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The Conductivity–Temperature–Depth (CTD) and acoustic Doppler current profiler (ADCP)measurements along
18°N off thewestern Luzon in the South China Sea (SCS), collectedduring a cruise fromAugust 12–14, 2012,were
used to explore the vertical structure of an anticyclonic eddy (AE) during the observational period. Further, the
French Archiving, Validation and Interpretation of Satellite Oceanographic data (AVISO) sea level anomaly
(SLA) and corresponding anomalous surface geostrophic velocity were used to study the temporal evolution of
the AE. The vertical structure of the AE along 18°N in August 2012 showed a trough located near 117.5°E. The
AE extended vertically downward and its distinct feature was identifiable to 200 m depth. Seasonal variations
of SLA indicate that the AE lasted for 5 months (June to early November), going through the growth and nearly
stationary period from mid-June to late August and then propagating westward along 18°N with varying phase
speeds and shapes to the continental slope off the southeastern Hainan Island during late September to Novem-
ber. Furthermore, T–S characteristics suggest that the AE was generated off the western Luzon. Interannual var-
iations of the summer (July–September) SLA presented by Empirical Orthogonal Function analysis, indicates that
the local circulation was enhanced by the anomalous anticyclonic eddy along 18°N in the years of 2008, 2010,
2012 and 2013 during the period from1993 to 2014.
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1. Introduction

The South China Sea (SCS) is the largest semi-enclosedmarginal sea
in the western Pacific Ocean. Its northeastern region connects to the
East China Sea through the Taiwan Strait, and adjoins with the
northwestern Pacific via the Luzon Strait (Fig. 1a). The SCS climate is a
component of the East Asian monsoon system (Wyrtki, 1961). The
upper layer ocean circulation is forced by seasonal monsoon winds,
with significant impact of the Kuroshio on the northern region through
the Luzon Strait (Fang et al., 1998; Qu, 2000; Qu et al., 2000; Qu, 2001;
Xue et al., 2004; Hu et al., 2012). Influenced by the Asian monsoon sys-
tem, the SCS experiences the northeasterly monsoon in winter and the
southwesterlymonsoon in summer. In response to thewintermonsoon,
the upper layer ocean circulation is characterized by a cyclonic gyre. In
summer, there are a cyclonic gyre north of about 12°N and an anticy-
clonic gyre south of about 12°N (Wyrtki, 1961; Qu, 2000; Gan et al.,
2006).
angzhou 510301, China.
The northern SCS is surrounded by Mainland China, Vietnam,
Taiwan Island, Luzon Island andHainan Island (Fig. 1a). Under the com-
bined influence of monsoon winds, the Kuroshio intrusion, complex to-
pography, and tidal forcing, the general circulation is more intricate
(e.g., Xue et al., 2004; Fang et al., 2005; Gan et al., 2006). An ocean
eddy which is quasi-geostrophic and with horizontal scales of 50–
500 km is defined as synoptic eddy (Woods, 1980). Synoptic eddies
are relatively active in the northern SCS. They have been receiving
more and more attention since the 1990s. Those off the northwestern
Luzon have been investigated by a number of previous works (e.g., Li
et al., 1998, 2002; Li and Pohlmann, 2002; Yuan et al., 2007; Wang et
al., 2008; Chen et al., 2010; Hu et al., 2012; Nan et al., 2011; Zhang et
al., 2015). Previous studies showed thatmost of the northern SCS eddies
originated in two areas: one off the southwestern Taiwan and the other
off thewestern Luzon.Wang et al. (2008) examined the origin and evo-
lution of two anticyclonic eddies in the northeastern SCS using multi-
satellite remote sensing data, trajectory data of surface drifting
buoys, and in situ hydrographic data during winter 2003/2004.
Several studies (e.g., Qu, 2000; Yang and Liu, 2003; He et al., 2016)
reported that there is a cyclonic eddy (Luzon Cold Eddy) off the
western Luzon in winter.
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Fig. 1. (a) Observational section and stations from cruise August 2012 and bathymetry of the northern South China Sea (SCS), with the 50, 100, 200, 500, 1000, 2000, 3000, and 4000 m
contours plotted. The bathymetry from the ETOPO5 global relief (http://www.ngdc.noaa.gov/mgg/global/etopo5.html) supplied by the National Oceanic and Atmospheric Administration
(NOAA) National Geophysical Data Center (NGDC) were used. In situ observational stations are marked by red squares. The detailed information of in situ observation is listed on Table 1.
(b) Mean sea level anomaly (SLA, shaded, cm) and the corresponding anomalous surface geostrophic currents (vector, cm·s−1) during the in situ observations from August 12–14, 2012;
white squares represent the in situ observational stations. (c) The climatological summer to early fall (July to September) mean SLA (shaded, cm) and anomalous surface geostrophic
current (vector, cm·s−1) during 1993–2014 in the northern SCS, showing a sub-basin scale anomalous anticyclonic circulation.
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However, to date only a few studies have focused on the summer–
fall anticyclonic eddy off the western Luzon. Li et al. (1998) reported
that a warm-core anticyclonic eddy occurred off the northwestern
Luzon based on CTD (Conductivity–Temperature–Depth) profilers ob-
servations. According to that study, the anticyclonic ring originated
from Kuroshio meander at the Luzon Strait and shed into the northern
SCS. Using satellite altimeter data, Yuan et al. (2007) identified a season-
al anticyclonic eddy generated off the northwest of Luzon, and named it
Luzon Warm Eddy (LWE). Chen et al. (2010) investigated the vertical
structure and spatiotemporal evolution of the LWE using Argo float
data and satellite altimeter data. Based on in situmeasurements and sat-
ellite sea level anomaly (SLA), Nan et al. (2011) reported three long-
lived seasonal anticyclonic eddies occurring along 18°N in August 2007.

