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Abstract
used to investigate the interannual to decadal changes of the boreal spring high SLA in the western South
China Sea (SCS) using the Empirical Orthogonal Function (EOF) method. We find that the SLA variability
has two dominant modes. The Sea Level Changing Mode (SLCM) occurs mainly during La Nifia years,

Satellite observations of sea level anomalies (SLA) from January 1993 to December 2012 are

with high SLA extension from west of Luzon to the eastern coast of Vietnam along the central basin of the
SCS, and is likely induced by the increment of the ocean heat content. The Anticyclonic Eddy Mode (AEM)
occurs mainly during El Nifio years and appears to be triggered by the negative wind curl anomalies within
the central SCS. In addition, the spring high SLA in the western SCS experienced a quasi-decadal change
during 1993-2012; in other words, the AEM predominated during 1993-1998 and 20022005, while the La
Nifia-related SLCM prevailed during 1999-2001 and 2006-2012. Moreover, we suggest that the accelerated
sea level rise in the SCS during 2005-2012 makes the SLCM the leading mode over the past two decades.
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1 INTRODUCTION

The South China Sea (SCS) is one of the largest
tropical marginal seas in the world, which connects
with the western Pacific via Luzon Strait, and with the
Sulu Sea through the Mindoro Strait (Fig.1). The
remaining connections with external bodies of water
are over shallow continental shelf regions. The SCS
current system is characterized by strong seasonality
associated with wind forcing, and the seasonal cycle
over most of the SCS basin is determined
predominantly by the regional dynamics within the
SCS (Liu et al., 2001). The dominant basin-wide
circulation in the upper layer is cyclonic (anti-
cyclonic), driven by the northeasterly (southwesterly)
boreal winter (summer) monsoon. The monsoon
transition seasons appear during boreal spring and
fall, with an anticyclonic and a cyclonic gyre in the
central SCS, respectively (Qiu et al., 2012).

Considering the importance of the variability in the
circulation, numerous studies have concentrated on

the seasonal circulation, coastal jet separation, and
abundant mesoscale eddies in the SCS (Qu et al.,
2000; Gan and Qu, 2008; Xiu et al., 2010). In summer,
the northward coastal jet separates at approximately
12°N and extends to the east coast of central Vietnam,
with an anticyclonic eddy to its south and a cyclonic
eddy to its north (Fang et al., 2002; Xie et al., 2003;
Wang et al., 2006). The eastward jet, and associated
eddy formation, is primarily governed by the wind-
driven circulation in the basin interior (Xie et al.,
2003; Wang et al., 2006; Cai et al., 2007; Bayler and
Liu, 2008). Furthermore, it has been demonstrated
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Fig.1 Bathymetry of the South China Sea (units: m)

that the boundary layer dynamics over the narrow
shelf topography may also have an effect on the jet
and eddy formation (Gan and Qu, 2008). In winter,
the western boundary current flows southwestward
along the South China shelf and slope, then turns to
the south along the Vietnam coast, and partially exits
the SCS through the Karimata Strait (Fang et al.,
2012). The southward western boundary current
transports the cold northern water to the south, which
plays an important role in the SCS climate (Liu et al.,
2004).

One of the major transition patterns occurs in
spring, of which the most dominant feature is the
spring warm pool. This warm pool develops and
peaks in May over the central SCS and decays in June
(Chu and Chang, 1997; Qu, 2001; Wang and Wang,
2000). It has been suggested that the surface heat flux
plays a dominant role in the formation of the spring
warm pool (Wang and Wang, 2006); while the surface
wind stress curl associated with the bottom topography
of the SCS may be responsible for its evolution (Chu
and Chang, 1997). Correspondingly, a single high sea
level peak centered at 14°N, 114°E becomes a
dominant feature during spring (March and April)
(Ho et al., 2000), namely, the spring warm-core eddy
(Chi et al., 1998) or the spring mesoscale high (He et
al., 2013). The 20-year (1993-2012) mean of the sea
level anomaly (SLA) and geostrophic current for
March—May (MAM) shows a noticeable anticyclonic
eddy in the western SCS during spring (Fig.2). Using
numerical experiments, Chi et al., (1998) highlighted
the importance of wind in generating the warm-core
eddy in the spring-to-summer transition season. He et
al., (2013) suggested that the lateral transport in the
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Fig.2 The SLA (shaded, cm) and geostrophic current
(vector, cm/s) averaged for March—-May (MAM)
during 1993-2012

western SCS also contributes to the generation of the
high SLA during spring. The spring warm pool and
high SLA in the SCS play an important role on the
climate and weather, such as, rainfall and typhoons
over the SCS. However, the interannual to decadal
variation of these issues is not well understood and
deserves further investigation.

