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Abstract

The spatio-temporal variability modes of the sea surface height in the South China Sea (SCS-SSH) are obtained
using the Cyclostationary Empirical Orthogonal Function (CSEOF) method, and their relationships to the Pacific
basin scale oscillations are examined. The first CSEOF mode of the SCS-SSH is a strongly phase-locked annual
cycle that is modulated by a slowly varying principal component (PC); the strength of this annual cycle becomes
reduced during El Niño events (at largest by 30% off in 1997/98) and enhanced during La Niña events. The second
mode is a low frequency oscillation nearly on decadal time scale, with its spatial structure exhibiting an obscure
month-dependence; the corresponding PC is highly correlated with the Pacific Decadal Oscillation (PDO) index.
Five independent oscillations in the Pacific are isolated by using the independent component (IC) analysis (ICA)
method, and their effects on the SCS-SSH are examined. It is revealed that the pure ENSO mode (which resembles
the east Pacific ENSO) has little effect on the low frequency variability of the SCS-SSH while the ENSO reddening
mode (which resembles the central Pacific ENSO) has clear effect. As the ENSO reddening mode is an important
constituent of the PDO, this explains why the PDO is more important than ENSO in modulating the low frequency
variability of SCS-SSH. Meridional saddle like oscillation mode, the Kuroshio extension warming mode, and the
equatorial cooling mode are also successfully detected by the ICA, but they have little effect on the low frequency
variability of the SCS-SSH. Further analyses suggest the Pacific oscillations are probably influencing the variability
of the SCS-SSH in ways that are different from that of the sea surface temperature (SST) in the SCS.
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1  Introduction
The South China Sea (SCS) is a marginal sea semi-enclosed

by China, Philippines, Vietnam, and Brunei, and is connected to
the Pacific Ocean through the Luzon Strait. Due to its geographic
location, the variability of the sea surface height in the SCS (SCS-
SSH) is influenced by the East Asian Monsoon and the Pacific
basin-scale climate oscillations, and hence displays seasonal and
interannual variability characteristics (e.g., Ho et al., 2000; Zhou
et al., 2012). The distribution pattern of the SCS-SSH generally re-
flects the upper ocean circulation in the SCS; therefore, examin-
ing its variability and relationships to the Pacific oscillations can
help better understand the variability of ocean circulation on one
hand, and the interaction and exchanges between the SCS and
the Pacific Ocean on the other hand.

Generally, the SCS-SSH is low in the central SCS basin and
high along the continental shelf (as indicated in Fig. 1a), accom-
panied by significantly spatio-temporal variability (e.g., Wu et al.,
1998; Fang et al., 2006; Zhou et al., 2012). As indicated from the

standard deviation (SD) of the SCS-SSH (Fig. 1a), the SCS-SSH
displays large spatial variability at the western coast of the SCS
and the middle SCS basin to the west of Luzon Strait and to the
southeast of Vietnam. Accompanied with its spatial variability,
the SCS-SSH also displays annual and interannual variability, as
indicated by the time series of the domain-averaged SCS-SSH an-
omaly in Fig. 1b.

The spatio-temporal variability modes of the SCS-SSH were
commonly detected by using the Empirical Orthogonal Function
(EOF) method (North, 1984). Zheng et al. (2007) applied the EOF
method to the monthly SCS-SSH data and found that the largest
variability amplitude of the principal mode was located on the
western SCS. Fang et al. (2006) and Zhou et al. (2012) applied the
EOF method to the 12-month and 13-month low-pass filtered
SCS-SSH data respectively, and found that the largest variability
amplitude of the principal mode was located at the eastern SCS
basin in vicinity to the Philippines. The scale-reliant oscillation
patterns are caused by the different physical processes involved.
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Specifically, the annual cycle is related to monsoon, while the in-
terannual-decadal variability is related to the El Niño-Southern
Oscillation (ENSO) and the Pacific Decadal Oscillation (PDO)
(e.g.,  Wu  et  al.,  1998;  Fang  et  al.,  2006;  Zhou  et  al.,  2012).
However, as the EOF method was not suitable to detect the non-
stationary oscillations that were ubiquitous in nature (Kim and
North, 1997; Kim and Wu, 1999), the inherent oscillating modes
in the SCS-SSH may suffer from the mode-splitting problem. For
example, the inherent annual variability signal may be split and
distributed to different EOF modes. To solve this mode-splitting
problem, the cyclostationary EOF (CSEOF) method, which can
capture the slow modulations of phase-locked annual cycles, was
proposed by Kim and North (1997). In this study, this method is
used to investigate the spatio-temporal variability modes of the
SCS-SSH.

