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Abstract A global, flux-corrected climate model is em-
ployed to predict the surface wind stress and associated
wind-driven oceanic circulation for climate states corre-
sponding to a doubling and quadrupling of the atmo-
spheric CO2 concentration in a simple 1% per year CO2

increase scenario. The model indicates that in response to
CO2 increase, the position of zero wind stress curl in the
mid-latitudes of the Southern Hemisphere shifts pole-
ward. In addition, the wind stress intensifies significantly
in the mid-latitudes of the Southern Hemisphere. As a
result, the rate of water circulation in the subpolar
meridional overturning cell in the Southern Ocean in-
creases by about 6 Sv (1 Sv=106 m3 s�1) for doubled
CO2 and by 12 Sv for quadrupled CO2, implying an in-
crease of deep water upwelling south of the circumpolar
flow and an increase of Ekman pumping north of it. In
addition, the changes in the wind stress and wind stress
curl translate into changes in the horizontal mass trans-
port, leading to a poleward expansion of the subtropical
gyres in both hemispheres, and to strengthening of the
Antarctic Circumpolar Current. Finally, the intensified
near-surface winds over the Southern Ocean result in a
substantial increase of mechanical energy supply to the
ocean general circulation.

1 Introduction

Much attention has been given in recent years to
understanding the behavior of the ocean thermohaline

circulation in global warming scenarios (e.g., Cubasch
et al. 2001). Although intimately connected to and in
fact inseparable from the thermohaline circulation, less
attention has been given to understanding the behavior
of the ocean wind-driven circulation in global warming
simulations. From the point of view of global climate,
however, it is the circulation in the subtropical gyres,
driven essentially by wind stress curl, as well as the wind
stress-driven Ekman transport off the Equator which
jointly diverge most of the heat from the tropical and
subtropical oceans (e.g., see Danabasoglu 1998). Fur-
thermore, the convergence of the wind-driven Ekman
transport in the mixed layer and the associated vertical
velocity (Ekman pumping) set the shape of isopycnals in
the upper ocean (from the base of the mixed layer down
to more than 1 km in depth in the subtropical gyres),
thereby affecting subsurface geostrophic flows. In addi-
tion, in the zonally unblocked region of Southern Ocean,
the northward Ekman transport, its subsequent con-
vergence and associated downward pumping effectively
removes heat from the surface to the deep ocean
(Gregory 2000). Finally, the Ekman transport across
lines of constant pressure is an important source of
available potential energy in the ocean (Fofonoff 1981;
Wunsch 1998).

This study addresses the changes in the wind stress
and wind-driven ocean circulation in response to
increasing concentration of atmospheric CO2. Various
studies indicate that the changes in sea-level pressure
observed over the last few decades might have been
caused by human activity (e.g., Gillett et al. 2003; Fyfe
2003; Marshall 2003; Boer et al. 2000). Furthermore,
climate projections indicate that anthropogenic changes
in the atmospheric circulation may continue into the
future, with the potential to significantly affect the ocean
circulation. In particular, Fyfe and Saenko (2005, here-
after referred to as FS05) show that in a global climate
model forced by changing greenhouse gas (GHG) con-
centrations, the mean position and strength of the
Antarctic Circumpolar Current (ACC) change in re-
sponse to a changing pattern of surface wind stress.
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Following on from FS05, but taking a more global
perspective, we consider in this paper the changes in the
global oceanic wind-driven circulation in response to
increasing concentration of CO2 in the atmosphere. In
particular, we document the warming-induced changes
in the wind stress curl, and the associated changes in the
horizontal mass transport and Ekman pumping in the
ocean. Also considered is the warming-induced changes
to the work done by the winds on the oceanic general
circulation. Our investigation is based on a coupled
model simulation following a simple 1% per year CO2

increase scenario. The climate states corresponding to
the times of doubling and quadrupling of atmospheric
CO2 concentration are compared with the climate state
at the reference CO2 concentration.