Although there are several previous works focused on the anticy-
clonic eddies off the northwestern Luzon, studies on their hydrographic
and current structures from in situ observation, as well as their varia-
tion, are still quite scarce. Therefore, this study aims to address the fol-
lowing questions: what is the vertical structure of the anticyclonic
eddy? and what is its seasonal evolution and interannual variability?
InAugust 2012, an anticyclonic eddywas captured during the in situ ob-
servation along 18°N (see Fig. 1b). In this work, the CTD and acoustic
Doppler current profiler (ADCP) measurements along 18°N off the
western Luzon in the SCS are used to explore the vertical structure of
an anticyclonic eddy (AE) during the observational period of August
12–14, 2012. Further, the AVISO sea level anomaly and corresponding
anomalous surface geostrophic currents were employed to study the
temporal evolution of the AE. The interannual variability of the eddy ac-
tivities along 18°N are presented for the first time. Following this
introduction, Section 2 describes the data and analysis methods.
Section 3 presents the observational results. Section 4 gives a discussion.
Finally, Section 5 is the summary.
2. Data and methods

2.1. In situ data and calculation of geostrophic currents

The in situ observation was conducted in August 12–14, 2012 from
the R/V Shiyan 3 cruise. Temperature, salinity, density, and sound veloc-
ity data were observed using SBE 911plus CTD. There were 10 observa-
tional stations along 18°N between 115°E and 119.5°E (Fig. 1a, b). The
vertical resolution of the data was 1 m. The observational depths were
all greater than 1500 m (Fig. 1a). A vessel–mounted ADCP, made by
Teledyne RD Instruments, was used for underway current measure-
ments along the transect. The ADCP current data are available at depths
rangingbetween38 and 278mwith a vertical interval of 16m.More de-
tailed information on sampling station and section is listed on Table 1.

