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1  Introduction

The Southern Hemisphere (SH) high latitudes play an 
important role in the global climate system: the Southern 
Ocean acts as an important sink for heat and carbon diox-
ide; sea ice impacts the surface energy budget and is an 
important component for driving atmospheric circulation; 
and strong westerly winds over the Southern Ocean drive 
the strong current system, which is critical to global ocean 
circulation (Mayewski et  al. 2009). The climate in the 
extra-tropical SH is dominated by two primary modes of 
variability: the high-latitude response to El Niño–Southern 
Oscillation (ENSO) (Harangozo 2000; Karoly 1989; Mo 
and Higgins 1998); and variations in the Southern Annular 
Mode (SAM) (Gong and Wang 1999; Thompson and Wal-
lace 2000).

ENSO is the most prominent coupled mode involv-
ing atmospheric and oceanic variability over the tropical 
Pacific and exerts strong impacts on the climate over the 
extra-tropics through the excitation of a large-scale atmos-
pheric wave train (Alexander et  al. 2002; Trenberth et  al. 
1998). In the SH extra-tropics, a signature of a wave train 
associated with anomalous equatorial heating constitutes 
a series of alternating positive and negative geopotential 
height anomalies extending from the west central tropical 
Pacific toward the southeast Pacific near Antarctica–South 
America. This so-called Pacific–South America (PSA) pat-
tern, which was first identified by Karoly (1989), is similar 
to its counterpart in the Northern Hemisphere, the Pacific–
North America (PNA) pattern (Wallace and Gutzler 1981). 
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The ENSO-induced atmospheric teleconnection, in turn, 
modulates Antarctic sea ice as well as sea surface tempera-
ture (SST) in the Southern Ocean through alteration of the 
surface energy fluxes (Ciasto and Thompson 2008; Ciasto 
and England 2011; Li 2000; Renwick 2002; Simpkins et al. 
2012; Verdy et al. 2006; Yuan 2004).

Climate in the extra-tropical SH is also strongly influ-
enced by the SAM, which is a dominant mode of the SH 
atmospheric circulation. The SAM is represented as the first 
empirical orthogonal function (EOF) mode of the monthly 
500-hPa geopotential height (Rogers and van Loon 1982; 
Screen et al. 2010) and is characterized by a zonally sym-
metric pattern with pressure anomalies of opposite signs 
over the mid-latitudes and Antarctica. The positive phase 
of the SAM is associated with a positive atmospheric pres-
sure anomaly in the mid-latitudes together with a negative 
anomaly in Antarctica and vice versa for the negative phase 
of the SAM. Previous studies have shown that the SAM 
has a profound impact on SH climate variability (e.g., Sen 
Gupta and England 2006; Lefebvre et al. 2004; Mo 2000; 
Screen et  al. 2010; Stammerjohn et  al. 2008). In particu-
lar, changes in surface westerly winds by the SAM directly 
affect Ekman flow as well as air–sea fluxes, which drive SH 
SST anomalies (Ciasto and Thompson 2008; Screen et al. 
2010; Verdy et  al. 2006). Although the variability associ-
ated with the SAM has a mostly zonal structure, as its 
name implies, the SAM also possesses a zonally asymmet-
ric component in the pressure and wind pattern. This non-
annular component of the SAM yields a clear local impact 
on the SH climate (Hall and Visbeck 2002; Lefebvre et al. 
2004; Limpasuvan and Hartmann 2000). For example, 
locally enhanced low-pressure anomaly to the west of the 
Antarctic Peninsula during a positive SAM phase results in 
advection of warm air and subsequent warming in the Ant-
arctic Peninsula.

Given the importance of ENSO and the SAM to the SH 
climate, there is a need to consider decadal variability of 
ENSO and the SAM and their signals in the SH climate. Yeo 
et al. (2012) demonstrated that the ENSO has experienced 
a significant decadal change around 1998–1999 in terms of 
its spatial SST anomaly (SSTA) pattern such that the lead-
ing mode of the tropical Pacific SSTA was characterized by 
conventional El Niño with the SSTA center located in the 
eastern Pacific (i.e., Eastern Pacific (EP) El Niño) during 
the period 1980–1998, whereas it was characterized by the 
SSTA centered in the equatorial central Pacific (i.e., Central 
Pacific (CP) El Niño; Kao and Yu 2009) during 1999–2010. 
Further, many previous studies have shown that CP El Niño 
has occurred more frequently than EP El Niño during the 
late 1990s and the 2000s (e.g., Kug et  al. 2009; Lee and 
McPhaden 2010; Yeh et al. 2009). Because EP and CP El 
Niño have different impacts on the global climate (Ashok 
et al. 2007; Larkin and Harrison 2005; Mo 2010; Taschetto 

and England 2009; Weng et  al. 2011), it is expected that 
the ENSO-related teleconnection pattern before and after 
the late 1990s may each be distinctive. Indeed, Yeo et  al. 
(2012) suggested that the ENSO-related North Pacific cli-
mate variability experienced remarkable changes since 
1998–1999 in association with the changes in the dominant 
mode of the tropical Pacific SSTA from EP to CP El Niño. 
In addition, there is a growing body of evidence suggesting 
that physical conditions in the tropical and North Pacific 
have significantly changed around 1998–1999 (Bond et al. 
2003; Minobe 2000, 2002; Peterson and Schwing 2003; 
Schwing and Moore 2000; Yeo and Kim 2014; Yeo et  al. 
2014). This change is closely related to a striking phase 
transition of the Pacific Decadal Oscillation (PDO) (Man-
tua et  al. 1997), which affects the basic climate state of 
the Pacific since ~2000; such changes include accelerated 
trade winds (England et  al. 2014), rapid sea-level rise in 
the western tropical Pacific (Merrifield et al. 2012), cooling 
of the eastern and central tropical Pacific (Kosaka and Xie 
2013), and other associated climate trends (Trenberth and 
Fasullo 2013). It should be noted, however, that there are 
different opinions on the changeover time. Based on these 
previous studies, the first objective of the present study is to 
extend the focus on the decadal changes in the SH climate 
in association with ENSO before and after the late-1990s.

