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Abstract

The Southern Annular Mode (SAM) is the main mode of variability in the Southern Hemisphere extra-tropical circulation
and it is so called because of its zonally symmetric ring-like shape. However, the SAM pattern actually contains notice-
able deviations from zonal symmetry. Thus, the purpose of this study is to describe the zonally asymmetric and symmetric
components of the SAM variability and their impacts. We regress monthly geopotential height fields at each level onto the
asymmetric and symmetric component of the SAM to create two new indices: Asymmetric SAM (A-SAM) and Symmetric
SAM (S-SAM). In the troposphere, the A-SAM is associated with a zonal wave 3 which is rotated a quarter wavelength with
respect to the climatological zonal wave 3, is much stronger in the Pacific ocean, where it extends vertically to the strato-
sphere with an equivalent barotropic structure. On the other hand, the S-SAM is associated with negative geopotential height
anomalies over Antarctica surrounded by a zonally symmetric ring of positive geopotential height anomalies. The observed
relationship between the El Nifio Southern Oscillation and the SAM is fully explained by the A-SAM index. The positive
trend of the SAM is present only in its symmetric component. Despite this, the SAM is becoming more zonally asymmetric.
The regional impacts of the SAM in temperature and precipitation are strongly affected by its asymmetric component. We
show that the asymmetric component of the SAM has its own unique variability, trends and impacts, some of these signals
are only evident when the two SAM components are separated.
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1 Introduction

The Southern Annular Mode (SAM) is the main mode of
variability in the Southern Hemisphere extratropical circu-
lation (Rogers and van Loon 1982) on daily, monthly, and
decadal timescales (Baldwin 2001; Fogt and Bromwich
2006) and exerts an important influence on temperature and
precipitation anomalies, and sea ice concentration (e.g., Fogt
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and Marshall 2020). Its positive phase is usually described
as anomalously low pressures over Antarctica surrounded
by a ring of anomalous high pressures in middle-to-high
latitudes.

Most authors describe the SAM as a zonally symmetric
pattern, a fact that is reflected not only in its name, but also
in the various methods used to characterise it. Of the several
different indices presented in the literature, many of them
are based on zonal means of sea level pressure or geopoten-
tial height (Ho et al. 2012). Gong and Wang (1999) defined
the SAM index as the zonal mean sea level pressure differ-
ence between 40° S and 65° S, which is also the definition
used by the station-based index in Marshall (2003). Baldwin
and Thompson (2009) proposed defining the Northern and
Southern Annular modes as the leading EOF of the zonally
averaged geopotential height at each level.

Even though these indices are based on zonal averages,
their associated geopotential height spatial anomalies con-
tain noticeable deviations from zonal symmetry, particularly
in the Pacific Ocean region. The zonal asymmetries have
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not been widely studied, but previous work suggests that
they strongly modulate the regional impacts of the SAM
(Fan 2007; Silvestri and Vera 2009; Fogt et al. 2012; Rosso
et al. 2018). The fact that the SAM is not entirely zonally
symmetric hinders our ability to reconstruct its historical
variability prior to the availability of dense observations in
the Southern Hemisphere (Jones et al. 2009).

Some of the variability associated with the zonal asym-
metries of the SAM seems to be forced by the tropics.
ENSO-like variability affects the Southern Hemisphere
extratopics through the Rossby wave trains (Mo and Ghil
1987; Kidson 1988; Karoly 1989) which project strongly
onto the zonal anomalies associated with the SAM in the
Pacific sector. Moreover, tropical influences on the SAM
have been observed (Fan 2007; Fogt et al. 2011; Clem and
Fogt 2013). Fan (2007) computed SAM indices of the West-
ern and the Eastern Hemispheres separately and found that
they were much more correlated to each other if the (linear)
signal of the ENSO was removed.

Positive trends in the SAM have been documented by
various researchers using different indices, mostly in aus-
tral summer and autumn (e.g., Fogt and Marshall 2020, and
references therein). It is thought that these trends are driven
primarily by stratospheric ozone depletion and the increase
in greenhouse gases, and understood in the context of zonal
mean variables (Marshall et al. 2004; Gillett et al. 2005;
Arblaster and Meehl 2006; Gillett et al. 2013). However,
it’s not clear yet how or if the asymmetric SAM component
responds to these forcings, or how its variability alters the
observed trends.

The impact of the zonally asymmetric component of the
SAM at regional scales has not been studied in detail yet.
The positive phase of the SAM is associated with colder-
than-normal temperatures over Antarctica and warmer-than-
normal temperatures at lower latitudes (Jones et al. 2019)
(and vice versa for negative SAM). But there are significant
deviations from this zonal mean response, notably in the
Antarctic Peninsula and the south Atlantic (Fogt et al. 2012).
The SAM-related signal on precipitation anomalies behaves
similarly, although with even greater deviation from zonal
symmetry (Lim et al. 2016). The SAM-precipitation rela-
tionship in Southeastern South America can be explained
by the Pacific-South American (PSA)-like zonally asym-
metric circulation associated with the SAM (Silvestri and
Vera 2009; Rosso et al. 2018). Fan (2007) also found that
precipitation in East Asia was impacted by the variability of
only the Western Hemisphere part of the SAM.

The study of the temporal variability of the asymmet-
ric component of the SAM has not received much attention
except for Fogt et al. (2012). This study provides evidences
for the relevance of the SAM’s asymmetric component.
However, their conclusions are based on composites of posi-
tive and negative SAM events including a small number of
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cases unevenly distributed among years with and without
satellite information. The latter is particularly important
due to the inhomogeneities in reanalysis products prior to
the satellite era and the possible change in the asymmetric
structure of the SAM (Silvestri and Vera 2009). Moreover,
Fogt et al. (2012) studied the zonal asymmetric component
of the SAM only in sea level pressure. Zonal asymmetries in
the SAM spatial pattern are fairly barotropic throughout the
troposphere, but they change dramatically in the stratosphere
(Baldwin and Thompson 2009).