The ENSO and PDO act to exert significant influences on the
low frequency variability in the SCS. For instance, they can influ-
ence the bifurcation of the North Equatorial Current and further
the transport through the Mindoro Strait and the Luzon Strait, as
well as the East Asian Monsoon and the circulation in the SCS
(e.g., Qiu and Lukas, 1996; Qu et al., 2004; Wang et al., 2006; Liu et
al, 2011; Zhou et al., 2012). The relationship between interannu-
al-decadal variability of the SCS-SSH and ENSO (or PDO) was
generally established from the high correlation between the EOF
principal component of the SCS-SSH and the ENSO (or PDO) in-
dex, or by examining the anomalous features of the SSH or circu-
lation in different phases of the ENSO (e.g., Chao et al., 1996; Qiu

et al., 2012). However, the roles of ENSO and PDO in modulating
the SCS-SSH are rarely distinguished, and which plays a domin-
ant role in modulating the lower frequency oscillation of the SCS-
SSH is still in debate. For example, Qiu et al. (2012) noticed that
the lower frequency variability of the SCS-SSH is related to ENSO,
while Wu (2013) noticed that the PDO played a more important
role than ENSO. This study will show that the ENSO and PDO are
linked to the first and second CSEOF modes respectively.

The ambiguity between the effects of ENSO and PDO in mod-
ulating the SCS-SSH lays on the high similarity between their in-
dices. However, the ENSO represents the interannual oscillation
in the tropical Pacific, while the PDO represents the interannual
to  decadal  oscillations  in  the  North  Pacific.  The  similarity
between  the  two  indices  suggests  there  are  interconnections
between the tropical and subtropical variability in the Pacific
(e.g., Zhang and Levitus, 1997; Zhang et al., 1998). Clearly, taking
the tropical Pacific and North Pacific together as a whole, and
separating the independent source oscillations in this big area
are desirable for further examining their effects on the low fre-
quency variability of the SCS-SSH. The effects of different Pacific
oscillation modes on the SCS-SSH are reported in this study.

In this study, the CSEOF method is firstly applied to detect the
spatio-temporal variability modes of the SCS-SSH. As shall be
seen below, the inherent annual cycle mode and low frequency
oscillation mode can be both successfully detected in a concise
way. Correlation analyses indicate these two modes are linked to
ENSO  and  PDO  respectively.  Pacific  independent  oscillation
modes are detected by using the independent component (IC)
analysis (ICA) method (Hyvärinen and Oja, 2000), and their ef-
fects  on the  low frequency variability  of  the  SCS-SSH are  ex-
amined. Following these analyses, the difference between ENSO
and PDO in modulating the variability in the SCS is discussed.

2  Data and methods

2.1  Data
To explore the spatio-temporal variability of the SCS-SSH and

their relationships to the Pacific basin scale oscillations, the satel-
lite altimeter data, the sea surface temperature (SST) data, ENSO
index, and PDO index are used in this study.

The satellite altimeter data are from the Ssalto/Duacs grid-
ded absolute dynamic topography (ADT) & absolute geostrophic
velocities products. The SSH is defined as the sum of the ADT
with a constant geoid. The satellite altimeter data were produced
by Ssalto/Duacs system and distributed by Aviso with support
from Cnes  (http://www.aviso.altimetry.fr/duacs/),  which are
available from October 1992 to the present. These satellite alti-
metry products are merged from all  altimeter missions, Saral,
Cryosat-2, Jason-1&2, T/P, Envisat, GFO, ERS-1&2 and even Geo-
sat. The spatial resolution is (1/3)°×(1/3)° with global coverage,
and the temporal resolution is one week. The ADT data used in
this study were taken from the products from October 1992 to
April 2012, and the weekly data were processed to monthly data
by taking average of the samples in the same month of a year.