Together with the ENSO-related decadal changes of the 
SH climate, the SAM-related decadal changes of the SH 
climate is also investigated in the present study. Yuan and 
Yonekura (2011) revealed through spectral analysis that 
decadal variability of the SAM is a statistically robust phe-
nomenon in the SH climate system. Of particular interest in 
the present study is the decadal change of the spatial struc-
ture in the SAM-related pressure field because the variation 
of the non-annular component of the SAM results in dif-
ferent local climatic impacts. Thus, the second objective of 
this study is to identify the decadal changes in the SH cli-
mate that occurred in the late 1990s in association with the 
changes in the spatial structure of the SAM.

Particular focus is placed on the ENSO- and the SAM-
related SH SSTA and their physical processes by examining 
surface energy fluxes as well as atmospheric circulation. 
Analyses are conducted separately for the 20-year period 
of 1979–1998 and for the 14-year period of 1999–2012. 
No previous study has indicated decadal changes in the 
SAM structure in the late 1990s. As will be seen in Sect. 4, 
however, structural change of the SAM is obvious before 
and after the late 1990s. For convenience, the two periods 
are hereinafter referred to as the first and second periods, 
respectively. The major analysis tools in the present study 
are the cyclostationary empirical orthogonal function 
(CSEOF) method and regression analysis in CSEOF space. 
The details of the CSEOF and regression analyses are pre-
sented in Sect. 2 along with a description of the data used 
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in this study. The decadal changes of the ENSO-related SH 
climate are examined in Sect.  3, and those of the SAM-
related SH climate are examined in Sect. 4. Section 5 pro-
vides the relevance of ENSO and the SAM in explaining 
the observed characteristics of SSTA in the SH high lati-
tudes. A discussion and concluding remarks of this study 
are presented in the final section.

2 � Data and methodology

Monthly mean oceanic and atmospheric datasets for the 
34-year period from 1979 to 2012 were used in the present 
study. This period was chosen because it incorporates sat-
ellite measurements of near-continuous and globally com-
prehensive surface observations, allowing reliable analysis 
of the SH climate variability. The monthly mean SST data 
were obtained from the Extended Reconstruction SST ver-
sion 3 (ERSST. v3) (Smith et al. 2008), which is available 
on a 2° longitude ×  2° latitude resolution. The monthly 
mean atmospheric fields including geopotential height 
and zonal and meridional winds derived from the National 
Center for Environmental Prediction/Department of Energy 
(NCEP/DOE) reanalysis 2 dataset (Kanamitsu et al. 2002) 
at a horizontal resolution of 2.5° longitude × 2.5° latitude. 
The surface wind stress fields were also obtained from the 
NCEP/DOE dataset and have spatial coverage of a T62 
Gaussian grid for driving Ekman heat fluxes. The monthly 
mean surface heat flux datasets, including latent and sen-
sible heat, were obtained from the Objectively Analyzed 
Air–Sea Fluxes (OAFlux) (Yu and Weller 2007), which 
have been developed by the Woods Hole Oceanographic 
Institution.

The present study used CSEOF analysis (Kim and 
North 1997; Kim et  al. 1996) to extract principal modes 
of SH climate variability. In this method, space–time data,  
T(r, t), are decomposed into cyclostationary loading vec-
tors, LVn(r, t), and their corresponding principal component 
time series, PCn(t), as

where n, r, and t denote the mode number, space, and time, 
respectively. The CSEOF method has a strong advantage in 
capturing spatial patterns that vary in time and space. This 
is possible because the CSEOF loading vectors are time 
dependent and periodic with the nested period, d, as

The nested period represents the periodicity of statis-
tics of a given dataset and is associated with the inherent 
time scales of the physical processes in the data. In this 
study, the nested period was set to 12 months because the 

(1)T(r, t) =
∑

n

LVn(r, t)PCn(t),

(2)LVn(r, t) = LVn(r, t + d),

statistics of the climate datasets exhibit primarily one-
year periodicity in accordance with the seasonal variation 
in insolation. Thus, the physical evolution for a 12-month 
period is described in each CSEOF loading vector, which 
is modulated over a longer time span by corresponding PC 
time series.

A regression analysis in CSEOF space was conducted to 
understand the physical relationship between a target vari-
able and a predictor variable. Because the main purpose of 
the present study is to understand SH SST variability, SST 
was considered as the target variable, and other variables 
were the predictor variables. After CSEOF analysis was 
conducted on each predictor variable, the PC time series of 
the predictor variable, PCPm(t), was regressed onto the PC 
time series of the target variable, PCn(t), as

where αm
(n) and ɛ(n)(t) represent the regression coefficients 

and the regression error time series, respectively. In this 
study, 20 predictor time series were used for the regres-
sion analysis (M  =  20). The degree of fitting for each 
mode was measured by the R2 value, which is given by 
1 − var[ɛn(t)]/var[PCn(t)]. The new loading vectors for the 
predictor variable, LVPRn(r, t), were obtained by using the 
regression coefficient as

where LVPm(r,  t) are the CSEOF loading vectors for the 
predictor variable. As a result of regression analysis in 
CSEOF space, regressed spatial patterns of the predictor 
variables become physically and dynamically consistent 
with the target patterns by sharing identical amplitude time 
series.

3 � Decadal changes of ENSO‑related SH climate 
variability

The dominant modes of SST variability over the SH 
high-latitude during the two sub-periods (1979–1998 and 
1999–2012) were calculated through CSEOF analysis. 
Figures  1 and 2 illustrate the first two CSEOF modes of 
SSTA over the SH high-latitude (60°–80°S) and their cor-
responding PC time series (black curves), along with the 
regressed SSTA over the SH mid-latitude (30°–60°S) for 
the period of 1979–1998 (left panels of Figs. 1, 2) and the 
period of 1999–2012 (right panels of Figs.  1, 2), respec-
tively. Because the monthly spatial patterns do not change 
significantly, seasonal (3-month) mean SSTA patterns are 

(3)PCn(t) =

M
∑

m=1

α(n)
m PCPm(t)+ ε(n)(t), n = 1, 2, 3, . . . ,

(4)LVPRn(r, t) =

M
∑

m=1

α(n)
m LVPm(r, t),
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presented in the figures. The regressed mid-latitude SSTA 
patterns have R2 values of more than 0.99 for the first and 
second modes during both periods, indicating that the 
regression fit is nearly perfect. In fact, the mid-latitude 
SSTA patterns matched seamlessly with the high-latitude 
SSTA patterns across the boundary (60°S). It should be 
noted that Fig. 1 (Fig. 2) consists of the first (second) mode 
for the period 1979–1998 and second (first) mode for the 
period 1999–2012; this grouping was based on the physics 
they represent, as is discussed subsequently.