In summary, previous research strongly suggests that the
zonally asymmetric component of the SAM can potentially
be very different from the zonally symmetric component.
It might have different sources of variability, impacts and
long-term response to radiative forcing. A single SAM index
that mixes the zonally symmetric and zonally asymmetric
variability is only able to capture the combined effect of
these two potentially distinct modes.

Our objective is, then, to describe the zonally asymmet-
ric and symmetric components of the SAM variability. We
first propose a methodology that provides for each level, two
indices which aim to capture independently the variability
of the symmetric and asymmetric SAM component respec-
tively. Their vertical structure and coherence, temporal vari-
ability and trends are consequently assessed. We then study
the spatial patterns described by the variability exclusive to
each index focusing on 50 hPa as representing the strato-
sphere and 700 hPa as representing the troposphere. Finally,
the relationships of the SAM at 700 hPa with temperature
and precipitation anomalies are investigated.

In Sect. 2 we describe the methods. In Sect. 3.1 we
describe the temporal variability and vertical coherence of
the indices. In Sect. 3.2, we analyse the spatial patterns of
geopotential height associated with them. In Sect. 3.3, we
study their relationship with surface-level temperature and
precipitation.

2 Methods
2.1 Data

We used monthly geopotential height at 2.5° longitude by
2.5° latitude of horizontal resolution and 37 vertical isobaric
levels as well as 2 metre temperature from ERAS (Hersbach
et al. 2020) for the period 1979-2018. We restrict our analy-
sis to the post-satellite era to avoid any confounding factors
arising from the incorporation of satellite observations.
For precipitation data we used monthly data from the
CPC Merged Analysis of Precipitation (Xie and Arkin
1997), with a 2.5° resolution in latitude and longitude. This
rainfall gridded dataset is based on information from differ-
ent sources such as rain gauge observations, satellite inferred
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estimations and the NCEP-NCAR reanalysis, and it is avail-
able since 1979 to present.

2.2 Definition of indices

Traditionally, the SAM is defined as the leading empirical
orthogonal mode (EOF) of sea-level pressure or geopotential
height anomalies at low levels (Ho et al. 2012). Following
Baldwin and Dunkerton (2001), we extend that definition
vertically and use the term SAM to refer to the leading EOF
of the monthly anomalies of geopotential height south of
20° S at each level. We performed EOFs by computing the
Singular Value Decomposition of the data matrix consist-
ing in 480 rows and 4176 columns (144 points of longitude
and 29 points of latitude). We weighted the values by the
square root of the cosine of latitude to account for the non-
equal area of each gridpoint (Chung and Nigam 1999). We
consider in the EOF analysis all months together without
dividing by seasons.

To separate the zonally symmetric and asymmetric
components of the SAM, we computed the zonal mean
and anomalies of the full SAM spatial pattern, as shown in
Fig. 1 at 700 hPa. The full spatial signal [EOF, (4, ¢)] is the
sum of the zonally asymmetric (EOF|(4, ¢)) and symmetric
([EOF,] (4, ¢)) components. We then compute the SAM
index, Asymmetric SAM index (A-SAM) and Symmetric
SAM (S-SAM) indices as the coefficients of the regression
of each monthly geopotential height field on the respective
patterns (weighting by the cosine of latitude). The three indi-
ces are then normalized by dividing them by the standard
deviation of the SAM index at each level. As a result, the
magnitudes between indices are comparable. However, only
SAM index has unit standard deviation per definition. The
explained variance of each pattern is used as an indicator
of the degree of zonally symmetry or asymmetry of each

monthly field. To quantify the coherence between temporal
series corresponding to different indices or the same index
at different levels, we computed the temporal correlation
between them.

The method assumes linearity in the asymmetric compo-
nent of the SAM. That means that zonal asymmetries associ-
ated with positive SAM phase (SAM+) are almost opposite
in sign and of the same magnitude to the ones associated
with negative SAM phase (SAM-). Fogt et al. (2012)’s com-
posites (their Fig. 4) suggest that this might not be entirely
valid, although much of that apparent non-linearity could
be due to the heterogeneous nature of the selected years for
constructing the composites. To test this assumption, we
computed seasonal composites of zonal anomalies of geo-
potential height for SAM+ and SAM- (defined as months in
which the SAM index is greater than 1 standard deviation
and lower than minus 1 standard deviation, respectively) for
the period from 1979 to 2018 at the 700 hPa and 50 hPa lev-
els (Supplementary figures 1 and 2). In all seasons and both
levels, SAM+ composites are similar to SAM— in structure
but with the opposite sign. Spatial correlations between
composites for each season are high. The method consid-
ered in this study seems then a reasonable approximation of
the phenomenon.