This paper is structured as follows. In the next sec-
tion, we briefly describe the coupled model and the de-
sign of experiments, as well as compare the model wind
stress to observations. In the third section, we define
several quantities which characterize the wind-driven
oceanic flow. The fourth section presents the projected
changes in these quantities in response to CO2 increase.
The main conclusions are given in the final section.

2 The model simulations and comparison with
observations

The model we employ is an updated version of the
global climate model developed at the Canadian
Centre for Climate Modelling and Analysis (CCCma)
(Flato et al. 2000). The major components of the
model include a general circulation model of the
atmosphere (McFarlane et al. 1992, 2004), and a
general circulation model of the ocean (based on
GFDL MOM 1, Pacanowski et al. 1993), a dynamic-
thermodynamic sea-ice model (Flato and Hibler 1992;
McFarlane et al. 1992) and a land surface model
(McFarlane et al. 1992, 2004). The atmospheric com-
ponent has T47 resolution with 31 vertical levels.
Wind stress is computed using a wind speed dependent
drag coefficient corrected for atmospheric stability
(Abdella and McFarlane 1997). The oceanic compo-
nent has double the horizontal resolution of the
atmosphere, with grid points spaced at about 1.86 in
longitude and latitude. There are 29 vertical levels in
the ocean model. Vertical diffusivity in the ocean is set
to a constant value of 0.3·10�4 m2 s�1. The mixing of
tracers along isopycnals and the eddy-induced trans-
port of tracers are represented according to Gent and
McWilliams (1990), with thickness and isopycnal dif-
fusion coefficients set to 103 m2 s�1. Horizontal vis-
cosity and vertical viscosity are set to 1.4·105 m2 s�1

and 2·10�3 m2 s�1, respectively. In the version em-
ployed here, the model is flux-adjusted using only
time-mean fields of heat and freshwater flux correc-
tions. Both fields are relatively small compared to the
corresponding physical fluxes in most oceanic regions,
although in some locations, particularly near land, the

heat flux correction may reach as much as several tens
of watts per meter squared.

The model was first integrated for several centuries
with fixed concentrations of atmospheric CO2, roughly
corresponding to year 1985. Next, the model integration
was continued with CO2 increasing at 1% per year. Our
analysis concentrates on two 10-year mean climate
states. One of these states is centered on the time when
CO2 reaches two times its initial concentration (year 70;
referred to as 2·CO2 state or climate), whereas the other
state is centered on the time when CO2 reaches four
times its initial concentration (year 140; referred to as
4·CO2 state or climate). In addition, the initial inte-
gration with the fixed concentration of CO2 was con-
tinued for 100 years. The climate averaged over the last
10 years of this model integration will be referred to as
the Control climate against which the 2·CO2 and 4·CO2

climate states will be compared. When decadal averages
from other time periods in the Control solution are used,
the present results do not change.

We note that our consideration of the 4·CO2 climate
state is also motivated by the IPCC (2001) report, in
which some of the future scenarios predict that the level
of atmospheric CO2 may reach 800 ppm by year 2100
(for example, the A2 scenario). Also, our consideration
of the transient climate states, rather than steady states
typical of 2(4)·CO2 climates, is motivated by the fact
that our immediate practical interest lies in what the
climate will be in the twenty-first century, during which
time it will not likely reach a steady state.

Making a comprehensive comparison of climate
model results against observations is not a trivial task.
However, for the present study, with a focus on the
wind-driven ocean circulation, an assessment of the
model performance in terms of wind-stress fields is vital.
In the context of the large-scale ocean circulation and
climate, two of the most fundamental wind-stress
quantities are the zonal wind stress and wind stress curl.
Here we briefly assess the ability of the model to
reproduce these quantities. Among a variety of obser-
vationally-based climatological wind stress products, we
select for our comparison the Hellerman and Rosenstein
(1983; hereafter HR) and the Trenberth et al. (1989)
wind stress data. The latter product is based on the
European Centre for Medium-Range Weather Forecasts
dataset (hereafter ECMWF).