3.1 � ENSO‑related SH SST variability

Figure 1a depicts the first CSEOF mode for the first period, 
and Fig. 1b depicts the second CSEOF mode for the sec-
ond period, which explains approximately 29 and 17 % of 
the respective total variance. The corresponding PC time 
series (black curves in Fig.  1c) were strongly correlated 
with the Niño SST indices, indicating that these modes 
are closely related to tropical Pacific ENSO variability. 

Correlation was 0.68 between the first PC time series for 
the first period and the 12-month moving averaged Niño 3 
index, in which the SSTA was averaged over 90°–150°W, 
5°S–5°N, as shown by the red curve in Fig. 1c; correlation 
exceeds a 95 % confidence level based on a two-tailed test 
of the t statistics. Moreover, the maximum correlation of 
0.78 appeared when the PC time series was lagged by four 
months, as shown by the red dashed curve in Fig. 1c (see 
also Table  1). The second PC time series for the second 
period was also closely correlated with the Niño 3 index; 
the maximum correlation was 0.78 when the PC time series 
was lagged by 6 months (Table 1). It was found, however, 
that the second PC time series was more highly corre-
lated with the Niño 4 index, in which the SSTA was aver-
aged over 160°E–150°W, 5°S–5°N, as shown by the blue 
curve in Fig.  1c, with a simultaneous correlation of 0.80 
and a maximum correlation of 0.84 when lagged by three 
months. As summarized in Table 1, the PC time series for 
the first period was more closely correlated with the Niño 
3 index than the Niño 4 index, whereas that for the second 

(a) (b)

(c)

Fig. 1   a The first cyclostationary empirical orthogonal function 
(CSEOF) loading vector of the Southern Hemisphere (SH) high-
latitude (60°–80°S) sea surface temperature anomaly (SSTA) for the 
period 1979–1998. The SH mid-latitude (30°–60°S) region depicts 
the regression of the SSTA onto the first CSEOF loading vector in the 
SH high latitudes. b Same map as in (a) but for the second CSEOF 
mode for the period 1999–2012. Each panel represents the seasonal 

mean spatial pattern. Black curves in (c) show the principal compo-
nent (PC) time series of the first CSEOF mode for the period 1979–
1998 and the second CSEOF mode for the period 1999–2012. Red 
and blue curves in (c) represent 12-month moving averaged monthly 
Niño 3 index and Niño 4 index, respectively. All PC time series and 
the Niño indices are normalized
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period was more closely correlated with the Niño 4 index. 
This result suggests that the relationship between ENSO 
and the SH SST is somewhat different for the first and sec-
ond periods such that the eastern tropical Pacific SSTA was 
instrumental for the ENSO–SH SST relationship during the 
first period and the central tropical Pacific SSTA was more 
involved during the second period.

A comparison between Fig. 1a, b reveals that the spatial 
structures of the ENSO-related SSTA differed significantly 
between the two periods. For the first period, the spatial 

patterns were characterized by a broad region of positive 
SSTA over the South Pacific sector around 40°–70°S and 
90°–170°W, negative anomalies centered around New 
Zealand stretching from Australia to South America along 
30°–40°S, and other significant negative anomalies extend-
ing northeastward from the Drake Passage to the South 
Atlantic Ocean (Fig. 1a). This spatial pattern of SSTA was 
particularly evident during the austral summer (December–
February) and was generally persistent throughout the year 
except during the austral winter (June–August); the nega-
tive SSTA over the Drake Passage and Atlantic Ocean was 
obscure during the austral winter. The SSTA structures pre-
sented in Fig. 1a are consistent with those in earlier studies 
investigating the SH SSTA in connection with primarily the 
conventional eastern Pacific El Niño (e.g., Garreaud and 
Battisti 1999; Holland et  al. 2005; Kidson and Renwick 
2002; Li 2000; Renwick 2002; Verdy et al. 2006).

For the second period, however, the SSTA patterns 
(Fig.  1b) were distinctive from those of the first period. 
The SH SSTA featured primarily a dipole structure around 
Antarctica with positive anomalies along 90°E–120°W and 
negative anomalies along 20°–90°W. This pair of SSTA 
around Antarctica extended northeastward and yielded a 

(a) (b)

(c)

Fig. 2   The same map as in Fig.  1 but (a) for the second CSEOF 
mode for the period 1979–1998 and b the first CSEOF mode for 
the period 1999–2012. Black curves in (c) show the PC time series 
of the second CSEOF mode for the period 1979–1998 and the first 

CSEOF mode for the period 1999–2012. Blue curves in (c) represent 
24-month moving averaged Southern Annular Mode (SAM) indices 
for both periods. All PC time series and the SAM indices are normal-
ized

Table 1   Correlation coefficients between the two principal compo-
nent (PC) time series of the Southern Hemisphere (SH) sea surface 
temperature (SST) and the Niño 3, Niño 4, and SAM indices

Left (right) column corresponds to the PC time series during the 
period 1979–1998 (1999-2012). Correlation coefficients are statisti-
cally significant at a 95 % level as determined by the two-tailed t test

PC1 for 1979–1998 PC2 for 1999–2012

Niño 3 0.68 (0.78 at lag 4) 0.67 (0.78 at lag 6)

Niño 4 0.59 (0.71 at lag 4) 0.80 (0.84 at lag 3)

PC2 for 1979–1998 PC1 for 1999–2012

SAM 0.52 0.67
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considerable area of positive SSTA to the east of New Zea-
land and a negative SSTA over the South Atlantic Ocean. 
The most notable difference of the ENSO-related SSTA 
between the two periods is the location of the positive 
SSTA over the Pacific; strong positive anomalies were cen-
tered on the Ross Sea in the first period, whereas positive 
anomalies only approximately half as strong were generally 
located over the Eastern Hemisphere in the second period.