Previous studies have revealed that the monsoon
wind in the SCS displays a remarkable interannual
variation associated with ENSO (Wang and Zhang,
2002). The weaker monsoon winds during EI Nifio
events eventually influence the circulation, with
weaker gyres and upwelling in the SCS (Chao et al.,
1996; Qu et al., 2000; Xie et al., 2003; Fang et al.,
2006). As described above, the spring high SLA in the
western SCS is closely associated with the monsoon
winds. Therefore, the spring high SLA may have a
large signal on an interannual time scale, which may
have a potential further impact on the summer
circulation. So far, few studies have reported on the
interannual variability of this feature. In addition, the
transition of the circulation patterns from spring to
summer may play a significant role in the variability
of the coastal jet (Wu et al., 1998). During normal
years, the spring high SLA decays in May, and a
cyclonic gyre appears and persists from summer well
into January. In 1995, a late transition from
anticyclonic to cyclonic in the western SCS allowed
the northward coastal jet to penetrate into the Gulf of
Tonkin. Except for the summer, the winter circulation
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in the SCS is also modulated by the transition of the
spring to summer circulation pattern. For example,
the early reversal of the spring to summer circulation
resulted in a weak winter gyre during 1992 and 1994
(Wu et al., 1998).

As a consequence, the variation of the circulation
pattern in the western SCS during the spring transition
season is an important academic issue to improve our
understanding of the SCS ocean dynamics. In this
study, using long continuous satellite altimeter data,
the major objective was to investigate the interannual
to decadal variability of the spring high SLA in the
western SCS, and reveal its potential impact on the
variability of the SCS circulation.

2 DATA AND METHOD

The monthly SLA data are the merged product of
T/P, ERS-1, Jason-1, and ERS-2 satellite altimetry
observations, provided by AVISO, and have a 1°/3°
spatial resolution. The monthly surface geostrophic
velocity was computed with monthly SLA data.
Monthly winds with 2.5° horizontal resolution,
obtained from the National Center for Environmental
Prediction-National Center for Atmospheric Research
(NCEP-NCAR) global atmospheric reanalysis data,
were used to study the wind stress and wind stress
curl anomalies during ENSO events. Meanwhile, the
Simple Ocean Data Assimilation (SODA; Carton et
al., 2000) dataset was adopted to calculate the ocean
heat content anomaly (OHCA) in the upper 300 m of
the water column as follows:

300
OHCA = pC, [ " (T— T, Mz , M

where p is the potential density (taken as constant:
p=1000 kg/m®), and C, denotes the specific heat
capacity, and T, represents the climatological
temperature.

To study the interannual to decadal variability, the
seasonal cycle was first removed: the climatological
monthly means from January to December during
1993-2012 were subtracted from monthly values to
obtain monthly anomalies from the climatology.
Next, the Empirical Orthogonal Function (EOF)
method was used to extract the dominant interannual
to decadal change signals of the boreal springtime
SLA field.

3 PRINCIPAL MODES OF SPRING SLAS

To capture the dominant interannual variability
signal of the spring SLA in the western SCS, EOF

Table 1 List of El Nifio and La Nifia years from 1993 to
2012

1992/1993, 1994/1995, 1997/1998,

EINifio (Nifio3.4 SSTA>0.5°C) 305 7003, 2006/2007, 2009/2010

1995/1996, 1998/1999, 1999/2000,

La Nifia (Nifio3.4 SSTA<-0.5°C) 200772008 2008/2009

analysis was performed and the first leading two EOF
modes are presented in Fig.3. These two modes
explain about 32.9% and 18.6% of the total variance
in the spring SLA in the SCS.

