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ABSTRACT

The oceanic response to imposed changes in the latitude of the subpolar westerly winds (SWWs) over the
Southern Ocean is assessed in a global ocean model. The latitude changes are achieved by applying a zonally
uniform zonal wind stress anomaly that is quasi-sinusoidal in latitude, with a positive (negative) band to the
south (north) of about 508S. This form of anomaly is chosen because it projects onto the Antarctic Oscillation,
also known as the Southern Hemisphere annular mode, that is known to have a long-term trend. The response
to both long-term trend and quasi-decadal periodic changes is examined in the latitude of the SWWs. In the
long-term trend case, a 5.48 poleward shift of the SWWs over a 100-yr simulation is found to cause the poleward
heat transport to increase by an average of 25% between 508S and the equator. This change is primarily due to
greater northward Ekman transport of cold water and its associated cooling of Subantarctic Mode Water (SAMW)
by up to 0.58C in the central-south Pacific. The authors also find that the rate of formation of Antarctic Intermediate
Water increases as the SWWs shift poleward, resulting in cooling and freshening at intermediate depths. In the
periodic experiment, where the SWWs axis has a range of 5.48 latitude, the poleward heat transport, North
Atlantic Deep Water outflow and the overturning of Antarctic Bottom Water are all modulated by 20%–30%.
Significant cooling is found at intermediate and upper-level water depths in the trend experiment and temperature
fluctuations with a range of up to 0.48C in the periodic experiment. These changes are of the same magnitude
and form as that recently observed at intermediate depths in the Southern Ocean. The authors conclude that
latitudinal shifts of the SWWs may play a significant role in generating observed temperature fluctuations at
intermediate water depths.

1. Introduction

A recent report of temperature trends at intermediate
water depths in the Southern Ocean noted higher than
expected warming at high latitudes and cooling in sev-
eral regions at midlatitudes (Gille 2002). Thresher et al.
(2003, manuscript submitted to Geophys. Res. Lett.,
hereafter T03) also observed cooling off Tasmania, in
addition to quasi-decadal, or longer, temperature fluc-
tuations. Both Gille (2002) and T03 hypothesize that
aspects of their observations may be explained by var-
iations in the wind stress field over the Southern Ocean.
In support of this, climate records off southern Australia
show that the zonal wind bands and subtropical ridge
have shifted poleward by about 58 latitude over the last
century (Das 1956; Thresher 2002). Indeed, climate
change predictions suggest that this trend is likely to

* Current affiliation: CSIRO Marine Research, Hobart, Tasmania,
Australia.

Corresponding author address: Dr. Peter R. Oke, CSIRO Marine
Research, GPO Box 1538, Castray Esplanade, Hobart TAS 7001 Aus-
tralia.
E-mail: peter.oke@csiro.au

continue under enhanced greenhouse gas conditions
(e.g., Whetton et al. 1996; Fyfe et al. 1999; Kushner et
al. 2001; Cai et al. 2003). Additionally, there is some
evidence of quasi-decadal variations in the strength of
the zonal winds at several sites at high Southern Hemi-
sphere latitudes that could be explained by cyclical lat-
itudinal shifts in the Southern Hemisphere zonal wind
bands (Harris et al. 1988; Thresher 2002). The goal of
this study is to investigate the impacts of changes in the
wind field over the subpolar Southern Hemisphere on
ocean circulation and water mass properties.

The particular focus of our study is the oceanic re-
sponse to changes in the latitude of the Southern Hemi-
sphere subpolar westerly winds (SWWs). This is
achieved by applying a zonally uniform zonal wind
stress anomaly that projects onto the Antarctic Oscil-
lation (AAO), also known as the Southern Hemisphere
annular mode. The AAO refers to coherent oscillations
of sea level pressure (SLP) in the Southern Hemisphere
that result from internal atmospheric dynamics, where
the eddy–mean flow interactions result in fluctuations
in the SWWs on synoptic time scales (e.g., Hartmann
and Lo 1998; Limpasuvan and Hartmann 1999). There
is evidence that suggests that ozone, greenhouse gas,
and solar events induce changes that have a projection
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onto the AAO pattern of SLP (e.g., Rogers and van
Loon 1982; Hartmann et al. 2000). However, these
changes are presumably separate and distinct both in
mechanism and time scale from the AAO. Despite the
observational evidence that the AAO has a long-term
trend (Thompson et al. 2000), we shall refer to the syn-
optic time-scale wind variations as the AAO and all
longer time-scale wind variations that project onto the
AAO as those associated with the SWWs.

The ocean’s response to the AAO has previously been
investigated by Hall and Visbeck (2002) using a climate
model. The approach utilized in their study was to iden-
tify correlations between the time series of the first-
mode empirical orthogonal function of SLP, represent-
ing variations of the AAO, with different modeled oce-
anic variables and calculating regression coefficients in
order to quantify these relationships. Hall and Visbeck
provide many useful insights into the role of the AAO,
for example, demonstrating that it influences the pole-
ward heat transport and sea ice variability in the South-
ern Hemisphere and the rate of overturning in the Dea-
con cell on synoptic time scales. Watterson (2000) also
used a climate model to identify the effects of the AAO
on the Deacon cell overturning. However, by not ex-
plicitly imposing variations in the AAO winds, these
analyses of climate model output are unable to isolate
wind effects from other climate forcings. We think a
good complementary approach to this problem involves
a sensitivity study of the ocean’s response to imposed
changes in the latitude of the SWWs using an ocean-
only model. While the use of an ocean-only model has
the disadvantage of lacking realistic feedbacks between
the ocean, ice, and atmosphere, it has the advantage of
simplicity in that different aspects of the wind forcing
can be systematically changed in order to isolate the
effects of winds from other forcings (such an approach
is commonly adopted; e.g., Toggweiler and Samuels
1993, 1995; McDermott 1996; Rahmstorf and England
1997; Ribbe 1999). To this end, we utilize a coarse-
resolution model to investigate the ocean’s response to
various idealized changes in the latitude of the SWWs.

