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Sensitivity of the ocean’s deep overturning circulation to

easterly Antarctic winds

Andrew L. Stewart,1 and Andrew F. Thompson1

We investigate the sensitivity of the deep meridional
overturning circulation (MOC) in the Southern Ocean to
changes in the easterly wind stress over the Antarctic con-
tinental slope. The deep MOC is driven by export of dense
Antarctic Bottom Water from the Antarctic continental
shelf, and exerts a strong influence on climate by ventilat-
ing the deep ocean with oxygen and storing carbon diox-
ide. The possibility that inter-climatic modifications of the
deep overturning may have been driven by changes in the
atmospheric circulation has motivated the recent interest in
evaluating the sensitivity of the Southern Ocean MOC to
modifications of the mid-latitude westerlies. Using a high-
resolution eddy-resolving model of a sector of the Southern
Ocean, we show that the deep cell of the MOC is highly
sensitive to the strength of the polar easterlies, and rela-
tively insensitive to the strength of the mid-latitude wester-
lies. Our results highlight that determining the deep ocean
ventilation in past and future climates demands an accurate
evaluation of the concurrent surface wind stress throughout
the Southern Ocean.

1. Introduction

The ocean’s meridional overturning circulation (MOC)
is responsible for the global transport of dynamical tracers
such as heat and salt, and biogeochemical tracers such as
oxygen and carbon [Lumpkin and Speer , 2007]. It is central
to our understanding of both the modern climate [Kuhlbrodt
et al., 2007], and that of the last glacial maximum [Lynch-
Stieglitz et al., 2007]. Marshall and Speer [2012] have re-
cently highlighted the essential role of wind-driven upwelling
in the Southern Ocean in closing the upper cell of the MOC
by providing a path for deep water masses to return to the
surface. This article addresses a second, closely-related con-
tribution of the Southern Ocean to the MOC: the export of
Antarctic Bottom Water (AABW).

Water that upwells to the surface of the Southern Ocean is
either transported north by surface currents and subducted
as Antarctic Intermediate Water (AAIW), or transported
south towards the Antarctic continental shelf [Speer et al.,
2000]. In certain regions, largely confined to the Weddell
and Ross Seas, the upwelled water mixes with fresh glacial
meltwater, and high-salinity shelf water produced by rejec-
tion of brine during sea ice formation [Gordon, 2009]. The
resulting mixture sinks down from the continental shelf and
spreads throughout the global ocean as Antarctic Bottom
Water (AABW). This downwelling carries oxygen to the
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deep ocean; anoxic events in past climates have been at-
tributed to stagnation of this circulation [Hotinski et al.,
2001]. The ventilation of CO2 from the deep MOC may
also account for the rise in atmospheric pCO2 since the last
glacial maximum (LGM) [Skinner et al., 2010].

A poleward shift in the mid-latitude westerlies has been
proposed as the initiator of the CO2 ventilation from the
deep ocean since the LGM [Toggweiler , 2009]. Meanwhile,
the intensification and poleward shift of the southern hemi-
sphere westerlies over the last 50 years has been attributed
to anthropogenic CO2 emissions [Shindell and Schmidt ,
2004; Polvani et al., 2011]. This has motivated a series of
investigations into the sensitivity of the Antarctic Circumpo-
lar Current (ACC) and its overturning circulation to changes
in the strength and position of the mid-latitude westerlies
[Meredith et al., 2011; Abernathey et al., 2011]. The west-
erly wind stress curl drives a mean overturning circulation
via Ekman pumping at the base of the surface mixed layer,
and tends to shoal isopycnals to the south [Döös and Webb,
1994]. This overturning is counteracted by eddies gener-
ated via baroclinic instability, which act to transport trac-
ers along density surfaces, and thereby relax the isopycnal
slopes [Abernathey et al., 2011]. The observed stratification
and MOC may be regarded as the residual of the compet-
ing mean and “eddy” overturning circulations [Marshall and
Radko, 2003]. Modelling studies disagree on whether the ad-
ditional input of westerly momentum intensifies the MOC,
or whether stronger eddy fluxes compensate for the stronger
Ekman pumping [Hofmann and Maqueda, 2011]. Observa-
tions suggest that the stratification of the Southern Ocean
has not changed over the past decades in response to the
intensification of the westerlies [Böning et al., 2008].

