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ABSTRACT

This article investigates the prominent features of the Southern Hemisphere (south of 208S) atmospheric
circulation when extracted using EOF analysis and ak-means clustering algorithm. The focus is on the
southern annular mode (SAM), the nature of its recent trend, and the zonal symmetry of associated spatial
patterns. The study uses the NCEPÐDepartment of Energy Atmospheric Model Intercomparison Project II
Reanalysis (NCEP-2) (period 1979Ð2009) to obtain robust patterns over the recent years and the Twentieth
Century Reanalysis Project (period 1871Ð2008) to document decadal changes. Also presented is a comparison
of these signals against a station-based reconstruction of the SAM index and a gridded interpolated dataset
[Hadley Centre Sea Level Pressure dataset version 2 (HadSLP2)].

Over their common period, both reanalyses are in fair agreement, both in terms of spatial patterns and
temporal variability. In particular, both datasets show weather regimes that can be interpreted as the opposite
phases of the SAM. At the decadal time scale, the study shows that the trend toward the positive SAM phase
(as inferred from the usual EOF-based index) is related more to an increase in the frequency of clusters
corresponding to the positive phase, with little changes in the frequency of the negative SAM events. Simi-
larly, the long-term tropospheric warming trend already discussed in the literature is shown to be related more
to a decrease in the number of abnormally cold days, with little changes in the number of abnormally warm
days. The cluster analysis therefore allows for complement descriptions based on simple indexes or EOF
decompositions, highlighting the nonlinear nature of the decadal changes in the Southern Hemisphere at-
mospheric circulation and temperature.

1. Introduction

The southern annular mode (SAM; Rogers and van
Loon 1982; Thompson and Wallace 2000), also called
the Antarctic Oscillation (AAO), is the leading mode of
atmospheric variability south of 208S. It basically con-
sists of an atmospheric mass transfer from the Antarctic
region to the southern midlatitudes, with these two regions
experiencing out-of-phase surface pressure and geo-
potential height anomalies. The SAM positive

(negative) phase translates into a poleward (equator-
ward) shift and a strengthening (weakening) of the
midlatitude westerly wind belt. The SAM variability can
be found throughout the year, with a possible seasonal
peak in December (Gong and Wang 1999). Its most
obvious effects are mainly restricted to the lower and
middle layers of the troposphere, although they were
noted to extend to the upper levels and the stratosphere
during the late austral spring season (Thompson and
Wallace 2000).

The most conspicuous signal present in most descrip-
tors or indexes of the SAM is a trend toward its positive
phase in the recent decades (from the 1960s). This trend,
related to decreased (increased) pressure over Antarctica
(the midlatitudes) and an associated poleward shift of the
midlatitude westerlies, has been identiÞed using various
observational or reanalyzed datasets, albeit with different
characteristics (Marshall 2003; Renwick 2004; Hines et al.
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2000). It has been attributed (Thompson and Solomon
2002; Shindell and Schmidt 2004; Arblaster and Meehl
2006; Polvani et al. 2011) to a combination of forcings,
with a domination of ozone and greenhouse effect gases
(GHGs). There are still uncertainties of whether this
trend will carry on in the future when the combination of
increased GHG but decreased ozone are considered (Son
et al. 2008, 2010; Perlwitz 2011; Arblaster et al. 2011).

While often described as a zonal mode (hence the
term ÔÔannularÕÕ), the canonic spatial signature presents
a certain degree of zonal asymmetry, especially in the
PaciÞc sector, where the zonal distribution of positiveÐ
negative anomalies of, for example, geopotential height
is interrupted around 1008W. The relationships between
the regional versus hemispheric signatures of the SAM
have been investigated by Kushner and Lee (2007), who
isolated regional-scale (wavenumbers 3 and 4) eastward-
propagating wave structures in the SAM patterns. In an
aquaplanet model simulation, Cash et al. (2002) have
also shown that the modeled annular mode can be more
accurately described as a zonally homogeneous distri-
bution of zonally localized events, showing clear me-
ridional structures, rather than a zonally symmetric mode
of variability per se. These issues are of primary impor-
tance to, speciÞcally, the oceanic response to the SAM,
which can be sensitive to even weak meridional structures
(Salle«e et al. 2010), notably through variations in the
meridional component of the surface wind. Coupled
models (Sen Gupta and England 2006) usually simulate
a tooÐzonally symmetric SAM structure, making such
tools inappropriate to study the details of the variability
patterns embedded within the SAM variability and its
impact on airÐsea ßuxes.