The SWWs have a strong influence in driving flow
in the Antarctic Circumpolar Current (ACC; Stommel
1957; Gnanadesikan and Hallberg 2000), as well as con-
trolling the overturning in the Deacon cell. Indirectly,
the SWWs are thought to influence the rate of produc-
tion and export of North Atlantic Deep Water (NADW;
Toggweiler and Samuels 1995, 1993; McDermott 1996;
Nof 2000), Antarctic Intermediate Water (AAIW; Ribbe
1999; Santoso and England 2003, manuscript submitted
to J. Phys. Oceanogr.) and Antarctic Bottom Water
(AABW; Rahmstorf and England 1997), as well as con-
trolling T–S properties of Subantarctic Mode Water
(SAMW; Rintoul and England 2002). In addition, the
wind stress curl associated with the SWWs plays a key
role in driving the Southern Hemisphere subtropical
gyres in each ocean basin. Clearly, the SWWs play an
important role in driving the global ocean circulation.

Several modeling studies have previously investigat-
ed the ocean’s response to an imposed variation in the
zonal wind stress over the Southern Ocean (e.g., To-
ggweiler and Samuels 1993, 1995; McDermott 1996;
Rahmstorf and England 1997). However, none that we
are aware of have addressed changes in the latitude of
the SWWs. Such changes could occur during a low-
frequency expansion or contraction of the AAO that
might be induced by anthropogenic climate change (e.g.,
Fyfe et al. 1999) or natural quasi-decadal variability
(e.g., van Loon and Labitzke 1998), possibly associated
with the Antarctic Circumpolar Wave (White and Pe-
terson 1996), or through teleconnections to the El Niño–
Southern Oscillation (e.g., Smith and Stearns 1993;
Carleton 2003). In this paper we present results from
two anomaly experiments. The first experiment involves
a gradual poleward shift in the SWWs, such as that
observed by Das (1956), Thompson et al. (2000),
Thresher (2002), and Thompson and Solomon (2002),
and simulated by Whetton et al. (1996), Fyfe et al.
(1999), Kushner et al. (2001), and Cai et al. (2003). A
poleward shift of 5.48 is chosen to be consistent with
the results referred to above. The second experiment
involves time-varying periodic latitudinal shifts in the
SWWs to examine the impact of quasi-decadal varia-
tions. This experiment is motivated by the analyses pre-
sented by Harris et al. (1998), who noted a clear cyclical
pattern in the zonal winds off Hobart, Tasmania, be-
tween 1945 and 1985. Subsequently, Thresher (2002)
demonstrated similar in-phase cycling of meridional
pressure gradients over Australia, South America, and
South Africa, hypothesizing that there is a quasi-decadal
periodicity in the latitude of the SWWs. We have chosen
to use a range of 5.48 in order to utilize the same spatial
wind stress anomalies as the first experiment introduced
above. It is also worth noting that Jones and Widmann
(2003) reconstructed a time series of an AAO index
(representing temporal variations in the strength and
position of the SWWs associated with the AAO) from
instrument and tree-ring measurements and found evi-
dence of variability on decadal time scales (their Fig.
4).

The outline of the rest of this paper is as follows. A
description of the model configuration and the numerical
experiments is presented in section 2. Results are pre-
sented in section 3. In section 4 we discuss the model
simulations further, with particular reference to the pro-
posed mechanisms to explain the observed cooling at
intermediate depths at midlatitudes in the Southern
Ocean. Finally, our conclusions are summarized in sec-
tion 5.

2. Model description

a. Model configuration

The ocean model used in this study is the Bryan–Cox
ocean general circulation model (Bryan 1969; Cox
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TABLE 1. Summary of experiments; TA refers to the trend anomaly experiment; PA refers to the periodic anomaly experiment. Both TA
and PA are integrated from year 4300 of CNTRL.

Expt Description Run length (yr)

CNTRL
TA
PA

Control experiment
Trend toward a 5.48 poleward shift of the SWWs
Idealized 11-yr periodic latitudinal shifts in the SWWs

4400
100
100

1984; Pacanowski et al. 1995). The model geometry
resolves the flow around the major continents and ac-
commodates flow through the Indonesian Archipelago.
The model domain consists of a near-global coverage
of the World Ocean extending from the Antarctic con-
tinent to 808N. The model topography represents a
smoothed version of the real World Ocean bottom to-
pography and is derived from the 18 atlas documented
by Smith and Sandwell (1997). The model grid spacing
is 1.88 latitude by 3.68 longitude with 21 unequally
spaced vertical levels with vertical resolution that varies
from 50 m near the surface to 385 m in the ocean’s
abyss.

The effects of mesoscale processes are taken into ac-
count implicitly by parameterizations of subgrid-scale
mixing of momentum and tracers. The horizontal and
vertical viscosity coefficients are taken to be constants
independent of depth (2.0 3 109 cm2 s21 and 50 cm2

s21, respectively). The vertical diffusivity is lowest in
the surface layer (0.3 cm2 s21) and increases below the
thermocline (after Bryan and Lewis 1979) towards a
maximum of 1.3 cm2 s21. Because there is little physical
justification for inclusion of horizontal diffusivity (e.g.,
McDougall and Church 1986) we utilize the scheme
described by Gent and McWilliams (1990, hereafter
GM) and Gent et al. (1995) for representing adiabatic
transport effects of baroclinic eddies. A highly desirable
feature of this scheme is that it allows the model to be
run with zero horizontal diffusivity. Several studies have
demonstrated quantitative improvements when this
scheme is utilized, particularly in the Southern Ocean
(e.g., Danabasoglu et al. 1994; England 1995; Dana-
basoglu and McWilliams 1995; Robitaille and Weaver
1995; Hirst and McDougall 1996; England and Hirst
1997). The isopycnal thickness diffusivity is 1.0 3 107

cm2 s21 (after Danabasoglu et al. 1994; Hirst and Mc-
Dougall 1996). The along-isopycnal mixing tensor of
Redi (1982) is also adopted to approximate the ocean’s
tendency to mix along surfaces of constant density. Con-
vection is treated implicitly in the model in order to
vertically mix temperature and salinity wherever density
inversions occur.

