in this model, this result is probably
erroneous. Runs made with weaker vertical diffusivity
and a parameterization of mesoscale eddies have been
found to yield weaker values for the ACC and thinner,
more realistic, pycnoclines (Danabasoglu and Mc-
Williams 1995; Gnanadesikan 1999). The addition of
the baseline winds (Fig. 11b) produces a strong addition
to the ACC of about 120 Sv. When the reduced winds
(case RE) are applied, this wind-driven component is
smaller but has a very similar structure (Fig. 11c). Runs
similar to these were reported in Toggweiler and Sa-
muels (1995). They do not distinguish between whether
the ACC responds to the wind stress or to the wind
stress curl since both decrease. The negative offset
(NOF) wind stress case (Fig. 11d), however, has a small-
er mean wind stress within Drake Passage than either
the baseline or reduced winds case, but with an Ekman

pumping identical to the baseline case. The result is a
streamfunction field that looks very similar to the re-
duced wind stress case.

However, that two streamfunction fields look similar
does not mean that the momentum balance is identical.
The momentum balance within Drake Passage for the
three cases with winds for the BA, RE, and NOF cases
is shown in Table 5. For both the RE and BA cases,
form drag is the dominant balance, with deep cross-
ridge pressure gradients taking up almost 80% of the
surface wind stress and meridional diffusion taking up
most of the rest. For the NOF case, even though the
transport is close to the RE case, the path of the current
is different and the effect of diffusion is much more
important, especially at depth.

c. What causes the model to be sensitive to the wind
stress?

Why are there differences between the baseline and
offset cases? This question is considered by focusing
on the vorticity balance in the southeast Pacific, where
the bottom in this model is relatively flat. Figure 12a
shows the profile of the mean zonal velocities in the
southeast Pacific along 57.88S for the baseline and neg-
ative offset cases. The zonal velocities are much smaller
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FIG. 11. Barotropic streamfunction (in Sv) from four runs of the modular ocean model. (a) No wind stress (buoyancy
forcing only case NW). (b) Change from no winds with winds given by Hellerman and Rosenstein (1983) (baseline
winds case, BA). (c) Change from no winds, winds south of 308S reduced by 50% (reduced winds case, RE). (d)
Change from no winds, baseline winds plus a negative offset (negative offset case, NOF).

in the negative offset case throughout the water column.
In both cases the velocities are small at depth so that
the decrease in the NOF case arises from a decrease in
the thermal wind shear. These large changes in the ther-
mal wind shear are not associated with large changes
in the vertical velocity (Fig. 12b), which is very similar
over the top part of the water column for both cases. In
fact, near the surface the vertical velocity is identical
since the Ekman pumping is the same in both model
runs. The only differences arise at depth, where changes
in the thermohaline circulation produce changes in the
deep vertical velocities. The interior of the water column
largely follows the geostrophic vorticity relation, as can
be seen from Figs. 12c and 12d, which show the trans-
port between 50 and 1895 m and the associated transport
due to vortex stretching ( f/b)]w/]z. In both the baseline
and negative offset cases, these two terms roughly bal-
ance, so (3) is approximately satisfied. On small scales,
structure in the vertical velocities is partially balanced
by friction, but the large-scale balance is largely a geo-

strophic vorticity balance. There are some changes be-
tween the two cases due to changes in the deep vertical
velocities, however, so that the classic wind-driven Sver-
drup balance is not maintained, and the two transports
are slightly different.

Despite changes in detail, however, the meridional
transports are far more similar than the zonal transports
for the negative offset and baseline case. This is because,
as in the simple models, decreasing the wind stress
changes the structure of the pycnocline, causing it to
shoal to the north of Drake Passage and also decreasing
the density slightly to the south of the passage. Figure
13 illustrates how these changes occur, showing that the
s0 5 27.4 isopycnal shoals by almost 500 m to the
north of Drake Passage relative to the baseline case
when the negative offset is applied. In general, there is
a slight decrease in the densities to the south of the
passage when the negative offset is applied, but a large
increase in the pycnocline densities to the north of the
passage. The response of the density field to changes
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TABLE 5. Leading terms in the zonal momentum balance in the Drake Passage latitudes for three different models, for the uppermost 50
m, 50–2000 m, and 2000–5000 m. For each depth range, the horizontally and vertically integrated Coriolis acceleration (in m3 s22) is shown
along with the dominant term balancing it. Note that the balance in the top 50 m is largely between Coriolis force and vertical diffusion
(so that Ekman layer dynamics dominate). In the interior above the sill depth meridional diffusion of momentum is the dominant term
balancing cross-channel flow, but the total is relatively small. At depth, the dominant balance is between cross-ridge pressure gradients (form
drag) and Coriolis forces.

