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[1] Patterns of interannual variability of the ocean-atmosphere coupled system in the
Southern Hemisphere extratropics are studied with a simple dynamical model in order to
determine the basic physical processes of interaction independently of tropical forcing.
The model used is an atmospheric quasi-geostrophic model coupled to a “slab” oceanic
mixed layer, which includes mean geostrophic advection by the Antarctic Circumpolar
Current (ACC). The ocean-atmosphere coupling occurs through surface heat fluxes

and Ekman current heat advection. In a fully coupled simulation, the atmospheric part of
the model, which includes high-frequency transient eddies at midlatitudes, exhibits a
strong Southern Annular Mode (SAM) as the first mode of variability at interannual
timescales. The SAM-related wind anomalies induce Ekman currents in the mixed layer
which produce sea surface temperature anomalies. These are then advected along by the
ACC. A forced mechanism where the ocean role is reduced to advect the sea surface
temperature (SST) appears sufficient to reproduce the main features of the variability.
Nevertheless, a positive feedback of the ocean was also found. It operates through
anomalous Ekman currents heat advection and contributes to the maintenance of the

SST anomaly.
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1. Introduction

[2] Climate variability of the Southern Ocean (SO) region
has been comparatively less studied than the regions of the
Northern Hemisphere. Since about twenty years, however,
availability of new in situ and satellites observations, and
the consequent improvement of reanalysis data sets, have
triggered new interest. The SO has a peculiar geography:
bounded to the south by the quasi-circular and pole-centered
Antarctica continent, it is not interrupted by any meridional
coast from mid to high latitudes. Consequently, it easily
redistributes local climatic anomalies among all oceans.
Identifying physical processes that drive this redistribution,
as well as the origin of the anomalies is an important goal in
the climate studies.

[3] Using reanalysis data from the European Centre for
Medium-Range Weather Forecasts (ECMWF) and sea sur-
face height from TOPEX/Poseidon satellite, White and
Peterson [1996] (hereinafter referred to as WP96) and
Jacobs and Mitchell [1996] have discovered oceanic and
atmospheric anomalies propagating around Antarctica in 8—
10 years. This phenomenon, called Antarctic Circumpolar
Wave (ACW), has been initially described as a wave
phenomenon with a zonal wave number two and a constant
phase relationship between sea surface temperature (SST)
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and sea level pressure (SLP). The phase relation is similar to
the one observed in the North Pacific at decadal periods
[Nakamura et al., 1997] and in some North Atlantic patterns
[Kushnir and Held, 1996] with high SLP located down-
stream (eastward) of warm SST. In the circular geometry of
the SO, this gives SLP and SST in quadrature.

[4] The ACW has been studied with several analytical
models focusing on planetary waves dynamics coupled to
simple ocean models [Qiu and Jin, 1997; White et al., 1998,
Goodman and Marshall, 1999; Talley, 1999; Baines and
Cai, 2000; Colin de Verdiere and Blanc, 2001]. All these
models reproduce some of the ACW’s characteristics as
described by WP96. They possess different instability
mechanisms which often differ also in the value of the
growth rates. However, it was also found that an atmo-
spheric stochastic forcing of the Southern Ocean is able to
reproduce characteristics of ACW-like variability [ Weisse et
al., 1999; Haarsma et al., 2000; Verdy et al., 2006]
emphasizing the necessity to include a more realistic atmo-
spheric turbulence.

[s] The ACW has also been studied in oceanic and/or
atmospheric global circulation models [Christoph et al.,
1998; Motoi et al., 1998; Weisse et al., 1999; Cai et al.,
1999; Bonekamp et al., 1999]. These models allow for a full
representation of the climate system physics and long
simulations can provide more significant statistics, which
is not the case for short observational data sets. Differences
with observations are significant. General circulation mod-
els (GCMs) exhibit a zonal wave number three standing
wave in the atmosphere and an eastward propagating wave
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Figure 1. Schematic of vertical discretization of the

ocean-atmosphere model.

(sometimes quasi-standing) with zonal wave number two or
three in the ocean. These results produced a debate
concerning the ACW and its very existence [Christoph et
al., 1998; Cai et al., 1999]. Additionally, other studies have
shown that climatic anomalies in the ACW could be
initiated through teleconnections from El Nifio—Southern
Oscillation (ENSO) [Peterson and White, 1998; Cai and
Baines, 2001] and even interact with it [White and Cayan,
2000; White et al., 2002; White and Annis, 2004]. The
difficulty of numerical models to reproduce ENSO-induced
variabilities in mid-to-high latitudes can be at the origin of
the differences from observations [Cai and Baines, 2001].