The SST data are taken from the Met Office Hadley Centre Sea
Ice and Sea Surface Temperature data set (HadISST) (Rayner et
al., 2003), and downloaded from the Met Office Hadley Centre
(http://www.metoffice.gov.uk/hadobs/). The HadISST data set
provides global monthly fields of SST on a 1-degree latitude-lon-
gitude grid from 1870 to date.

The ENSO index from 1868 to 2012 used in this study is de-
vised by the Japan Meteorological Agency (JMA), which is a SST-
based index for determining El Niño and La Niño events. This in-

 

Fig. 1.  The climatological mean (white contour lines) and
standard deviation (superimposed with colors) of the ab-
solute dynamic height (ADT) in the South China Sea (a);
the time series of the SCS domain-averaged monthly ADT
anomaly  (black  line)  and  that  smoothed  by  13-month
moving average (red line) (b).
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dex selects  well  the known ENSO events,  and is  available  via
http://coaps.fsu.edu/pub/JMA_SST_Index/. The ENSO index is
computed based on reconstructed monthly mean SST fields for
the period January 1868 to February 1949, and on observed JMA
SST  index  for  March  1949  to  present.  The  reconstructed  SST
fields were computed using an orthogonal projection technique
(Meyers  et  al.,  1999).  The  ENSO  index  is  a  5-month  running
mean of spatially averaged SST anomalies over the tropical Pa-
cific: 4°S–4°N, 150°–90°W. If index values are 0.5°C or greater for 6
consecutive months (including October-November-December
(OND)),  the  ENSO  year  of  October  through  the  following
September is categorized as El Niño, La Niña (index values equal
or exceed –0.5°C), or as neutral (all other values).

The PDO index is defined as the leading principal compon-
ent of monthly SST anomalies in the North Pacific Ocean, pole-
ward  of  20°N  (Mantua  et  al.,  1997;  Zhang  et  al.,  1997).  The
monthly PDO index is available from 1900 to present, which can
be  downloaded  from  http://jisao.washington.edu/pdo/
PDO.latest.

2.2  Methods

T(~r; t)

The CSEOF method proposed by Kim and North (1997) was
used to detect the spatio-temporal variability modes of the SCS-
SSH. The CSEOF method can be used to decompose the space-
time field  into multiplications of cyclostationary loading
vectors (CSLVs) and corresponding principal components (PCs)
like that:

T(~r; t) =
X

i

PCi(t) ¢ CSL Vi(~r; t); (1)

CSL Vi(~r; t)

T(~r; t)

where PCi(t)  and  denote the temporal and spatial
components of the i-th CSEOF mode respectively. The CSEOF
modes are sorted according to their relative importance in ex-
plaining the total variance of . In contrast to classical EOF
method, the spatial mode from CSEOF varies with time at a nest
period d (taken 12 months in this study), i.e.,

CSL Vi(~r; t+d) = CSL Vi(~r; t): (2)

CSL Vi(~r; t)Each  represents a nested physical evolution, and the
corresponding PCi(t) reflects varying strength of this evolution.
The  CSEOF  method  can  capture  moving  oscillation  patterns,
while the EOF method is suitable to detect the stationary pat-
terns (Kim and Wu, 1999).  It  inherits  the advantage of  S-EOF
method (Wang and An, 2005) in detecting the season-reliant os-
cillation patterns, while keeps the time resolution of PCs identic-
al to that of samples. It  is also capable of resolving the spatial
evolution under a nest period d and the temporal modulation as
that can be obtained by using the ensemble empirical mode de-
composition and the multichannel singular spectrum analysis
methods (Zhu et al., 2012).

