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ABSTRACT

A season-reliant empirical orthogonal function (S-EOF) analysis was applied to the seasonal mean SST
anomalies (SSTAs) based on the HadISST1 dataset with linear trend removed at every grid point in the South
Pacific (60.5◦–19.5◦S, 139.5◦E–60.5◦W) during the period 1979–2009. The spatiotemporal characteristics
of the dominant modes and their relationships with ENSO were analyzed. The results show that there are
two seasonally evolving dominant modes of SSTAs in the South Pacific with interannual and interdecadal
variations; they account for nearly 40% of the total variance. Although the seasonal evolution of spatial
patterns of the first S-EOF mode (S-EOF1) did not show remarkable propagation, it decays with season
remarkably. The second S-EOF mode (S-EOF2) showed significant seasonal evolution and intensified with
season, with distinct characteristics of eastward propagation of the negative SSTAs in southern New Zealand
and positive SSTAs southeast of Australia. Both of these two modes have significant relationships with
ENSO. These two modes correspond to the post-ENSO and ENSO turnabout years, respectively. The S-
EOF1 mode associated with the decay of the eastern Pacific (EP) and the central Pacific (CP) types of
ENSO exhibited a more significant relationship with the EP/CP type of El Niño than that with the EP/CP
type of La Niña. The S-EOF2 mode contacted with the EP type of El Niño changing into the EP/CP type
of La Niña showed a more significant connection with the EP/CP type of La Niña.
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1. Introduction

The Southern Hemisphere oceans comprise a vast
domain, and they play important roles in the global
climate system. Many studies have investigated the
SST variations in these region and their impacts on the
global climate, including the South Indian Ocean (Be-
hera and Yamagata, 2001; Jia and Li, 2005; Yan et al.,
2009), the South Atlantic Ocean (Venegas et al., 1997,
1998; Weijer et al., 2002; Nnamchi and Li, 2011), the
southeastern Pacific (Shaffer et al., 2000; Falvey and
Garreaud, 2009), and the southwestern Pacific (Hol-

brook and Bindoff, 1999; Holbrook et al., 2005). The
SST anomalies in these regions exhibit significant in-
terannual and decadal variations and have close rela-
tionships with El Niño-Southern Oscillation (ENSO).

The South Pacific region covers nearly half of the
Southern Hemisphere oceans, spanning from the equa-
tor to 60◦S and from ∼140◦E to 70◦W. However, rel-
ative to the North Pacific, fewer ocean observations
take place in the South Pacific because of not only
its inhospitable environment but also the paucity of
observation stations (Reynolds and Smith, 1994; Lins-
ley et al., 2000; Smith et al., 2008). Therefore, the
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ocean reanalyzed datasets based on assimilation mod-
els and interpolated methods have to be used to study
South Pacific ocean–atmosphere interactions. In fact,
the lack of high-quality sea temperature data hampers
the study of the South Pacific to some extent.

Despite the lack of high-quality ocean observations
in the South Pacific, ocean temperature datasets based
on the satellite are available dating to the late 1970s;
they provide a basis for study the ocean–atmosphere
interactions in the South Pacific. Many studies have
been conducted on the South Pacific; they are mainly
focused on the sea temperature (surface and subsur-
face temperatures) variability on the interannual and
decadal time scales (Wang and Liu, 2000; Luo and
Yamagata, 2001; Giese et al., 2002; Kidson and Ren-
wick, 2002; Luo et al., 2003; Yu and Boer, 2004; Wang
et al., 2007; Yang et al., 2007; Shakun and Shaman,
2009) and its impact on global climate variability (Bar-
ros and Silvestri, 2002; Hsu and Chen, 2011). These
studies have not only suggested that both the surface
and subsurface temperature anomalies in South Pa-
cific can propagate to the tropical Pacific, but they
have also reported that ENSO has an important im-
pact on the South Pacific SST anomalies. In addition,
the SST anomalies in the South Pacific feature signif-
icant decadal and interdecadal variations.