[6] The disagreement between observations and numeri-
cal simulations have been moderated in studies using longer
data sets, that have completed the ACW description. It
seems that SLP, and other atmospheric variables, are not
always propagating and can take the shape of a zonal wave
number three standing wave pattern [Bonekamp et al., 1999;
Carril and Navarra, 2001; Venegas, 2003; Park et al.,
2004]. The ACW could be the combination of two signals
having different origins and mechanisms [Venegas, 2003].
The first, eastward propagative and of zonal wave number
two, may be the result of an extratropical dynamical
mechanism but with ENSO as a tropical trigger. This is
the dominant signal for the time period 1985-1994 ana-
lyzed by WP96. The second, standing in the atmosphere and
perhaps propagative in the ocean, of zonal wave number
three, is restricted to mid-to-high latitudes and may have
dynamics related to the Southern Annular Mode (SAM)
[Thompson and Wallace, 2000].

[7] The goal of this paper is to study the SO variability
independently of remote forcing from low latitudes, focus-
ing on intrinsic midlatitudes dynamics. We use a model of
intermediate complexity, in between full blown climate
models and the long wave analytical models reviewed
above. It is an atmospheric quasi-geostrophic tridimensional
model coupled to a “slab” oceanic mixed layer of constant
depth, which includes mean geostrophic advection by the
ACC. The atmospheric part has a good representation of
atmospheric transient dynamics, including baroclinic eddies
and their generation processes.

[8] This paper studies the interannual variability in the
Southern Ocean, represented by the sea surface temperature.
Our goals are first to describe this variability, second to
identify how SST anomalies are created, and last to deter-
mine how important is the coupling between each climatic
components and how they interact with each other. To do
so, the model is integrated in three different configurations.
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First, ocean and atmosphere are fully coupled (CPL) and
can interact with each other (CPL run). Second, the ocean is
passively forced by the atmosphere which in turn only feel
climatological boundary conditions at the ocean surface.
This configuration, called hereafter FR-OC, turns off ocean
feedback on the atmosphere and simply allows to find out if
the atmospheric forcing is sufficient to reproduce SO
variability. Third, the atmosphere is passively forced by
the ocean, i.e., the mean ‘“equilibrium” atmospheric re-
sponse to SST anomaly is studied. This configuration,
called hereafter FR-AT, identifies how the atmospheric
feedback on the SO explains the differences between CPL
and FR-OC simulations.

[9] Numerical simulations CPL and FR-OC consist of
1100 years long perpetual winter integrations. The first
100 years are used to spin-up the ocean and the atmosphere
to their equilibrium regime. We recorded monthly means of
each variable of the following 1000 years, and then com-
puted monthly anomalies from the long-term mean state.
We also used daily atmospheric stream function fields from
the last 100 years of integrations in order to compute storm
track statistics of the atmosphere (a 11 days square window
was used). Numerical simulation FR-AT consists of two
50 years long integrations. The first one is a control
integration, performed with a climatological SST field and
the second one is an anomalous integration where a SST
anomaly is added to the climatological SST. The stationary
atmospheric response to the SST anomaly is defined as the
50-year long-term mean difference between the anomalous
and the control integration.

[10] Section 2 describes the model’s equations (section 2.1)
and the climatology of the CPL simulation (section 2.2).
Section 3 describes the interannual variability of the CPL
simulation, first focusing on the SST and next extending the
description to atmospheric covariabilities. Section 4 identifies
the mechanism responsible for SST anomalies creation. Then,
oceanic and atmospheric feedbacks are determined in
section 5 where simulations FR-OC and FR-AT are succes-
sively analyzed in sections 5.1 and 5.2. Last, results are
summarized and discussed in section 6.

2. Model Description
2.1. Equations

[11] The atmospheric part of the model is quasi-
geostrophic (QG) with global domain on the sphere and
pressure as a vertical coordinate; it was developed by
Marshall and Molteni [1993] (hereinafter referred to as
MM93). A version of this model was used by Ferreira
and Frankignoul [2001] and D ’Andrea et al. [2005] for
studies of the North Atlantic climate variability, while a
more complex version was extended to the Southern
Hemisphere by Haarsma et al. [2000]. The quasi-
geostrophic potential vorticity (PV) equation with dissipa-
tion and forcings:

% J(.q) — Dy(a) + RF(AT) 45, (1)

ot
is discretized at three vertical levels: 200, 500, and 800 hPa
(see Figure 1). Here ¥ is the QG stream function. D,
represents linear dissipation terms including Ekman dis-
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