T(~r; t)
S i(~r) ICi(t)

The ICA method is used to separate the mixtures of the sig-
nals in the Pacific Ocean into their independent sources. Similar
to the EOF method, it decomposes a space-time field  into
multiplications of space field  with time component 
like that:

T(~r; t) =
X

i

ICi(t) ¢ S i(~r): (3)

ICi(t)
However, this method has a more strict restriction than the tradi-
tional EOF method on that the time modes  are restricted

to be independent  rather  than uncorrelated.  As  evaluated by
Aires et al. (2002) and Hannachi et al. (2009), the ICA method can
work better than both EOF and rotated EOF (REOF) method in
meteorological studies. Therefore, it is chosen to detect the inde-
pendent oscillation modes in the Pacific in this study. A FastICA
program, which is coded based on the Hyvärinen’s fixed-point al-
gorithm (Hyvärinen and Oja, 2000), is employed in this study. In
practice, in order to reduce the data redundancy and increase the
computation speed, the principal component analysis (PCA) is
firstly applied to the data, and a certain number of the leading
PCA modes are retained for doing the ICA.

3  Results

3.1  The spatio-temporal variability of the SCS-SSH
The normal annual cycle of the SCS-SSH and the sea surface

circulation are drawn in Fig. 2. The SCS-SSH is generally high in
summer and autumn while low in winter and spring. However,
affected by monsoon, the SSH does not evolve in-phase in the
whole SCS. The seasonal variability of the circulation is charac-
terized by a cyclonic circulation in the northern SCS in winter
while an anti-cyclonic circulation in the southern SCS in sum-
mer, which is consistent to previous observations (Hu et al., 2000;
Su, 2004).

The CSEOF modes of the SCS-SSH can depict how its vari-
ance is explained and how the annual cycle is modulated by the
low frequency variability. The two leading CSEOF modes, which
explain 45.38% and 18.97% of the total variance of the SCS-SSH
respectively, are shown in Figs 3 and 4.

The first CSLV shows the normal annual cycle of the SCS-SSH
anomaly.  Its  corresponding PC oscillates  around 1.0  without
changing sign, meaning the annual cycle of the SCS-SSH is gen-
erally stable without reversing phase. The annual cycle of the
SCS-SSH varies by about ±20 cm (Fig. 3a), which is in agreement
with the SD values that are observed in the SCS (Fig. 1a). Along
the west continental shelf of the SCS, the large amplitude of the
annual cycle explains the significant SD as shown in Fig. 1a. The
amplitude of the annual cycle increases when the PC exceeds 1.0
(at about 1.2 to the most) while deceases when the PC drops be-
low 1.0 (at 0.7 to the least).

The second CSLV displays negative values in most areas of
the SCS for all the 12 months, especially in the southeast of the
SCS (Fig. 4a). The spatial patterns from the 12-month results are
similar with each other if looking over from a global point of view,
despite some clear differences exist locally, e.g., the significant
negative value to the east of Vietnam appears in September while
disappears in some other months. This CSEOF mode represents
month-reliant  response of  the SCS-SSH to  the low frequency
modulation.  The  larger  CSLV  value  in  the  southeastern  SCS
means the SSH in this position is more sensitive to low frequency
modulation.

Power spectra of the PCs, which are derived using an auto-re-
gressive (AR) model, are shown in Fig. 5a. Results indicate the
first mode is dominated by an interannual variability at a period
of 3.6 a, while the second mode is dominated by a near-decadal
variability at a period of 7.1 a and an interannual variability at a
period of 2.4 a. Therefore, the SCS-SSH is modulated by both in-
terannual and near-decadal oscillations.

The correlation coefficient between PC1 and PC2 is 0.30. That
means when the SSH in the SCS is high (or PC2 is low), the annu-
al cycle would get enhanced (PC1 is high). It should be noticed
that the CSEOF decomposition only requires the scalar product
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between two PCs to be zero, while not their correlation coeffi-
cient.