However, what are the dominant modes of SST
anomalies in the entire South Pacific on an interan-
nual time scale? The answer to this question is not
straightforward because the SST variations in this re-
gion seem to have a closer association with the evolu-
tion of ENSO than in the North Pacific (Wang et al.,
2003a, b; Shakun and Shaman, 2009). When conven-
tional EOF analysis and singular value decomposition
(SVD) analysis are applied to the SST anomalies in
the South Pacific, the first mode obtained has a close
relationship with ENSO in the mature phase, which
reflects the response of SST variations in the South
Pacific to ENSO. Previous studies have applied EOF
analysis to either boreal summer SST anomalies or bo-
real winter SST anomalies in the South Pacific (Hsu
and Chen, 2011; Li et al., 2011). The resultant modes
of SST anomalies are closely associated with the evo-
lution of ENSO. Therefore, the SST anomalies in the
South Pacific may show significant seasonal evolution
characteristics. In this study, we used a season-reliant
EOF (S-EOF) analysis to extract the major modes of
SST anomalies in the South Pacific.

The goals of this study were to identify the spa-
tiotemporal characteristic of the leading seasonally
evolving modes of the South Pacific and to determine
their relationships with ENSO during recent decades
(i.e., after the 1976/1977 climate shift).

This paper is organized as follows: Section 2 briefly

describes the datasets and analysis methods used in
present study. In section 3, we identify the main sea-
sonally evolving modes of the South Pacific. Section
4 describes the relationships between these patterns
of variability and ENSO. The conclusions and some
discussions are summarized in section 5.

2. Data and analysis methods

2.1 Data

The principal data used in this study were sea
surface temperature (SST) data (horizontal resolution
1◦×1◦) from the Hadley Centre Sea Ice and Sea Sur-
face Temperature datasets (HadISST1) of the UK Me-
teorological Office (Rayner et al., 2003). Although this
dataset is available from 1870 to the present, our anal-
yses only considered decades following the 1976/1977
climate shift. We chose to analyze the period 1979–
2009.

Anomalous quantities were computed by removing
the monthly mean climatology and the linear trend
based on a linear least squares fit. Given that array
y(n) is the SST data and array x(n) is the time in-
dex of SST data y(n), the linear trend was fitted as
y(n) = a×x(n)+b. Then we removed this linear trend
from the SST.

We used the Niño3.4 index (available online at
http://www.esrl.noaa.gov/psd/gcos wgsp/Timeseries/)
as an indicator of the ENSO variability. The Niño3.4
index was calculated from the HadISST1 using the
averaged SST over the study region (5◦S–5◦N, 170◦E–
120◦W).

2.2 Analysis methods

Season-reliant empirical orthogonal function (S-
EOF) was the primary method used in this study. Al-
though conventional EOF analysis can depict the spa-
tiotemporal variations of a physical field, it cannot pro-
duce coherently seasonal evolution patterns. S-EOF
analysis is similar to the extended EOF (EEOF; Weare
and Nasstrom, 1982) analysis to some extent. The idea
of S-EOF has been discussed in detail by Wang and
An (2005). In this study we applied the S-EOF anal-
ysis to SST anomalies in a seasonal sequence begin-
ning from the winter of a year denoted as D(−1)JF(0)
to the following fall, denoted as SON(0). We treated
the anomalies for D(−1)JF(0), MAM(0), JJA(0), and
SON(0) as a “yearly block”, where −1 denotes the
year before year 0. When the conventional EOF anal-
ysis was conducted, the yearly block was divided into
four consecutive seasonal anomalies to obtain a sea-
sonally evolving mode of the SST anomalies. In our
analysis, we also used the Morlet wavelet to identify
the periodicity of the seasonally evolving modes (Tor-
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Fig. 1. (a) Seasonally evolving spatial patterns of S-EOF1 mode derived from the HadISST1 SST
anomalies over the South Pacific during the period 1979–2009 (◦C). (b) The same as in panel (a),
but for S-EOF2 mode.

rence and Compo, 1998). In addition, we used regres-
sion and correlation methods; statistical significance
of correlation coefficients was assessed using the Stu-
dent’s t-test.

We defined the South Pacific to be the area be-
tween 60.5◦–19.5◦S and 139.5◦E–60.5◦W. The choice
of 19.5◦S as the northern boundary excluded the im-
pact of the farthest ENSO.