In this paper, our aim is to examine the relationships
between the most usual deÞnition of the SAM, based on
empirical orthogonal functions (EOFs), and the results
of a decomposition into recurrent ÔÔweather regimesÕÕ
obtained via cluster analysis. Emphasis is given on the
relationships between regional versus hemispheric sig-
nals and the corresponding emergence of zonal asym-
metries, as well as on the characterization of the trend
observed in the recent decades in terms of changes in the
occupation statistics of daily circulation regimes.

2. Data and methods

The SAM index has been deÞned in several ways in
the literature. Gong and Wang (1999), Marshall (2003),
and Meneghini et al. (2006) used the difference of nor-
malized zonally mean sea level pressure (SLP) between
408and 658S. Rogers and van Loon (1982) retained the
Þrst eigenvector of an EOF analysis applied to the sea
level pressure over a domain extending south of 208S.

Thompson and Wallace (2000) applied the same analysis
on the same domain but on the 850-hPa geopotential
height (Z850). Carvalho et al. (2005), Reason and Rouault
(2005), LÕHeureux and Thompson (2006), Hendon et al.
(2007), and Pohl et al. (2010) instead used the 700-hPa
geopotential height (Z700).

In this paper, we also applied the methodology based
on the EOF analysis, since it does not postulate a priori
that the SAM is purely zonally symmetric. Our daily
SAM index is obtained as the leading principal com-
ponent (PC1) of an EOF analysis applied to the
Z 700 anomaly Þeld south of 208S, after the removal of
the annual cycle. Each grid point was previously scaled
by the square root of the cosine of its latitude. Here the
Z 700 daily Þelds are provided by two complementary
reanalysis products.

(i) The National Centers for Environmental PredictionÐ
Department of Energy (NCEPÐDOE) Atmo-
spheric Model Intercomparison Project II Reanalysis
(NCEP-2; Kanamitsu et al. 2002) has been available
since 1979 on a 2.58 3 2.58regular grid and has been
assimilating satellite Þelds to provide the best possi-
ble estimates of the atmosphere state during the
recent years. The Z700 Þeld is among the most
reliable data in NCEP-2 (class A variable; Kalnay
et al. 1996), although the amount of data that were
assimilated over the domain is quite low. NCEP-2
will be useful in establishing the nature of the spatial
patterns related to the SAM and especially the
emergence of zonal asymmetries. Its short period
(30 yr) and its start in 1979Ñwhile several observa-
tional studies suggest that the SAM positive trend
started in approximately the mid-1960sÑhowever,
do not make it ideal to study long-term trends.

(ii) The Twentieth Century Reanalysis version 2 (20CR;
Compo et al. 2011) has been available since 1871 on
a 28 3 28regular grid and has been assimilating only
surface pressure data through an ensemble Kalman
Þlter, for consistency between the presatellite and the
satellite eras. 20CR Þelds used here are the ensemble
mean of 56 members. Although surface data were
assimilated since the Þrst years of the reanalysis in
the southern midlatitudes, the Þrst continuous data
assimilated in Antarctica date back from the early
1910s, with a 30-yr gap between the two World Wars.
The station network is denser and almost constant
since the International Geophysical Year (1957;
G. P. Compo 2011, personal communication). This
inconstancy in the assimilated data generates de-
creasing uncertainties with time, with recentyears
being more reliable than the late nineteenth and the
early twentieth centuries. The appendix presents a