In order to calculate the geostrophic currents, the temperature and
salinity data from the CTDwere processed and interpolated to standard
depths consistent with Levitus (1983). By applying the processed CTD
data and selecting 1500 m as the reference level, we calculated geo-
strophic velocities at each standard depth. Pressure gradients below
1500 m are typically weak and the geostrophic currents can be negligi-
ble. The validity and effectiveness of such a method to calculate geo-
strophic currents in the SCS have been demonstrated by previous
studies (Fang et al., 2002; Xiang et al., 2016).

http://www.ngdc.noaa.gov/mgg/global/etopo5.html


Table 1
Details on sampling stations and section of the 2012 cruise.

Item Date Station number/section Measuring instrument Top/bottom bin depth (m) Bin size (m) Sampling interval (min)

CTD August 12–14 1–10 SBE 911plus 3/1500 1 1
ADCP August 12–14 18°N OS38 ADCP 38/278 16 5
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2.2. Satellite data and identification of eddies

To identify and track the eddy, daily multi-mission merged SLA
(1/4° × 1/4° resolution) and surface geostrophic velocity anomaly
(also 1/4° × 1/4° resolution) from the French Archiving, Validation
and Interpretation of Satellite Oceanographic data (AVISO) project
(http://www.aviso.altimetry.fr/duacs/) were used. The dataset covers
the period from 1993 to the present. The climatological summer to
early fall (July to September) mean SLA and anomalous surface
Fig. 2. Vertical distributions of (a) temperature (°C), (b) salinity, (c) density (σt; kg·
geostrophic current during 1993–2014 in the northern SCS are shown
in Fig. 1c.

The temporal evolution of the eddy was explored using the vector
geometry–based detection algorithm (Nencioli et al., 2010). This meth-
od used to detect and track eddies is based on the geometry of surface
velocities. Its objective is to detect a region where the velocity field ro-
tates around a center. The velocities used in this study are anomalous
geostrophic velocities computed from the SLA with the equation for
geostrophic equilibrium. The center of the eddy is determined by a
m−3) and (d) sound velocity (m·s−1), along the 18°N section in August 2012.

http://www.aviso.altimetry.fr/duacs/
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local velocity minimum in an area where rotating flow has been detect-
ed. The eddy boundaries are defined as the outermost one of those
closed streamlines around the center, across which velocity is still radi-
ally increasing. In order to improve the algorithm performance, the
AVISO velocity field was linearly interpolated from a 1/4° × 1/4° grid
to 1/8° × 1/8° grid, similar to Liu et al. (2012).

3. Observational results

3.1. Vertical structure of the AE during 12–14 August 2012

Fig. 2 shows the vertical structure of the AE, depicted by vertical sec-
tions of temperature, salinity, density and sound velocity from the CTD
measurements along 18°N from surface to 1500m depth. In order to re-
veal the characteristics of these sectional structures more clearly, we
separated the vertical structure into two panels (0–300 m and 300–
1500m). Note that each panel uses a different color scale. The structures
of temperature, salinity, density and sound velocity were similar.

A trough was observed in each of the temperature, salinity, density,
and sound velocity contour maps, respectively. The troughs were locat-
ed near 117.5°E (stations 6 and 5), corresponding to the center of the AE
at 18°N. The affecting depth of eddy on temperature, salinity, density
and sound velocity was about 200 m, indicating that an anticyclonic
eddy was present. This AE during the survey period extended vertically
downward and its distinct featurewas identifiable to 200m. At the eddy
center, the depths of thermocline, pycnocline and sonic layer could have
reached 120 m which were 70 m deeper than those (at 50 m depth) in
the outermost area of the eddy. The vertical means (0–200 m) of tem-
perature and sound velocity were 2.12 °C and 5.33 cm·s−1 larger at
the eddy center than those in the surrounding area (station 9 as the ref-
erence), respectively, whereas mean salinity and density were 0.25 and
0.78 kg·m−3 smaller, respectively.