3.2 � ENSO‑related SH atmospheric variability

To examine the detailed physical features of the ENSO-
related SH climate variability for the two periods, regres-
sion analysis was conducted on the atmospheric and 

oceanic variables over the tropics and the SH (80°S–30°N). 
Figure 3 displays the regressed seasonal mean patterns of 
the SSTA and the 850-hPa geopotential height anomaly for 
the first period (left panels) and second period (right pan-
els). Given an equivalent barotropic nature of variability in 
the high southern latitudes, the 850-hPa geopotential height 
anomaly can be regarded as a representative atmospheric 
circulation structure (Karoly 1989; Thompson and Wallace 
2000). The R2 values were more than 0.97 for SSTA and 
more than 0.99 for 850-hPa geopotential height for both 
periods. As illustrated in Fig.  3a, the SSTA patterns over 
the tropical Pacific depicted a characteristic EP El Niño 
signal with a positive anomaly centered on the equatorial 
eastern Pacific. It should be noted that the first PC time 

Fig. 3   a The first CSEOF load-
ing vector of the SH high-lati-
tude SSTA (shading) during the 
period 1979–1998. The 850-hPa 
geopotential height anomaly 
(contour) and SSTA over the 
SH mid-latitude and the tropical 
Pacific (shading) were obtained 
from a regression analysis onto 
the first CSEOF loading vector 
of the SH high-latitude SSTA. 
Each panel shows the seasonal 
mean spatial pattern obtained 
by averaging over September–
November (SON), December–
February (DJF), March–May 
(MAM), and June–August 
(JJA). b The same map as in (a) 
but for the second CSEOF mode 
for the period 1999–2012

(a) (b)
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series for the first period had a strong correlation with the 
Niño 3 index (Table 1). During the austral spring (Septem-
ber–November; first row of Fig. 3a), when the warm SSTA 
had begun to develop in the tropical Pacific, the Southern 
Ocean had not yet fully responded. The corresponding 
850-hPa geopotential height anomaly exhibited a wave-
like structure over the Southern Ocean with a dominant 
high-pressure anomaly over the Amundsen/Bellingshausen 
Seas. This feature is consistent with earlier studies in that 
a blocking high is quickly established in the southeastern 
Pacific when El Niño develops (Renwick and Revell 1999). 
During the austral summer (December–February; sec-
ond row of Fig. 3a), when the El Niño magnitude was the 
strongest, the extra-tropical ENSO signal exhibited a clas-
sic horseshoe pattern with negative SSTA surrounding the 
equatorial warm anomaly. In the Southern Ocean, a nega-
tive anomaly, as a southern portion of the horseshoe pat-
tern, prevailed over the subtropical south Pacific, whereas 
a positive anomaly prevailed over the southeastern Pacific 
around the Ross Sea region. This SSTA feature is physi-
cally consistent with the corresponding atmospheric cir-
culation. The spatial structure of the 850-hPa geopotential 
height anomaly in the low-latitudes is characterized by an 
increase over the equatorial western Pacific and Australia, 
which is associated with suppressed convection during an 
El Niño event. In the mid- and high-latitudes, a series of 
geopotential height anomalies with alternating signs por-
tray clear evidence of a wave train extending from the low-
latitudes toward the southeastern Pacific. This wave train 
constitutes the so-called PSA pattern (Mo and Higgins 
1998), which is considered as the Rossby wave response to 
the anomalous equatorial heating (Karoly 1989). Dynami-
cal consistency between the atmospheric circulation and 
SSTA fields is clear: the northwestern flank of the strong 
anticyclonic (cyclonic) anomaly over the southeastern 
(southwestern) Pacific is associated with warm (cold) air 
advection by the northerly (southerly) flow, which tends to 
increase (decrease) SST. In the following two seasons, the 
high- and low-pressure centers over the SH were weakened, 
and the associated SSTA was also weakened in conjunction 
with the attenuation of the El Niño SSTA. Nonetheless, the 
overall circulation structure did not significantly change 
during the entire season in terms of the wave train pattern 
extending poleward from the subtropics west of the date-
line to the South Pacific and South America.

We then investigated the ENSO-related SH atmos-
pheric and oceanic variability during the second period 
(1999–2012). As suggested by the high correlation between 
the second PC time series and the Niño 4 index (Table 1), 
the SSTA pattern presented in Fig.  3b shows the strong-
est warming signal in the equatorial central Pacific, which 
closely resembles the characteristic feature of CP El Niño. 
This result is consistent with earlier studies that suggest 

that CP El Niño has occurred more frequently than EP El 
Niño during the late 1990s and the 2000s (e.g., Kug et al. 
2009; Lee and McPhaden 2010; Yeh et  al. 2009). The 
ENSO-related SH atmospheric and oceanic variability for 
the second period differed significantly from that of the first 
period, corresponding with previous reports that state these 
two types of El Niño have different impacts on the global 
climate (Ashok et al. 2007; Larkin and Harrison 2005; Mo 
2010; Weng et al. 2011).

A comparison between Fig. 3a, b reveals several remark-
able differences between the two periods in terms of the 
SSTA and atmospheric circulation fields. During the aus-
tral spring season, the tropical Pacific warm SSTA center 
was located in the eastern Pacific and was attached to 
South America in the first period. In contrast, the tropical 
Pacific warming center for the second period was located 
in the central Pacific, which further extended toward the 
northeastern Pacific. The corresponding SH atmospheric 
circulation pattern was also notably distinctive from that 
of the first period. In particular, a high-pressure anomaly in 
the South Pacific extended over the eastern Pacific region 
(Amundsen/Bellingshausen Seas) for the first period and 
the central Pacific (120°–140°W) for the second period. It 
should be noted that the two low-pressure anomalies were 
located over the Weddell Sea and near the dateline for the 
first period, whereas they were located over the Drake Pas-
sage and near New Zealand for the second period. Overall, 
the spatial structure of the SH atmospheric circulation for 
the second period was characterized by a ~20° westward 
shift of the active centers compared with the first period. 
The accompanying SSTA for the second period exhibited 
warming over the southern central Pacific region, in which 
the northerly wind anomaly advected warm air along the 
northwestern flank of the high-pressure anomaly to pro-
duce oceanic warming. These differences in ENSO-related 
atmospheric and oceanic variability between the two peri-
ods appear to be primarily due to the different types of 
ENSO for the two periods. The two types of El Niño gen-
erate different structures of Rossby wave train in associa-
tion with the convective forcing over the tropical Pacific. 
As suggested in earlier studies (Harangozo 2004; Lachlan-
Cope and Connolley 2006), the position of the convection 
in the tropical Pacific is an important factor in the down-
stream response during an El Niño event. It should be noted 
that the high-pressure anomaly over the subtropical west-
ern Pacific, which is related to the suppressed convection 
during El Niño, was evident in the first period, but such a 
structure was obscure in the second period, implying that 
the Rossby wave response was weaker in the second period. 
Such a difference also appeared during the austral summer 
(December–February), when the high-latitude atmospheric 
circulation pattern exhibits strong zonal symmetry in con-
trast to the wavelike structure in the first period. In the 
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following two seasons, the atmospheric circulation pattern 
was characterized by a wavenumber-3 pattern, which does 
not appear to be directly linked to the Rossby wave train 
from the tropical Pacific.