The first EOF mode (EOF1; Fig.3a) shows in-
phase SLA variability in the entire study region. The
high variance zone is mainly located in the central
deep basin along 15°N, with two maximum mesoscale
variance regimes centered northeast of the Vietnam
coast (112°E, 14°N) and west of Luzon (118°E,
16°N), respectively. The corresponding time
coefficients of EOF1 (Fig.3c) had a negative
correlation (correlation coefficient=-0.47) with the
Nifo3.4 index (monthly SST anomalies in the region
5°N=-5°S, 120°-170°W: positive anomalies >0.5°C
indicate El Nifio events and negative anomalies
<-0.5°C indicate La Nifia events (McPhaden, 2008))
at the 95% confidence level. In addition, the
corresponding time coefficients of EOF1 revealed a
quasi-decadal oscillation of the spring SLAs: the
higher than normal sea level was observed during
1999-2001 and 2006-2012; whereas the lower than
normal sea level was detected during 1993—-1998 and
2002-2005. It is noteworthy that the local maximum
centered northeast off Vietnam coincided with the
spring high SLA in the western SCS, suggesting that
the intensity of the spring high SLA is also modulated
by the decadal variation of SLA in the SCS.

The spatial pattern associated with the second EOF
mode (EOF2; Fig.3b) is dominated by a basin-wide
anticyclonic gyre in the SCS. The maximum positive
value is centered at 14°N, 112°E, which is consistent
with the locations of the spring warm-core eddy and
spring mesoscale high (Chi et al., 1998; Ho et al.,
2000; He et al., 2013). Compared with the ENSO
years shown in Table 1, the corresponding time
coefficients of EOF2 (Fig.3c) indicate strong
correlation (>0.7) with the Nifio 3.4 index. Specifically,
high positive values of the time coefficients of EOF2
arise during El Niflo years, while negative values are
coincident with the emergence of La Nifia events.
Furthermore, the EOF2 mode is highly negatively
correlated with the mean regional wind stress curl
(averaged by 12°-16°N, 110°-114°E). As is known
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Fig.3 The first two leading EOF modes of the spring SLA
a. spatial pattern of EOF1; b. spatial pattern of EOF2; c. time coefficients of EOF1 (black solid line); time coefficients of EOF2 (black dotted line); and

December—February Nifio 3.4 index (gray bar), all have been normalized.

that El Nifio prefers a stronger spring anticyclonic
gyre in SCS; therefore, the above result suggests that
the spatial pattern of EOF2 is directly affected by the
negative wind stress curl, which is originally
modulated by El Nifio. It should be noted that the time
coefficients of the first two leading EOF modes are
almost out of phase on decadal timescales. The time
coefficient of EOF2 shows a strong spring anticyclonic
gyre during 1993-1998 and 2002-2006; whereas it is
relatively weak during 1999-2001 and 2008-2012.

4 INTERANNUAL VARIATIONS OF
SPRING SLAS

Figure 4 shows composite maps of the SLA and
wind stress curl anomalies (WSCA) for non-ENSO
years, El Nifio, and La Nifia events. During non-
ENSO years, the SLA pattern is consistent with the
climatology of spring SLA, with negative WSCA in
the central basin of SCS (Fig.4a, d). The SLA pattern
of EI Nifio events shows strong anticyclonic anomalies

in the western SCS (Fig.4c), which coincides well
with the second EOF mode in terms of shape and
location (Fig.3b). The composite WSCA pattern
during El Nifio events shows negative values in the
central basin of SCS (Fig.4f). Driven by the negative
wind stress curl, an anticyclonic gyre circulation
appears in the western SCS in the spring just after the
peak phase of El Nifio, and persists through to the
summer of the decaying phase of El Nifio. The highest
sea level anomaly occurred as a strong anticyclonic
eddy in the western SCS, and persisted from February
to September, 2010 (Fang et al., 2014; Chu et al.,
2014). The eddy moved northward from May to July
following the strong northward current along the
western boundary, and the energy passed from the
boundary current resulting in the continuing growth
of the eddy in both strength and size (Chu et al.,
2014). Conversely, the composite WSCA pattern
during La Nifia events showed positive values in the
central basin of SCS (Fig.4e), which is not conducive
to form the anticyclonic gyre in the western SCS
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Fig.4 The composite distribution of spring SLA (cm; 1993-2012)
a. non-ENSO years; b. La Nifia years; c. El Nifio years; d, e, and f are same as a, b, and ¢ but for the spring WSCA, respectively (<10 Pa/m).