The currents are initially at rest and potential tem-
perature (T) and salinity (S) fields are spatially uniform
with values of 48C and 34.7 practical salinity units (psu).
The ocean is forced at the sea surface by seasonally
varying climatological boundary conditions of T, S, and
wind stress. The wind stress in our control experiment
is derived from the climatology of Hellerman and Ro-
senstein (1983). Surface T–S fields are damped towards

the monthly climatology of Levitus (1982) with uniform
restoring time scales of 30 and 50 days, respectively.
The restoring salinity is increased to 35 psu for all ocean
grid points south of 748S during three wintertime
months (similar to England 1993) in order to achieve
more realistic deep- and bottom-water properties off
Antarctica. The ocean model is integrated with a time
step of 6 h for T and S and 15 min for velocity com-
ponents and the free surface. The integration of the con-
trol experiment is run out to 4400 years in order to
ensure that an equilibrated state has been reached.

b. Experimental design

Observations over the last century have shown that
the zonal wind band associated with the SWWs has
shifted poleward by approximately 58 since the early
1900s (Das 1956; Thresher 2002). Additionally, several
climate change predictions suggest that the SWWs are
likely to shift by 58 or more under enhanced greenhouse
gas conditions (e.g., Whetton et al. 1996; Fyfe et al.
1999; Kushner et al. 2001; Cai et al. 2003), and there
have been several reports of quasi-decadal oscillations
in the SWWs (Harris et al. 1988; Thresher 2002; Jones
and Widmann 2003). Motivated by these reports, we
perform two experiments in addition to the control: (i)
a trend anomaly experiment that involves a gradual
poleward shift in the SWWs, representing the effects of
anthropogenic climate change, and (ii) a periodic anom-
aly experiment that involves an oscillating latitudinal
shift in the SWWs, representing natural quasi-decadal
variability. A summary of these experiments is pre-
sented in Table 1. Each anomaly experiment is run for
100 years and is initialized from the equilibrated control
solution at year 4300. The zonal wind field is the only
aspect of the model configuration that is changed from
the control to the anomaly experiments.

The zonally averaged zonal wind stress and wind
stress curl at the end of the trend anomaly experiment
is compared to the control in Fig. 1. The trend anomaly
experiment (hereafter TA) involves the addition of an
idealized zonal wind stress anomaly that is ramped up
from zero over a 100-yr simulation. This anomaly is
quasi-sinusoidal in latitude [similar to that diagnosed
by Fyfe (2003) using a climate model], with a zero
crossing near 508S and the maximum positive (negative)
anomaly of 0.04 Pa near 608S (408S). In this experiment
the center of the SWWs gradually shifts polewards by
5.48 over the course of the simulation. Importantly, the
strength of the annual-average maximum zonal wind
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FIG. 1. The zonally averaged (a) zonal wind stress and (b) wind
stress curl for CNTRL and at the end of TA. Fields for CNTRL (TA)
are the same as during the northernmost (southernmost) excursions
of the SWWs in experiment PA.

FIG. 2. The horizontal transport streamfunction for (a) CNTRL, (b)
TA, and (c) the difference field, TA 2 CNTRL. Contour intervals
are 10 Sv in (a) and (b), and 2 Sv in (c); positive is solid, negative
is dashed, zero is bold; stippled areas denote regions shallower than
3000 m.

stress remains unchanged throughout the experiment.
This is in contrast to the profile diagnosed by Fyfe
(2003), who found that in addition to the poleward shift,
the SWWs also strengthen under enhanced greenhouse
gas conditions. The ocean’s response to strengthened
zonal winds is well documented (e.g., Toggweiler and
Samuels 1995; Rahmstorf and England 1997).

The periodic anomaly experiment (hereafter PA) in-
volves the application of the same zonal wind stress
anomalies used in TA, only now the winds periodically
shift toward and away from Antarctica with a period of
11 yr. Evidence of quasi-decadal cycling in the SWWs
has been documented by Harris et al. (1998) and Thresh-
er (2002).

In order to gain insight into the dominant mechanisms
that cause the changes between the control (CNTRL)
and the anomaly experiments, we have utilized a series
of passive tracers. Specifically, we want to monitor
changes in the rate of production of SAMW and AAIW
caused by the shifts in the SWWs. To this end, we utilize
two separate tracer fields initialized to zero at year 4300.
Each passive tracer is restored to zero at all surface
points except in the designated production regions
where the tracer is restored to unity. We define two
separate regions nominally covering the production lo-
cations for SAMW and AAIW. These are set to latitu-
dinal bands at 408–508S and 508–608S, respectively.
Hereafter, these tracers are referred to as tracer MW and
IW, respectively. Each tracer is integrated in an identical
fashion to T–S so that processes such as advection, ver-
tical mixing, along-isopycnal, and GM transport as well
as convection are all taken into account.

In addition to the experiments introduced, we have
also examined the oceanic response to wind stress anom-
alies over synoptic time scales. Specifically, we applied
high-frequency wind stress anomalies over the subpolar
Southern Ocean that reflect synoptic-scale variability in
the AAO and high-latitude storms. As above, these ex-

periments were not run in a coupled model configura-
tion. We found that, while some time-varying signature
appears in the oceanic response to high-frequency wind
anomalies, the long-term mean response is rather small.
In particular, the temperature changes were restricted to
the upper ocean where the annual mean temperature
changes were at most 0.48C at 100-m depth in the South-
ern Ocean. Overall we found that the mean response of
the model ocean was rather insensitive to synoptic-scale
variability in the wind forcing fields. This is probably
due to the dissipative nature of our coarse-resolution
model and the fact that our model is run in uncoupled
mode. We suggest that an eddy permitting/resolving
model with some simple coupled atmosphere would be
a more appropriate tool for assessing the role of high-
frequency wind variability over the Southern Ocean.

3. Results

a. The control experiment

All fields presented in this section are annual means.
The horizontal transport streamfunction in the Southern
Hemisphere is shown for CNTRL in Fig. 2a. The model
simulates the major western boundary currents and
throughflow transports (listed in Table 2) at rates com-
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TABLE 2. Maximum transports in Sv of the major Southern Hemi-
sphere western boundary currents and the Drake Passage and Indo-
nesian throughflows in CNTRL and TA, and the range of transports
in PA.