3.3 � ENSO‑related heat flux variability

Many studies have suggested that ENSO-driven large-scale 
atmospheric teleconnection impacts extratropical SST vari-
ability through alteration of the surface energy fluxes and 
horizontal oceanic heat transport by Ekman currents (Alex-
ander et al. 2002; Ciasto and Thompson 2008; Ciasto and 
England 2011; Frankignoul 1985; Verdy et  al. 2006) in 
addition to the thermal advection in the atmosphere. Over 
the SH extra-tropics in particular, the ENSO-related SST 
changes are induced by surface turbulent heat flux, which 
is the sum of latent heat and sensible heat fluxes, and heat 
flux resulting from anomalous Ekman advection in the 
upper ocean, hereinafter referred to as the Ekman heat flux 
(Ciasto and Thompson 2008; Ciasto and England 2011). 
The Ekman heat flux can be calculated by using horizontal 
wind stress and the SST gradient as

where Cp is the heat capacity of seawater; f is the Corio-
lis parameter; τx and τy are the zonal and meridional wind 
stresses, respectively; and ∂ T/ ∂ x and ∂ T/ ∂ y are the zonal 
and meridional gradients of SST, respectively.

In order to understand the detailed physical processes of 
the ENSO-related SST variability for the two periods, the 
ENSO-related turbulent and Ekman heat fluxes were inves-
tigated and compared with the patterns of SSTA. Figure 4 
shows the austral spring (September–November) regressed 
patterns of the turbulent (top row) and Ekman (middle row) 
heat flux anomalies along with the 850-hPa wind anomaly 
(vector) for the first (left panel) and second (right panel) 
periods; the R2 values for all of the variables were more 
than 0.97. The bottom panels in Fig.  4 show the SSTA 
reproduced from Fig. 3. We focused on the austral spring 
when the tropical–extratropical connection is enhanced (Jin 
and Kirtman 2009). Positive (negative) turbulent heat flux 
denotes a flux from the atmosphere (ocean) to the ocean 
(atmosphere), whereas positive (negative) Ekman heat flux 
indicates warm (cold) water advection driven by poleward 
(equatorward) Ekman transport induced by anomalous 
easterlies (westerlies).

The pattern of turbulent heat flux anomalies for the 
first period is consistent with the overlying atmospheric 
flows, particularly over the South Pacific. For example, the 
region of positive turbulent heat flux anomaly (i.e., from 
the atmosphere to the ocean) over the southeastern Pacific 
coincides with the easterly wind anomaly, which indicates 

(5)FEK =
Cp

f

(

−τy
∂T

∂x
+ τx

∂T

∂y

)

,

a significant decrease of the climatological westerly flow 
leading to anomalous downward heat flux. In addition, 
a significant positive turbulent heat flux anomaly to the 
south of Australia appears to be related to the overlying 
anticyclonic circulation anomaly (Fig.  3a). Moreover, the 
pattern of Ekman heat flux anomaly shown in the middle 
panel of Fig. 4a is in line with the horizontal wind anomaly 
such that the easterly wind anomaly over the southeastern 
Pacific results in a poleward transport of relatively warm 
water, leading to a positive Ekman heat flux anomaly 
whereas the westerly wind anomaly over the southwestern 
Pacific causes an equatorward transport of relatively cold 
water leading to a negative Ekman heat flux anomaly. A 
comparison between the patterns of Ekman heat flux anom-
aly and SSTA reveals that the anomalous Ekman heat flux 
plays a significant role in the generation of ENSO-related 
SSTA, primarily in the Pacific sector. The anomalous tur-
bulent heat flux, to a lesser extent, contributes to the SSTA.

The patterns of turbulent and Ekman heat flux anoma-
lies for the second period are shown in Fig. 4b. In the sec-
ond period, the wind anomaly over the South Pacific sector 
exhibited an enhanced meridional wind component com-
pared with the first period. The turbulent heat flux anomaly 
was generally consistent with the meridional wind anom-
aly. That is, the southerly wind anomaly advected cold air, 
leading to an upward turbulent heat flux anomaly, whereas 
the northerly wind anomaly advected warm air, leading 
to a downward turbulent heat flux anomaly (top panel in 
Fig.  4b). It is noteworthy that the anomalous patterns of 
turbulent heat flux for the two periods differed appreciably, 
although the geopotential height anomaly fields for the 
two periods shared some degree of similarity (Fig. 3). The 
Ekman heat flux anomaly (middle panel in Fig. 4b), how-
ever, followed the zonal wind anomaly, and its amplitude 
was stronger than the turbulent heat flux anomaly. Thus, 
the Ekman heat flux appears to have a greater impact on 
the SSTA compared with the turbulent heat flux. It should 
be noted that the eminent features in the anomalous Ekman 
heat flux over the South Pacific were evident in the cor-
responding SSTA pattern (bottom panel in Fig.  4b). For 
example, a positive SSTA extending from the south central 
Pacific to the southwestern Pacific was consistent with the 
positive Ekman heat flux anomaly in that region, and the 
negative Ekman heat flux anomaly around New Zealand 
was also mirrored in the SSTA field. However, the simi-
larity between the turbulent heat flux anomaly and SSTA 
was weak except over the South Atlantic Ocean and in the 
vicinity of the Drake Passage. Moreover, the correspond-
ence between the turbulent and Ekman heat flux anomalies 
and the SSTA were less evident outside of the South Pacific 
sector for both periods; the lack of a strong link may be 
related to the fact that the ENSO-related SSTA was domi-
nant over the South Pacific sector.
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4 � Decadal changes of the SAM‑related SH climate 
variability