Figure 1a compares the zonally-averaged compo-
nents of the zonal wind stress in the model and
observations. The largest differences are in the extra-
tropics, although there is also notable disagreement
between the climatologies at the extratropical latitudes.
In particular, the model simulates stronger (weaker)
eastward stress in the Southern Ocean compared to
the HR (ECMWF) observational estimates. Alterna-
tively, instead of comparing wind stresses, one can
compare Ekman transports. Scaling by the Coriolis
parameter (which converts the zonal wind stress into
the meridional Ekman transport—see next section)
reduces the differences in the mid-latitudes to a mag-
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nitude comparable to the discrepancies in the tropics
(not shown). The model meridional wind stress (and
the associated zonal Ekman transport) is in a rea-
sonably good agreement with both observational
products (not shown), except in the Northern Hemi-
sphere mid-latitudes where the HR meridional wind-
stress is rather weak compared to both the model and
ECMWF.

Figure 1b compares the zonally-averaged wind
stress curl in the model and observations. In the
subtropics and tropics, the input of vorticity to the
ocean due to the wind stress curl is well captured by
the model. Towards higher latitudes, however, the
difference between the model and observations (as well
as between the two observational estimates) increases,
particularly in the Southern Hemisphere. The HR
wind stress likely underestimates the real values over
the Southern Ocean due to its bias towards weaker
summer values in that region. Overall, the climate
model captures the global wind stress and wind stress
curl to an accuracy level within the limit of present
observational uncertainty.

3 Characteristics of the wind-driven oceanic circulation

In this section we define several quantities that charac-
terize the ocean’s wind-driven circulation. Firstly, the
Ekman transport vector Ue ¼ ðUk

e ;U
/
e Þ is given by

Ue ¼
s

qof
� k; ð1Þ

where s=(sk,s/) is the wind stress vector, k is the unit
vector in the vertical, f is the Coriolis parameter, and qo

is the reference density of sea water. The superscripts k,
/ denote east–west and north–south components,
respectively.

The Ekman pumping velocity we is given by the
divergence of the Ekman transport, i.e.

we ¼ r �Ue ¼
1

qof
k � r � sþ bsk

f

� �
; ð2Þ

where b is the planetary vorticity gradient. Away from
the Equatorr� s� bsk=f ; so that the pumping veloc-
ity is essentially given by the curl of the wind stress
scaled by the planetary vorticity. The Ekman pumping
velocity we sets the vertical structure of temperature and
salinity below the upper mixed layer and down to the
base of the pycnocline. In addition, this velocity deter-
mines the exchange of mass, heat, salt and other water
properties between the surface mixed layer and the
subsurface oceanic interior.

In addition to the Ekman pumping, the basin-scale
wind stress curl is also responsible for what is known as
the oceanic gyre circulation, which is one of the key
components of the ocean general circulation and cli-
mate. The so-called Sverdrup balance implies a hori-
zontal mass transport streamfunction given by:

WðkÞ ¼ �
ZkE
k

k � r � s

qob
a cos/dkþWðkEÞ; ð3Þ

where a is the radius of the earth. In Eq. 3, kE represents
the eastern boundaries of the ocean basins where the
value of the mass transport streamfunction, W(kE), is
specified from the corresponding full mass transport. We
will illustrate shortly that the Sverdrup transport given
by Eq. 3 closely approximates the total horizontal mass
transport in our model outside of the zonally unbounded
regions of the Southern Ocean and away from the wes-
tern boundary regions.