1 MAY 2012 P O H L A N D F A U C H E R E A U 3337

�X�q�d�x�w�k�h�q�w�l�f�d�w�h�g�#�•�#�G�r�z�q�o�r�d�g�h�g�#�4�3�2�3�8�2�5�7�#�3�4�=�3�3�#�D�P�#�X�W�F



comparison of 20CR SAM-related signals with two
station-based indexes (Marshall 2003, Visbeck, 2009)
as well as with the gridded, optimally interpolated
Hadley Centre Sea Level Pressure dataset ver-
sion 2 (HadSLP2) (Allan and Ansell 2006). While
discrepancies exist, especially before the 1950s,
there is very good agreement between 20CR and
observation-based patterns in the last 60 yr: the
advantage is that the daily resolution of the 20CR
allows for interpreting trends and decadal variabil-
ity in terms of changes in the frequency of recurrent
daily regimes.

In this study, we chose to use both reanalyses over
their longest periods (1979Ð2010 for NCEP-2 and 1871Ð
2008 for 20CR), even if caution must be used in the in-
terpretation of variability in the 20CR before the 1950s
(see the appendix). Over their common period, both
datasets simulate very similar meanZ700 Þelds (Figs. 1a
and 1d). On a daily time scale, the strongestZ700 vari-
ance is not found at such high latitudes (Figs. 1b and 1e).
It takes place between 458 and 758S; particularly near
608S over the southern PaciÞc basin, a feature that both
reanalyses succeed at reproducing. DailyZ700 varia-
tions, however, are slightly lower in the 20CR over these

FIG . 1. (a) Annual mean Z700 geopotential height (m), NCEP-2 reanalysis period 1979Ð2009. (b)
Corresponding daily standard deviation (m) after removal of the seasonal cycle. (c) Corresponding EOF1
loading pattern. Shadings show linear regression of theZ700 grids (m) onto PC1 scores. Contours show
correlations of the Z700grids with PC1 scores. Contour interval is 0.1, and the 0 contour is omitted. (d)Ð(f)
As in (a)Ð(c), but for the 20CR period 1871Ð2008. (g),(h) Difference between the annual meanZ700Þeld
and daily standard deviation derived from NCEP-2 and 20CR, respectively. (i) PC1 annual mean time
series for NCEP-2 (red curve) and 20CR (blue curve).
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latitudes but also over Antarctica (Fig. 1h). This is
probably due to more smoothed Þelds, in line with the
averaging of the 56 members.

The Þrst EOF (EOF1) explains only 8.5% (NCEP-2)
and 9.6% (20CR) of the original variance of the respective
Z700 anomaly daily Þelds. Loading patterns (Figs. 1c and
1f) are very similar to those found in the literature (e.g.,
Carvalho et al. 2005), even if the 20CR presents more
uniform loading values in the southern midlatitudes.
When averaged at the monthly time scale on the post-
1979 period, our two indexes show more than 98% of
common variance with the monthly SAM index avail-
able on the Climate Prediction Center (CPC) website,
which is based on the same methodology (available at
http://www.cpc.ncep.noaa.gov/products/precip/CWlink/
daily_ao_index/aao/monthly.aao.index.b79.current.ascii.
table). A positive (negative) phase of the SAM index cor-
responds to above-average (below average) surface pres-
sure over the Southern Ocean and below-average (above
average) pressure over Antarctica, as well as an increase
(decrease) of the average pressure gradient at these lati-
tudes (Figs. 1a and 1d). Note, however, that the largest
loadings are found over the Antarctic region rather than
over the Southern midlatitudes. The consequence is that
any structure of geopotential anomalies with a strong signal
over the Antarctic continentÑeven if the structure is weak
or not zonally symmetric over the midlatitudeÑis likely to
project strongly onto this EOF and then translate into rel-
atively high PC scores. Hence,the EOF-based deÞnition of
the SAM is adequate to depict the regional variability over
Antarctica alone, but it is not so optimal to infer the vari-
ability structures in the midl atitudes. EOF decomposition
also assumes linearity and orthogonality of the successive
components: it assumes symmetry between the negative
and positive phases and renders difÞcult the analysis of
trends in terms of changes in occupation statistics.