By performing the EOF analysis using data for all
months we are assuming that the zonally asymmetric
structure of the SAM is the same at all seasons. The lat-
ter was assessed by computing geopotential height zonal
anomalies by projecting the first EOF of each season
independently. The following seasons were considered—
December to February (DJF), March to May (MAM),
June to August (JJA) and September to November (SON).
Results are very similar to each other in the troposphere
(Supplementary figure 3, row 2) and show spatial correla-
tions between 0.65 (DJF with JJA) and 0.9 (MAM with

[EOF4](%,0)

Fig. 1 Spatial patterns of the first EOF of 700 hPa geopotential height for 1979-2018 period. a Full field, b zonally asymmetric component and
¢ zonally symmetric component. Arbitrary units; positive values in blue and negative values in red
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SON). In the stratosphere (Supplementary figure 3, row
1), patterns are similar for all seasons except DJF, when
the wave-1 zonal anomalies are rotated 90 °C in compari-
son with the rest of the year. Spatial correlations in the
stratosphere are between — 0.24 (DJF with SON) and 0.95
(MAM with JJA). Therefore, the results confirm that the
zonal asymmetric structure of the SAM is very similar
throughout most of the year. The DJF trimester shows
much lower correlations with the other seasons at both
levels and the weakest zonal anomalies (Supplementary
figure 1), which is consistent with Fogt and Marshall
(2020). Therefore, we would expect that, even though the
analysis is performed including all months, it represents
more accurately the rest of the seasons.

The method also assumes that the zonally asymmetric
pattern of the SAM remains stationary along the period
considered. Silvestri and Vera (2009) suggest that this
might not be the case between 1958 and 2004. Zonal
asymmetric patterns of SAM were computed for the two
halves of the period (1979-1998 and 1999-2018) respec-
tively. The differences between the two periods appear to
be relatively small in both the troposphere and stratosphere
(Supplementary figure 4).

2.3 Regressions

We performed linear regressions to quantify the asso-
ciation between the SAM indices and other variables.
Moreover, we apply multiple linear regression analysis
to describe the combined influence of both A-SAM and
S-SAM. To obtain the linear coefficients of a variable
X (geopotential, temperature, precipitation, etc...) with
A-SAM and S-SAM we fit the equation

X(A, @, 1) = a(4, )A-SAM + f(4, )S-SAM + X (4, ) + e(4, ¢, 1)

where A and ¢ are the longitude and latitude, 7 is the time, a
and p are the linear regression coefficients, X, and € are the
constant and error terms. From this equation, « represents
the (linear) association of X with the variability of A-SAM
that is not explained by the variability of S-SAM; i.e., it
is proportional to the partial correlation of X and A-SAM,
controlling for the effect of S-SAM, and vice versa for f.
When performing a separate regression for each trimester
(DJF, MAM, JJA, SON), we averaged the relevant variables
seasonally for each year and trimester before computing the
regression.

Statistical significance for regression fields were evalu-
ated adjusting p-values by controlling for the False Dis-
covery Rate (Benjamini and Hochberg 1995; Wilks 2016)
to avoid misleading results from the high number of
regressions (Walker 1914; Katz and Brown 1991).

@ Springer

Linear trends were computed by Ordinary Least Squares
and the 95% confidence interval was computed assuming
a t-distribution with the appropriate residual degrees of
freedom. To the amplitude of the zonal waves is defined
through computing the Fourier transform of the spatial
field at each latitude circle.

We computed density probability estimates using a
Gaussian kernel of optimal bin width according to Sheather
and Jones (1991).

2.4 Computation procedures

We performed all analysis in this paper using the R program-
ming language (R Core Team 2020), using the data.table
package (Dowle et al. 2020) and the metR package (Campi-
telli 2020). All graphics are made using ggplot2 (Wickham
2009). We downloaded data from reanalysis using the ecm-
wir package (Hufkens et al. 2020) and indices of the ENSO
with the rsoi package (Albers and Campitelli 2020). The
paper was rendered using knitr and rmarkdown (Xie 2015;
Allaire et al. 2019).

3 Results
3.1 Temporal evolution

We first asses the temporal evolution of A-SAM and S-SAM.
Figure 2 shows the corresponding time series for 700 hPa
and 50 hPa and their corresponding density estimates. We
selected these two levels as representative of the tropo-
spheric and stratospheric variability respectively. As it is
shown below, the variabilities of both indices are highly
coherent within each atmospheric layer, therefore is reason-
able to take one level as representative of each layer.

Month-to-month variability is evident for both indices,
with noisy variations in the low frequencies. At first glance
the series can be distinguished by their distributions. Com-
pared to the tropospheric indices, the stratospheric indices
are much more long-tailed; that is, extreme values (both
negative and positive) abound. The A-SAM series have both
more variability in the higher frequencies than the S-SAM
series.

The stratospheric S-SAM varies strongly with a period
between 15 and 30 months (the maximum spectrum is
located at 20 months), which can be seen by spectral anal-
ysis (Supplementary figure 6). A local peak at a similar
frequency range is discernible in the periodogram of the
tropospheric S-SAM, although it’s not statistically signifi-
cant. This period band is around the range of periodicity of
the Quasi-Biennial Oscillation (Baldwin et al. 2001) and is
consistent with (Vasconcellos et al. 2020), who found that
the SAM and the QBO share significant common high power
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Fig.2 Time series for A-SAM and S-SAM at a 50 hPa and b 700 hPa. To the right, probability density estimate of each index. Series are stand-

ardised by the standard deviation of the SAM at each level

10
100
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0.00 0.25 0.50 0.75 1.00
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Zero-lag — - A-SAM leads

S-SAM by 1 month

Fig.3 Correlation between S-SAM and A-SAM at each level for lag
zero and lag -1 (A-SAM leads S-SAM) for the 1979-2018 period

around the 2-year band. The fact that this periodicity is not
evident on the A-SAM index, is also consistent with their
composites of geopotential height anomalies during easterly
and westerly QBO, which show a rather symmetric mono-
pole over Antarctica. In the troposphere the most significant
peak of variability is found in A-SAM at around 3.6 months.