during the spring after the mature phase of La Nifia,
and leads to small values in the time coefficients of
EOF2 during 1999-2001 and 2008-2009 (Fig.3d).
However, the SLA pattern during La Nifia events
shows a high SLA band in the deep basin around 14°—
18°N (Fig.4b), with two cells centered on the northeast
coast of Vietnam and west of Luzon. Previous studies
have revealed that La Nifia episodes are generally
followed by an increase of sea level in the SCS
(Swapna et al., 2009).

To identify the coupled spatial patterns and
temporal variation of the spring SLA and WSCA
fields, the Singular Value Decomposition (SVD)
method was used to isolate the corresponding modes
of the two fields (see e.g., Bjornsson and Venegas,
1997 for more details). The Square Covariance
Fraction (SCF) of the former six modes reached more
than 92.0%. Here, only the results of the first two
leading modes are discussed. The SCF of the first

coupled mode reached 75.9% and the correlation
coefficients of the expansion coefficients in both fields
were 0.81 (Fig.5¢). The first mode of the SLA showed
the positive SLA in the eastern and northern SCS,
while a negative SLA occurred off the southwestern
Vietnam coast (Fig.5a). Conversely, the first mode of
the WSCA displayed a pattern similar to the composite
distribution during La Nifa years, with a positive
WSCA in the central basin of the SCS. The expansion
coefficients of both fields revealed prominent rising
trends during 1993-2012, and extraordinary positive
values during 1999-2001 and 2006-2012. The SCF
of the second mode was 7.0%. The second mode of
the SLA and WSCA showed a positive SLA and a
negative WSCA in the central-western SCS (Fig.5b),
which is consistent with the composite patterns during
El Nifio years. The expansion coefficients showed
positive anomaly values during 1998 and 2010,
corresponding well with the strong El Nifio events
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expansion coefficients. The gray bars in (c) and (d) are the Nifio 3.4 index of December—February, all have been normalized.

that occurred during the winters of 1998 and 2010
(Fig.5d). The above analyses show that coupled
spatial patterns and temporal variation of the spring
SLA and WSCA fields have significant interannual
variation. During La Nina years, the SLAs in the
southwestern SCS are negative, which coincide with
the positive WSCA in the central basin. However, the
WSCA pattern cannot explain the positive SLAs in
the northeastern SCS. Conversely, during El Nifio
years, the positive SLAs in the western SCS and the
negative WSCA in the central basin are highly
correlated.

To obtain a better understanding of the physical
processes attributed to the high SLA during La Nifia
episodes, the spatial pattern of composite OHCA

during March of El Nifio and La Nifia episodes is
presented in Fig.6. Strong positive OHCA was found
in the west of Luzon, which extended into the central
basin of SCS and connected with the positive OHCA
in the areas along the northwestern coast of SCS
(Fig.6a). The SLA patterns during La Nifia years were
consistent with the OHCA, indicating the strong
influence of OHCA on sea level variations in the SCS
during La Nifia episodes. The intrusion of abnormally
warm water from the western Pacific through the
Luzon Strait increased the heat content during La
Nifia years (Swapna et al., 2009). Then, the positive
OHCA propagated westward in the northern SCS
(Yan et al., 2010), which led to the abnormally high
sea level band in the north-central SCS. Conversely, a
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positive OHCA appeared in the areas along the 5 DECADAL VARIABILITY OF THE
western boundary current during El Nifio episodes SPRING SLAS

(Fig.6b), indicating the potential impact of the ocean

dynamics on the variance of OHCA in the SCS. The variations of the spring anticyclonic eddy in
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the western SCS have two leading modes: the Sea
Level Changing Mode (SLCM) and the Anticyclonic
Eddy Mode (AEM; Fig.3). The dominant modes of
the spring anticyclonic eddy in the western SCS
showed a decadal change. The most prominent feature
was associated with the sea level change for the
periods of 1999-2001 and 2006-2012; while it was
associated with the strength of the spring anticyclonic
gyre for the periods of 1993-1998 and 2002-2005.
We compared the spring SLA field during four
periods. During two of these (1993-1998 and 2002—
2005), the spring SLAs in the western-central SCS
occurred as an anticyclonic eddy (Fig.7a, c). The
other two periods (1999-2001 and 2006-2012) were
dominated by the abnormally high sea level in the
north-central SCS (Fig.7b, d), with the shape and
location consistent with the first EOF mode (Fig.7a),
as well as with the composite SLA of La Nifia years
(Fig.7b).