Current

Max transport (Sv)

CNTRL TA

Transport
range (Sv)

PA

Brazil
East Australia
Agulhas
Drake Passage (ACC)
Indonesian Passage

30.1
22.5
68.4

126.4
19.1

26.0
16.5
64.1

132.1
18.6

4.7
4.4
5.9
3.4
1.4

FIG. 4. (a) The MOT in CNTRL (contour interval is 2 Sv) and (b)
the difference between CNTRL and TA (contour interval is 0.2 Sv),
zonally averaged over the Atlantic basin; positive is solid, negative
is dashed, zero is bold.

FIG. 3. The MOT in (a) CNTRL and (b) TA, zonally averaged over
the entire globe. Contour intervals are 2 Sv; positive is solid, negative
is dashed, zero is bold. The bold dashed line denotes the topography
across Drake Passage.

parable to observed estimates. Specifically, reported es-
timates from observations for the Southern Hemisphere
suggest that the typical range of transport in the Brazil
Current is 30–56 Sv (Sv [ 106 m3 s21) (Maamaatuaia-
hutapu et al. 1998); the East Australian Current is 17–
27 Sv (Mata et al. 2000); the Agulhas Current is 40–
100 Sv (Beal and Bryden 1999); the ACC through Drake
Passage is 98–154 Sv (Whitworth et al. 1982; Whit-
worth 1983; Orsi et al. 1995); and the flow through the
Indonesian Archipelago is 2–18 Sv (Fieux et al. 1996).
In each case, the modeled transports in CNTRL are
within, or close to, the expected range.

The meridional overturning (MOT) zonally averaged
around the globe and over the Atlantic sector is shown
for CNTRL in Figs. 3a and 4a, respectively. Shown here
is the MOT combining direct advection and GM ad-
vection into a total streamfunction. The model generates
MOT in the Deacon cell at a rate of 12.4 Sv and pro-
duction of AABW and NADW is 7.7 Sv and 10.6 Sv,
respectively. Observations suggest that production of
AABW is 8.1 Sv (Orsi et al. 1999), in good agreement
with the modeled rate. However, observations suggest
that the rate of production of NADW is typically 13.3
Sv (Clarke 1984) or greater (e.g., Smethie and Fine
2001), somewhat higher than the modeled overturning.
This shortcoming is typical for coarse-resolution ocean
models employing the GM scheme (e.g., England and
Hirst 1997). Finally, the rate of NADW outflow into the
Southern Ocean is 5.8 Sv, located between 1200-m and
2500-m depth at the southern extent of the South At-
lantic. Overall, these net transport rates in CNTRL are
typical of large-scale ocean and climate models and are
in reasonable agreement with observed estimates.

b. Circulation response to the trend anomaly

The horizontal transport streamfunction at the end of
TA is shown in Fig. 2b. This field is similar to that at
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TABLE 3. Maximum MOT of the Deacon cell and bottom cell,
production rates of AABW and NADW, and outflow of NADW in
Sv in CNTRL and TA, and the ranges in PA.

MOT feature

Maximum transport (Sv)

CNTRL TA

Transport
range (Sv)

PA

Deacon cell overturning
Bottom cell overturning
AABW (production)
NADW (production)
NADW (outflow)

11.9
13.6

7.7
10.6

6.6

12.4
13.8

6.4
10.6

6.7

0.8
6.1
2.2
0.1
1.5

FIG. 5. Northward heat transport (PW) at the end of (left) CNTRL
and TA, and (right) the NHT anomaly, TA 2 CNTRL. The Ekman
component of the NHT anomaly is also presented (right).

the end of CNTRL; however, there are some subtle, but
important, changes that are highlighted by the difference
field between TA and CNTRL (Fig. 2c). The maximum
transports in the Brazil, East Australian, and Agulhas
Currents weaken by 4.1, 6.0, and 4.3 Sv, respectively
(Table 2). Additionally, there is a band of negative
streamfunction anomalies between 408 and 608S and a
positive band south of 608S. This is because the ACC
shifts poleward as the SWWs move to the south. These
adjustments are related to the change in wind stress curl
as the SWWs move poleward (Fig. 1). In addition, these
changes are expected to deepen (shoal) the thermocline
and halocline where the wind stress curl anomalies are
positive (negative).

The globally averaged MOT is shown for TA in Fig.
3b. The Deacon cell deepens and shifts poleward com-
pared to CNTRL, but the rate of MOT remains virtually
unchanged (Table 3). The increased (decreased) wind
stress curl north (south) of 608S results in more down-
ward (upward) local Ekman pumping that has the effect
of shifting the Deacon cell poleward, as discussed
above. The deepening of the Deacon cell in TA is related
to the relative locations of the zonal wind stress max-
imum and the deepest part of the Drake Passage sill
(e.g., England 1992; Toggweiler and Samuels 1995). In
particular, as the winds shift poleward in TA, return
southward geostrophic flow in the Deacon cell is forced
to a greater depth (Fig. 3).

The globally averaged MOT of the AABW cell de-
creases by 1.1 Sv in TA (Fig. 3b, Table 3). This change
is likely to be related to the poleward shift of the up-
welling band on the southern side of the Deacon cell.
In an idealized modeling study, Rahmstorf and England
(1997) found that the rate of production of AABW was
sensitive to the strength of the zonal wind stress over
the Southern Ocean. Our results suggest that the rate of
production of AABW is also sensitive to latitudinal var-
iations of the zonal winds, although the mechanism by
which this occurs is unclear.