The objective of this article is to highlight that the
MOC, in particular the deep lower overturning cell, may
be strongly sensitive to changes in the polar easterly winds.
These blow directly along the Antarctic continental shelf
[Large and Yeager , 2009] and drive the Antarctic Slope Front
(ASF) current at the shelf break [Jacobs, 1991]. As such, we
may expect the export of bottom water and the deep over-
turning circulation to be more sensitive to modification of
the polar easterlies than of the mid-latitude westerlies. The
strengthening of the Southern Annular Mode over the past
decades [Thompson et al., 2000] has intensified the polar vor-
tex, but the trend in the polar easterlies over the Antarctic
continental slope is ambiguous [Polvani et al., 2011]. Mod-
elling studies of the LGM climate suggest that the strength
of the polar easterlies differed substantially from present
day, but with considerable variation around the Antarctic
continental shelf [Kitoh et al., 2001]. Here we examine the
sensitivity of the MOC to variations in the strength of the
polar easterlies using an idealized model that captures the
main features of the circulation.

2. High-resolution simulations of the Antarctic
continental shelf and slope

We conduct our simulations using the MIT ocean gen-
eral circulation model (MITgcm) [Marshall et al., 1997],
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Figure 1. Simulation set-up. The model ocean depth ranges from 500m at the southern boundary to 3000m in the
north, via a continental slope of width ∼ 200 km at y = 500 km. Panel (a) shows a snapshot of the instantaneous model
temperature, with the magnitudes of imposed surface forcings indicated above. Panels (b) and (c) show the surface wind
stress and heat flux profiles, where positive Q corresponds to heat flux from the ocean to the atmosphere. Panel (d) shows
the time- and zonal-mean temperature (contours) and zonal velocity (colours). The black contour separates regions of
eastward (positive) and westward (negative) flow.

which solves numerically the three-dimensional, hydrostatic,
Boussinesq equations [Vallis, 2006]. We model the ACC,
ASF and Antarctic continental shelf as a periodic, walled
zonal channel, illustrated in Figure 1(a). The dimensions of
our channel have been chosen to agree qualitatively with
the shape of the continental shelf in the western Wed-
dell Sea, though for computational efficiency our model
is somewhat shallower than the ∼ 4000m-depth of the
real Southern Ocean. For simplicity we neglect the rough-
ness of the bathymetry and the variation of density with
salinity, imposing a constant thermal expansion coefficient
α = 2× 10−4 K−1. A localized source of dense water is pro-
vided at the southern boundary via linear relaxation of the
shelf temperature towards θc = −1 ◦ C within a ∼ 200 km
radius of x = y = 0. The shortest relaxation timescale is
1week, and is imposed at x = y = 0, z = −500m. This ide-
alized parametrisation of bottom water formation neglects
both salinity and the nonlinearity of the equation of state.
However, our aim is not to simulate bottom water forma-
tion, but rather to analyze the export of dense water from
the continental shelf and its contribution to the MOC.

The model is forced at the surface using a steady, zonally-
symmetric zonal wind stress, described by

τ (y) =



τACC sin2

(
π(y − Yt)

Ly − Yt

)
, Yt ≤ y ≤ Ly ,

τASF sin2

(
π(Yt − y)

Yt − Ys

)
, Ys ≤ y ≤ Yt,

(1)

and τ = 0 over 0 ≤ y ≤ Ys. This profile allows indepen-
dent variation of the easterly and westerly wind strengths,
whilst ensuring continuity of both the wind stress and the
wind stress curl at the shelf y = Ys and at the transition
y = Yt. Here τASF and τACC measure the strengths of
the polar easterlies and mid-latitude westerlies respectively.
In our reference simulation we used τACC = 0.2Nm−2,
τASF = −0.05Nm−2, Ys = 200 km, and Yt = 800 km.