From a visual inspection, the A-SAM and S-SAM time
series appear to be correlated. Moreover, looking at the
extremes in the stratosphere, the S-SAM series appears to

lag the A-SAM series (see, for example, the positive events
on late 1987). Figure 3 shows these correlations along all
levels considered, for zero and — 1 lags. Values of zero-lag
correlations between A-SAM and S-SAM are relatively con-
stant throughout the troposphere, fluctuating between 0.39
and 0.45. One-month-lag correlations are similarly constant
but significantly reduced to around 0.17. In the stratosphere,
zero-lag correlations drop to a minimum of 0.21 at 20 hPa
and then increase again monotonically with height up to the
uppermost level of the reanalysis (although results near the
top of the models are to be interpreted with care). At the
same time, one-month-lag correlations increase with height.
Therefore, stratospheric A-SAM index tends to precede the
S-SAM index. (Correlations at lags — 5 to 5 are shown in
Supplementary figure 5).

Figure 4 shows (zero-lag) cross-correlation across levels
for the SAM, A-SAM and S-SAM indices. For the SAM
(Fig. 4a), high values below 100 hPa reflect the vertical
(zero-lag) coherency throughout the troposphere. Above
100 hPa, correlation between levels falls off more rapidly,
indicating less coherent (zero-lag) variability. But corre-
lations between tropospheric and lower-to-middle strato-
spheric levels are still relatively high (e.g., greater than
0.4 between tropospheric levels and levels below 30 hPa).
A-SAM and S-SAM (Fig. 4b and c, respectively) share simi-
lar high level of coherency in the troposphere but they differ
in their stratospheric behaviour. Stratospheric coherency is
stronger for the A-SAM than the S-SAM. The stratospheric
S-SAM seems to connect more strongly to the troposphere
than the stratospheric A-SAM.

The linear trends for each of the indices (SAM, S-SAM
and A-SAM) were evaluated for the complete period
1979-2018 at each level for the whole year and separated
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Fig.4 Cross correlation between levels for the a SAM, b A-SAM, and ¢ S-SAM for the 1979-2018 period

SAM A-SAM S-SAM

! a.1) b.1) c.1) >

10 =)
100 g
100 -

v a.2) b.2) c.2)

10 J
100 > ? ‘IL'I
100

v a.3) b.3) \ c.3)

10 =
100 b )§>
1009

4 b.4 4

o ) j ! s ? &
100 > 7 >
1009

a.5) b.5) c.5) <

10 @
100 < % > j \ E %
% 6 03 00 03 0606 -03 00 03 06-06 03 00 03 06

Standard deviations per decade

Fig.5 Linear trends (in standard deviations per decade) at each level index, and (column ¢) S-SAM index. Shading indicates the 95% con-
for annual (row 1) and seasonal values (rows 2-5) for the period fidence interval from a t-distribution
1979-2018 and for the (column a) SAM index, (column b) A-SAM
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by trimesters (Fig. 5). The SAM index presents a statistically
positive significant trend (Fig. 5a.1) that extends throughout
the troposphere up to about 50 hPa and reaches its maxi-
mum value at 100 hPa. The seasonal trends (rest of Fig. 5
column a) indicate that positive trends are present in autumn
and particularly in summer, where the 100 hPa maximum is
much more defined. In winter and spring, we detect no statis-
tically significant trend. This is consistent with the results of
previous studies, which find large positive trends in summer,
smaller in autumn and no trends in the other seasons (e.g.,
Fogt and Marshall 2020, and references therein) using indi-
ces of the SAM based on surface or near-surface circulation.

By separating the SAM signal in its asymmetric and
symmetric parts, not only we can see that these trends are
almost entirely due to the symmetric component (column b
vs. column c in Fig. 5), but in some cases the trends become
clearer. In summer, A-SAM has a statistically non significant
negative trend in the middle troposphere that obscures the
trend in the SAM index; as a result, trends computed using
only the Symmetric component are stronger (compare the
shading region in Fig. 5a.2 and c.2). In autumn, the S-SAM
index reveals a statistically significant positive trend in the
stratosphere that is not significant using the SAM index.

A positive trend in the S-SAM index and no trend in the
A-SAM index might at first suggest a trend towards a more
symmetric SAM. However, a very negative S-SAM trending
towards a less negative S-SAM would be translated into a
positive S-SAM trend but a more asymmetric SAM.

1 DJF MAM
10 >
100
1000 / W {
1 JUA SON
10
100 /J
1000 / '
-4% 0% 4% 8% -4% 0% 4% 8%

Change in explained variance per decade

E A-SAM E S-SAM

Fig.6 Linear trends (in percent per decade) of the variance explained
by A-SAM and S-SAM at each level and for each trimester for the
period 1979-2018. Shading indicates the 95% confidence interval

To study the question of whether the SAM is becoming
more or less asymmetric, we show trends for the explained
variance of each index for each trimester in Fig. 6. In the
troposphere the only significant trend is in DJF, in which
the A-SAM has a positive trend of about 2% per decade,
suggesting that the DJF SAM has become more asymmetric
in the period from 1979 to 2018. Fogt et al. (2012) observed
a change from a more asymmetrical SAM before 1980 to a
more symmetrical SAM after 1980, but our study period
(1979-2018) prevents us from detecting that change. How-
ever due to the atypical nature of the asymmetric component
of the SAM during DJF (Sect. 2.2) this should be taken only
as preliminary evidence. The other significant trend is in
the stratosphere during SON, where there is a positive trend
in the variance explained by the S-SAM of about 4% per
decade. This change could be the result of the forcing from
ozone depletion.

3.2 Spatial patterns

We then computed the spatial regression of geopotential
height anomalies on the A-SAM and S-SAM indices at
700 hPa and 50 hPa levels (Fig. 7). While regression coef-
ficients in Fig. 7 column a are computed using SAM, the
regression coefficients in columns b and c of Fig. 7 are
computed using multiple regression using the A-SAM and
S-SAM indices at the same time. Thus, they are to be inter-
preted as the patterns associated with each index, removing
the variability (linearly) explained by the other one.