Fig. 3 shows the vertical distribution of geostrophic current along the
18°N section. The velocity in the west was northward but southward in
the east, implying that a distinctive AE existed. The position of the eddy
center is generally consistent with the one identified in Fig. 2. The max-
imum speed was at the surface. The maximum northward speed was
~60 cm·s−1, while the maximum southward speed was 40 cm·s−1.
Fig. 3. Vertical distribution of geostrophic current (cm·s−1) along the 18°N section in
August 2012. Positive (negative) values represent northward (southward) currents,
Data-Interpolating Variational Analysis (DIVA) (Troupin et al., 2012) was used for
interpolation.
The depth where the northward speed was over 10 cm·s−1 reached
nearly 300 m, while the one with southward speed over 10 cm·s−1

reached nearly 600m. Themaximum speed during this period is similar
to the LWE investigated by Chen et al. (2010). Based on Argo float data
from September 2006 to February 2007, Chen et al. (2010) indicated
that the LWE extended vertically to more than 500 m depth, with a
higher temperature anomaly of 5 °C and lower salinity anomaly of 0.5
near the thermocline. The current speed of the LWE was stronger in
its uppermost 200 m, with a maximum speed of 60 cm·s−1.

The currents were also directly measured by the shipboard ADCP
along the 18°N section from the cruise. The ADCP current data in 38–
278 m is presented in Fig. 4. As depicted in this figure, stronger currents
occurred on its western side. Vertically, the eddy had a very similar veloc-
ity structure at the depths of 38, 54, and 86mwhere themaximumveloc-
itywas as high as about 112 cm·s−1, but the velocity graduallyweakened
below the 86m layer. The current vectors at the section revealed a clock-
wise pattern, corresponding to the anticyclonic circulation at 18°N,where
theflowwas northeastwardwest of 117°E and southward east of 117.5°E.
This was basically consistent with the geostrophic currents although
therewere some discrepancies in the velocity values, as well as the possi-
ble ageostrophic flow included in ADCP currents (Fig. 3).

3.2. Temporal evolution of the AE detected by satellite altimeter data

Fig. 5 shows the temporal evolution of the AE delineated from the
surface geostrophic velocity anomaly together with SLA data. The AE
wasfirst detected on June 12 off thewestern Luzon, developed through-
out June, intensified in July, started toweaken after the beginning of Au-
gust, split in September and finally propagated westward to the eastern
Hainan Island in early November. The eddy could be traced for nearly
fivemonths. The temporal evolution of the AEwent through two stages:
the growth and quasi-steady period and westward propagation period.
The migration speed of the AE in these two stages varied significantly.
During the growth and quasi-steady period from mid-June to the end
Fig. 4. Current vectors at different depth (as labeled) measured by ADCP for the 18°N
section in August 2012. Units in m·s−1.



Fig. 5. Temporal evolution of anticyclonic circulation detected by altimeter SLA (color shading, units in cm) and geostrophic currents anomalies (vectors, units in m·s−1) fromMay 20 to
November 10, 2012. Closed black lines and black dots denote eddy boundaries and eddy cores, respectively.
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of August, the AE started to develop, intensified and weakened. Its di-
ameter varied from 27 to 220 km. The SLA maximum around the eddy
center was about 30–40 cm. The westward migration at this stage was
relatively slow (less than 4 cm·s−1). From September to early Novem-
ber, the AEwent through the second stage. The AE split into two anticy-
clonic eddies (marked as AE1 and AE2 in Fig. 5) in early September. The
AE1 and AE2 lasted for about two months. The AE2 migrated westward
along section 18°N with a faster speed up to 8 cm·s−1, gradually weak-
ened and finally disappeared on the continental slope off the southeast-
ern Hainan Island on November 10. In contrast, the AE1 moved slowly
and disappeared on October 22.