We also impose a steady, zonally-symmetric surface tem-
perature flux that acts to heat the surface of the ACC and
cool the surface close to the continental shelf. The surface
wind and temperature forcing profiles are plotted in Fig-
ure 1(b–c), and approximate the observed surface forcing
over the Southern Ocean [Large and Yeager , 2009]. The

southernmost 200 km of the surface is not forced. We use the
K-profile parametrisation (KPP) for vertical mixing [Large
et al., 1994] to provide a well-mixed surface layer of depth
∼ 50m. The momentum imparted to the surface via wind
stress is extracted via a linear bottom friction of strength
rb = 1.1 × 10−3 ms−1. Over the northern 100 km of the
domain we relax the temperature towards an exponential
profile that ranges from 0◦C at z = −3000m to 6◦C at
z = 0 with a temperature scale height of 1000m. The short-
est relaxation timescale is 1 week at y = 2000 km. This
profile has been chosen to match approximately the profile
obtained in simulations without relaxation at the northern
boundary, and represents the restoration of the stratification
by diabatic processes that parameterize water mass trans-
formations occuring at more northern latitudes [Abernathey
et al., 2011].

In all of the results described below the flow is subject to
a constant gravitational acceleration g = 9.81ms−2, and to
a Coriolis force with reference rotation f0 = 1×10−4 s−1 and
meridional gradient β = 1 × 10−11 m−1 s−1. The dynami-
cal equations are discretized on a horizontal grid of 204 by
400 points, with a grid spacing of approximately 5 km. This
grid spacing is much smaller than the first internal Rossby
radius of deformation in the ACC (∼ 20 km) and comparable
to that on the continental shelf (∼ 5 km), but simulations
run at resolutions as fine as 2 km yield almost identical re-
sults. The vertical grid consists of 30 points with spacings
ranging from 12.5m in the surface mixed layer to 187.5m
in the lowest grid cell, and partial cells are used to improve
the vertical resolution of the continental slope. Mixing by
sub-gridscale eddies is represented by a horizontal viscosity
Ah = 12m2 s−1, a vertical viscosity Av = 3 × 10−4 m2 s−1,
and a vertical mixing of temperature κv = 5× 10−6 m2 s−1.
Grid-scale biharmonic and Leith viscosities were also in-
cluded for numerical stability [Leith et al., 1996].

Our reference simulation yields a system of zonal cur-
rents that are similar to the real ACC and ASF, shown in
Figure 1(d). The model ACC lies between y ≈ 800 km and
y = 2000 km, and is characterized by surface-intensified ve-
locities due to thermal-wind balance with temperature con-
tours that shoal to the south [Vallis, 2006]. The ∼ 410 Sv
(1 Sv = 1 × 106 m3 s−1) zonal transport of the model ACC
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Figure 2. Plots of the MOC (ψ) in y/θ coordinates (a), and mapped back to y/z coordinates (b). Panels (c) and (d)
show the mean (ψmean) and eddy (ψeddy) components of the MOC, where ψ = ψmean + ψeddy. The color scale measures
the MOC strength in Sv. Positive (dashed) and negative (solid) streamlines are plotted with a contour interval of 0.25 Sv
in panels (a) and (b), and a contour interval of 0.5 Sv in panels (c) and (d). In (a) the arrows indicate the direction of the
transport, whilst in (b) we illustrate our MOC quantifiers, described in §3.