The final quantity of interest in our analysis is the
Ekman transport across lines of constant pressure. This
is given by Ue � rpH; with �pH being the horizontal
surface pressure gradient associated with large-scale
ocean circulation. This ageostrophic transport is an
important source of available potential energy in the
ocean and can be interpreted as a rate of wind work W
on the ocean surface geostrophic currents Ug (Fofonoff
1981), namely
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Fig. 1 Zonally-averaged a zonal wind stress and b wind stress curl
in the Control climate, in the Hellerman and Rosenstein (1983)
climatology, and in the Trenberth et al. (1989) climatology
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W ¼ Ue � rpH ¼ Ug � s; ð4Þ

where Ug ¼ ð1=qof Þðk�rpHÞ:

4 The oceanic wind-driven circulation under global
warming

4.1 Wind stress, the subpolar overturning, and wind
stress curl

The zonal wind stress is predicted to change signifi-
cantly, particularly by the time of CO2 quadrupling
(Fig. 2a). The stress increases poleward of about 45�S
and 45�N, whereas it exhibits a weaker decrease equa-
torward of these latitudes towards the subtropics. Little
change is predicted in the zonal mean wind stress at the
tropical latitudes (15�S–15�N). We note that the glob-
ally-integrated input of angular momentum into the
ocean (i.e.,

H
ska cos/dS;where S is the area of the ocean

surface) is approximately constant despite these large
changes in the zonal wind stress. The largest response in

the zonal stress is predicted in the Southern Ocean,
where the maximum zonal-mean stress increases from
0.17 Pa in the Control to 0.19 Pa at 2·CO2 and 0.21 Pa
at 4·CO2. In addition, the mean position of the maxi-
mum westerly winds shifts poleward by 1–2� in the
2·CO2 climate and by more than 3� in the 4·CO2 cli-
mate. Although this is not clearly seen in plots of zonal
wind stress on the model grid, by fitting the model stress
values optimally to a Gaussian shape (not shown) it can
be shown that westerly winds in the Southern Ocean do
shift poleward as concentration of atmospheric CO2

increases. This can also be concluded from the shift in
the position of zero wind stress curl around 50�S
(Fig. 8).

We next consider the effect of the intensified zonal
wind stress in the Southern Ocean on the subpolar
meridional overturning circulation cell, between about
60–40�S. Rather than evaluating this circulation in lati-
tude-depth coordinates, we present it in latitude-density
coordinates (Fig. 3). An advantage of using such an
approach is described in Döös and Webb (1994) in de-
tail. (Clearly, this cell has both the diabatic and adia-
batic components. It is described sometimes as a Deacon
Cell (e.g., Speer et al. 2000a, b), whereas in other cases it
is only an adiabatic part of this flow which is defined as
the Deacon Cell (Döös and Webb 1994). To avoid
possible confusion, the term ‘‘Deacon Cell’’ will not be
used further.) In the model, the subpolar cell is com-
posed of two circulation cells of opposite sign (Fig. 4).
One of them represents the large-scale (Eulerian) circu-
lation, with equatorward flow near the surface within
lower density classes and poleward return flow at depth
within larger density classes (Fig. 4, left panels). It is
called sometimes the ‘‘Eulerian circulation cell’’, a term
also employed here. The other cell, which tends to
weaken the Eulerian circulation cell, is due to an eddy-
induced flow (Fig. 4, right panels). The sum of the two
therefore constitutes the subpolar meridional overturn-
ing circulation cell as viewed in latitude-density coordi-
nates. In some models of the ocean circulation, this cell
essentially disappears (Döös and Webb 1994), whereas
in other models it does not (e.g., Speer et al. 2000a;
Gregory 2000), as is the case in our model. We note that
a complete disappearance of the subpolar cell would
imply zero net buoyancy gain (and hence zero net water
mass transformation) at the latitudes of the circumpolar
flow in the Southern Ocean, which does not seem to be
the case according to the available observational esti-
mates (Speer et al. 2000a, b).

