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ABSTRACT

This study addresses the response of the Southern Ocean to high-frequency wind forcing, focusing on the
impact of several barotropic modes on the circumpolar transport. A suite of experiments is performed with
an unstratified model of the Southern Ocean, forced with a stochastic wind stress that contains a large range
of frequencies with synoptic time scales. The Southern Ocean adjustment displays a different character for
frequencies below and above 0.2 cpd. The low-frequency range is dominated by an “almost-free-mode”
response in the region where contours of f/H are obstructed by only a few bathymetric features; the truly
free mode only plays a minor role. Topographic form stress, rather than friction, is the dominant decay
mechanism of the Southern Mode. It leads to a spindown time scale on the order of 3 days. For the
high-frequency range, the circumpolar transport is dominated by the resonant excitation of oscillatory
modes. The “active” response of the ocean leads to strong changes and even discontinuities in the phase

relation between transport and wind stress.

1. Introduction

The Southern Ocean is known for its harsh wind re-
gime, which is the most severe to be found on the earth.
Not only are the mean zonal winds among the strongest
in the world, but they are also extremely variable; the
standard deviation of zonal wind stress variability easily
exceeds the mean (Gille 2005). Southern Ocean winds
vary over a broad range of frequencies ranging from
interannual variability, represented by the Southern
Annular Mode (SAM; Thompson and Wallace 2000),
up to superinertial fluctuations.

Observational evidence suggests that the response of
the Southern Ocean is highly barotropic for subsea-
sonal time scales (e.g., Peterson 1998). The transport
variability is hence to a large extent topographically
steered (e.g., Gille 1997). In particular, details of the
bathymetry and the unique circumpolar configuration
of the Southern Ocean seem to give rise to barotropic
modes. Several of these modes have been identified in
observations and high-resolution general circulation
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models (GCMs). This investigation uses a simple un-
stratified process model to probe the details of these
modal responses and their impact on the circumpolar
transport.

A central role in the ocean response to atmospheric
variability seems to be played by a circumpolar South-
ern Mode in the ocean. For variability on time scales
exceeding about 10 days, Hughes et al. (1999, herein-
after HMH) argued for the importance of a free baro-
tropic mode in areas containing contours of f/H that are
continuous around Antarctica. Unconstrained by vor-
ticity dynamics, it is expected to respond rapidly and
barotropically to changes in the wind forcing. HMH
furthermore argued for a so-called almost-free mode: in
the area adjacent to the free-mode region where con-
tours of f/H are obstructed by a few topographic fea-
tures only (like the bathymetry of Drake Passage), only
a small and local source of vorticity would be enough to
generate a circumpolar response. The geometry of this
almost-free-mode region is not well defined, since the
ability for the flow to cross contours of f/H depends on
the characteristics of the wind stress curl. In this paper,
the term Southern Mode will be used to denote both
the free and almost-free modes.

If truly free, the Southern Mode would accelerate in
response to forcing, resulting in a 90° phase lag. The
observed negligible time lag between atmospheric forc-
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ing and ocean response is clearly at odds with this.
Analysis of model results made HMH conclude that it
“is not the inviscid free mode response that dominates,
but either a viscously damped free mode or the almost
free mode that requires wind forcing for the current to
cross f/H contours in certain locations.” Among the
aims of this study is to determine the role played by the
free and almost-free modes in the Southern Mode re-
sponse and to identify the process that dampens it.

The Southern Mode is not the only mode that may be
excited by wind stress variability; several other types of
modal variability have been identified over the years. A
category of topographically trapped modes has recently
been found in altimeter data (Fu and Smith 1996; Fu
2003) and ocean models (Fukumori et al. 1998; Webb
and De Cuevas 2002a,b, 2003). They appear as areas of
high variability in specific basins, particularly related to
abyssal plains in the southeast Pacific and the southeast
Indian Oceans. Although the modes were originally
identified as being oscillatory with long periods of
about 30 days (Fukumori et al. 1998) and damping time
scales exceeding 20 days (Fu 2003), Webb and De Cue-
vas showed that the modes in the Southern Ocean ac-
tually have zero frequency and a damping time scale of
only a few days. In this paper, we will refer to these
modes as “abyssal-plain modes.”

Platzman et al. (1981) calculated the normal modes
of a global barotropic ocean for periods between 8 and
80 h and found several modes with expressions in the
Southern Ocean. Some of these modes were related to
topographic features and could be identified as topo-
graphically trapped vorticity waves. Other modes
showed characteristics of gravity waves, some with a
maximum expression around the Antarctic continent
that is characteristic of the fundamental Kelvin wave. A
recent investigation of tide gauge data by Ponte and
Hirose (2004) has confirmed the presence of Kelvin
modes, coastally trapped around the Antarctic conti-
nent and excited by atmospheric forcing.

Despite their often local character, many of these
modes could influence the circumpolar transport. In-
deed, even the most localized modes of Platzman et al.
(1981) (i.e., their Kerguelen mode 13) have a clear cir-
cumpolar expression as they project on the Antarctic
Kelvin modes. This may not be without consequence,
since an active, resonant response of the ocean may
disrupt a simple, causal relationship, as was illustrated
by Weijer (2005). In a simple channel model of the
Southern Ocean forced with stochastic winds, the exci-
tation of a normal mode dominated the ocean response
to such an extent that the phase relation between the
net transport through the channel and the wind stress
forcing was inverted by the resonance; for frequencies
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lower than the resonant frequency (0.3 cpd), the trans-
port seemed to lead the forcing. This raises the question
of to what extent normal modes dominate the response
when more realistic bathymetry is taken into account.
Can we expect a simple relation between transport and
wind stress when a suite of resonant modes is excited?

This study uses a constant-density, multilevel model
of the Southern Ocean to look at the ocean response to
wind forcing over a broad range of frequencies. In par-
ticular we investigate the extent to which the barotropic
modes play a role in the Southern Ocean response to
wind stress variability. We will focus on the frequency
range at which they are active and how they affect the
phase relation between the circumpolar transport and
the wind stress. In addition, we will address the dynam-
ics of the Southern Mode by proposing form stress as
the process that is responsible for limiting the growth of
the circumpolar flow in response to a variable zonal
wind stress. This study aims to describe transport vari-
ability on time scales shorter than a few weeks, putting
our knowledge about the different modes of adjustment
in a single framework.

2. The model

The mean flow of the Antarctic Circumpolar Current
(ACC) is usually described as equivalent barotropic
(Killworth 1992; Killworth and Hughes 2002). The ex-
tent to which this holds for the variability is unclear, but
the excitation of a baroclinic response is likely to de-
pend on the spatial and temporal scales of the distur-
bance in relation to the dominant baroclinic modes.
Veronis and Stommel (1956) have shown that motions
with spatial scales larger than the Rossby radius of de-
formation are primarily barotropic, while most of the
energy of small-scale motions is baroclinic. This ac-
counts for Killworth’s (1992) observation that eddy-
kinetic energy in a modeled Southern Ocean displays a
self-similar structure in the vertical; with spatial scales
of the order of the internal radius of deformation, me-
soscale variability is likely to be equivalent-barotropic.
In this study we consider perturbations with spatial
scales of the order of the external Rossby radius, and
periods of the order of weeks; hence we may expect the
response to be predominantly barotropic. Indeed, in
the channel model of Weijer (2005), the high-frequency
response did not depend on the stratification at all, and
turned out to be purely barotropic. In addition, the
response was not affected by the presence of an ACC
or the background circulation in general. Therefore, we
will use an ocean model with constant density, starting
from the state of rest. Note, however, that small-scale
flows induced by bathymetry violate the Rossby radius







































