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ABSTRACT

The Antarctic Oscillation (AAO) has been observed as a deep oscillation in the mid- and high southern
latitudes. In the present study, the AAO pattern is defined as the leading mode of the empirical orthogonal
function (EOF-1) obtained from daily 700-hPa geopotential height anomalies from 1979 to 2000. Here the
objective is to identify daily positive and negative AAO phases and relationships with intraseasonal activity
in the Tropics and phases of the El Niño–Southern Oscillation (ENSO) during the austral summer [De-
cember–January–February (DJF)]. Positive and negative AAO phases are defined when the daily EOF-1
time coefficient is above (or below) one standard deviation of the DJF mean. Composites of low-frequency
sea surface temperature variation, 200-hPa zonal wind, and outgoing longwave radiation (OLR) indicate
that negative (positive) phases of the AAO are dominant when patterns of SST, convection, and circulation
anomalies resemble El Niño (La Niña) phases of ENSO. Enhanced intraseasonal activity from the Tropics
to the extratropics of the Southern (Northern) Hemisphere is associated with negative (positive) phases of
the AAO. In addition, there is indication that the onset of negative phases of the AAO is related to the
propagation of the Madden–Julian oscillation (MJO). Suppression of intraseasonal convective activity over
Indonesia is observed in positive AAO phases. It is hypothesized that deep convection in the central tropical
Pacific, which is related to either El Niño or eastward-propagating MJO, or a combination of both phe-
nomena, modulates the Southern Hemisphere circulation and favors negative AAO phases during DJF. The
alternation of AAO phases seems to be linked to the latitudinal migration of the subtropical upper-level jet
and variations in the intensity of the polar jet. This, in turn, affects extratropical cyclone properties, such as
origin, minimum/maximum central pressure, and their equatorward propagation.

1. Introduction

The existence of an oscillation-like pattern in the
pressure belt across Chile and Argentina in opposition
to the Weddell Sea and the Bellingshausen Sea has long
been noticed (Walker 1928). Some decades later, with a
more suitable source of data, the oscillation in the
middle and high southern latitudes was properly de-
scribed (Kidson 1988; Yoden et al. 1987; Shiotani 1990;

Hartmann and Lo 1998; Gong and Wang 1999; Thomp-
son and Wallace 2000) and has been referred to as the
Antarctic Oscillation (AAO). Gong and Wang (1999)
defined an objective index for the AAO, based on em-
pirical orthogonal function (EOF) analysis. For that
purpose, they used monthly mean sea level pressure
(SLP) anomalies (1958–97) from the National Centers
for Environmental Prediction–National Center for At-
mospheric Research (NCEP–NCAR) reanalysis (Kal-
nay et al. 1996). Gong and Wang (1999) suggested that
the AAO pattern is observed throughout the year, with
the lowest variance explained by the EOF-1 in March
(17.2%) and the highest in December (33.1%). The
prominent feature they found in the AAO pattern was
the strong negative relationship between 40° and 70°S.
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Thompson and Wallace (2000) identified what they
called “annular modes” in monthly anomalies of geo-
potential height in both hemispheres of the extratropi-
cal circulation. These modes of variability are charac-
terized by deep zonally symmetric or “annular” struc-
tures with opposite geopotential height perturbations
over the poles and centered approximately in a zonal
ring with around 45° latitude. Therefore, the AAO has
a Northern Hemisphere (NH) counterpart named the
Artic Oscillation (AO). The annular modes indicate a
zonally symmetric structure involving exchanges of
mass between mid- and high latitudes. Interestingly
enough, Thompson and Wallace (2000) found that both
oscillations exist year-round in the troposphere, but
they amplify with height upward into the stratosphere
during certain times of the year or “active seasons.”
The authors showed that the SH (NH) active season is
late spring (midwinter) when the annular modes seem
to modulate the strength of the Lagrangian mean cir-
culation in the lower stratosphere, total column ozone,
and tropopause height over mid- and high latitudes and
the strength of the trade winds of their respective hemi-
spheres. The seasonal variability of the annular modes
and the connection from the troposphere to the lower
stratosphere has further implications. Thompson et al.
(2002) showed evidence that anomalous low (high) win-
tertime surface air temperatures and increased fre-
quency of occurrence of extreme cold (warm) events
over some continental areas in the NH seem to be
linked to a pronounced weakening (strengthening) of
the NH wintertime stratospheric polar vortex.