As concentration of atmospheric CO2 increases, the
intensified zonal wind stress in the Southern Ocean re-
sults in an overall intensification of the subpolar cell
(Fig. 3). It can be seen from Figs. 3 and 4 that the
intensification of the subpolar cell (by 6 Sv in the 2·CO2

state and by 12 Sv in the 4·CO2 state) in the climate
change experiments is mostly due to the intensification
of the Eulerian circulation cell (Fig. 4, left panels), the
strength of which is controlled by the zonal surface
winds. The intensified zonal wind stress increases the
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Fig. 2 Zonally-averaged a zonal wind stress and b wind stress curl
in the Control climate, 2·CO2 climate and 4·CO2 climate. Heavy
lines in both panels show the changes (2·CO2 minus Control;
4·CO2 minus Control) in the corresponding parameters
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rate of diabatic flow of relatively light water between 60–
40�S, associated with the stronger northward Ekman
transport. This is compensated by stronger southward
flow of relatively dense water (rh>27.4). In contrast, the
intensity of the eddy-induced circulation is not predicted
to change significantly over the simulated period (Fig. 4,

right panels), as compared to the changes in the Eulerian
cell. However, closer consideration indicates that the
rate of overturning circulation of the eddy-induced cell
does increase non-negligibly, from 15.0 Sv in the Con-
trol state to 16.8 Sv in the 4·CO2 state (i.e., by more
than 10%), reflecting the associated changes in the
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oceanic density structure (baroclinicity). The latter, as
we shall show, leads to notable changes in the baroclinic
potential energy in the Southern Ocean, and hence to
associated changes in the ACC transport.

Figure 2b shows the zonally-averaged wind stress
curl and its predicted changes. The poleward shift of the
position of strong mid-latitude westerlies in both hemi-
spheres results in a poleward shift of the positions of
zero wind stress curl at these latitudes. This, according
to the Sverdrup balance Eq. 3, is indicative of a pole-
ward expansion (or shift) of the subtropical gyres. The
subpolar gyres, by contrast, tend to contract poleward.
In turn, the opposite in sign (and smaller magnitude)
changes in wind stress curl in the subtropics indicate a

reduction of the subtropical gyre transports. We will
return to these points in the next section.

4.2 Ekman pumping and horizontal mass transport

The effect of the Ekman transport convergence/diver-
gence in terms of the large-scale oceanic downwelling/
upwelling can be seen in Fig. 5a, showing Ekman
pumping in the Control simulation. The convergence of
the Ekman transport in the subtropics forces downward
Ekman pumping, whereas the divergence of this trans-
port in the subpolar regions forces upward Ekman
pumping. With the increase of atmospheric CO2, the

Fig. 4 (Left) the Eulerian and (right) the eddy-induced meridional
overturning circulations in the Southern Ocean as functions of
potential density (top) in the Control climate, (middle) in the 2·CO2

climate and (bottom) in the 4·CO2 climate. Contour interval is
3 Sv; negative values are dashed. Clockwise circulation is positive
(solid)
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Ekman pumping anomaly becomes positive between
roughly 10–30�S and 10–30�N (Fig. 5b, c), indicating a
weakening of the subtropical downward pumping. To-
wards the mid-latitudes, between roughly 30–50�S and
30–50�N, the pumping anomaly becomes negative, as
expected from the shift of the wind stress curl profile and
the resulting curl anomaly (Fig. 2b). The projected in-
crease in the downward Ekman pumping between about
30–50�S, seen in Fig. 5b, c, deserves special mention.
This region north of the ACC accounts for a large
fraction of the net uptake of GHGs from the atmo-

sphere in the real ocean, with the Ekman pumping
playing an important role in this process. In our exper-
iments, the downward Ekman pumping between 50�S
and 30�S (i.e., north of the mean position of zero wind
stress curl) increases by 21% at 2·CO2 and by 36% at
4·CO2.