4.1 � SAM‑related SH SST variability

A major component of atmospheric variability in the SH 
is the SAM, representing a zonally symmetric exchange 
of mass between mid- and high- southern latitudes (Gong 
and Wang 1999; Thompson and Wallace 2000). Given 
the importance of the SAM to the SH climate, we next 

examined the climate variability associated with the dec-
adal change of the SAM. Figure 2a, b display the second 
CSEOF mode for the first period (1979–1998) and the first 
CSEOF mode for the second period (1999–2012), which 
explains approximately 15 and 34 % of the total variance 
in the dataset for the first and second period, respectively. 
The corresponding PC time series for both periods (black 
curves in Fig. 2c) and the SAM index, which is defined as 
the leading EOF PC time series of monthly 500-hPa geo-
potential height anomalies poleward of 20°S, shared some 

Fig. 4   a Regression map of the 
austral spring (SON) 850-hPa 
wind anomaly (vector; top, 
and middle panels), turbulent 
heat flux anomaly (shading; 
top panel), and Ekman heat 
flux anomaly (shading middle 
panel) corresponding to the first 
CSEOF loading vector of the 
SH high-latitude SSTA for the 
period 1979–1998. The bottom 
panel is a reproduction of the 
SSTA shown in Fig. 1. b The 
same map as in (a) but for the 
second CSEOF mode for the 
period 1999–2012

(a) (b)
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degree of similarity. Correlation between the PC time series 
and the 24-month moving averaged SAM index (blue curve 
in Fig. 2c) was 0.52 for the first period and 0.67 for the sec-
ond period, which is significant at a 95 % confidence level, 
reflecting that these two modes are closely related to the 
SAM variability, particularly on low-frequency time scales 
(Table  1). Previous studies reported that the SAM vari-
ability is related to the ENSO variability (e.g., L’Heureux 
and Thompson 2006). It should be noted, however, that the 
SAM-related modes shown in Fig. 2 are nearly independ-
ent of the ENSO-related modes shown in Fig.  1. Further, 
regression patterns based on the SAM index after remov-
ing the ENSO variability result in spatial patterns that are 
similar to Fig. 2.

Although these two modes both  are  correlated with 
the SAM index, the spatial structures of the SAM-related 
SSTAs for the two periods shown in Fig. 2a, b differed sig-
nificantly. In the first period, the SAM-related SSTA pat-
terns were characterized by a dipole structure with a posi-
tive anomaly over the Bellingshausen Sea and the Drake 
Passage and a negative anomaly over the western Pacific 
(120°E–180°) (Fig. 2a). The spatial structure of the SAM-
related SSTA for the second period, presented in Fig. 2b, 
exhibited predominant cooling over much of the south-
eastern Pacific and warming over the Atlantic and Indian 
Oceans at latitudes of 35°–50°S. The amplitude of the 
SAM-related SSTA was largest during the austral summer 
(December–February) for both periods. These notable dif-
ferences in the SAM-related SSTA between the two periods 
may be attributed to the decadal change of the SAM vari-
ability in the late 1990s.

4.2 � SAM‑related SH atmospheric variability

In order to identify the different characteristic features of 
the SAM between the two periods, the 500-hPa geopoten-
tial height anomalies were regressed onto the SAM-related 
SST variability, and the resulting spatial patterns are pre-
sented in Fig.  5. In the figure, seasonal-mean spatial pat-
terns of SSTA (shading) and 500-hPa geopotential height 
anomalies (contour) for the austral warm (November–
April; top panel) and cold (May–October; bottom panel) 
seasons are presented. The left (right) panel corresponds to 
the first (second) period. As evidenced by significant cor-
relation between the PC time series and the SAM index 
presented in Fig. 2c, the regressed patterns of 500-hPa geo-
potential height anomalies reasonably captured the general 
structure of the SAM with lower than normal height over 
the polar region and higher than normal height over the SH 
mid-latitudes for both periods (Fig.  5). This atmospheric 
structure was more evident during the warm season and 
is largely comparable at all levels of the troposphere, i.e., 
barotropic.

Although the atmospheric circulation patterns for both 
periods possessed the characteristic feature of the SAM, 
they also have a significant non-annular component, as 
expressed by locally enhanced pressure anomalies. Indeed, 
earlier studies have reported that the SAM displays appre-
ciable zonal asymmetry, yielding a significant meridional 
component of surface wind stress, which has a clear local 
impact on SST as well as atmospheric temperatures (Hall 
and Visbeck 2002; Lefebvre and Goosse 2005; Lefebvre 
et al. 2004; Limpasuvan and Hartmann 2000; Screen et al. 
2009; Stammerjohn et al. 2008).

During the warm season of the first period (Fig.  5a), 
the regressed geopotential height anomaly displayed zonal 
asymmetry over the Drake Passage in the form of a ridge. 
Two centers of positive anomalies were also apparent in the 
mid-latitudes (30 and 120°E). Because of this asymmetry, 
surface wind stress has a significant meridional compo-
nent, which affects local SSTA. For example, the northerly 
flows tended to increase SST over the northwestern part of 
the two high-pressure anomalies. Moreover, the decreased 
westerly over the Bellingshausen Sea and the Drake Pas-
sage resulted in warming of the ocean mixed layer by 
reducing the heat flux from the surface of the ocean, 
whereas the opposite situation prevailed over the western 
Pacific where the increased westerly induced a cold SSTA.

During the warm season of the second period (Fig. 5b), 
however, the regressed geopotential height anomalies dis-
played zonal asymmetry in the eastern central Pacific sec-
tor (90°–140°W), forming a trough around 110°W. As a 
result, the increased wind speed and cold air advection by 
the northward flow induced cooling in the central Pacific. 
Thus, the large regional differences in the SSTA patterns 
between the two periods may be attributed to the zonally 
asymmetric component of the SAM structure.

4.3 � SAM‑related heat flux variability

To further examine the detailed physical processes of the 
SAM-related SST variability for the two periods, turbulent 
and Ekman heat fluxes were investigated through regres-
sion analysis in CSEOF space. Figure  6 is analogous to 
Fig. 4 but shows patterns regressed onto the SAM-related 
modes (i.e., the second mode for the first period and the 
first mode for the second period). Focus was placed on the 
austral warm season (November–April) because the SAM-
related atmospheric and oceanic variability is more evident 
in the warm season than in the cold season (Fig. 5).