Although great insight has been gained with the iden-
tification of the annular modes and their relationships
with the stratosphere, their implications for high to
midlatitude climate and weather in the SH need to be
examined in detail. The impacts of contrasting phases
of the El Niño–Southern Oscillation (ENSO) phenom-
enon in the global circulation, in particular in the posi-
tion and intensity of the high-level subtropical jets in
both hemispheres, have been well documented (e.g.,
Karoly 1989; van Loon and Rogers 1981; Chen et al.
1996; Mo and Kousky 1993; Kiladis and Mo, 1998).
Since the annular modes have a strong correspondence
with the mean circulation in the upper troposphere and
lower stratosphere (Thompson and Wallace 2000;
Thompson et al. 2002), and considering the hypothesis
that extratropical circulations can be amplified by eddy
transports (O’Sullivan and Salby 1990), it is possible
that ENSO phases play an important role in modulating
AAO phases.

The Madden–Julian oscillation (MJO) has been rec-
ognized as the dominant mode of tropical intraseasonal
variability on time scales between 10 and 90 days (Mad-
den and Julian 1994). Some studies have also indicated
that the interaction of the MJO with the extratropical
regions can influence weather forecasts on medium and
extended ranges (e.g., Ferranti et al. 1990). The MJO
has also been related to conditions that affect the

ENSO cycle. Kessler and Kleeman (2000), for instance,
suggest that westerly wind bursts can induce SST
anomalies in the Pacific basin that can generate further
bursts and interact constructively with the ENSO cycle.
The possible linkages between MJO and ENSO moti-
vate a further investigation of the relationships between
the MJO and AAO. Our rationale is that, even though
the existence of the AAO is due to internal dynamical
mechanisms in the mid- to high latitudes of the South-
ern Hemisphere, the MJO and ENSO are the most
important modes of tropical variability on intraseasonal
and interannual time scales and they can have impor-
tant interactions with the AAO.

The focus of the present paper is on the observa-
tional investigation of the variability of the AAO dur-
ing the austral summer [December–January–February
(DJF)] with the objective to address the following ques-
tions: 1) Are distinct AAO phases related to the vari-
ability of convection and circulation in the Tropics
caused by interannual variation phenomena such as El
Niño/La Niña? 2) On intraseasonal time scales are
there variations of circulation in the Tropics and sub-
tropics related to distinct phases of the AAO? 3) Can
tropical anomalies such as the MJO play a role in
modulating phases of the AAO? 4) How does the ex-
tratropical cyclone properties in the SH respond to
modifications in the circulation associated with distinct
phases of the AAO?

This article is composed of seven sections. Section 2
discusses the dataset used and methods to obtain daily
AAO index. Section 3 discusses phases of the AAO
and interannual variations in the Tropics such as
ENSO. The role of tropical and subtropical intrasea-
sonal anomalies modulating AAO phases is examined
in section 4. Patterns of teleconnections related to dis-
tinct phases of the AAO are investigated in section 5.
Section 6 shows some properties of extratropical cy-
clones in the SH that change in opposite AAO phases.
Conclusions are presented in section 7.

2. Data and method of analysis

a. The AAO daily index

The Climate Prediction Center (CPC) at NCEP com-
putes the AAO daily index by projecting the 700-hPa
geopotential height anomaly onto the leading mode
(EOF-1) derived from monthly mean 700-hPa height
anomalies (from 20° to 90°S) during 1979–2000 (more
information available online at http://www.cpc.ncep.
noaa.gov/products/). In the current study, the NCEP
daily geopotential height anomalies at 700 hPa (H700)
from the NCEP–NCAR reanalysis (Kalnay et al. 1996)
were used to define the AAO index (1979–2000). Daily
anomalies were determined by removing the annual
and semiannual cycle computed as the first two har-
monics adjusted to the mean annual cycle of the 700-
hPa geopotential height at each grid point poleward of
20°S. Prior to EOF calculation, each time series of
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H700 was scaled by the square root of the cosine of the
gridpoint latitude. The leading mode explained about
26% of the total variance and is well correlated (linear
correlation �0.95) with the CPC/NCEP AAO index.
The EOF-1 pattern (Fig. 1) shows negative loadings
over Antarctica and positive loadings in midlatitudes,
indicating the presence of the annular mode discussed
in Thompson and Wallace (2000). Except for large
magnitudes of the EOF-1 loading near southern Africa
and South America, the EOF-1 pattern in Fig. 1 is very
similar to the one obtained by the CPC/NCEP proce-
dure. For this reason, the EOF-1 time coefficients will
be hereafter referred to as AAO. Therefore, the pat-
tern depicted in Fig. 1 represents typical positive AAO
index whereas the opposite (i.e., positive loadings over
Antarctica and negative loadings in midlatitudes) are
typical of negative values of the AAO index.