The difference field of the Atlantic Ocean MOT be-
tween CNTRL and that at the end of TA is shown in
Fig. 4b. As seen in this diagram, the rate of production
of NADW remains virtually unchanged. This is prob-
ably because the zonal wind stress at the latitude of
Cape Horn (538S) happens to be largely unchanged at

the end of TA (Fig. 1a). According to the Drake Passage
effect (Toggweiler and Samuels 1995) the zonal integral
of the zonal wind stress at this latitude controls the rate
of production of NADW [when restoring T forcing is
employed; Rahmstorf and England (1997)].

c. Heat transport response to the trend anomaly

The impact of the trend in the SWWs on the north-
ward heat transport (NHT) is addressed in Fig. 5, show-
ing the zonally averaged NHT at the end of CNTRL
and TA along with the difference fields. The most strik-
ing change in the NHT is a broad negative anomaly
between 508S and 08, peaking at 20.27 PW at 408S.
This anomaly represents an increase in southward heat
transport or, equivalently, an increase in the northward
transport of colder water. This change represents an av-
erage increase of 25% between 508S and the equator.
Mechanisms that could explain the negative NHT anom-
aly within these latitudes include (i) an increased trans-
port in the western boundary currents, (ii) a decreased
outflow of NADW, (iii) an increased northward transport
of cold water through the wind-driven Ekman layer, and
(iv) an increased formation and/or cooling of SAMW/
AAIW. As noted each of the Southern Hemisphere sub-
tropical gyres weaken in TA (Fig. 2, Table 2), and the
rate of outflow of NADW remains virtually unchanged
(Fig. 4, Table 3). These mechanisms can therefore be
ruled out. The role of changes in the wind-driven Ekman
layer is examined by comparing the Ekman component
of the NHT anomaly with the total anomaly in Fig. 5.
This shows that changes in Ekman transport contribute
significantly to the peak in the anomaly at 408S with a
narrow negative band between 308 and 508S. However,
there is also a broad NHT anomaly that is not directly
explained by the Ekman component. Therefore, we sug-
gest that north of 408S, a substantial fraction of the NHT
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FIG. 6. Zonally averaged fields of (a)–(c) temperature and (d)–(f ) salinity showing the final fields at the end of
CNTRL in (a) and (d), the difference fields calculated on z levels in (b) and (e), and the difference fields calculated
on isopycnal surfaces in (c) and (f). For the difference fields, positive is solid, negative is dashed, and zero is bold.

anomaly is likely to be related to changes in water mas-
ses. These factors are explored in more detail below.

d. T–S response to the trend anomaly

The zonally averaged T–S fields in CNTRL are shown
in Figs. 6a,d. The difference fields calculated on both
geopotential (z-level) and isopycnal coordinates at the
end of TA and CNTRL are also shown in Fig. 6. The
differences on z levels are simply calculated by sub-
tracting the T–S fields on the model coordinates (Figs.
6b,e). The differences on isopycnal coordinates are cal-
culated by first interpolating the T–S fields to isopycnal
surfaces, calculating the differences on those surfaces,
and then interpolating back to z levels using the iso-
pycnal depths from CNTRL (Figs. 6c,f). These calcu-
lations are performed in order to discriminate between
changes in the T–S properties of water masses and
changes due to isopycnal shoaling or deepening, also
referred to as ‘‘heaving’’ (Bindoff and McDougall
1994). We have done this because we expect there to
be some heaving associated with the wind stress curl
anomalies in TA. However, we note that most modeling
sensitivity studies like ours simply present changes on
z levels, thereby confounding the physical interpreta-
tion.

The zonally averaged fields of tracer MW (sourced
at 408–508S) and tracer IW (sourced at 508–608S) in
CNTRL are shown in Fig. 7. The tracer fields in CNTRL
show the region of influence of water masses found at

the aforementioned latitudes over a 100-yr time scale.
We also show the difference fields (TA–CNTRL) on
both z levels and isopycnal surfaces in Fig. 7. The dif-
ferences on z levels are included here for completeness,
however, the differences along isopycnals give a more
relevant assessment of the changes in the rate of for-
mation and/or properties of these water masses.

1) AAIW AND DEACON CELL RESPONSE

The tongue of freshwater in Fig. 6d that outcrops at
around 608S denotes the subduction of AAIW. This sub-
duction is primarily represented by tracer IW (Fig. 7d).
The z-level and isopycnal salinity differences in TA
(Figs. 6e,f) demonstrate that there is a freshening co-
incident with this freshwater tongue from the surface
down to 1500 m and between 408 and 658S. The dif-
ference field of tracer IW (Fig. 7f) suggests that there
is an increase in the rate of formation of AAIW in TA.
In this latitude band the wind stress curl in TA is more
positive than in CNTRL. We therefore suggest that the
rate of formation increases due to increased downward
Ekman pumping via the dynamics described by Stom-
mel (1979). The increased northward transport of colder
water in the Ekman layer (Fig. 5) is also likely to en-
hance convection in the formation regions. The effects
of the change in Ekman pumping is evident in the tem-
perature change on z levels that shows a narrow band
of weak warming between 458 and 508S. There is also
weak cooling on z levels south of 508S, indicating up-
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FIG. 7. As in Fig. 6, except for (a)–(c) tracer MW and (d)–(f ) tracer IW. Contour intervals are 0.05 in (a) and (d),
0.01 in (b) and (e), and 0.005 in (c) and (f ). The zonal mean location of the 26.8-isopycnal, relevant to the analysis
in Fig. 8, is shown in (a).

welling of colder water that is related to the negative
wind stress curl anomaly at these latitudes. These tem-
perature changes are not evident on isopycnal coordi-
nates, confirming that these anomalies denote heaving
(upwelling and downwelling). In fact, our analysis
shows that there is a cooling along isopycnal surfaces
where there is a warming on z levels. This is an example
of the counterintuitive situation that Bindoff and Mc-
Dougall (1994) explain in their paper on diagnosing
water-mass change in the ocean.

2) SAMW RESPONSE

Compared to CNTRL, there is a broad region of cold-
er, fresher water north of 408S in TA with local maxima
at 300–500-m depth (Fig. 6). The magnitude of these
zonally averaged anomalies on z levels peaks at
20.768C and 20.09 psu at 358S. On isopycnal surfaces
these anomalies peak at 20.288C and 20.04 psu at 358S.
Notably, the T–S anomalies are large where the NHT
anomalies are large, with similar meridional profiles.
Specifically, both peak near 408S, drop off sharply to
the south, gradually decrease to the north, and extend
beyond the equator. These oceanic properties are clearly
related. The T–S anomalies lie along the path of SAMW
ventilation (Fig. 7a). Because heaving merely represents
a depth change of isopycnals, it does not influence the
NHT directly. By contrast, changes in the T–S properties
along isopycnal surfaces have the potential to modify
the NHT. Comparison of the T–S anomalies on z levels

and isopycnal surfaces (Fig. 6) shows that the relative
contributions of heaving and T–S property changes are
comparable at midlatitudes. This suggests the impor-
tance of changes in SAMW to the increased poleward
heat transport in TA (Fig. 5).