3.2  The independent oscillations in the Pacific
As the SCS is a marginal sea which connected to the Pacific

Ocean, the variability in the Pacific can exert significant influ-
ences on the low frequency variability in the SCS through the
Luzon Strait and the Mindoro Strait. In order to explore the rela-
tionship between the spatio-temporal variability modes of the
SCS-SSH and the low-frequency oscillations in the Pacific, the in-
dependent source oscillations in the Pacific are firstly isolated.

Previously, some climatic variability modes in the Pacific have
been detected by analyzing the long term SST data. They include
the most well-known interannual variability signal ENSO in the
tropical Pacific, which is further divided into the East Pacific (EP)
type and the Central Pacific (CP) type (Ashok et al., 2007; Kao and
Yu, 2009), and the PDO centered in the North Pacific (Mantua et
al.,  1997; Zhang et al.,  1997). The enhanced warming over the
subtropical western boundary current (Wu et al., 2012) and the
cooling in the tropical Pacific (Cane et al., 1997; Deser et al., 2010;
Zhang et al., 2010) were also observed. Correctly detecting these
modes and defining their variability indices have profound signi-

 

Fig. 2.  Monthly mean climatology of the ADT and surface absolute geostrophic velocities in the South China Sea.
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Fig. 3.  The first CSEOF mode of the SSH in the SCS. The 12-month spatial patterns represent a cyclostationary loading vector, while
the black line displayed at the bottom panel represents the principal component.
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Fig. 4.  The second CSEOF mode of the SSH in the SCS. The 12-month patterns represent a cyclostationary loading vector, while the
black line displayed at the bottom panel represents the principal component.
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ficance in the climate research. However, these previously ob-
served modes were obtained using different approaches, with
some modes often being correlated with each other (e.g., the EN-
SO and the PDO share a high similarity). Therefore, isolating the
intrinsic independent oscillations in the Pacific is desirable.

To approach the above goal, the ICA method is adopted in
this work. As these previously derived modes were all obtained
from SST data, for consistency, the ICs in the Pacific basin are
also defined from the SST data. Before carrying out the ICA meth-
od, the SST data are low-pass filtered by using Fast Fourier Trans-
form (FFT) and inverse FFT (iFFT) methods, with the frequency
components exceed 0.8 cpy (cycle per year) being filtered out.
The first 10 PCs, which explain 88% of the variance altogether, are
left to do rotation to obtain the ICs. Finally, there are 5 ICs are de-
rived, as shown in Fig. 6.

The 1st IC is characterized by a classical El Niño oscillation
pattern. As inferred from the spatial mode, the warming in the
eastern tropical Pacific is accompanied by a simultaneous warm-
ing in the west Pacific along the marginal seas that includes the

SCS.  That  means this  mode has  a  clear  effect  on the  low fre-
quency variability of the SST in the SCS. This mode was often
termed as the EP El  Niño mode or cold tongue El  Niño mode
(Kao and Yu, 2009; Kug et al., 2009). The time series of the 1st
mode suggests that there were two extremely strong EP El Niño
events in the years 1982/83 and 1997/98, which is well consistent
with the historical observations.

The 2nd IC is characterized by an ENSO reddening pattern,
which resembles a westward propagated and fainted signal from
a strong oscillation in the EP. As evident from the spatial pattern,
this mode has little effect on the SST in the west Pacific and the
SCS. The spatial mode resembles to that of the so-called El Niño
Modoki (Ashok et al., 2007), CP El Niño (Kao and Yu, 2009), or
warm pool El Niño (Kug et al., 2009), but their time modes are
not  necessarily  identical.  To  distinguish  it  from  the  previous
ones, we call it the ENSO-reddening mode.

The 3rd IC reflects a horse saddle like spatial distribution pat-
tern from tropics, bypass subtropics, to the mid-latitude. This
mode agrees with the fact that the warming in the mid-latitude

 

Fig. 5.  The power spectra of the first and second PCs of the SCS-SSH (a), the comparison of the first PC of the SCS-SSH with the EN-
SO index (b), and the comparison of second PC of the SCS-SSH with the PDO index (c).
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can penetrate through the subtropics through ocean subsurface
layer or from an atmospheric bridge to affect SST in the tropics
(Zhang et al., 1998; Lau and Nath, 1996; Alexander et al., 2002).