Case name

BA RE NOF

ACC transport (Sv) 207 136 127

X-momentum balance (0–50 m)
Eastward Coriolis acceleration
Vertical diffusion

21427
1432

2714
716

2467
470

X-momentum balance (50–2000 m)
Eastward Coriolis acceleration
Meridional diffusion

189
2184

86
285

92
288

X-momentum balance (2000–5000 m)
Coriolis acceleration
Pressure gradient

1238
21132

627
2556

375
2275

Depth-averaged balance
Pressure gradient/wind stress
Meridional diffusion/wind stress

0.79
0.18

0.78
0.18

0.59
0.33

in wind stress is clearly global in extent (Fig. 13d) with
the largest changes being seen at middepth. McDermott
(1996) found similar changes in response to changing
Southern Hemisphere winds.

These changes can have a significant effect on the
total transport through the passage. Assuming that ther-
mal wind shear holds, that flows right at the bottom are
small, and that U is an average velocity at some height
D above the bottom

gdr
U ø D, (12)

r fL

where dr is the density difference across the passage,
L is the width of the passage, and f is a scale value for
the Coriolis parameter. If this is integrated over width
of the passage and the remaining depth of the water
column H 2 D (H the total depth), then the effect of
the deep density gradient on the transport above the sill
depth M is

gdr
M ø UL(H 2 D) ø D(H 2 D). (13)

r f

A representative magnitude of the effect of the deep
changes in density (below 2500 m) can then be found
by setting dr 5 0.04 kg m23, D 5 3000 m, and H 5
5500 m The resulting change in the transport is 30 Sv.
A similar calculation shows that the effect of the density
changes shallower than 2500 m could easily be 30–40
Sv, so about half of the change in transport between the
BA and NOF cases can be explained by a decrease in
the deep density gradient and the other half by a de-
crease in the density gradient at mid-depths.

d. Southern Ocean winds and Northern Hemisphere
densities

In order to understand why changing the winds in the
Southern Ocean should result in the density changes
seen in Fig. 13, it is necessary first to divide the problem
into two parts. The first is to understand why the pyc-
nocline becomes shallower when the Southern Ocean
winds weaken. The second is to understand why there
is a concommitant change in the deep density gradient.
We attempt to answer both questions within the frame-
work developed in Gnanadesikan (1999).

This framework proposes that dense water is con-
verted to light water within the Southern Ocean, first
by freshening and then by warming as it moves north-
ward in the Ekman layer. The rate at which this light
water is created and transported northward goes as the
Ekman transport and is thus proportional to the wind
stress. This is indeed the case in the GCM (Fig. 14a)
with changes in the northward transport of light water
being of comparable magnitude to changes in the Ekman
transport. As noted in section 2, this means that the
momentum balance within this light fluid cannot be sim-
ply between wind stress and interfacial form drag, as
in Fig. 2a, since there is a net Coriolis force on the light
water. Rather, there must be a considerable diapycnal
flux as in Fig. 2b.

In order for the density field to come to steady state,
changes in the rate at which light water is formed in
the south must be balanced by changes in the rate at
which dense water is formed in the north. This means
that the magnitude of the Northern Hemisphere over-
turning must change. In coarse-resolution models, the
strength of the Northern Hemisphere overturning is
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FIG. 12. Velocity changes between the baseline (BA) and negative offset cases (NOF). (a) Averaged zonal velocity
at 57.88S, 1608–908W (SE Pacific). (b) Averaged vertical velocity from 608 to 558S. Note that the changes are zero at
the upper boundary (where Ekman pumping is important) and relatively small elsewhere in the water column. (c)
Geostrophic vorticity balance along 57.88S for baseline case. Solid line is integrated southward transport from 55 to
1895 m. Dashed line is f/b(w|55m 2 w|1895m), the transport associated with vortex stretching. (d) Geostrophic vorticity
balance for case NOF. Note that there are differences, due to changes in the deep overturning, but that the overall level
of transport is similar.