We now consider the horizontal mass transport and
its projected changes. To begin with, Fig. 6 compares
the total and the Sverdrup mass transport streamfunc-
tions corresponding to the Control state. The former is
computed from the full model dynamics, whereas the

2
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 4xCO   − Control

 2xCO   − Control
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c

Fig. 5 a Ekman pumping in the
Control state, b Ekman
pumping change in the 2·CO2

state (2·CO2 minus Control)
and c Ekman pumping change
in the 4·CO2 state (4·CO2

minus Control). Negative
values are dashed; zero line is
bold; contour interval is
0.4·10�6 m/s in a and
0.2·10�6 m/s in b and c
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Sverdrup transport is computed from Eq. 3 using only
the wind stress curl and the values of streamfunction
along the eastern boundaries of the oceans. The com-
parison indicates that the major subtropical gyre systems
in the model are essentially in Sverdrup balance. We
exploit this fact to interpret the projected changes in the
horizontal mass transport in our climate change exper-
iments.

Figure 7 illustrates that the changes in the total
horizontal mass transport are in good agreement with
the changes implied by the Sverdup balance in most
subtropical regions. In particular, the structure and the
magnitude of the mass transport anomaly field (Fig. 7a)
closely resembles the corresponding changes in the
Sverdrup transport (Fig. 7b). This suggests that in these
regions, the projected changes in the mass transport are
dominated by changes in the local basin-scale wind
stress curl. The largest changes in both the total trans-
port and the Sverdrup transport are found in the South
Pacific. It is also in the South Pacific where the poleward
shift of the position of zero wind stress curl in the mid-
latitudes is largest (Fig. 8). We note that the coherent
circumpolar shift to the south of zero wind stress curl
around Antarctica shown in Fig. 8 is consistent with the
poleward shift of the ACC, as seen in the horizontal

mass transport anomaly in Fig. 7a. Oke and England
(2004) obtain a similar structure of the horizontal mass
transport anomaly in the Southern Ocean by imposing
an idealized poleward shift of wind stress in an ocean-
only general circulation model.

As pointed out in the previous subsection, the chan-
ges in the wind stress over the Southern Ocean result in
the changes in the oceanic density structure. The changes
are not dramatic, but are sufficient to modify the so-
called baroclinic potential energy, vð¼ ðg=qoÞ

R
z~qdz;

where ~q is the density minus a horizontal mean density
profile—e.g. see Borowski et al. 2002), and hence the
ACC mass transport. As shown in Borowski et al.
(2002), given relatively small near-bottom velocities and
near steady state, one should expect the following
relation between a change in the ACC transport, Du,
and a change in the baroclinic potential energy,
Dv : Du ¼ Dv=fo;where fo is the Coriolis parameter ta-
ken at the mean latitude of the ACC. Figure 9 illustrates
this connection. By the time the atmospheric CO2 con-
centration reaches four times of its initial value, mass
transport between 47�S and 62�S at 130�E (between
Australia and Antarctica) increases by about 27 Sv, out
of which about 20 Sv is due to the changes in the
baroclinic potential energy.

 Sverdrup

Totala

b

Fig. 6 a Total and b Sverdrup
mass transport streamfunctions
corresponding to the Control
state. Negative values are
dashed; zero line is bold;
contour interval is 10 Sv
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The changes in the ACC in response to the changes
in the wind stress, as well as the connection between the
meridional and zonal circulation in the Southern

Ocean, can be understood by applying the so-called
residual-mean theory within the zonally unblocked re-
gion of the Southern Ocean (e.g., Karsten et al. 2002;

 Total: 4xCO   − Control2

 Sverdrup: 4xCO   − Control2

a

b

Fig. 7 Changes in a total and b
Sverdrup mass transport
streamfunction in the 4·CO2

climate (4·CO2 minus Control).
Negative values are dashed; zero
line is bold; contour interval is
2 Sv. The corresponding
transport changes in the 2·CO2