A complementary description of the SAM-related
variability in the Southern Hemisphere is therefore
needed. To that end we decomposeZ700 variability
structures in terms of recurrent, discrete, daily weather
regimes. This approach enables us to compare informa-
tion gained on possible zonal asymmetries, as well as in-
formation on the long-term trends in terms of occupation
statistics of the different regimes. This methodology has
been successfully applied to the variability related to the
North Atlantic Oscillation in the Northern Hemisphere
(e.g., Monahan et al. 2000, 2001; Cassou 2008).

We hereby use the so-calledk-means clustering al-
gorithm (Michelangeli et al. 1995, Cassou et al. 2005).
Citing Cassou (2008, p. 3), ÔÔDespite some controversial
about their existence (Stephenson et al. 2004) and sig-
niÞcance, as well as their number (Christiansen 2007), it
is now widely recognized that changes in the occurrence

and intrinsic properties of the weather regimes may
be an important issue for medium-range (weekly to
monthly) to climate change forecasts (decadal to trend:
Straus et al. 2007).ÕÕ

We essentially follow the methodology of Cheng and
Wallace (1993) and Michelangeli et al. (1995). Let us
assume that we have time series of daily observations on
grid points (e.g., daily maps of Z700), and each set of
daily observations corresponds to a data point in anN-
dimensional phase space, whereN is the number of grid
points. Given an a priori Þxed number of regimes,k, the
aim of the k-means algorithm is to obtain a partition P of
the data point into k regimes that minimize the sum of
the intra-regime variances,W(P) 5 � k

j5 1 � x2Cj
d2(X ,Yj),

where Yj is the centroid of cluster Cj. The Euclidean
distance d(X , Y) is used to measure the similarity be-
tween two data points,X andY. The overall minimum of
the function W(P) corresponds then to the partition that
best separates the different data points. When the clas-
siÞcation is applied to large samplesÑ atmospheric Þelds,
for exampleÑthis overall minimum cannot be found in
practice because of the huge number of different possi-
bilities to explore. The algorithm deÞnes n iterative par-
titions, P(n), for which W[P(n)] decreases with n and
eventually converges to a local minimum of the function,
W(P). The overall minimum of W(P) may be surrounded
by many local minima that differ from the overall mini-
mum as well as from each other by only a few data points,
which are located in the phase space far away from the
regime centroids. These points may move from one regime
to another depending on, for example, the analyzed sample
or on the initially chosen regime seeds. The reproducibility
of the obtained partitions should therefore be tested.

If the distribution of the data points is uniform, then
the Þnal partition is assumed to be largely dependent on
the initial randomly chosen seeds. In contrast, when the
dataset is distributed into well-deÞned regimes, two dif-
ferent initial draws should theoretically lead to roughly
similar Þnal partitions. The dependence of the Þnal re-
sult on the initial random draw may thus be used as an
indicator of the degree of ÔÔclassiÞabilityÕÕ of the dataset
into k regimes. Following Michelangeli et al. (1995) and
Moron and Plaut (2003), we performed 100 different
partitions of the Z700 anomaly patterns, each time ini-
tialized by a different random draw. The most natural
way to measure the dependence of the Þnal partition on
the initial random draw, and thus the classiÞability of the
original dataset, consists of comparing several Þnal
partitions Pm(k), with m 5 1,. . . , 100, for a given number
of regimes k. We then retain the partition having the
highest similarity with the 99 other ones. A ÔÔclassiÞ-
ability index,ÕÕc* (Cheng and Wallace 1993), is then
calculated, measuring the average similarityc within
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