The turbulent heat flux anomalies for the first period (top 
panel in Fig. 6a) exhibited generally negative values such 
as upward heat flux except over the high-pressure anomaly 
regions of 30°E, 120°E, and 160°W. Moreover, the Ekman 
heat flux anomalies (middle panel in Fig.  6a) displayed 
a zonally elongated negative anomaly stretching over 
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much of the circumpolar region of 50°–60°S, and positive 
anomalies were found north of 30°–40°S. This structure 
is apparent from the horizontal wind anomalies; a west-
erly (easterly) anomaly leads to a negative (positive) heat 
flux anomaly from the definition of the Ekman heat flux. 
A comparison shows that the resemblance between the tur-
bulent heat flux and SSTA patterns appears to be weaker 
than that between the Ekman heat flux and SSTA patterns. 
Specifically, the cold SSTA over the western Pacific and the 
warm SSTA south of Australia and Africa are fairly consist-
ent with the Ekman heat flux anomalies. Over the Drake 
Passage, however, both the turbulent and Ekman heat flux 
anomalies did not project onto the warm SSTA pattern. The 
reason for this discrepancy is not clear, although it appears 
that heat flux anomalies alone cannot fully explain the 
SAM-related SSTA.

The regressed patterns of turbulent and Ekman heat flux 
anomalies for the second period are presented in Fig. 6b. In 

the second period, the main features of the Ekman heat flux 
anomalies (middle panel in Fig. 6b) were well mirrored in 
the SSTA pattern and included both the negative anomalies 
in the central Pacific and the positive anomalies stretching 
over the mid-latitude Indian and Atlantic Oceans. The tur-
bulent heat flux anomalies (top panel in Fig. 6b) displayed 
a tri-pole structure in the Pacific sector, which also exerted 
influence on the Pacific SSTA. The Ekman heat flux 
appears to be more efficient than the turbulent heat flux in 
driving the SAM-related SSTA.

5 � Decadal changes of the SH SST in association 
with the ENSO and the SAM

Having identified the decadal changes of SH SST vari-
ability in connection with ENSO and the SAM, we then 
assessed how a large degree of the observed SST variability 

Fig. 5   a The second CSEOF 
loading vector of the SH high-
latitude SSTA (shading) during 
the period 1979–1998. The 
500-hPa geopotential height 
anomaly (contour) and SSTA 
over the SH mid-latitudes 
(shading) were obtained from a 
regression analysis onto the first 
CSEOF loading vector of the 
SH high-latitude SSTA. Each 
panel shows the seasonal mean 
spatial pattern by averaging 
over the austral warm season 
(November–April) and cold sea-
son (May–October). b The same 
map as in (a) but for the first 
CSEOF mode for the period 
1999–2012

(a) (b)
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in the Southern Ocean can be explained by these two 
modes. The spatio-temporal evolution characteristics of 
SST variability associated with each CSEOF mode can be 
easily understood by reconstructing SSTA using the par-
ticular mode. Reconstruction of SSTA was accomplished 
by multiplying the loading vector with the corresponding 
PC time series for a particular CSEOF mode; it should be 
noted that the loading vector was periodic. Figure  7a, b 
display the longitude–time plot of the reconstructed SSTA 
averaged over 60°–70°S associated with the ENSO and the 

SAM, respectively; the ENSO (SAM)-related SSTA recon-
struction consisted of the first (second) CSEOF mode for 
the period of 1979–1998 and of the second (first) CSEOF 
mode for the period of 1999–2012. As revealed in the pre-
vious section, Fig. 7a, b highlight the remarkable changes 
in both the ENSO- and the SAM-related SST structures 
over the SH high latitudes before and after 1998–1999. In 
the first period, the ENSO-related high-latitude SST vari-
ability exhibited a tri-pole structure in the Pacific sector 
with a primary active center in the Ross Sea. In the second 

Fig. 6   The same map as in 
Fig. 4 but for the seasonal mean 
spatial pattern of the Austral 
warm season (November–April) 
a for the second CSEOF mode 
for the period 1979–1998 and 
b the first CSEOF mode for the 
period 1999–2012

(a) (b)
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period, the SSTA displayed a dipole structure that centered 
over the western Pacific and the Drake Passage (Fig. 7a). It 
should be noted that each El Niño/La Niña event was well 
reflected in the reconstructed SSTA. For example, Fig. 7a 
depicts amplified SSTA during strong El Niño years of 
1982–1983 and 1997–1998. The signatures of CP El Niño 
during the 2000s, that is, 2001–2002, 2002–2003, 2004–
2005, and 2009–2010 (Kug et  al. 2009; Yeh et  al. 2009), 
can also be traced in the reconstructed SSTA. Meanwhile, 
the SAM-related SSTA pattern in Fig. 7b displays a dipole-
like structure that centers over the western Pacific and the 
Drake Passage in the first period. In the second period, 
however, maximal SSTA variability occurred over the 
Amundsen and Bellingshausen Seas. It is noteworthy that 
the SAM-related modes exhibited distinct phase transitions 
during both periods. The phase transition in the first period 
occurred in 1988–1989 from a negative to a positive phase 

of the SAM and in 2006–2007 in the second period. Earlier 
studies have reported decadal changes of the SAM between 
the 1980s and the 1990s, which modulated the observed 
SH climate variability (Fogt and Bromwich 2006; Fogt 
et al. 2011; Stammerjohn et al. 2008).

We then assessed the role of the ENSO- and the SAM-
related SSTA extracted by the CSEOF modes in explaining 
the observed total SST variability. For a comparison, the 
longitude–time cross sections of the combined SSTA for 
the two modes and the raw data are presented respectively 
in Fig. 7c, d. A visual inspection of the two sections indi-
cates that the two modes together reasonably reproduced 
the main features of the observed SSTA, particularly over 
the Pacific sector. A quantitative comparison via correlation 
analysis confirms the similarity of the two sections; corre-
lations over the Pacific region (averaged over 160°–260°E) 
were 0.70 and 0.83 for the first and the second periods, 

(a) (b) (c) (d)

Fig. 7   a Longitude–time cross section of the reconstructed SSTA 
averaged over 60°–70°S based on the first CSEOF mode during the 
period 1979–1998 and the second CSEOF mode during the period 
1999–2012. b The same map as in (a) but for the second CSEOF 

mode during the period 1979–1998 and the first CSEOF mode during 
the period 1999–2012. c The sum of the reconstructed SSTA shown 
in (a) and (b). d Longitude–time cross section of the SSTA of the 
Extended Reconstruction SST version 3 raw data
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respectively. This indicates that the SAM and the ENSO 
are the two dominant modes driving SH SST variability.