The 4th IC depicts the warming at the Kuroshio extension re-
gion. This result is in accordance with the enhanced warming in
the global subtropical western boundary current domain as ob-
served by Wu et al. (2012). It can be seen that the mostly intensi-
fied warming region is centered at Japan, and the warming began
to enhance since 1940s, which was likely caused by the rapid in-

dustrial development in this period.
The 5th IC depicts the cooling phenomenon at the equatorial

cold tongue. The time series is quite similar to the global temper-
ature change (Hansen et al., 2010). As suggested by Zhang et al.
(2010), this mode is likely driven by global warming.

3.3  Relationships between the variability of the SCS-SSH and the
Pacific oscillations
In this section, we examine the relationship between the spa-

 

Fig. 6.  Independent Pacific oscillations derived from SST using the ICA method.
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tio-temporal variability of the SCS-SSH and the Pacific oscilla-
tions based on the above analysis. The PC1 (Fig. 3) and PC2 (Fig.
4) are the two time series that characterize the major variability of
the SCS-SSH. Therefore, we simply examine their relationship
with ENSO, PDO, and the five independent oscillation modes
(Fig. 6).

It is straightforward to relate the two PCs of the SCS-SSH with
ENSO and PDO indices as they exhibit  interannual and near-
decadal oscillations respectively. As shown in Fig. 5b, the PC1
and the ENSO index are negatively correlated, especially in the
year 1997/1998, when the ENSO index reaches to maximum and
the PC1 is at its minimum. The correlation coefficient between
them is –0.60, suggesting that the annual cycle of the SCS-SSH is
modulated by ENSO, with the amplitude being damped during El
Niño period while enhanced during La Niña period. The PC2 is
closely related with the PDO index (Fig. 5c) as the former being in
good agreement with the latter PDO index, having the correla-
tion coefficient between them as high as 0.87.

The effects of the independent Pacific oscillations (Fig. 6) on
the low frequency variability of the SCS-SSH are also examined.
Here, the second PC of the CSEOF mode of the SCS-SSH (PC2) is
taken as an index that characterize the low frequency variability
of the SSH in the SCS; the corresponding spatial pattern is shown
in Fig. 4. Each IC is compared with the PC2 and their correlation
is calculated (Fig. 7). An interesting result is that the classical EN-
SO variability mode (1st IC) has little effect on the low frequency
variability  mode  of  the  SCS-SSH,  while  the  ENSO  reddening
mode (2nd IC) has a clear effect on that (Fig. 7). This result helps
explain why the PDO is more important than ENSO in modulat-
ing the low frequency variability of the SCS-SSH, as the ENSO
reddening mode (similar to CP ENSO mode) is an important con-
stituent for the PDO.

Based on the above analysis,  we can hypothesize that  the

purely  ENSO  mode  is  likely  to  have  an  effect  on  the  low  fre-
quency variability of the SST in the SCS (SCS-SST) (indicated by
the 1st IC spatial mode) other than that of the SCS-SSH, while the
ENSO reddening mode can have an effect on the low frequency
variability of the SCS-SSH other than that of the SCS-SST.

4  Conclusions and discussion
By applying the CSEOF method, the spatio-temporal variabil-

ity modes of the SCS-SSH are detected from observed data. The
first CSEOF mode represents the annual cycle of the SCS-SSH
that is modulated by a low frequency oscillation, which is negat-
ively correlated with the ENSO index. The annual cycle of the
SCS-SSH  gets  reduced  during  El  Niño  events,  while  gets  en-
hanced during La Niña events. The second CSEOF mode repres-
ents  the  low  frequency  oscillation  of  the  SCS-SSH,  which  is
mostly  related to PDO; the spatial  response to low frequency
modulation is relatively seasonally independent. These results
suggest that ENSO and PDO are playing different roles in modu-
lating the spatio-temporal variability of the SSH in the SCS.