The zonally averaged field of tracer MW at the end
of CNTRL (Fig. 7a) shows the subduction of SAMW
to depths of 300–600 m and subsequent northward
transport. This field covers the same region as the neg-
ative T–S anomalies north of 408S (Fig. 6), again af-
firming the importance of changes of SAMW there. The
difference fields of tracer MW (Fig. 7c) are small, im-
plying that the formation rate of SAMW does not change
significantly. We therefore conclude that the cooling of
SAMW (Fig. 6c), rather than changes in its rate of for-
mation, is primarily responsible for the negative NHT
anomaly in TA. Moreover, the Ekman component of the
NHT anomaly (Fig. 5) indicates that there is an increase
in the northward advection of cold water in the Ekman
layer around 408S. This is directly related to the imposed
wind stress anomaly in TA. The increased transport of
cold water towards the latitude band where SAMW
forms explains the changes in T–S properties near the
surface that subsequently modify SAMW at depth. The
influence of Ekman transport on SAMW formation has
recently been documented by Rintoul and England
(2002).

To establish where the cooling and freshening of
SAMW occurs, we examine the T–S changes along the
26.8-isopycnal surface (Figs. 8a,b) that nominally de-
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FIG. 8. (a) Temperature and (b) salinity differences (TA 2 CNTRL) at the end of each experiment
and (c) the final field of tracer MW (nominally representing SAMW) at the end of TA, along the 26.8-
isopycnal surface. Contour intervals are 0.18C, 0.02 psu, and 0.1. Regions where DT , 20.38C, DS
, 20.04 psu, and tracer MW exceeds 0.5 are highlighted in gray.

notes SAMW (McCartney 1977). The location of the
zonally averaged 26.8-isopycnal is shown in Fig. 7a. In
our model, the 26.8-isopycnal outcrops between 408 and
508S, except off South America where it outcrops slight-
ly farther south. This analysis shows that the cooling
(up to 20.68C) and freshening (up to 0.1 psu) of SAMW
is most evident in the central-south Pacific. These anom-
alies appear to originate in the southeast Pacific, off the
coast of Chile. This region has previously been iden-
tified as a site of SAMW formation (McCartney 1977;
England et al. 1993). The tracer MW field along the
26.8-isopycnal (Fig. 8c) confirms that SAMW is most
abundant in the South Pacific, coincident with the large
T–S changes there.

3) AABW RESPONSE

South of 558S there is a positive NHT anomaly in
TA (Fig. 5). Part of this is related to changes in Ekman
transport; however, most of it can be explained by a
20% decrease in production of AABW in TA (6.4 Sv)

compared to CNTRL (7.7 Sv). A reduction in MOT of
AABW means weaker upper-ocean advection towards
Antarctica and a decrease in the northward transport of
cold water at depth. This yields a positive NHT anom-
aly. Clearly, the changes in the winds in TA have a
significant impact on the rate of production of AABW.
Interestingly, in an observational study of chlorofluo-
rocarbon inventories, Broecker et al. (1999) concluded
that the rate of AABW production has decreased sig-
nificantly over the past century. It could be that a small
part of this reduction is related to the concurrent long-
term changes in the latitude band of the SWWs.

e. Periodic anomaly experiment

The range of the horizontal transport streamfunction
in PA (Fig. 9) shows that most of the variability gen-
erated by the periodic latitudinal shift in the zonal winds
occurs in the ACC region (408–608S). There are local
maxima near the Kerguelen Plateau (908E), the Camp-
bell Plateau (1708W), and the Brazil–Malvinas conflu-
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FIG. 9. Horizontal transport streamfunction range for PA. The con-
tour interval is 1 Sv; contours of less (greater) than 4.5 Sv are solid
(dashed). Stippled areas denote regions shallower than 3000 m.

FIG. 10. Globally averaged MOT during the (top) northernmost
and (bottom) southernmost excursions of the SWWs in PA. Contour
interval is 2 Sv; positive is solid, negative is dashed, zero is bold.
The bold dashed line denotes the topography across the Drake Pas-
sage.

ence (508W), where the ACC path is known to be in-
fluenced by geographic and topographic features (Chel-
ton et al. 1990; England and Garcon 1994). Addition-
ally, PA shows considerable variability in the East
Australian, Brazil, and Agulhas Current regions (see
also Table 2). This variability is consistent with the
changes in the wind stress curl (Fig. 1b), as explained
for TA above.

The global MOT streamfunction during the northern-
most and southernmost excursions of the zonal wind
belt in PA is shown in Fig. 10. During the northernmost
excursion the winds are identical to CNTRL, so at that
point the MOT is similar to CNTRL. Any differences
are due to transient adjustments to the fluctuating winds.
Similarly, the MOT during the southernmost excursion
is similar to that at the end of TA. However, one sig-
nificant difference is the maximum rate of overturning
of the bottom cell, where the MOT increases by 6.1 Sv
during PA (Fig. 10 and Table 3). This change must
indicate a transient adjustment of the deep ocean over-
turning to shifting winds because in TA, where the
winds change more slowly, the bottom cell is mostly
unchanged from CNTRL.

The quantitative MOT response in PA is summarized
in Fig. 11. This figure shows the latitude of the maxi-
mum westerly wind stress varying by 5.48 with a period
of 11 yr. The maximum MOT of the AABW cell is
clearly periodic with a range of 2.2 Sv (Fig. 11b, Table
3). There is virtually no phase lag between the imposed
wind fluctuations and the AABW production that de-
creases (increases) during poleward (equatorward) ex-
cursions of the wind field. This result is consistent with
TA. The rapid AABW response to wind forcing indi-
cates that the oscillating AABW rate must not be con-
trolled by interior mixing, but by shifts in the location
of the wind-driven overturning axes.

