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Abstract A link between atmospheric variability in the tropics independent of ENSO and the Southern

Annular Mode (SAM) is found based on seasonal mean data for austral summer. Variations associated with

El Nifo Southern Oscillation (ENSO) are removed using a linear method, and a Tropics Index (Tl) is defined

as the zonal average of the ENSO-removed 500 hPa geopotential height between 10°S and 10°N. Since the
detrended Tl shows no link to sea surface temperature variability in the tropics, it appears to be related to

internal atmospheric variability. We find that the Tl can explain about 40% variance of the SAM interannual
variability and about 75% of the SAM long-term trend between 1957/1958 and 2001/2002, where here the
SAM includes the ENSO signal. Positive/negative values of the Tl are associated with the positive/negative

SAM. A possible link between the Tl and global warming is noted.

1. Introduction

The Southern Annular Mode (SAM) is the dominant mode of variability in the Southern Hemisphere atmo-
spheric circulation and accounts for 20%-30% of the total monthly sea level pressure (SLP) or geopotential
height variance south of 20°S [e.g., Thompson and Wallace, 2000]. The SAM is characterized by a dipole

in geopotential height with opposing centers of action near 40° and 65°S and an equivalent barotropic
structure in the vertical. There is a corresponding structure in the zonal wind field, with stronger south-
ward shifted westerly winds in the positive phase [e.g., Thompson and Wallace, 2000]. Numerous studies
have noted the impact of the SAM on the Southern Hemisphere climate system [e.g., Hall and Visbeck, 2002;
Screen et al., 2009; Lefebvre et al., 2004; Stammerjohn et al., 2008]. Thus, it is of great socioeconomic interest
to study the variability of the SAM.

Many studies have reported the influence of tropical sea surface temperature (SST) variability on the
Southern Hemisphere climate system [e.g., Grassi et al., 2005; Zhou and Yu, 2004; L'Heureux and Thompson,
2006; Ding et al., 2012]. For example, a negative/positive SAM index in summer is often associated with

a warm/cold event in the tropical Pacific [e.g., Zhou and Yu, 2004; Carvalho et al., 2005; Ding et al., 2012].
L'Heureux and Thompson [2006] found that the extratropical signature of El Nifilo Southern Oscillation (ENSO)
projects strongly onto the SAM during austral summer (defined as the months November—February) when
roughly 25% of the temporal variability in the SAM is linearly related to fluctuations in ENSO over the period
1979/1980 to 2003/2004. Ding et al. [2012] found that the atmospheric response to tropical SST anomalies
resembles the Pacific South American (PSA) pattern [Karoly, 1989] and projects strongly onto the SAM in the
Pacific sector.

In addition, some studies suggest that tropical variability, independent of ENSO, can impact Southern
Hemisphere climate [e.g., Carvalho et al., 2005; Ding et al., 2012]. Results from Carvalho et al. [2005] show
that intraseasonal oscillations from the tropics influence the SAM during austral summer (December/
January/February (DJF)), and Ding et al. [2012] noted an extratropical response in the Southern Hemisphere
to tropical internal atmospheric variability on intraseasonal time scales in other seasons. Yoo et al. [2011,
2012] have also noted the impact of the Madden Julian Oscillation [Madden and Julian, 1994] on both the
Antarctic and Arctic climates. However, it is not clear whether such influence exists based on seasonal mean
data, an issue we investigate here. We are motivated at least partly by experiments using the European Cen-
tre for Medium-Range Weather Forecasts model, with relaxation to reanalysis in the tropics, which suggest
that tropical forcing independent of ENSO influences the seasonal mean SAM during austral summer, even
before 1979 when the influence of ENSO on the SAM was weak (as discussed elsewhere).
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Figure 1. (a) Spatial pattern and (b) time series of the austral summer Southern Annular Mode (SAM) from ERA-40
(1957/1958-2001/2002). The spatial pattern shows the Z500 anomaly corresponding to one standard deviation positive
of the index which, in turn, has been normalized by its standard deviation. Also shown in Figure 1b is the inverted cold
tongue index (CTI) defined using HadISST data [Rayner et al., 2003]. (c) Tropics Index (Tl), defined as in the text, together
with the SAM index from Figure 1b. The units are meters and degrees Celsius in Figure 1a and 1b, respectively, and the
Tropics Index in Figure 1c has been normalized by its standard deviation.