3. Dominant seasonally evolving SST anom-
aly patterns

We first applied S-EOF analysis to identify the
leading modes of SST anomalies in the South Pa-
cific. The leading two modes accounted for 25.7% and
14.1% of the total variance, respectively. According to
the rule of North et al. (1982), we found that these
two modes were well distinguished from each other

and from the remaining modes. Therefore, these two
modes are considered statistically distinguishable and
significant. We explored the distinctive seasonal evolu-
tion characteristics of these two dominant modes, and
we report our findings the following discussion.

Figure 1a shows the seasonally evolving spatial pat-
terns of S-EOF1 mode. Notably, the patterns are de-
rived using regression of the South Pacific SST anoma-
lies from boreal winter [D(−1)JF (0)] to fall [SON(0)],
with the first normalized principal component (PC1).
In general, we found that S-EOF1 mode is character-
ized by a tripolar configuration, with a positive SST
anomalies centered in the high latitudes of the South
Pacific region (60◦–50◦S, 160◦–120◦W), surrounded
by two negative SST anomalies centered over eastern
New Zealand and the mid-latitude South Pacific region
(35◦–25◦S, 140◦–100◦W), respectively. The strongest
tripolar pattern was observed in D(−1)JF(0); it was
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consistent with the SST pattern forced by ENSO
(Wang et al., 2007; Shakun and Shaman, 2009). Al-
though the positive SST anomalies of S-EOF1 show a
slight eastward shift, the positions of both the positive
and negative SST anomalies of S-EOF1 do not show
significant seasonal dependence. However, the ampli-
tude of the S-EOF1 mode shows pronounced charac-
teristics of seasonal evolution. In fact, both the posi-
tive and negative SST anomalies decayed rapidly from
D(−1)JF(0) to SON(0).

Figure 1b presents the seasonally evolving spatial
patterns of S-EOF2 mode. The S-EOF1 and S-EOF2
mode are clearly distinguished from each other by their
seasonal evolution. In sharp contrast with S-EOF1,
S-EOF2 mode features a wavelike pattern from the
northwestern to the southeastern Pacific, with posi-
tive SST anomalies in southeastern Australia and the
southeastern Pacific (60◦–40◦S, 130◦–80◦W) and neg-
ative SST anomalies over southeastern New Zealand
and the mid-latitude South Pacific. In MAM(0), the
positive SST anomalies intensify significantly while
the negative SST anomalies over the mid-latitude
South Pacific begin to decay. Notably, the positive
SST anomalies center over the southeastern Australia
shift northeastward to the northern New Zealand from
D(−1)JF(0) to MAM(0) and then become station-
ary, but they develop with season remarkably. From
MAM(0) to SON(0), both the positive SST anoma-
lies over the northern New Zealand and negative SST
anomalies over the southern New Zealand extend east-
ward and intensify with season. However, the positive
SST anomalies over the southeastern South Pacific de-
cay from MAM(0) to SON(0). The eastward propa-
gation of the positive SST anomalies in the eastern
Australia is consistent with the results of Kidson and
Renwick (2002), who found that large-scale South Pa-
cific SST variations on the interannual time scale are
primarily driven by ENSO.

Compared with conventional EOF analysis, S-EOF
analysis can depict the seasonal evolution of a phys-
ical field. However, the pattern of S-EOF1 mode in
D(−1)JF(0) over the South Pacific (Fig. 1a) resembles
the pattern obtained from conventional EOF analy-
sis of SST anomalies in D(−1)JF (0), not only us-
ing the same dataset (Wang et al., 2007; Shakun and
Shaman, 2009; Terray, 2011) but also using differ-
ent datasets (Li et al., 2011), even though both the
time period and the spatial coverage of the data used
in the analyses were different. In addition, the pat-
tern of S-EOF2 mode in D(−1)JF(0) (Fig. 1b) also
resembles that based on conventional EOF analysis
of SST anomalies in D(−1)JF(0), only with the re-
verse sign (Li et al., 2011). This resemblance indicates
that both S-EOF1 and S-EOF2 mode of the South Pa-

cific are stable and credible. Notably, the resemblance
can be observed not only between the patterns of S-
EOF1 mode in JJA(0) (Fig. 1a) and S-EOF2 mode in
D(−1)JF(0) (Fig. 1b) but also between the patterns of
S-EOF1 mode in D(−1)JF(0) (Fig. 1a) and S-EOF2
mode in SON(0). This resemblance between S-EOF1
and S-EOF2 mode reveals that both of these modes
have a connection with some important signals (e.g.,
ENSO; Kidson and Renwick, 2002), but with different
lead–lag correlations, which are discussed hereafter.