In the stratosphere, the spatial pattern associated with
the SAM is clearly dominated by a zonally symmetric,
monopolar structure (Fig. 7a.1) which is not centred in the
South Pole. On the other hand, the monopole associated
with S-SAM (Fig. 7c.1) is more symmetric, although still
not perfectly centred in the South Pole. Furthermore, the
regression pattern of A-SAM is characterized by a wave-1
structure with centres over the Drake Passage in the Western
Hemisphere and Davis Sea in the Eastern Hemisphere

In the troposphere, the regression pattern associated
with the SAM shows the well-known combination of zon-
ally symmetrical annular mode with zonal asymmetries in
the form of a wave-3 [Fig. 7a.2, (Fogt et al. 2012)]. The
regression patterns associated with the A-SAM and S-SAM
indices successfully disentangle both structures. Note that, in
light of previous discussion about the atypical nature of DJF,
this year-round average effect will likely not represent DJIF
perfectly. While the A-SAM index gives rise to a cleaner
zonal wave (Fig. 7b.2), the S-SAM index is associated with
an annular structure, with only vestigial zonal asymmetries
(Fig. 7¢.2) in the shape of a wave-3 which is the inverse
of the A-SAM wave-3. The wave-3 pattern observed in
Fig. 7b.2 is rotated by half a wavelength from the average
position of the mean wave-3 pattern described by Raphael
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and (row 2) 700 hPa with (column a) SAM, (column b) A-SAM, and using both indices. Points marked on panel b.2 are the location of the
(column c¢) S-SAM for the 1979-2018 period. The regression pat- reference points used by Raphael (2004) for their Zonal Wave 3 index
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(2004), whose reference locations are marked with points in
the figure. Indeed, there is no correlation between Raphael
(2004)’s index and A-SAM (cor = 0.0076, p-value = 0.87).
Thus, the tropospheric A-SAM index represents a zonal
displacement in the position of the climatological wave-3
pattern.

The amplitude of the first zonal wavenumbers at each lati-
tude at 50 hPa and 700 hPa are shown in Fig. 8, where wave-
number zero represents the amplitude of the zonal mean.
Zonal wave amplitudes of the spatial pattern described by
the SAM index (Fig. 8 column a) are dominated by the zonal
mean (wavenumber 0) at both levels. However, zonal waves
are important, particularly south of 50° S, with wavenum-
ber 1 clearly dominating at 50 hPa (Fig. 8a.1) and a mix of
waves of similar amplitude at 700 hPa (Fig. 8a.2). Figure 8
column b shows that the A-SAM is overwhelmingly domi-
nated by wave 1 in the stratosphere (Fig. 8b.1), while in the
troposphere it is explained by a combination of zonal waves
3-1 in decreasing level of importance (Fig. 8b.2) with neg-
ligible amplitude of the zonal mean. On the other hand, the
S-SAM it is almost entirely explained by the zonal mean at
both levels (Fig. 8 column c), with little to no contribution
from zonal waves with wavenumbers 1-3.

To analyse the vertical structure of the geopotential height
anomalies associated with the A-SAM index, we show a
vertical cross section of regressions of mean geopotential
height between 65° S and 40° S for the 50 hPa A-SAM index
(Fig. 9a) and for the 700 hPa A-SAM index (Fig. 9b). The
geopotential height anomalies associated with the strato-
spheric A-SAM (Fig. 9a) are clearly constrained to the
stratosphere, which underscores the uncoupling between
the stratospheric and tropospheric A-SAM. The vertical

/@
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- ///O.A
/ /

\//A
edy 00L

D ¢ B((

60°E 120°E 180° 120°W 60°W 0°

-60 -50 -40 -30 -20 -10 10 20 30 40

Fig.9 Regression between monthly geopotential height anomalies
(meters) averaged betweeen 65° and 40° S and the A-SAM index
(extracted from a multiple regression which included the S-SAM
index). a With the A-SAM in 50 hPa and b in 700 hPa for the 1979-
2018 period

structure of this signal tilts about 60° to the West between
100 hPa and 1 hPa, suggesting baroclinic processes. The
signal in the stratosphere maximises near 10 hPa despite
using the 50 hPa index for the regression.

The tropospheric A-SAM (Fig. 9b) has significant signals
that extend upwards to the uppermost levels considered. In
the troposphere, the wave-3 structure is equivalent barotropic
with maximum amplitude at roughly 250 hPa. The anoma-
lies are larger in the Western Hemisphere, where they extend
into the stratosphere. In the Eastern Hemisphere the wave-3
signal is smaller and confined to the troposphere while nega-
tive anomalies dominate in the stratosphere. So, while the
tropospheric A-SAM index is associated with stratospheric
geopotential anomalies, these do not project strongly onto
the stratospheric A-SAM. The structures shown in Fig. 9
are robust to the choice of index level. For any stratospheric
(above 100 hPa) index, the resulting anomalies are very
similar to the wave-1 structure with maximum near 10 hPa
in Fig. 9a. Conversely, for any tropospheric (below 100 hPa)
index, the result is very similar to Fig. 9b. The patterns
mainly change in amplitude (not shown).