The variations of NADW production in PA are neg-
ligible, owing to the near-constant zonal wind stress
field at the latitude of Cape Horn (Toggweiler and Sa-
muels 1993, 1995). In contrast, the variations of NADW
outflow in the South Atlantic are periodic with a range
of 1.5 Sv (Fig. 11c, Table 3). According to the theory
developed by Nof (2000), the outflow rate is controlled
by the South Atlantic zonal wind stress at the latitude

of the southern tip of Africa (358S). The periodic trend
of the NADW outflow in PA is consistent with Nof’s
theory. The variations of the Deacon cell MOT in PA
are also periodic; however, the range of 0.8 Sv is small
compared to the total MOT (Fig. 11d, Table 3).

The NHT anomalies in PA show that, when the winds
shift poleward, the NHT decreases by 0.3–0.4 PW (Fig.
12). This response is consistent with the results from
TA, where the poleward shift of the Deacon cell trans-
ports colder water equatorward, resulting in colder
SAMW that gets subducted at midlatitudes. Interesting-
ly, there is also a long-term trend in PA. At the start of
PA, the maximum magnitude of the negative NHT
anomaly is 0.3 PW; by the end of PA, the maximum
magnitude is in excess of 0.4 PW. This is because PA
only involves southward shifts in the wind axis relative
to CNTRL. Therefore the time-averaged zonal wind
stress in PA is not equivalent to that in CNTRL. In
addition to the periodic changes, there is also a long-
term poleward shift in PA (half that simulated in TA).
Our findings that the NHT is sensitive to the latitude of
the SWWs are qualitatively consistent with those of Hall
and Visbeck (2002), with both studies showing a change
in the sign of the anomaly at midlatitudes.

4. Discussion

The model experiments presented above are not hind-
casts of the ocean’s circulation. However, in order to
assess the possibility that changes in the latitude of the
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FIG. 11. Time series for the (left) first two and (right) last two 11-yr cycles in PA, showing (a)
the latitude of the maximum zonal wind stress, (b) the maximum rate of production of AABW,
(c) the maximum outflow (solid) and rate of production (dashed) of NADW, and the maximum
rate of MOT in (d) the Deacon cell and (e) the bottom cell.

FIG. 12. Time–latitude contour plots of (a) the zonally averaged zonal wind stress anomaly (Pa
3 100) and (b) the northward heat transport anomaly (PW) for the first two and last two 11-yr
cycles in PA. Contour intervals are 1 Pa 3 100 and 0.1 PW; positive is solid, negative is dashed,
zero is bold.

SWWs may help explain some part of the observed
midlatitude cooling trends at intermediate water depths
reported by Gille (2002) and T03, we present a com-
parison between the observed trends over the last 50 yr

and modeled trends in the TA experiment (Fig. 13).
Additionally, we present the modeled temperature range
at 900-m depth in PA (Fig. 14) in order to assess whether
periodic variations in the SWWs could provide a fea-
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FIG. 13. (a) Observed temperature change at 900-m depth between
1950 and 2000 (after Gille 2002); and the modeled temperature
change on (b) z levels and (c) isopycnals between year 50 and 100
in TA. Contour intervals are 0.28C in (a) and 0.18C in (b) and (c);
dashed is negative (cooling), solid is positive (warming), and bold
is zero; regions of less than 20.18C are highlighted in gray. The
strongest modeled cooling occurs near Tasmania with a magnitude
of 0.628 and 0.288C on z levels and isopycnal surfaces, respectively.

FIG. 14. Temperature range at 900-m depth in PA analyzed on z
levels. Contour interval is 0.18C; regions with a range of greater than
0.28C are highlighted in gray. The maximum temperature range off
western Tasmania is 0.48C. The inset shows the time series of tem-
perature at 900-m depth in the vicinity of the measurements reported
by T03.

sible explanation for the observed periodic temperature
fluctuations reported by Thresher et al.

This study was motivated in part by recent obser-
vations of long-term temperature trends at intermediate
water depths (centered around 900-m) in the Southern
Ocean (Gille 2002; T03). The observations suggest that
there has been a significant intermediate depth cooling
at midlatitudes over the past 50–100 years. In addition,
Gille noted larger than expected warming at high lati-
tudes. The yearly temperature trends over the last 50 yr
calculated by Gille are objectively analyzed onto the
model grid using an e-folding scale of 5.48 latitude and
10.88 longitude (i.e., three grid cells in each direction).
These length scales are chosen in order to filter out
scales that are unresolved by the model. The objectively
analyzed observed trends are subsequently scaled to a
50-yr temperature anomaly (Fig. 13a). Notably, Gille’s
observations were recorded along pressure levels.
Therefore, they contain variations related to heaving as
well as changes in water mass properties (Bindoff and
McDougall 1994). For comparison, the modeled tem-
perature change calculated on both z levels and isopyc-
nal surfaces (centered at 900-m depth) for the last 50
yr of TA is presented in Figs. 13b,c. In these plots, the
regions where there is more than 0.18C of cooling are
highlighted. The observed cooling trend north of 408S
mostly coincides with regions of cooling in TA. How-
ever, the magnitude of cooling found in the model is a
little weaker than observed. When the effects of heaving

are removed, the model shows cooling of only about
0.18C at midlatitudes, with the strongest cooling of
0.288C off Tasmania. Thus, at this depth, temperature
changes in TA are mostly a result of heaving of iso-
pycnals. Heave effects may also significantly contribute
to the temperature trends observed by Gille (2002). Ei-
ther way, a substantial fraction of the cooling trend de-
tected by Gille north of 408S might be explained by a
southward shift in the zonal wind stress field over the
past half-century.

Between 408 and 608S, TA shows warming on z levels
at magnitudes near that observed (Fig. 13). In contrast
to the cooling north of 408S, almost all of the warming
vanishes when the effects of heaving are eliminated.
This leads one to speculate about how much of the
warming observed at 408–608S by Gille (2002) repre-
sents changes in water mass properties forced by an-
thropogenic climate change and how much is simply
related to heaving of isotherms due to changes in the
wind field. In contrast, the warming observed south of
608S (Fig. 13a) is unlikely to be caused by latitudinal
shifts in the SWWs, with the TA experiment showing
mostly weak cooling there (Fig. 13b).