state have a similar spatial
structure but weaker magnitude
compared to 4·CO2 minus
Control
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Fig. 8 Position of zero wind
stress curl in the mid-latitudes
around Antarctica in the model
experiments
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Marshall and Radko 2003; Rintoul et al. 2001). The
theory assumes that the net zonal-mean meridional
circulation, or the residual circulation Wr, is given by a
difference between the Eulerian meridional circula-
tion,W; and the eddy-induced circulation W*,
i.e.Wr ¼ W�W�: The Eulerian circulation is associated
with the northward wind-driven Ekman trans-
portðW ¼ ��szonal=f qoÞ; tending to overturn the isopyc-
nals and increase the potential energy stored in the
ACC density front. The eddy-induced circulation, in
turn, is generated by a transfer of momentum through
the water column by interfacial form stress
(W� ¼ q0v0=�qz; with the overbar and superscript denot-
ing a zonal mean and its deviation respectively; q is the
density). In contrast to the Eulerian circulation, the
eddy-induced circulation tends to flatten the isopycnals
and reduce the potential energy of the ACC density
front. These two competing processes set the slope of
isopycnals across the ACC and hence its baroclinic
transport. Parameterizing the lateral buoyancy transfer
by the ACC eddies,q0v0; one can obtain a relation
connecting the zonal shear of the ACC,�uz; to the zonal
wind stress such as�uz � �sa

zonal;where a is a positive
constant. Although different parameterizations may
lead to different values for the a exponent (e.g., Rintoul
et al. 2001), all such scaling relations suggest that a
meridional shift of zonal winds in the Southern Ocean
leads to a similar shift of ACC. In reality, bottom
topography exerts a strong constraint on the mean
pathway of the ACC flow, so that the actual shift of
ACC may be smaller compared to the shift implied by
this theoretical argument. Moreover, the residual-mean
theory assumes a steady-state balance which may
introduce an additional disagreement between the the-
oretical and the model predictions. However, as shown
in FS05, despite these limitations, the agreement
between the theoretical and the model predictions of
the shift of ACC in response to the shift of winds is

remarkably good, holding also for other global coupled
climate models.

Many previous studies (e.g., Gent et al. 2001; Bi et al.
2002) found that the changes in the thermohaline cir-
culation off the Antarctic shelf, associated with the
formation of bottom water (likely, due to offshore sea-
ice motion—see, for example, Saenko et al. 2002), also
contribute to the strength of the mean transport of the
ACC. In particular, results of Gent et al. (2001) indicate
that there is a strong correlation between the transport
of the ACC and both the strength of the meridional
Ekman transport at the latitude of Drake Passage and
the thermohaline circulation off the Antarctic shelf. In
our global warming experiments, however, the strength
of the thermohaline circulation off the Antarctic shelf
decreases, in general agreement with other studies (e.g.,
Gregory 2000). This rules out the possibility that the
strengthening of the ACC transport in our experiments
can be explained by the changes in the thermohaline
circulation off the Antarctic shelf.

In the subpolar regions of the Northern Hemisphere,
the agreement between the changes in the total hori-
zontal mass transport and the changes in the Sverdrup
mass transport is poor. There, the assumptions made in
the derivation of the Sverdrup balance (e.g., zero bottom
velocity), are invalid so that the effects of bottom
topography in the vorticity balance become important.
This follows since the vertical scale of the flow is
h = Lf/N, where L is the horizontal scale of the
topography and N is the buoyancy frequency. The ver-
tical scale increases with a decrease of stratification
implying a deeper penetration of the flow. In the sub-
polar North Atlantic, where the circulation is known to
be sensitive to changes in surface buoyancy flux, the
weakening of the deep thermohaline flow in response to
the increasing CO2 level in the atmosphere appears to
play the key role in the response of horizontal mass
transport there.

−65 −60 −55 −50 −45 −40 −35 −30
−10

−5

0

5

10

15

20

25

S
ve

rd
ru

ps
Latitude

Total mass transport change
Baroclinic potential energy change

Fig. 9 Changes in the mass
transport between Australia
and Antarctica (at 130�E) in the
4·CO2 state: total (solid) and
due to the changes in the
baroclinic potential energy
(dashed)