The wave-3 pattern from Fig. 7b.2 is very similar to the
PSA Pattern (Mo and Ghil 1987; Kidson 1988) which is a
teleconnection pattern associated with the ENSO (Karoly
1989). Indeed, Fogt et al. (2011) showed that there is a sig-
nificant relationship between the SAM and the ENSO. The
correlation between the SAM and the ENSO as measured by
the Oceanic Nifio Index (ONI, Bamston et al. 1997) is shown
in Table 1 for each SAM index and for each trimester. There
is a significant correlation between SAM and ENSO. When
divided in trimesters, this correlation is important only in
DJF and SON. This relationship is captured mainly by the
A-SAM, as this index has significant partial correlations
with ENSO while correlations with S-SAM are all smaller

Table 1 Correlation between SAM indices and the Oceanic Niiio
Index

Correlation Partial correlation
SAM A-SAM S-SAM
Year -0.17 —0.26 0.02
(0.001) (<0.001) (0.775)
DJF -0.31 -0.30 -0.17
(0.002) (0.003) (0.115)
MAM -0.07 —0.26 0.14
(0.530) (0.011) (0.192)
JJA 0.01 -0.14 0.11
(0.900) (0.192) (0.300)
SON - 0.25 - 042 0.05
0.014) (<0.001) (0.686)

p-values corrected for False Detection Rate in parenthesis. In bold,
correlations with p-value smaller than 0.05
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and non-significant. In MAM, ENSO is not significantly
correlated with SAM, but it is significantly correlated with
A-SAM in a level comparable with the ENSO-SAM corre-
lation in SON. The same analysis was performed using the
Multivariate ENSO Index (Wolter and Timlin 2011) and the
Southern Oscillation Index (Ropelewski and Jones 1987),
obtaining similar results. The latter allows us to conclude
that these results do not depend on the ENSO index used.

3.3 Impacts

To assess differences in the impacts associated with the
SAM, A-SAM and S-SAM indices we regressed 2-meter
air temperature and precipitation onto each of the three
SAM indices at 700 hPa. As shown in previous sections,
the three indices are highly coherent in the troposphere, so
we select this level to represent the tropospheric circula-
tion for consistency with previous studies. Regressions were
done without detrending either the variables nor the indices,
but computing the regressions with detrended values doesn’t
change the results considerably (not shown).

Figure 10 shows regression coefficients of each index
at 700 hPa with surface land air and sea temperature for
each trimester. In summer, positive values of the SAM
index (Fig. 10a.1) are associated with negative temperature
anomalies near Antarctica which are surrounded by a ring
of positive anomalies in the mid latitudes. The ring is not
zonally symmetric, as there are four distinctive local maxi-
mums around 30° W, 120° W, 150° E and 90° E respectively.
In the tropics, there are negative anomalies in the equato-
rial Pacific, consistent with the negative correlation between
SAM and ENSO. Figure 10b.1 and c.1 show temperature
anomalies associated with positive values of A-SAM and
S-SAM, respectively. Both the local maximums in the ring
and the anomalies in the Pacific regions are present mostly
on the A-SAM regression map, while temperature patterns
linked to positive S-SAM show a more zonally consistent
ring and less relation to the tropics. Over Antarctica posi-
tive values of the SAM index are associated with negative
temperature anomalies, particularly over the eastern coast.
These anomalies are associated only with the S-SAM. Fur-
thermore, the typical longitudinal variations of temperature
anomalies along the Antarctic Peninsula are not evident in
the regressions with the SAM, in agreement with previous
works (e.g., Marshall and Thompson 2016). On the other
hand, temperature anomalies in the Indian ocean, southern
Africa and Australia are strongly related to A-SAM and are
not present in the regression pattern with the SAM.

In autumn, winter and spring (rows 2, 3, and 4 in Fig. 10)
the positive ring is only present through its local maxi-
mums in the regression with the SAM, which reflects the
more asymmetric nature of the SAM compared to summer.
There are also negative anomalies in southern Australia, and
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positive anomalies over New Zealand and southern South
America. Similar features were observed in station measure-
ments by Jones et al. (2019), although using data from 1957
to 2016. In spring, the tropical signal of A-SAM is similar
to the one in summer, again revealing the significance of
the ENSO-A-SAM link. Moreover, from autumn to spring,
positive (negative) temperature anomalies are discernible at
the northern (southern) portion of the Antarctic Peninsula
in the regressions with the SAM, which are also evident in
the regressions with A-SAM. In agreement, Marshall and
Thompson (2016) found the same signal in association with
SAM while that pattern is only evident in autumn for the
southern baroclinic annular mode, which is associated with
variations in extratropical storm amplitude.

The same regressions using temperature data from
NOAA’s Merged Land Ocean Global Surface Temperature
Analysis V4.0.1 (Smith et al. 2008; Vose et al. 2012), which
blends land surface air temperature and sea surface (water)
temperature analysis into a monthly global grid are shown in
Supplementary figure 7. Where data is available, the general
patterns are similar, although with reduced magnitude, per-
haps due to the fact that sea surface temperatures vary less.

The pattern of negative anomalies in the pole surrounded
by positive anomalies roughly seen in all seasons—although
with varying intensity and small-scale details—translates
to enhanced meridional temperature gradient maximised in
the zero line, which is consistent with the intensification and
poleward migration of the westerlies commonly linked to the
SAM through thermal wind balance. It’s then not surprising
to see it more clearly in association with S-SAM (at least in
summer and spring). Temperatures over East Antarctica are
most impacted by the S-SAM, while on West Antarctica they
are more sensitive to the A-SAM. Since the S-SAM index is
negatively correlated with temperature over East Antarctica,
it is possible that the positive trend in the S-SAM index
might help explain the lack of positive temperature trend
in East Antarctica compared with West Antarctica in the
context of global warming (Nicolas and Bromwich 2014).