To explain the cooling at midlatitudes, Gille (2002)
suggested that the decreased wind stress curl that is
evident in the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis south of 308S (Kalnay et al.
1996) may lead to reduced downwelling of warmer wa-
ter into the interior. In our trend anomaly experiment,
the poleward shift of the SWWs corresponds to a re-
duced wind stress curl between 308 and 408S. However,
we find that the cooling in the model at 900-m depth
results from a change in AAIW (Fig. 7f) that is related
to changes in the Ekman transport and pumping (or
heave) near the formation regions.

T03 analyzed variations in the elemental and isotopic
compositions of deep water octocorals to infer a tem-
perature decrease of 1.48–1.98C at around 1000-m depth
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near Tasmania over the past 100 years or so. They hy-
pothesized that this might be due to a poleward shift of
the SWWs over the last century. In our model we find
that a 5.48 poleward shift in the SWWs drives a 1.18C
cooling at 900-m depth near Tasmania. This suggests
that part of the observed cooling may be related to a
poleward shift of the SWWs that has the effect of shift-
ing the Ekman-driven flow poleward, resulting in in-
creased formation and cooling of AAIW.

In addition to the observed cooling trend, T03 note
temperature fluctuations with a range of 0.68C and a
quasi-decadal, or longer, cycle that appears to be in
phase with solar events. They hypothesize that solar
events may modulate the SWWs, through differential
heating of the stratosphere, which in turn modifies the
ocean’s temperature at intermediate water depths. We
note that controversy remains on sunspot-related issues
(e.g., Meadows 1975; Burroughs 1992); however, we
refer to the PA experiment as an initial assessment of
the feasibility of the Thresher et al. hypothesis. More
generally, we regard PA as an examination of the impact
of natural, quasi-decadal variations in the SWWs on
intermediate-water mass properties. The temperature
range at 900-m depth in PA is shown in Fig. 14. The
modeled temperature fluctuations have a range of 0.48C
off Tasmania in the vicinity of the measurements re-
ferred to above. Considering the differences in scales
resolved by the point source measurements and our
coarse-resolution simulation, the model fluctuations
compare favorably with the observed range of 0.68C.
Again, this suggests that variations in the SWWs may
have contributed to the observed intermediate temper-
ature changes via Ekman flow and subduction.

The map of temperature ranges in PA (Fig. 14) shows
that large variations at 900-m depth appear over a sub-
stantial fraction of the South Pacific and South Atlantic
basins, particularly between 408 and 508S. However, in
the model region where the temperature proxy was mea-
sured (off Tasmania) there is unusual sensitivity to the
imposed periodic wind shift. Other regions of high sen-
sitivity include the Agulhas and Brazil–Malvinas con-
fluence regions, where we expect heaving is important.

5. Conclusions

The goal of our study was to assess ocean sensitivity
to subtle changes in the latitude of the SWW field. Such
an analysis has never been undertaken before. In ad-
dition, our experiments were motivated by recent ob-
servations of long-term cooling and quasi-decadal fluc-
tuations of temperature at intermediate depths at mid-
latitudes in the Southern Ocean (Gille 2002; T03). To
examine the hypothesis that these changes are caused
by a variation in the latitude of the SWWs, we utilize
a coarse-resolution World Ocean model where the winds
either trend poleward by 5.48 over 100-yr or shift pe-
riodically by 5.48 with an 11-yr cycle. In the trend ex-
periment we find that the poleward heat transport in the

Southern Hemisphere increases by an average of 25%
between 508S and the equator. As expected, the north-
ward Ekman drift in the Deacon cell shifts poleward
beneath the SWWs, resulting in colder water being
transported northward toward the regions where SAMW
and AAIW are formed. These factors cause SAMW to
cool by up to 0.58C and freshen by 0.08 psu in the
central-south Pacific. We also find a change in the rate
of formation of AAIW that results in cooling of up to
0.58C on z levels at midlatitude intermediate depths. Of
this cooling, around 0.18C is due to changes in T–S
properties along isopycnals, with the strongest cooling
occurring off Tasmania, where it peaks at 0.288C. The
model z-level temperature changes are comparable to
the cooling at midlatitudes reported by Gille (2002) and
T03. We therefore suggest that a poleward shift of the
SWWs, like that observed over the last century (Das
1956; Thresher 2002), is a feasible explanation for the
observed cooling at intermediate depths.

In an experiment where the SWWs shift periodically
over 5.48 latitude, the modeled ocean responds rapidly,
with 20.3 to 20.4 PW anomalies in the NHT, 2 Sv
changes in AABW production, and 1.5 Sv changes in
NADW outflow. The response of temperature at inter-
mediate depths is nonuniform, with localized fluctua-
tions of up to 0.48C near Tasmania and in the Agulhas
and Malvinas–Brazil Currents. These localized model
fluctuations are similar to those reported by T03 near
Tasmania. However, we find the response at their ob-
servation site to be quite high compared to other regions
of the Southern Ocean. As such, the aforementioned
observations may have measured a location of unusually
large ocean response, rather than one that is represen-
tative of other longitudes. Despite this, we find that
periodic shifts in the latitude of the SWWs are a feasible
explanation for part of their observations.

One important finding of our study is that natural (PA)
variations in the SWWs have the capacity to alter in-
terior ocean T–S properties significantly. This has im-
plications for detection and attribution of climate
change, as SAMW and AAIW have been suggested as
water masses sensitive to CO2 forcing (Banks and Wood
2002). In our model experiments, we have shown that
latitudinal changes in the SWWs can generate temper-
ature fluctuations of the order of 0.48C decade21 at 900-
m depth. While we acknowledge that the latitudinal
range of 5.48 for the decadal wind variations in PA is
somewhat arbitrary, we note that several observational
studies have reported temperature changes of similar
magnitudes and implied that their findings were evi-
dence of global warming (e.g., Bindoff and Church
1992; Wong et al. 1999; Levitus et al. 2000; Gille 2002).
We have demonstrated that a substantial fraction of such
changes might be related to natural variability of the
climate system.
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