The strength of the annual cycle of the SCS-SSH tends to be
influenced by the ENSO. To test whether that of the SCS-SST also
undergoes a similar variability, we analyzed the HadISST data
from 1980 to 2012 in the SCS using the same method. Results are
presented in Figs 8 and 9. However, no damped annual cycle can
be  clearly  seen  in  El  Niño  periods  (Fig.  8);  the  correlation
between PC1 of SCS-SST and ENSO index is –0.25. On the con-
trary, the SST in the Tropical Pacific (TP-SST) has been reported
to display a reduced annual  cycle during the El  Niño periods
(Kim and Chung, 2001). We analyzed the SST in the same do-
main  (20°S–20°N,  124°E–70°W)  from  1980  to  2012  using  the
CSEOF method and reproduced their results, with 70% and 16%
of the total variance being explained from the first two modes
(the two PCs are shown in Figs 10a and b respectively). It is envi-

 

Fig. 7.  Comparison of the independent components in the Pacific basin and the low frequency variability mode of the SCS-SSH (as
characterized by PC2, see Fig. 4).
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Fig. 8.  The first CSEOF mode of SST in the SCS. The 12-month spatial patterns represent a cyclostationary loading vector, while the
black line displayed at the bottom panel represents the principal component.
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Fig. 9.  The second CSEOF mode of SST in the SCS. The 12-month spatial patterns represent a cyclostationary loading vector, while
the black line displayed at the bottom panel represents the principal component.
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sioned that the first two PCs of TP-SST have similar variability
pattern with that of the SCS-SSH, suggesting that there are prob-
ably some connections between the variability modes of the SCS-
SSH and the TP-SST. That means the variability modes of SSH in
the SCS is more closely related to the SST variability in the tropic-
al Pacific other than that in the SCS.

On the low frequency variability mode of the SCS-SSH, the
PDO tends to play a more important role than ENSO. This result

is in agreement with that reported by Wu (2013). To strengthen
this conclusion, the SSH footprints of ENSO and PDO are com-
pared with each other. Figures 11a and b show the regression
coefficient maps of the SSH against the ENSO and PDO indices.
Compared to the ENSO’s footprint (Fig. 11a), the PDO’s footprint
(Fig. 11b) is characterized by an intensification of a low anomaly
in the mid-latitudes, and the westward shifts of a high anomaly in
the eastern tropics and a low anomaly in the western tropics.

Similar results were also reported by Zhang and Church (2012). It
is clear that the PDO’s effect can penetrate into the SCS more
than that of the ENSO. By comparing the low frequency variabil-
ity mode of the SCS-SSH with the ICs in the Pacific, it is found
that the purely ENSO-like mode (1st IC) has less effect on the low
frequency variability of the SCS-SSH, even it is important for that
of the SCS-SST. On the contrary, the ENSO-reddening mode (2nd
IC) has a clear effect on the low frequency variability of the SCS-
SSH, even it is of little importance for that of the SCS-SST. As the
ENSO-reddening mode is an important constituent of PDO (e.g.,
Newman et al., 2003), this explains why the PDO is more import-
ant than ENSO in modulating the low frequency variability of the
SCS-SSH.

It is likely that the Pacific oscillations are influencing the SCS-
SSH and SCS-SST in different ways. The low frequency variability
of the SCS-SSH is significant in the southeast of the SCS as re-
vealed from its second CSLV (Fig. 4), while that of the SCS-SST
(Fig. 9) is significant in the northern SCS. This difference implies
that the SSH and SST in the SCS is likely impacted by different
Pacific oscillations, or in different ways. It is identified that the
low frequency variability of the SCS-SST is mostly influenced by
the purely ENSO mode, while that of the SCS-SSH is mostly influ-
enced by the ENSO-reddening mode (with the effect being prob-
ably transferred by planetary waves from the ocean tunnel; see
Liu et al., 2011).

 

Fig. 10.  Comparison of the first (a) and the second (b) PCs of the SCS-SSH and that of the tropical Pacific SST (TP-SST).

 

Fig. 11.  Maps of regression coefficients of the SSH against ENSO and PDO respectively.
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