Although the combination of these two dominant
S-EOF modes accounted for nearly 40% of the total
variance, the fractional variance explained by the two
S-EOF modes varied with season and location remark-
ably. The spatial and seasonal geographic distribu-
tions of the fractional variance for these two modes
are shown in Fig. 2. For S-EOF1 mode (Fig. 2a), the
foremost prominent feature is that the largest frac-
tional variance occurs in D(−1)JF(0) over the mid-
latitude South Pacific along 30◦S, over the south-
western Pacific that encompasses the New Zealand,
and over the high-latitude South Pacific, where the
accounted variance exceeds 60%. The second most
notable feature in Fig. 2a is that the fractional vari-
ance over the three regions decreases gradually from
D(−1)JF(0) to SON(0). For S-EOF2 (Fig. 2b), the
prominent feature is that the maximum variance ap-
pears in SON(0) over the regions that resemble the
first mode in D(−1)JF(0), where the fractional vari-
ance exceeds 40%. Notably, the fractional variance
carried by the second mode over the northern New
Zealand and high-latitude South Pacific features a sig-
nificant eastward propagation and becomes large grad-
ually with season appreciably. We also noted that the
regions with the larger variance are associated with
significant SST anomalies.

Figure 3 presents the time series of principal com-
ponents of S-EOF1 (Fig. 3a) and S-EOF2 (Fig. 3b).
The black thick line is the normalized 7-year low-pass
filtered time series. The first notable feature in Fig. 3
is that both of these modes have not only prominent
interannual variations but also significant interdecadal
variations. The second feature is that the amplitude of
these two principal components decayed rapidly after
2000. The third prominent feature is the reversal of
interdecadal variations (the black thick line in Fig. 3)
of the two S-EOF modes.

To investigate the periodicities of the two modes
in detail, the local wavelet power spectrum analysis
based on Morelet wavelet was applied to their princi-
pal components. Figure 4 presents the local wavelet
power spectrum of the normalized PC1 (Fig. 4a) and
PC2 (Fig. 4b). PC1 shows high power in the 3–5.5-
year and 2–3- year bands for the periods 1980–1995
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Fig. 2. Fractional variance of the seasonal South Pacific SST anomalies accounted by (a) S-EOF1
and (b) S-EOF2.

and 1995–2000 on the interannual time scale, respec-
tively. However, PC2 has significantly high power in
the 2–4-year band for the period 1993–2000 on the
interannual time scale. Both of the two modes have
pronounced high power in the 8–15-year band on the
interdecadal time scale. In addition, the high power
of the two modes on the interannual and interdecadal
time scales decayed significantly after the year 2000.

4. Relationships between the dominant modes
and ENSO

ENSO is the largest well-known signal in the cli-
mate system on the interannual time scale. Analysis
of the dominant, seasonally evolving SST patterns of
the South Pacific show that they may have an associa-
tion with ENSO. To examine the relationships between
the two S-EOF modes and ENSO, we calculated the

lead–lag correlations between the PC1 and PC2 and
ENSO.

The lead–lag correlations of PC1 with Niño3.4 in-
dex are shown in Fig. 5 (blue line). Here the year
(−1) denotes that Niño3.4 index leads the PC1 and
the year (1) denotes that Niño3.4 index lags the PC1.
Notably, the PC1 was positively correlated with the
Niño3.4 index from JJA(−1) to MAM(0), with the
correlation coefficient passing the threshold of signifi-
cance in the 95% Student’s t-test. The PC1 shows a
maximum positive correlation coefficient that exceeds
0.8 (statistically significant at the 95% Student’s t-test
significance) in D(−1)JF(0). After the correlation co-
efficient reaches its peak in D(−1)JF(0), the correla-
tion between them decays rapidly and becomes nega-
tive (not passing the 5% Student’s t-test significance)
that persists after SON (0).