is much larger than the estimated ∼ 130 Sv transport of the
real ACC [Nowlin Jr and Klinck , 1986] because the momen-
tum input at the surface is balanced only by friction at the
flat bottom, rather than form drag due to bathymetry [Fer-
reira et al., 2005]. However, the model’s baroclinic trans-
port of ∼ 80 Sv is close to the baroclinic transport of the
ACC, and the simulated temperature stratification is sim-
ilar to that of the real ocean. The meridionally-shoaled
isotherms in Figure 1(d) are baroclinically unstable, and
this generates the turbulent field of eddies visible in Fig-
ure 1(a) [Vallis, 2006]. These eddies counteract steepening
of the isotherms due to wind-driven Ekman pumping in the
surface mixed layer [Marshall and Radko, 2003]. Our simula-
tions reproduce the observed V-shaped dip in the isopycnals
at the ASF, with slopes somewhat steeper than the observa-
tions of Thompson and Heywood [2008] and shallower than
those of Muench and Gordon [1995] in the western Wed-
dell Sea. The maximum westward velocity of ∼ 8 cm s−1 in
the model ASF lies at the lower end of the range of ve-
locities observed around the Antarctic continent [Jacobs,
1991], but is comparable to the measurements of Muench
and Gordon [1995]. Increasing the strength of the easter-
lies to τASF = −0.1Nm−2 yields a velocity maximum of
∼ 25 cm s−1, comprable to the observations of Thompson
and Heywood [2008].

3. Dense water outflow and overturning

We analyze the meridional circulation of our reference ex-
periment using an overturning streamfunction defined by the
time- and zonal-mean mass fluxes within isothermal layers
[Döös and Webb, 1994; Abernathey et al., 2011],

ψ(y, θ) =

〈∫ θ′=θ

z=0

v dz

〉
. (2)

Here we employ shorthands for averages in time, 〈•〉 ≡
T−1

∫ t0+T

t0
• dt, and zonal integrals, • ≡ ∮ • dx. For all re-

sults described here the averaging period is T = 30 yr, and
the total kinetic energy of the flow has reached a statistically
steady state prior to the initial time t0. Volume transports
in the ocean interior tend to be aligned with the instanta-
neous isothermal surfaces [Marshall and Radko, 2003], so
that ψ is an effective quantifier of the net meridional flux
at a given temperature. We plot the streamfunction (2) cal-
culated for our reference experiment in Figure 2(a), whilst
Figure 2(b) shows an approximate mapping of ψ back to
y/z-coordinates [McIntosh and McDougall , 1996]. To ana-
lyze the contribution of eddies to the MOC, we also define
the mean and “eddy” overturning streamfunctions following
Nurser and Lee [2004] and Abernathey et al. [2011],

ψmean(y, θ) =

∫ θ′=θ

z=0

〈v〉 dz, ψeddy = ψ − ψmean. (3)

The mean overturning measures the meridional transport
along isopycnals by the time-mean velocity. In Figure 2(c)
we plot ψmean mapped back to y/z coordinates. In the in-
terior, ψmean is almost exactly the theoretical wind-driven
circulation due to Ekman pumping in the surface mixed
layer, which we denote as ψEkman = −τLx/ρ0f [Marshall
and Radko, 2003]. The discrepancy between ψ and ψmean

is the result of the strong eddy streamfunction ψeddy, due
to fluctuations of the velocity and temperature around their
time-mean states. Eddy stirring is strongly constrained by
density surfaces and tends to smooth out gradients in the
thickness of isopycnal layers, resulting in a net mass trans-
port [Marshall and Speer , 2012]. We plot ψeddy mapped to
y/z coordinates in Figure 2(d).