2. Results

The results presented here are based mostly on the ERA-40 reanalysis [Uppala et al., 2005] but with corrobo-
ration using the National Centers for Environmental Prediction (NCEP) [Kalnay et al., 1996] and ERA-Interim
[Dee et al., 2011] reanalysis products. We define the austral summer SAM as the first Empirical Orthogonal
Function (EOF) of the austral summer (DJF) mean 500 hPa height (Z500) anomalies over the extratropical
Southern Hemisphere (domain 30°S poleward). The SAM index is then the principal component time series
of this EOF. Other definitions of the SAM have been employed using, respectively, 700 hPa height and sea
level pressure (SLP) anomalies, but the time series are almost identical. Prior to the EOF analysis, the seasonal
DJF mean climatology has been removed to calculate anomalies, which are then weighted by the square
root of cosine of latitude to provide equal weighting of equal areas, but no trend has been removed. EOFs
have also been calculated using detrended data. The first EOF in this case has almost the identical spatial
pattern to that obtained using undetrended data, and the time series differ only by the trend (not shown).
In the following, the EOFs using undetrended data are employed. Following L'Heureux and Thompson [2006],
variations associated with ENSO are measured using the cold tongue index (CTI) defined as the anomaly in
SST averaged over the region spanning 6°N-6°S, 180°-90°W.

The spatial patterns of the austral summer SAM and associated principal component (PC) time series are
shown in Figure 1. The SAM explains about 34% of the total variance in Z500 in the extratropical Southern
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Figure 2. (a) Correlation between the SAM index (see Figure 1) and Z500 anomalies with ENSO removed; (b) correlation
between the Tl and Z500 anomalies with ENSO included; and (c) the SAM index. Figure 2c also shows the trend of the
SAM index (red line) and the SAM trend derived from the T, as described in the text. In Figures 2a and 2b, detrended
data are used for the analysis.

Hemisphere summer. The CTI (inverted) is also shown in Figure 1b. It is apparent that the positive/negative
phase of the SAM is associated with La Nifa/El Niflo conditions (positive/negative in the inverted CTl) in the
equatorial Pacific (Figure 1b), consistent with previous studies [e.g., Zhou and Yu, 2004; Carvalho et al., 2005;
L’Heureux and Thompson, 2006; Fogt and Bromwich, 2006; Ding et al., 2012], although the relationship is not
stationary (Figure 1b), being stronger after 1979. The SAM index displays a trend toward its positive phase
in recent decades [e.g., Thompson et al., 2000; Thompson and Solomon, 2002; Ding et al., 2012]. The trend

in the SAM has been attributed to forcing by stratospheric ozone depletion and increasing greenhouse
gases [e.g., Fyfe et al., 1999; Thompson and Solomon, 2002; Gillett and Thompson, 2003; Marshall et al., 2004;
Shindell and Schmidt, 2004; Arblaster and Meehl, 2006; Miller et al., 2006; Thompson et al., 2011]. Nevertheless,
some recent studies have suggested that forcing from the tropics played a role [Ding et al., 2012; Greatbatch
etal,2012].

Variations associated with ENSO (measured by the CTI) are removed from Z500 data using the linear
method. The correlation pattern (after detrending; Figure 2a) between the austral summer SAM index

and the ENSO-removed Z500 anomalies is quite similar to the SAM spatial pattern in its positive phase
(Figure 1a), which is not surprising. What is more interesting is that the correlation shows an almost uniform
positive correlation in the tropics. It is notable that anomalously high/low Z500 (independent of ENSO) in
the tropics is associated with a positive/negative SAM index, contrary to the ENSO relationship with the SAM
in which anomalously high/low Z500 in the tropics is associated with a negative/positive SAM (as implied by
Figure 1b).

A Tropics Index (TI; Figure 1c) is defined as the spatial average of the ENSO-removed Z500 anomaly over
the tropical belt (0°E-360°E, 10°S-10°N; also see the black box in Figure 2a). The Tl does not correlate
significantly with SST after detrending (not shown), indicating that it is associated primarily with internal
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Figure 3. Correlation between the SAM index and the Tl (both

detrended) in running 21 year windows computed using the NCEP (red

line; Kalnay et al. [1996]), ERA-40 (blue line; Uppala et al. [2005]), and
ERA Interim (black line; [Dee et al., 2011]) reanalyses. The horizontal
black line indicates the 95% significance level.

these results, we use the index defined at
500 hPa for the following analysis.

It is clear from Figure 1c that the Tl shows
some resemblance to the SAM index. In
particular, the correlation between the Tl
and the SAM index is significantly differ-

ent from zero at the 99% level (0.65 after detrending) over the period 1957/1958 to 2001/2002. Furthermore,
the correlation pattern (after detrending; Figure 2b) between the Tl and full Z500 anomalies (including
ENSO) is quite similar to the SAM spatial pattern in its positive phase (Figure 1a), further indicating that the
interannual variations associated with the Tl in the extratropical Southern Hemisphere project onto the
pattern associated with the SAM (Figure 1a).