During 2006-2012, a period with prevailing La
Nifia events (2007/2008, 2008/2009, 2010/2011, and
2011/2012) (Dieng et al., 2014), the rapid sea level
rise during 2005-2010 appeared in the whole SCS
basin, with the maximum rising trend exceeding
30 mm/a in the central SCS basin (Fang et al., 2014).
The SLA field with the linear trend removed during
1999-2001 and 2006-2012 (Fig.7f, h) was very
different from that with all signals included. Note that
the spatial patterns of the field with the linear trend
removed during 1999-2001 and 2006-2012 share
some degree of similarity with the anticyclonic gyre

Vol.35

pattern during 1993-1998 and 2002-2005. In
addition, the leading mode becomes the anticyclonic
eddy mode, if the EOF analysis is conducted only for
the period 1993-2005 (figure not shown). A similar
situation occurred in 1993-2012 when the linear trend
was removed, which indicated that the accelerated sea
level rise during 2005-2010 (exceeding 30 mm/a in
the western SCS, Fig.8) has a significant influence on
the spring circulation patterns in the SCS and causes
a significant decadal variability of the spring
circulation in the western SCS.

It is interesting to note that the strength of the
anticyclonic gyre was much greater during 2002—
2005 than during 1993-1998. The strength of the
spring anticyclonic gyre in the SCS was closely
associated with the variation of the anticyclonic wind
circulation. The anticyclonic circulation center
located over the eastern region of the SCS and western
Pacific, with easterlies dominating in the central basin
of SCS, resulted in the abnormally weak spring
anticyclonic gyre during the spring of 1993-1998
(Fig.9a, c). Conversely, during the spring of 2002—
2005, the anticyclonic circulation center was located
in the central basin of SCS (Fig.9b), which induced
the negative wind curl anomalies, and led to the
strengthening of the spring anticyclonic gyre in the
western SCS during this season (Fig.9d).

6 CONCLUSION

SLA data from multiple satellite altimeter missions
over the past 20 years was used to study the interannual
to decadal variability of the spring high SLA in the
western SCS. We found that there are remarkable
interannual to decadal changes in the spring high SLA
in the western SCS. The EOF analysis revealed the
existence of two dominant modes in the interannual to
decadal variability of spring high SLA: the SLCM
and the AEM. The former appeared mainly during La
Nina years, with the anomalous high SLA in the SCS
central basin extending from west of Luzon to the
eastern coast of Vietnam, induced by the increase of
OHC from the intrusion of abnormally warm North
Pacific water into the northern SCS through the Luzon
Strait. The latter was closely associated with negative
wind curl anomalies driven by the anticyclonic
atmospheric circulation during spring on the central
SCS. In addition to the notable interannual variability,
the first leading mode changed from the AEM in
1993-2005 to the SLCM in recent years (2006-2012).
During 2006-2012, a period with prevailing La Nifia
events, the rapid sea level rise in the central SCS, with
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the maximum rising trend, exceeded 30 mm/a, which
has made the SLCM much more dominant in recent
years. Conversely, the AEM, which was dominant
during 1993-2004, also experienced distinct decadal
variability, with a considerable increase in intensity
during 2002-2005. The intensity of the AEM is
mainly modulated by the strength and position of the
anticyclonic atmospheric circulation on the SCS. As
shown in other studies, the WSCA would have more
impact on SLA compared with OHCA; however, the

WSCA pattern is not consistent with SLAs in the SCS
during La Nifia. The individual contributions of
OHCA and WSCA to the SLAs in the SCS during La
Nifa, and their potential impacts on climate and
weather deserve further investigation through
numerical and analytical modeling studies.
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