Figure 10 column b can be partially compared with
Fig. 11 from Fogt et al. (2012). Although they used station
data from 1958 to 2001, main features are reproduced here,
such as the strong signal in New Zealand and Australia in
summer and spring.

Figure 11 shows regression of the SAM indices with
precipitation for the Southern Hemisphere. The precipita-
tion signal associated with SAM shows generally decreased
precipitation at around 45° S, somewhat increase precipita-
tion around 30°§(Fig. 11a) and increased precipitation over
Antarctica, a pattern known from other studies (e.g., Hendon
et al. 2014). This pattern is mostly unchanged between sea-
sons albeit varying in intensity (not shown). Panels b and ¢
in Fig. 11 shows that the A-SAM signal is only in the tropics
and mid-latitudes, while the S-SAM signal is strong in the
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Precipitation
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Fig. 11 Regression of monthly precipitation anomalies (mm per day,
shading) with a SAM, b A-SAM and ¢ S-SAM for the 1979-2018
period. Black contours indicate areas with p-value smaller than

higher latitudes. In particular positive values of S-SAM is
associated with the increased precipitation over Antarctica
and decrease precipitation around the Southern Ocean.

To study in more detail the impacts over land, Figs. 12
and 13 show regression of the SAM indices with seasonal
mean precipitation and 700 hPa geopotential height for
New Zealand and neighbouring islands, and South America
respectively. South Africa is not shown because no signifi-
cant signal was detected there.

In Australia, the annual regression shows that the SAM
index is associated with positive precipitation anomalies
in the Southeastern region (Fig. 12a.1), in agreement with
Gillett et al. (2006). The separation between A-SAM and
S-SAM suggest that this positive anomaly is explained by
the S-SAM only in the east coast (Fig. 12c.1). Geopotential
height anomalies associated with this index (black contours)
are indicative of easterly flow from the Tasman Sea, which
could explain the positive anomalies in precipitation as
found by Hendon et al. (2007). A-SAM appears related to
positive precipitation anomalies in the west coast of south-
eastern Australia (Fig. 12b.2), which could similarly be
explained by the anomalous westerly circulation transporting
moist air to the continent from the Indian Ocean.

The seasonal-based regressions show statistically sig-
nificant anomalies only in spring, when positive SAM is
associated with positive precipitation anomalies in eastern
Australia (Fig. 12a.5). In this trimester, S-SAM seems to be
associated with positive precipitation anomalies in a rela-
tively reduced area of the eastern coast (Fig. 12¢.5) while the
positive precipitation anomalies related to positive A-SAM
affect all eastern Australia (Fig. 12b.5).
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0.05 0.10 0.15 0.20

0.05 controlling for False Detection Rate. Note that the colour scale
cuts-off at +0.25K to highlight mid- and high-latitude features at the
expense of the very high values in the Tropics

In summer, positive SAM index is associated with posi-
tive precipitation anomalies in western and eastern Aus-
tralia, particularly in the north eastern region (Fig. 12a.2).
The eastern part being dominated by the relationship with
S-SAM and the western, by A-SAM. In autumn, the regres-
sion with SAM shows positive anomalies in the north, simi-
lar to summer, which are associated with the A-SAM. In
winter regression coefficients are much weaker than during
the rest of the year. None of these regression coefficients are
statistically significant at the 95% level. The spring signal is
broadly consistent with Hendon et al. (2007), but whereas
they also detected a strong signal in summer, Fig. 12a.2
shows no statistically significant association (although the
coefficients have the consistent sign).

In South America (Fig. 13), regression using all seasons
shows that positive SAM is associated with statistically
significant negative precipitation anomalies in Southeast-
ern South America (SESA) and southern Chile, and non-
significant positive anomalies in southern Brazil, near the
South Atlantic Convergence Zone (SACZ) (Fig. 13a.1). Fig-
ure 13b.1 and c.1 show that while the signal over SESA and
southern Brazil is associated with A-SAM, that in southern
Chile is related to S-SAM.

Except winter, seasonal-based regressions mirror this
same pattern. Even if not statistically significant, they all
show negative values in SESA and southern Chile along
with positive values in southern Brazil in relation with the
SAM. The separation of these features between A-SAM and
S-SAM regression maps is also rather consistent.

The anomalous circulation at 700 hPa associated with
S-SAM (Fig. 13c.1) indicate anomalous easterly flow over
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Fig. 12 Regression of (row 1) annual and (rows 2-5) seasonal mean
precipitation anomalies (mm per day, shading) and 700 hPa geo-
potential height anomalies (thin lines, positive values as solid lines
and negative values as dashed lines) with (column a) SAM, (column

southern Chile. This leads to reduced influx of moist air
from the Pacific Ocean which is the main source of pre-
cipitable water in that region (e.g., Garreaud 2007). On
the other hand, the anomalous circulation associated with
positive values of A-SAM (Fig. 13b.1) in the Atlantic is
anticyclonic in the south and cyclonic in the north. This

0.1 02 03 04 05 06 07

b) A-SAM and (column c) S-SAM for the 1979-2018 period. Black
contours indicate areas with p-value smaller than 0.05 controlling for
False Detection Rate

promotes anomalous eouth-easterly flow over SESA, which
inhibits the flow of the South America Low-Level Jet to
the region (Silvestri and Vera 2009; Zamboni et al. 2010).
This same pattern was found to be associated with increased
precipitation in southern Brazil during SACZ events (Rosso
et al. 2018). There is a small area of significant positive
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Fig. 13 Same as Fig. 12 but for
South America

5

90°W  75°W 60°W 45°W  90°W T75°W 60°W 45°W  90°W 75°W 60°W 45°W

10~
20+
C /T R

_1511

Precipitation

-0.7 -06 -05 -04

precipitation anomalies with the SAM near central Argen-
tina which is also present in the station-based analysis by
Gillett et al. (2006) that is explained by the A-SAM.
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4 Conclusions

In this study we characterise the temporal and spatial vari-
ability of the zonally symmetric and asymmetric structure
of the SAM. By projecting monthly geopotential fields at
each level with the corresponding asymmetric and sym-
metric pattern, we created two indices for representing the
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zonally asymmetric and symmetric contributions of the
SAM respectively.