Figure 2(a) illustrates the distinctive split of the MOC
into upper and lower overturning cells. The MOC is aligned
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Figure 3. Sensitivity of dense water export from the continental shelf (Ψshelf) and slope (Ψslope), and of the strength
of the upper overturning cell (Ψupper), to changes in the surface wind stress. In panel (a) we vary the strength of the
mid-latitude westerlies, and in (b) the strength of the polar easterlies. Dashed lines indicate the reference simulation. For
comparison, we also plot the theoretical wind-driven overturning strengths ΨACC and ΨASF in (a) and (b) respectively. In
(a) we plot ΨACC over an offset range of overturning strengths to allow visual comparison of the gradients of ΨACC, Ψshelf,
Ψslope and Ψupper.

with the isotherms in the near-adiabatic ocean interior, but
crosses them rapidly in the surface mixed layer due to strong
diapycnal mixing. The upper overturning cell consists of
mid-depth waters that upwell to the surface within outcrop-
ping isotherms, before being transported northwards and
subducted again by the imposed surface heat flux. The
lower overturning cell is sustained by waters that upwell
further south, where the surface cooling drives them south-
ward. This circulation draws dense water off the shelf and
then down the continental slope, where an intense basal
overturning cell transports it rapidly northwards across the
ACC. Note this deep overturning is squeezed in tempera-
ture space in Figure 2(a). The deep recirculation in the
ACC is the result of the intense diapycnal mixing that oc-
curs when outcropping isotherms are transported rapidly
across the ocean bed by eddies. The tendency of bottom
friction to retard the flow at the base causes the isotherms
to steepen and overflow, leading to a statically unstable tem-
perature profile that activates the convective parametriza-
tion (KPP). Decreasing the vertical sizes of the grid cells
to 100m reduces the strength of the deep recirculation by
around 1/3, but the overturning in the upper ACC and over
the continental shelf and slope varies by no more than 2%.
If this channel were extended around a ∼ 17, 000 km latitude
band at 65◦S then typical MOC strengths in both the upper
and lower cells would be around 10 Sv, which is similar to
the estimate of Lumpkin and Speer [2007].

Figure 2(c–d) shows that in the ACC, the MOC is ac-
curately characterized as a small “residual” of strong mean
and eddy circulations ψmean and ψeddy [Marshall and Radko,
2003; Abernathey et al., 2011]. By contrast, on the continen-
tal shelf (y ≤ 200 km) there is no wind-driven overturning
because no surface wind stress is imposed, and the export
of dense water is dominated by ψeddy. Over the continen-
tal slope the MOC is dominated by the wind-driven mean
overturning ψmean. The weak eddy activity over the slope is
consistent with the suppression of baroclinic instability over
a sloping bottom [Isachsen, 2011]. When the wind stress
over the ASF reverses (easterly to westerly), the strength
of ψeddy over the slope becomes comparable to ψmean (not
shown).

4. Sensitivity to surface wind stress

We now explore the sensitivity of the model’s MOC to
the strengths of the polar easterlies and mid-latitude west-
erlies. We quantify the strength of the upper MOC cell as

the maximum value of ψ over the domain [Abernathey et al.,
2011], which we denote as Ψupper. To quantify the strength
of the lower MOC, we consider all streamlines that stretch
continuously from the equatorward edge of the AABW for-
mation region (y = 200 km) to the poleward edge of the
northern relaxation region (y = 1900 km). We define Ψshelf

as the largest value of |ψ| over all such streamlines. This
measures the transport of water from the continental shelf
to the northern boundary, and the return transport from the
northern boundary to the shelf, but excludes the influence
of flows that recirculate close to the ocean bed. We define
Ψslope identically, but over streamlines that stretch continu-
ously between y = 500 km and y = 1900 km. This measures
the transport between the continental slope and the north-
ern boundary, and more accurately quantifies the strength
of the lower MOC in cases where water mass exchange with
the continental shelf is suppressed.

In Figure 3 we plot the dependence of Ψshelf , Ψslope and
Ψupper on the wind strength parameters τACC and τASF.
For each variation of the wind stress profile shown in Fig-
ure 3, we hold all other simulation parameters fixed and
integrate forward in time until the model’s total kinetic en-
ergy reaches a statistically steady state. We compute ψ via
(2) using a 30-year time average, and then calculate Ψshelf ,
Ψslope and Ψupper as described above. We also quantify the
strengths of the theoretical wind-driven mean overturning
using the maximum absolute values of ψEkman across the
ACC, ΨACC = max[Yt≤y≤Ly] |ψEkman|, and across the ASF,
ΨASF = max[Ys≤y≤Yt] |ψEkman|. These serve as a visual com-
parison of the compensation by ψeddy in response to changes
in ψmean.