Considering that the first CSEOF mode of SSTA 
changed from the ENSO mode in the first period into the 
SAM mode in the second period, the overall features in 
the two-mode reconstruction and the raw data (Fig.  7c, 
d) generally reflect the ENSO characteristics in the first 
period (Fig.  7a, c) and the SAM characteristics in the 
second period (Fig.  7b, c). That is, the SH SST variabil-
ity was largely affected by the ENSO in the first period 
but was largely affected by the SAM in the second period. 
For example, SST variability around the Ross Sea (180°–
120°W) in the first period is practically in accord with the 
ENSO-related SST variability because the SAM-related 
SST variability was obscure in this region. On the contrary, 
the pattern of total SST variability in the second period 
appeared to be strongly influenced by the SAM. In accord-
ance with the phase of the SAM, positive SSTA was domi-
nant in 1999–2006, and negative SSTA was dominant in 
2007–2012 over the high-latitude SH Ocean. In particular, 
the overall cooling of SST in recent years appears coun-
terintuitive to the ongoing increase in the concentration of 
atmospheric greenhouse gases. The cause of this SST cool-
ing remains a matter of debate with diverse perspectives on 
anthropogenic and natural climate variability factors. It can 
be inferred from Fig. 7, however, that the cold SSTA in the 
SH during the late 2000s originated mainly from the SAM 
variability, which is associated primarily with the atmos-
pheric and oceanic internal dynamics (Sen Gupta and Eng-
land 2007; Thompson and Wallace 2000).

6 � Discussion and concluding remarks

Decadal change in the SH climate occurred in the late 
1990s in association with the two leading modes, ENSO 
and the SAM, which we have investigated by using CSEOF 
and regression analyses. Linear regression using the ENSO 
and SAM indices also results in patterns similar to those in 
the present study and confirms that SH SST and geopoten-
tial height anomalies are significantly different before and 
after the late-1990s. The remarkable change in the SH high-
latitude ENSO teleconnection was primarily due to the 
structural change of ENSO from the EP type into the CP 
type in the late 1990s. During 1979–1998 (the first period), 
the atmospheric variability associated with EP-type ENSO 
was characterized by the PSA pattern, which implies tele-
connection from the tropical Pacific via Rossby wave prop-
agation. Local changes in the turbulent and Ekman heat 
fluxes in accordance with this atmospheric PSA pattern, 
in turn, led to the changes in SST. During 1999–2012 (the 
second period), however, the dominant mode of ENSO fea-
tured maximal warming in the CP region, and the related 

SH atmospheric and oceanic variability consequently dif-
fered significantly from that in the first period. In particular, 
the intensity and persistence of the PSA pattern was weaker 
in the second period; the PSA-like structure appeared only 
during the austral spring, and the high-latitude zonal wave 
structure was favored during the austral autumn and win-
ter. Although the physical relationship between the classi-
cal type of ENSO (EP) and the SH atmospheric and oce-
anic variability is well established in earlier studies (e.g., 
Harangozo 2000; Mo and Paegle 2001; Turner 2004; Yuan 
2004), the impacts of the new type of ENSO (CP) on the 
SH climate is still not fully understood. Several recent stud-
ies have investigated the SH climate variability associated 
with CP El Niño (Ding et al. 2011; Lee et al. 2010; Song 
et al. 2011), but there is no clear consensus on the physi-
cal mechanism linking CP El Niño and the SH atmospheric 
and oceanic circulations. The present study also examined 
the CP El Niño-related SH climate variability based on 
statistical analysis. Further investigation based on coupled 
ocean–atmosphere models, however, is needed to identify 
the detailed physical mechanism of the SH high-latitude 
response to CP El Niño. Understanding this physical mech-
anism is an important step for predicting future climate in 
the SH considering that CP El Niño may occur more fre-
quently than EP El Niño under the projected global warm-
ing scenarios (Yeh et al. 2009).

Decadal changes in the SH climate appears to be linked 
with the SAM as well. Analyses presented in Sect. 4 indi-
cate that the difference in the SSTA pattern in relation to 
the SAM between the two periods is primarily attributed to 
the non-annular spatial component of the SAM for the two 
periods. During the first period, the non-annular compo-
nent of the pressure pattern associated with the SAM was 
found over the Bellingshausen and the Weddell Seas, which 
yielded a dipole-like SST response in the SH high latitudes. 
During the second period, however, the zonally asymmetric 
component was found in the eastern central Pacific, which 
consequently induced SST cooling in the central Pacific. 
Although the importance of the non-annular component 
of the SAM in affecting local climate variability was high-
lighted in earlier studies (Hall and Visbeck 2002; Lefebvre 
and Goosse 2005; Lefebvre et  al. 2004; Limpasuvan and 
Hartmann 2000; Screen et  al. 2009; Stammerjohn et  al. 
2008), its decadal variability has not been fully documented 
thus far. Further, it is generally understood that the SAM is 
modulated largely by global warming with a positive-phase 
dominance of the SAM under increased greenhouse gas 
conditions (Cai et al. 2003; Fyfe et al. 1999; Marshall et al. 
2004; Miller et al. 2006). However, changes in the specific 
spatial structure of the SAM in association with global 
warming are not well understood. Given the importance of 
the SAM in the SH climate variability in the coming dec-
ades, it is imperative to pursue a better understanding of 
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the decadal change in the SAM, particularly in its spatial 
structure.

One notable point in the present study is that the domi-
nant mode of SST variability changed from the ENSO in the 
first period into the SAM in the second period. Further, the 
first mode (i.e., the ENSO-related mode for the first period 
and the SAM-related mode for the second period) explains 
approximately 30  % of the total variance in the raw SST 
dataset, which is twice as much as that explained by the sec-
ond mode. This finding reflects that there has been a dec-
adal change in the dominant physical mechanism affecting 
the SH climate. The cause or reason for this decadal change, 
however, cannot be investigated in detail in the present study, 
which, in a large part, is due to the short analysis period. 
Therefore, future investigation based on model experiments 
or datasets under the auspices of the Intergovernmental Panel 
on Climate Change (IPCC) is required to further explore the 
detailed mechanism of this physical change. Also, studies 
regarding contribution of global warming or Antarctic sea-
ice trends on SH SST variability will provide more accurate 
understanding of SH climate change.
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