The lead–lag correlation between PC2 and the
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Fig. 3. Normalized principal components of (a) S-EOF1
mode and (b) S-EOF2 mode. The superimposed black
thick line is the normalized 7 year low-pass filtered time
series.

Fig. 4. The local wavelet power spectrum (using the
Morlet wavelet) of (a) S-EOF1 and (b) S-EOF2. The
thick black contour is the 10% significance level against
the red noise. The cone of influence (COI) where edge ef-
fects might distort the picture is show as a lighter shade.

Fig. 5. (a) Lead–lag correlations between the first S-
EOF principal component and Niño 3.4 index. (b) The
same as in panel (a), but for the second mode. The
dashed lines indicate the Student’s t-test at 5% signifi-
cance.

Niño3.4 index is also shown in Fig. 5 (red line). No-
tably, the correlation is positive and weak (not passing
Student’s t-test at 5% significance) from MAM(-1) to
D(−1)JF(0). However, the correlation becomes nega-
tive and rapidly develops from MAM (0) to SON (0).
A maximum negative correlation coefficient occurs in
SON(0) that passes the threhold of the 5% Student’s t-
test significance. After the correlation reaches its peak
in SON(0), it decays significantly after D(0)JF(1).

As we know, ENSO features significant phase-
locking and seasonal cycle behavior, starting in the
boreal spring, normally maturing in the boreal win-
ter, and decaying in the next spring (Rasmussen and
Carpenter, 1982; Neelin et al., 2000). Based on the
correlations between the two modes and ENSO, we
can conclude that S-EOF1 mode occurs following the
peak of the ENSO, and it may be viewed as responses
to ENSO (Shakun and Shaman, 2009). However, S-
EOF2 mode is primarily associated with the develop-
ment of ENSO, and it may impact ENSO (Zhang et
al., 2005) and thus may make a significant contribution
to ENSO prediction methods.

To further demonstrate the relationship between
season-evolving variability of South Pacific SST and
ENSO, the spatial patterns of seasonally evolving SST
in the tropical Pacific associated with the two S-EOF
modes are shown in Figs. 6 and 7, respectively. Here
the SST anomalies in the tropical Pacific are regressed
with PC1 and PC2. To show the evolution of ENSO,
the figures from the last year [year (−1)] to the next
year [year (1)] are presented.

Figure 6 shows the seasonal evolution of spatial
patterns of tropical Pacific SST anomalies associated
with S-EOF1. In D(−2)JF(−1), the positive SST
anomalies are primarily located over the central tropi-
cal Pacific and extend northeastward to North Amer-
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Fig. 6. Seasonally evolving patterns of tropical Pacific SST anomalies regressed with the principal com-
ponent of S-EOF1 (Units: ◦C).

Fig. 7. The same as in Fig. 6, but for S-EOF2 mode.
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ica. The negative SST anomalies are mainly found
over the southeastern tropical Pacific centered near the
western Peruvian coast.

After MAM(−1), the positive SST anomalies in
the central tropical Pacific strengthen significantly and
propagate eastward along the equator. A weak posi-
tive SST anomaly is noticeable in the eastern trop-
ical Pacific and develops rapidly with season. No-
tably, the amplitude of the eastern tropical Pacific SST
anomalies is weaker than that of the SST anomalies
in the tropical central Pacific. However, the nega-
tive SST anomalies in the tropical southeastern Pa-
cific decay rapidly, and the meridional extent of the
negative SST anomalies increases toward North Pa-
cific. This indicates that El Niño develops with the
season. The positive SST anomalies in the tropical
central-eastern Pacific reach maximum (∼1.1◦C) in
D(−1)JF(0). The negative SST anomalies are mainly
located in the tropical western Pacific. This indicates
that El Niño reached the mature phase.