Another feature apparent from Figure 1c is that both the Tl and the SAM index show upward trends. To
investigate the link between the trends of the Tl and the SAM index, we calculated the regression of Z500
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Figure 4. Correlation between seasonal mean (DJF) zonally averaged temperature and (a) the Tl and (b) the inverted CTI
(all time series detrended). The contour interval is 0.1.
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anomalies (with ENSO retained) onto the Tl (Figure 1¢) after detrending so that the regression reflects the
link on interannual time scales. We then reconstruct variations in Z500 by multiplying the spatially varying
regression coefficient by the Tl, now including the trend, and then project the resulting fields onto the SAM
pattern (30°S poleward) to produce a time series whose trend is shown in Figure 2c by the blue line. The
trend of the SAM index (shown by the black line) is 0.4/(10 years) while the trend of the SAM due to the Tl is
0.3/(10years). It is therefore plausible that a large part of the positive trend in the SAM index is associated
with the T, an issue discussed further in section 3.

We now investigate the stability of the link between the SAM index and the Tl on interdecadal time scales
using running correlation analysis with a 21 year window. It is found that the link is stable during the ERA-40
period (blue line in Figure 3). Using the longer NCEP reanalysis for the above analysis corroborates the stable
relationship during the ERA-40 period but also shows a breakdown of the relationship prior to 1957/1958
and post 2001/2002 (red line in Figure 3). The breakdown post 2001/2002 is further confirmed by repeating
the analysis using data from the ERA-Interim reanalysis (black line in Figure 3). These results indicate a non-
stationary relationship between the Tl and the SAM, not unlike that between ENSO and the SAM, a topic for
further investigation.

3. Summary and Discussion

In this study, we have investigated the influence of atmospheric variability in the tropics, which is indepen-
dent of ENSO, on the Southern Annular Mode (SAM) based on austral summer mean (seasonal mean over
December/January/February, DJF) data. A linear method is employed to remove variations associated with
ENSO (represented by the CTI (Figure 1b)) from 500 hPa geopotential height (Z500) anomalies. A Tropics
Index (TI; Figure 1c) is then defined as the spatial average of the ENSO-removed Z500 seasonal mean (DJF)
anomalies within 10° of the equator. The detrended Tl index does not correlate significantly with seasonal
mean SST indicating that it is primarily associated with internal atmospheric variability in the tropics, one
possibility being the Madden Julian Oscillation (MJO) (see Yoo et al. [2011, 2012] for an illustration of how
the MJO can affect high-latitude climate). We found a significant link between the Tl and the SAM (Figure 1)
on both interannual time scales and for explaining the long-term trend. The Tl can explain about 40% of the
variance of the SAM interannual variability throughout the period 1957/1958 to 2001/2002. Furthermore,
about 75% of the positive trend of the SAM index over this period can be explained by the Tropics index.

It should be noted that the link between the Tl and the SAM is distinct and opposite from that between
ENSO and the SAM. Both the Tl and the inverted CTl (a measure of ENSO) are positively correlated with

the SAM throughout the ERA-40 period. However, whereas positive anomalies of the Tl are associated with
warmer than normal conditions on interannual time scales in the tropical troposphere, positive anomalies of
the inverted CTl are associated with colder than normal conditions (Figure 4). Similar opposing extratropical
responses to heating in the tropics have been noted by Lu et al. [2008] and Sun et al. [2013]. Relatively broad,
upper tropospheric warming, such as associated with global warming, leads to an extratropical response
similar to that identified here with the Tl and contrasts with the narrower, deeper heating associated with
ENSO [Sun et al., 2013]. Both extratropical responses are facilitated by eddies, the mechanism in the case of
ENSO having been described by Seager et al. [2003] and in the case of global warming by Lu et al. [2014],
with low-level baroclinicity playing a role in the ENSO response [Sun et al., 2013]. We hypothesize that the
impact of increasing greenhouse gases on the positive trend of the SAM could be realized by means of the
TlI. Itis also interesting to note the similarity between the temperature pattern associated with the Tl and
that associated with the SOM1 mode of variability that has been identified by Lee and Feldstein [2013] (com-
pare Figure 4a with Figure 4a in Lee and Feldstein [2013]). SOM1 is an intraseasonal mode of variability that
Lee and Feldstein [2013] suggest can occur more frequently under greenhouse gas forcing. A link between
the trend in the Tl and greenhouse gas forcing is, therefore, plausible.
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