The A-SAM index correlates strongly with the S-SAM
index. In the troposphere, this correlation is maximum at
zero lag, while in the stratosphere is maximised with the
A-SAM leading the S-SAM by one month. Since most indi-
ces of the SAM are calculated using surface or near-surface
conditions, this result would suggest that they might not be
sensitive to the most dramatic changes in SAM variability.

The periodicity of about two years we found in the strato-
spheric S-SAM is consistent with the possible link between
the SAM and the Quasi Biennial Oscillation as proposed by
(Vasconcellos et al. 2020). There is evidence of influence
between the QBO and the Northern Annular Mode (e.g.,
Holton and Tan 1980; Watson and Gray 2014; Zhang et al.
2020), so it is not unlikely that the SAM would be simi-
larly affected. Establishing this link would require further
research.

We observe positive trends of the SAM in summer and
autumn, as was documented by previous studies (e.g., Fogt
and Marshall 2020, and references therein) for low levels.
We show that these trends maximise at 100 hPa, and are
explained by the zonally symmetric component. We also
find a statistically significant positive trend in the Symmetric
component of the SAM in the stratosphere that is not evi-
dent in the SAM index. We find some evidence of the SAM
becoming more zonally asymmetric during DJF, as there is
a slight positive trend in the variance explained by the as the
A-SAM. This is in contrast to Fogt et al. (2012) who made
the evaluation for the period 1958-2001. This discrepancy
might be due either due to differences in methodology or
analysed period.

In the troposphere, the spatial patterns of geopotential
associated with the S-SAM index are much closer to being
fully annular than the patterns associated with the SAM
index. The A-SAM index, on the other hand, describes a
wave-3 pattern with maximum amplitude in the Pacific. This
pattern extends vertically in the troposphere but its maxi-
mum is located at 250 hPa, which also could suggest that
surface-based indices are not optimal for capturing this vari-
ability. This wave-3 pattern is similar to the Pacific-South
American Pattern, linked to ENSO variability. We found
that the significant correlation that exists between the SAM
index and the Oceanic Nifio Index over this period is cap-
tured entirely by the A-SAM index. This suggests that ENSO
is linked to SAM exclusively through the variability in the
latter’s asymmetric component and thus, the A-SAM index
could be a useful measure to further study that relationship.

Temperature anomalies associated with the SAM broadly
show a pattern of negative anomalies at polar latitudes sur-
rounded by positive anomalies, but with many deviations
from symmetry. The A-SAM index explains a big portion of

these deviations. In particular, the positive phase of A-SAM
is associated with colder temperatures over southern Brazil,
southern Africa and southern Australia, as well as the nega-
tive anomalies in the equatorial Pacific consistent with the
ENSO-SAM relationship. These negative anomalies are par-
ticularly clear in the DJF and SON trimesters, which include
the months in which the ENSO teleconnection is more active
(e.g., Cai et al. 2020).

In Australia the SAM is associated with positive precipi-
tation anomalies in the south east and this is explained by
the S-SAM. However, the A-SAM is associated with a small
area of positive precipitation anomalies in the eastern coast
of western Australia, maybe due to advection of moist air
from the Indian Ocean.

In South America, precipitation anomalies associated
with the SAM are negative both in southern Chile and
Southeastern South America, and positive in southern Bra-
zil. These features are cleanly separated between A-SAM
and S-SAM. S-SAM explains the negative anomalies in
southern Chile and A-SAM, the negative-positive dipole
between Southeastern South America and southern Brazil.
Individual seasons mostly follow this pattern.

Of note, even though the A-SAM is significantly corre-
lated with ENSO in all trimesters except JJA, precipitation
patterns associated with the A-SAM are similar to precipi-
tation patterns associated with ENSO only in SON in Aus-
tralia, but in all trimesters in South America. This might
indicate that the A-SAM is closely related to the pathway
between ENSO and precipitation patterns in South America
but not so much with the pathway between ENSO and pre-
cipitation in Australia.

Silvestri and Vera (2009) suggest that precipitation
impacts linked to the SAM changed strongly before and
after 1980. In particular, the negative relationship with pre-
cipitation in South America was absent in some areas and
switched sign in others in the earlier period. The correla-
tion between ENSO and SAM is similarly non-stationary,
also changing sign before the 1980s (Fogt and Bromwich
2006; Clem and Fogt 2013). Seeing as both the ENSO-
SAM relationship and most of the precipitation impacts in
South America are captured by the A-SAM, the magnitude
and sign of these impacts are most likely period-dependent
and represent the average signal between 1979 and 2018.
The decadal variations of the A-SAM should be focus of
future studies. This is particularly important in the context
of a changing climate, as the impact on the SAM of ozone
recovery is modelled as highly zonally symmetric, while
the impact of increased concentration of greenhouse gases
has also a zonally asymmetric component (Arblaster and
Meehl 2006).
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By separating the zonally symmetric and zonally sym-
metric SAM patterns, we show that the asymmetric com-
ponent of the SAM has its unique variability, trends and
impacts. Some of these signals are only evident when the
two SAM components are separated. For those that are evi-
dent also using the traditional SAM index, the separation
is still worthwhile, since it allows for a clearer view of the
sources and processes involved.
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