Notably, the positive SST anomalies in the central-
eastern tropical Pacific decay rapidly after MAM(0),
which indicates that El Niño began to decay. It is nec-
essary to mention that the decay in the central tropical
Pacific is more rapid than that in the eastern tropical
Pacific. In SON(0), the pattern is nearly a reversal of
SST anomalies in D(−2)JF(−1), which indicates that
El Niño died out.

From D(0)JF(1) to SON(1), the weak negative SST
anomalies in the central tropical Pacific developed
with season. The other weak negative SST anoma-
lies in the eastern tropical Pacific emerged near the
Peruvian coast, which indicates that a weak La Niña
developed and then strengthened with season.

For S-EOF1 mode, ENSO first occurred in the cen-
tral tropical Pacific and then occurred in the eastern
tropical Pacific, which started in the boreal spring and
reached the mature phase in boreal winter. In addi-
tion, S-EOF1 mode showed a more remarkable correla-
tion with the warm ENSO events than the cold ENSO
events. Notably, ENSO-associated S-EOF1 mode had
a period of quasi-quadrennial (∼4 years), which re-
sembled the low-frequency (LF) component of ENSO
identified by Barnett (1991).

Figure 7 shows the seasonal evolution of spatial
patterns of the tropical Pacific SST anomalies asso-
ciated with S-EOF2. Notably, warming first appears
near the Peruvian coast in D(−2)JF(−1) and devel-
ops rapidly with season. This warming features a sig-
nificant westward propagation and reaches its peak
(∼0.7◦C) in SON(−1), which indicates that El Niño
reached mature phase. The warming decays signifi-
cantly from D(−1)JF(0) to MAM(0), and the negative
SST anomalies in the central tropical Pacific develop

into the well-known “horseshoe” pattern with season.
In JJA(0), the other negative SST anomalies

emerged in the eastern tropical Pacific. The nega-
tive SST anomalies in the central-eastern tropical Pa-
cific showed remarkable development from JJA(0) to
SON(0), and the positive SST anomalies in the west-
ern tropical Pacific also developed rapidly with the
season. This indicates the development of La Niña,
which reached its peak in D(0)JF(1). Notably, the
negative SST anomalies in the central-eastern tropical
Pacific begin to decay in MAM(1), while the positive
SST anomalies in the western tropical Pacific begin to
decay in D(0)JF(1), which indicate the decline of La
Niña. In addition, the negative SST anomalies in the
central tropical Pacific show a more rapid decay than
that in the eastern tropical Pacific.

On the basis of these results, we can infer that
the warm phase of ENSO (El Niño) associated with
S-EOF2 mode is mainly located in the eastern trop-
ical Pacific. However, the cold phase of ENSO (La
Niña) associated with S-EOF2 mode first appears in
the central tropical Pacific and then emerges in the
eastern tropical Pacific. S-EOF2 mode has a more
remarkable relation with La Niña than that with the
S-EOF1 mode. In addition, ENSO events normally be-
gin to develop in boreal summer and reach the mature
phase in boreal winter. The ENSO events associated
with S-EOF2 have a period of quasi-biennial, which is
consistent with the quasi-biennial (QB) component of
ENSO (Barnett, 1991).

Rasmusson and Wallace (1983) portrayed two
kinds of tropical SST variations: (1) The SST is
confined to the eastern third of tropical Pacific and
spreads westard. (2) The SST firstly appears near the
dateline and shows a eastward propagation. Kao and
Yu (2009) refer to these two kinds of SST variations as
the eastern Pacific (EP) and the central Pacific (CP)
types of ENSO, respectively. Yu et al. (2011) fur-
ther point out that most ENSO events during 1958–
2001 are a combination of both the EP and CP types
of ENSO, and they refer to these ENSO events as a
EP/CP type of ENSO.

Therefore, based on our analyses and on previous
studies, we can conclude that S-EOF1 mode has a
significant relation with the EP/CP type of ENSO,
whereas S-EOF2 mode is associated with not only the
EP type of ENSO warm events (EP, El Niño) but also
the EP/CP type of ENSO cold events (EP/CP, La
Niña).

5. Discussion and conclusion

Based on the season-reliant EOF analysis, we re-
vealed two dominant modes of South Pacific SST
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anomalies and their relationships with ENSO in this
study. In this section we first summarize the major
seasonal-evolution characteristics of the South Pacific
SST anomalies and then discuss their relationships
with ENSO.