b. AAO phases during DJF

Our analysis is focused on DJF because this is the wet
monsoon season in tropical South America and Africa
(e.g.,Karoly and Vincent 1998, and references therein).
Moreover, this is also the period when ENSO phases
reach their mature stage. In addition, tropical/subtrop-
ical intraseasonal anomalies that propagate eastward
are quite active in the austral summer (Wang and Rui

1990; Madden and Julian 1994; Jones et al. 2004). Both
phenomena can modulate the circulation in the upper
and lower troposphere, with further implications for
variations in the monsoon regime in tropical South
America (Carvalho et al. 2004; Jones and Carvalho
2002; Kousky et al. 1984; Grimm 2003, Ropelewski and
Halpert 1987). Thus, understanding variations in phases
of the AAO during DJF and respective links with
ENSO and intraseasonal anomalies from the Tropics to
midlatitudes can be especially important for the SH
cyclone activity and also for the variability of the SH
convergence zones. We recall that, according to
Thompson and Wallace (2000), the active season of the
SH annular mode is observed in November and, there-
fore, with a lag relation to the period of our analysis.

In the current paper, positive (negative) AAO
phases were determined when the daily DJF AAO in-
dex (i.e., the time coefficient of the EOF-1) was above
(below) one (minus one) standard deviation from the
mean DJF AAO index. Persistence was defined as the
number of consecutive days in each positive or negative
AAO phase. We consider as independent events all
occurrences that were two or more days apart. With this
criterion, we identified 349 days with positive AAO
separated in 70 events and 326 days with negative AAO
separated in 40 events. The frequency distribution of

FIG. 1. Regression of the 700-hPa geopotential height daily anomalies on EOF-1.
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persistence for both phases of the AAO is shown in
Fig. 2. Negative (positive) AAO phases show median
persistence equal to 5 (3) days, upper quartile equal to
13 (7) days, and long (short) maximum. These charac-
teristics of the distribution clearly indicate that nega-
tive events tend to persist more than positive events.
This behavior of the distributions holds even if one
considers as independent events those sequence of days
in a given phase that are separated from each other by
a time interval longer than 2 days (not shown). In the
following sections we investigate the large-scale mecha-
nisms associated with positive and negative AAO
phases.

3. AAO phases and interannual variations in
the Tropics

To understand how daily variations of AAO can be
linked to ENSO, we started our investigation by per-
forming composites of low-frequency sea surface tem-
perature (hereafter SSTLF) and 200-hPa zonal wind
(hereafter U200LF). The time series of SSTLF and
U200LF were obtained by filtering sea surface tempera-
ture and 200-hPa zonal wind in frequency domain with
a fast Fourier transform (FFT). Only periods longer
than 365 days were retained. Composites were done for
the two samples of daily positive and negative AAO
phases. The statistical significance of our composites
was assessed by assuming that the number of degrees of
freedom is equal to 19 (21) for negative (positive)

AAO, which corresponds to the number of distinct DJF
seasons in each sample. The difference in the number of
DJF seasons in each phase occurs because negative
(positive) AAO phases, as defined in the present study,
were not observed in 3 (1) out of 22 DJF seasons con-
sidered here. The SSTLF and U200LF time series have
the same length and temporal resolution as the AAO
time series (i.e., 90 daily values per DJF season) and
were considered more appropriate to perform compos-
ites than monthly averages.

Composites of negative AAO phases (Fig. 3, top)
clearly show a relationship with positive SSTLF in the
central Pacific (El Niño), whereas positive AAO phases
(Fig. 3, bottom) indicate a relationship with negative
SSTLF (La Niña). Positive (negative) SSTLF during
negative (positive) AAO phases are above (below)
�0.8° (�0.6°) in the central Pacific near the equator.

To understand if similar relationships are observed
when one considers low-frequency variations in the
AAO, we first computed H700 anomalies from the an-
nual cycle and then applied FFT filtering such that only
periods longer than 365 days were retained (H700LF).
Next, an EOF analysis of H700LF was performed in the
domain from 20°S poleward. The first mode, which ex-
plains 35% of the total variance, was used as an indi-
cator of low-frequency variations in the Southern
Hemisphere annular mode (AAOLF). The AAOLF

shows an approximately bimodal frequency distribu-
tion; therefore, composites of negative (positive) AAOLF

phases were done by considering the upper and lower
quartiles of the distribution (Fig. 4). The largest differ-

FIG. 2. Box-plot diagram of statistical properties of the persistence of AAO phases. Outliers
are data point values � 1.5 times the interquartile range. Extremes are data point values � 3.0
times the interquartile range. The size of box represents the interquartile range.
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