Figure 3(a) shows that as the mid-latitude westerlies
strengthen, the increased wind-driven mean overturning in
the ACC is largely compensated by the eddy overturning, re-
sulting in a relatively small increase in Ψupper. The variation
of Ψupper with τACC compares very closely with the results
of Abernathey et al. [2011], except at τACC = 0.1Nm−2, for
which our Ψupper is around 0.15 Sv larger. A least-squares fit
to the slope of Ψupper yields a sensitivity of 1.39 Svm2 N−1,
which is somewhat smaller than the 2.6 Svm2 N−1 calcu-
lated by Abernathey et al. [2011]. There is almost no dis-
cernible change in Ψshelf and Ψslope, so the deep MOC is
insensitive to the strength of the mid-latitude westerlies.
Similarly, Figure 3(b) shows that Ψupper does not vary in
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response to changes in τASF, so the upper MOC is insensi-
tive to the strength of the polar easterlies. By contrast, for
easterly slope winds the variations of Ψshelf and Ψslope are
comparable to that of the Ekman response ΨASF. The least-
squares slopes for Ψshelf and Ψslope in the range τASF ≤ 0 are
6.03 Svm2 N−1 and 5.41 Svm2 N−1 respectively, around four
times the sensitivity of the upper MOC to the mid-latitude
westerlies. This greater sensitivity is due to the suppression
of baroclinic instability, the mechanism via which mesoscale
eddies are generated in our model, over the continental slope
[Isachsen, 2011]. This results in the wind-driven mean over-
turning ψmean dominating the MOC over the continental
slope, as shown in Figure 2. The overturning on the slope
is therefore strongly sensitive to changes in τASF. Thus, be-
cause the slope connects the continental shelf and the ACC,
the entire lower cell of the MOC becomes strongly sensitive
τASF. When the slope winds are westerly (τASF > 0), the
eddy overturning across the slope becomes comparable in
strength to the wind-driven mean overturning, so the deep
MOC is relatively insensitive to wind stress changes beyond
τASF = 0.

5. Discussion

The deep MOC plays a crucial climatic role in ventilat-
ing the deep ocean with oxygen [Hotinski et al., 2001] and
storing CO2 [Skinner et al., 2010]. Changes in this circu-
lation with climate have recently been attributed to shift-
ing/strengthening of the mid-latitude westerlies [Toggweiler ,
2009], which has motivated a series of modelling studies
investigating the sensitivity of the MOC to westerly wind
stress [Meredith et al., 2011; Abernathey et al., 2011]. Our
results demonstrate that the deep overturning cell is much
more sensitive to the polar easterlies, associated with the
atmospheric polar cell, than the mid-latitude westerlies, as-
sociated with the atmospheric Ferrel cell. The sensitivity
of AABW export to the polar easterlies is consistent with
the idealized basin model of Kida [2011], in which AABW
outflow is geostrophically controlled by a strait on the con-
tinental shelf.

We conclude that an accurate consideration of the deep
MOC in past and future climates must account for the in-
fluence of both the mid-latitude westerlies and the polar
easterlies. Additional research is required to determine how
this sensitivity is modified by the inclusion of realisic tem-
perature/salinity forcing at the surface and on the shelf,
and by topographic variations that may support cross-slope
geostrophic currents and extract momentum from the zonal
flow by form drag. Furthermore, it remains to be determined
how changes in the polar easterlies and mid-latitude west-
erlies affect the volume and extent of the deep overturning,
which ultimately determine how much CO2 may be stored
in the deep ocean.
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