424 Saenko et al.: On the response of the oceanic wind-driven circulation to atmospheric CO2 increase



4.3 Wind work on the ocean geostrophic currents

Observational estimates indicate that the wind energy
input to the surface geostrophic currents is dominated
by the product of the time-mean wind stress and the
time-mean geostrophic currents (e.g., Wunsch 1998). In
agreement with observational estimates, the Southern
Ocean is the dominant region of wind energy input in
our model (Fig. 10). The model predicts an increase of
the work done by the wind stress on the mean geo-
strophic currents with the increase of CO2 concentra-
tion in the atmosphere. Globally, the increase amounts
to 17% at doubled CO2 and by 32% at quadrupled
CO2. South of 30�S, the wind energy supply is pre-
dicted to increase by 22% at 2·CO2 and by as much as
48% at 4·CO2. The latter comes about due to the
product of a stronger zonal wind stress and stronger
zonal surface geostrophic currents in the Southern
Ocean which is equivalent to an increase in the product
of northward Ekman transport and the meridional
pressure gradient across the ACC. The stronger overall
meridional pressure gradient in the Southern Ocean
leads to an increase of mass transport through Drake
Passage form 95 Sv in the Control climate to 101 Sv at
2·CO2 and to 116 Sv at 4·CO2. An implication of this
result is that our model predicts that increasing con-
centrations of GHGs in the atmosphere will result in
more mechanical energy available to drive the ocean
circulation.

5 Summary and conclusions

The results of our global warming simulation, following
a simple 1% per year CO2 increase scenario suggest that
the surface wind stress and the wind-driven ocean cir-

culation change significantly, particularly by the time the
atmospheric CO2 level reaches four times its present day
level. In particular, the mean zonal wind stress at mid-
latitudes shifts poleward by a few degrees in both
hemispheres. In addition to the poleward shift, the mid-
latitude wind stress increases, particularly strongly in the
Southern Hemisphere (from 0.17 Pa to 0.21 Pa in the
zonal mean at 4·CO2). This results in more intense
vertical and horizontal circulations in the Southern
Ocean. In this region, the stronger northward transport
of relatively light water in the Ekman layer is compen-
sated by stronger southward flow and upwelling of
denser deep water around Antarctica. This results in an
intensification of the circulation associated with the
subpolar overturning cell, between about 60–40�S (by as
much as 12 Sv at 4·CO2). Such an intensification of
meridional overturning in the Southern Ocean may have
a number of physical and biological implications,
including an enhanced supply of nutrients to the surface
south of ACC due to the intensified upwelling of deep
water.

These wind stress changes translate into important
wind stress curl changes, favoring a poleward expansion
of the subtropical gyres. The largest associated changes
in the horizontal mass transport are found in the
Southern Hemisphere, particularly in the South Pacific.
We showed that the simulated changes in the total mass
transport in the subtropical regions are dominated by
changes in the local basin-scale wind stress curl. In the
subpolar regions, however, particularly in the North
Atlantic, other physical processes are at play such as, for
example, those associated with the deep thermohaline
flow.

The simulated changes in wind stress curl force an
increase of downward Ekman pumping on the poleward
edges of the subtropical gyres. In particular, in the re-
gion of intense vertical wind-driven heat transfer at
about 50–30�S, the downward Ekman pumping in-
creases by 21% in the state for a doubled CO2 and by
36% in the state for a quadrupled CO2. Such an increase
may tend to retard the surface warming by removing
more heat and GHGs from the surface to the deeper
ocean.

Finally, we showed that the increased wind stress,
particularly over the region of relatively strong surface
currents in the Southern Ocean, results in more work
being done by the wind on geostrophic ocean currents.
In our experiments, the simulated increase of wind en-
ergy input to the large-scale ocean circulation reaches
32% globally and 48% south of 40�S by the time the
atmospheric CO2 level reaches four times its initial level.
This suggests a significant re-organization of ocean
dynamics in response to GHGs, particularly in the
Southern Hemisphere. More global implications of the
increase of mechanical energy supply to the ocean (e.g.,
Huang 2004) might also be possible due to the processes
not parameterized in this model version, such as, for
example, a dependence of oceanic diapycnal mixing on
winds and stratification.
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