linked to changes in the meridional pressure gradient
(Bryan 1987; Hughes and Weaver 1994; Park and Bryan
2000). In models where the surface heat and moisture
fluxes are parameterized by restoring the near-surface
temperature and salinity to observations, the primary
means by which the pressure gradient changes is by
changing the depth of the pycnocline (Park and Bryan
2000). Thus a smaller Ekman flux in the Southern Ocean
requires a smaller Northern Hemisphere overturning
which in turn requires a shallower pycnocline (Fig. 14b;
see also Gnanadesikan 1999). The northward heat trans-
port in the Northern Hemisphere is simply correlated to
the strength of the overturning (Fig. 14c).

The response of the pycnocline in the GCM is anal-
ogous to the simple model with interface restoring of
section 3a. As the Ekman flux to the north increases,
the pycnocline depth increases as well in order to drive

a larger flux from the light layer to the dense layer.
Unlike the simple model however, the restoring times
for the basin to the north of the sill and that to the south
are not equal. The restoring rate to the south is large,
as there is a lot of vertical exchange and convection in
this model. Thus the average pycnocline depth to the
south of Drake Passage does not respond strongly to
changes in the Ekman flux. By contrast, the restoring
rate to the north (the effective l) is very small, so chang-
es in the Ekman flux and thus in the buoyancy transport
can produce large changes in the interface height, which
then feed back to give a stronger Circumpolar Current
(as schematically shown in Fig. 1).

The changes in northward heat transport have an im-
portant effect on deep temperatures. As less heat is de-
posited in the North Atlantic by the circulation, less
heat must be removed by surface fluxes. Since the model
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FIG. 13. Illustration of how the density structure changes between the baseline and negative offset case:
(a) s0 for the baseline case in the southeast Pacific, (b) s0 for the negative offset case, (c) difference in s0

for the southeast Pacific (negative offset 2 baseline), and (d) globally averaged difference in s0, (negative
offset 2 baseline).

produces heat fluxes by restoring surface temperatures
towards observations, lower heat fluxes require a small-
er difference between modeled and observed tempera-
tures, resulting in a cooler surface. The regions where
this occurs include those areas where deep water is
formed in the model. As a result, deep temperatures to
the north of the Circumpolar Current (which are strongly
affected by Northern Hemisphere deep-water formation)
are strongly correlated with northward heat transport in
the Northern Hemisphere (Fig. 14d). Changes in the
temperatures to the south of the Circumpolar Current,
by contrast, are relatively small. Thus, decreasing the
winds in the Southern Ocean decreases the deep thermal
wind shear and reduces the Circumpolar Current trans-
port.

In summary, this section has argued the following.

1) In an ocean general circulation model with restoring
surface conditions, the baroclinic part of the Cir-

cumpolar Current depends directly on the winds
within Drake Passage.

2) This is because the winds within the passage deter-
mine to a large extent the amount of dense Circum-
polar Deep Water that must be converted to lighter
intermediate and mode waters.

3) Increasing the formation rate of these light waters
causes the pycnocline to deepen until such point as
the overturning in the Northern Hemisphere
strengthens so that an equivalent amount of light
water is converted back to dense water. This pro-
duces an increase in the north–south density gradient
above the sill depth.

4) The increased overturning circulation increases the
heat transport between the Southern and Northern
Hemispheres, which cools the Southern Ocean and
warms the Northern Ocean. These changes are then
reflected in the north–south density gradient below
the sill depth.
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FIG. 14. How Southern Ocean winds produce changes in the ACC: (a) Northward transport of light (s0

, 27.2) water vs average wind stress in Drake Passage. Note that there is a general trend that as the wind
stress increases, the northward transport of light water increases. (b) NH overturning vs pycnocline depth.
Note that as the northward transport of light water increases, so does (in general) the overturning. (c)
Northward heat transport vs overturning. As the overturning increases, it transports more and more heat
northward, so that more water is being transformed. The range of the temperature transformation in the
model is about 7.58C. (d) Increase in deep temperatures just to the north of the ACC correlated with Northern
Hemisphere heat transport. The temperatures to the south change little.