First, we studied the seasonally evolving spatial
patterns of the two dominant modes of the South Pa-
cific SSTAs, which accounted for nearly 40% of the
total variance. The results of the S-EOF1 featured a
tripolar pattern with positive SST anomalies centered
over the high-latitude South Pacific region (60◦–50◦S,
160◦–120◦W) and two negative SST anomalies cen-
tered east of New Zealand and the mid-latitude South
Pacific region (35◦–25◦S, 140◦–100◦W), respectively.
The configuration of the tripolar pattern changed lit-
tle with season. But the amplitude of this pattern
decayed significantly from D(−1)JF(0) to SON(0). S-
EOF2 showed a wavelike pattern from northwest to
southeast of South Pacific. Both of the positive and
negative SST anomalies showed significant eastward
propagation, and their amplitude developed remark-
ably close to season.

Secondly, we noted that the two modes had not
only interannual variations but also significant inter-
decadal variations. S-EOF1 showed high power in the
3–5.5- and 2–3-year band for the period 1980–1995 and
1995–2000 on the interannual time scale, respectively.
However, S-EOF2 had significantly high power in the
2–4-year band for the period 1993–2000 on the inter-
annual time scale. Both modes had prominent high
power in the 8–15-year band on the interdecadal time
scale. In addition, the amplitude of the two princi-
pal components decayed rapidly after 2000. The two
modes showed reversed variations on the interdecadal
time scale.

Finally, we studied the relationships between the
two modes and ENSO. The results show that there
are significant correlations between the two modes and
ENSO. Based on the lead-lag correlations, it is noted
that S-EOF1 can be viewed as a response to ENSO
and S-EOF2 is primarily associated with the develop-
ment of ENSO. Moreover, S-EOF2 may make a sig-
nificant contribution to ENSO prediction. Based on
further study, we noted that results of S-EOF1 had
a significant relation with EP/CP type of ENSO and
the results of S-EOF2 were associated with both the
EP type of ENSO warm events (EP-El Niño) and the
EP/CP type of ENSO cold events (EP/CP-La Niña).

In this study, some connections between South Pa-
cific SST variability and ENSO were illustrated using
data analyses, but our explanations remain somewhat
hypothetical. At first, the SST anomalies in both the
northern and southern Pacific appear to be a response
to ENSO, which is the strongest signal of climate vari-

ation; however, the S-EOF1 mode should be mainly a
response of SST in the South Pacific to ENSO. ENSO
may influence South Pacific SST variations by chang-
ing the surface heat fluxes via an “atmospheric bridge”
(Alexander et al., 2002; Li et al., 2006). This hypoth-
esis will be further validated using observation anal-
ysis and model experiments. Secondly, Fig.1b shows
that SST anomalies propagate to the equatorial west-
ern Pacific from southeastern Australia and southwest-
ern South America. The propagation of SST anoma-
lies to the equatorial western Pacific is favorable to
the occurrence of ENSO, because the SST anomalies
in the western tropical Pacific (particularly in the sub-
surface) and its eastward propagation are a fundamen-
tal condition of the occurrence of ENSO (Li and Mu,
2002). Rossby waves play an important role in this
propagation (Jacobs et al., 1994; Wang et al., 2007).
Therefore, the S-EOF2 is even more closely associated
with the occurrence of ENSO than is shown by this
study.

In this study we confirmed the relationships be-
tween the two S-EOF modes and ENSO. In future
work, the EP and CP types of ENSO will be investi-
gated: they may have different impacts on the seasonal
evolution of the South Pacific SST, and the influence
mechanism remains to be clarified. We will use both
the observational analyses and model experiments in
these studies. In addition, our analysis is based on
data covering 31 years (1979–2009), which may not
be long enough to determine the impacts of different
types of ENSO on South Pacific SST. Although these
results need to be verified using longer datasets, the
outputs of coupled climate models may be used to help
us understand the results.

Acknowledgements. The authors thank the editor

and the anonymous reviewers for their suggestions and

comments to significantly improve our manuscript.

REFERENCES
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