5) The changes in north–south density gradient produce
a stronger current.

6) The meridional pressure gradient can change even
if the zonal pressure gradients, which in the interior
are determined by geostrophic vorticity balance, do
not change.

5. Conclusions

This paper has argued that the relationship of the
Circumpolar Current to Southern Hemisphere winds on
long timescales is determined by thermodynamics as
well as dynamics. The thermodynamic balance of the
global ocean is quite sensitive to the strength of the
winds in the Drake Passage latitudes. Increasing the
winds in these latitudes increases the transformation of
dense water to light water within the Southern Ocean,
which must be compensated by a stronger Northern
Hemisphere overturning. A deeper pycnocline and
warmer bottom waters to the north of the ACC are as-
sociated with the stronger overturning.

The changes in meridional density gradients result in
changes in the vertical shear of the zonal velocity within

the ACC. The result is that the path of the ACC can
change so that overly simple arguments based on some
linear relationship between form drag and the ACC
transport will not hold. Additionally, dynamical argu-
ments based on Sverdrup balance will not work either.
There is no evidence in our models that the ACC trans-
port is related to the wind stress curl.

Although there are many limitations to the results
presented in this paper, preliminary model runs indicate
that some of the most obvious may not be extremely
important. For example, in the OGCM the surface den-
sities are set by a restoring condition—which might
‘‘set’’ the path of the current. In order to test whether
this is really important, preliminary experiments have
been made with an ocean general circulation model cou-
pled to an atmospheric energy balance model without
a hydrological cycle. In this model the incoming solar
radiation is set and the sea-surface temperatures are al-
lowed to vary. For several highly idealized runs, the
basic mechanism outlined in this paper has been found
to hold. More realistic runs with a hydrological cycle
are currently being carried out.

A second limitation of this paper is the overly simple
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handling of the effects of mesoscale eddies. Such eddies
can play a significant role in the momentum and mass
balance within the Southern Ocean (Saunders and
Thompson 1993). As illustrated in Fig. 2, insofar as
eddies create interfacial stresses between the warm wa-
ter and cold water spheres, they can counteract some of
the necessity for density transformation. This effect was
not included in the models presented in this paper. More-
over, it is increasingly clear that the dominant diffusive
effect of the eddies is to mix along isopycnal surfaces
rather than horizontally, as was done for the model runs
in this paper. This means that the effective diapycnal
diffusivity in these models is probably too large. Gnan-
adesikan (1999) shows that the effect of neglecting eddy
momentum fluxes is to overestimate the degree to which
Southern Hemisphere waters feed the Northern Hemi-
sphere overturning, while overestimating the diapycnal
diffusivity has the opposite effect. The basic insensitiv-
ity of the ACC transport to wind stress curl is probably
not affected by these inaccuracies, as it has also been
found in a model with a smaller diapycnal diffusivity
and a parameterization of eddy momentum fluxes (Gent
et al. 2000).

It is possible, however, that the failure of the coarse
models to actually resolve eddies may lead them to ig-
nore the possibility that the Circumpolar Current is ac-
tually saturated with respect to the winds. The only way
to test this hypothesis is to run eddy-resolving calcu-
lations with different wind stress fields. We are begin-
ning to investigate this question using a variety of mod-
els. Preliminary results with a two-layer model indicate
that, when the current is baroclinically unstable through-
out its course, increases in wind stresses result in more
energetic eddies and larger eddy transports. However,
eddy activity in the real Circumpolar Current appears
to be concentrated downstream of topographic distur-
bances (Gille and Kelly 1996), so it is unclear to what
extent these idealized results apply to the real ocean.
Over the past year, a group of investigators at the Geo-
physical Fluid Dynamics Laboratory has begun to de-
velop a hierarchy of high-resolution general circulation
models to attack this question.

The dependence of ACC transport on the thermo-
dynamics is a somewhat unpleasant fact. It implies that
the problems of understanding the density structure to
the north of the Southern Ocean and understanding the
thermodynamic balances within the Southern Ocean
cannot be separated. Moreover, although simple bal-
ances that try to relate the ACC to the wind stress or
wind stress curl may have some predictive skill on short
timescales, they will fail to capture the true processes
that set the meridional pressure gradient on long time-
scales.
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