The seasonal evolution of the AE in 2012 demonstrated above indi-
cates that the AE migrated westward with varying phase speeds during
different stages, consistent with those of previous studies (Yuan et al.,
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2007; Chen et al., 2010; Nan et al., 2011). The westward migration
speed of the AE was 8.7–14.9 cm·s−1 in fall 2002 (Yuan et al., 2007),
less than 3.0 cm·s−1 in July–September with a faster migration speed
of up to14.3 cm·s−1 in December (Chen et al., 2010) and 6.0 cm·s−1

in September 2007 (Nan et al., 2011).

3.3. Interannual variability of the SLA in July–September

In the SCS, some eddies are seasonal and nearly stationary (e.g., Fang
et al., 2002; Xiang et al., 2016) while others clearly propagate like first
baroclinic mode Rossby waves (Zhuang et al., 2010; Hu et al., 2012;
Lin et al., 2016). By nearly stationary, we mean that the center of the
eddymoved somewhat but that the net displacementwas small. As pre-
sented in Section 3.2, the AE in July–early September had a propagating
speed of ~3 km·day−1 which is much less than the order of
10 km·day−1 for a propagating eddy. Previous study (Chen et al.,
2010) indicated that from July to September the moving speed of the
AE is very slow (less than 3 cm·s−1). During this period the AE
remained nearly stationary off the northwestern Luzon although it
translated from late September to winter. Thus, the Empirical Orthogo-
nal Function (EOF) analysis was used to derive the dominant
interannual signals during 1993–2014 and the spatial pattern of the
July–September SLA variations.

Monthly multi-mission merged SLA (1/4° × 1/4° resolution) from
the French AVISO project from 1993 to 2014 was used. To remove the
seasonal cycle signal, all the monthly sea level anomalies were derived
by departing from their respective climatological mean values averaged
over the period of 1993–2014 before the EOF analysis was performed.
Finally, the monthly SLA dataset of July–September in 1993–2014
were used for the EOF analysis. The area for the standard EOF analysis
was carried out in 113.0°E–121.0°E and 15.5°N–23.0°N.

The first leading EOF mode explained 42.6% of the total variance.
This mode has a spatial pattern characterized by two highly positive
SLA areas located between 17°N and 20°N, with two maxima centered
around 115°E, 18°N and 118°E, 18°N, respectively, corresponding to
two eddy-like patterns between 16°N and 20°N (Fig. 6a). The time se-
ries of this mode, combinedwith the spatial pattern, shows the interan-
nual variability of the two eddies. The eastern eddy-like pattern
Fig. 6. Thefirst two leading EOFmodes of the summer (July–September) SLA, calculated fromm
b. spatial pattern of EOF2; c. time coefficients of EOF1 (black solid line) and time coefficients o
contributes to the variation of the AE. Note that the highest peaks ap-
peared in 2008, 2010, 2012 and 2013, respectively (Fig. 6c). This indi-
cates that SLA was especially high west of Luzon and the two
anticyclonic eddies were more energetic during these periods, consis-
tent with the results from our in situ observation in August 2012 as pre-
viously noted. Previous study (Nan et al., 2011) showed that two
seasonal anticyclonic eddies concurred in summers in some years
(e.g., 2007, 2008) in the study area. In addition, the time series of the
first EOF mode also displays three phase changes in the years 1998,
2001 and 2006, respectively. Three short term linear trends can be
seen from the time series: an increase from 1993 to 2000, a decrease
from 2001 to 2004, and a rapid rise for the period 2005–2013. These
are similar to the results calculated by Fang et al. (2014), who suggested
that the decadal variability of summer circulation in the SCS existed
with three phase changes in the years 1998, 2001 and 2006,
respectively.

To verify the results from the standard EOF analysis, we also per-
formed a complex EOF analysis which could be used for detection of
propagating features with the phase information by using the data set
of weekly sea level anomalies of July–September in 1993–2012 (the
ending date for weekly SLA data in delay time from the AVISO project
is August 2013). The obtained first leading complex EOF mode, ex-
plained 32.9% of total variance, shows a distribution of spatial amplitude
similar to the first EOFmodewith the corresponding spatial nearly uni-
form phases (not shown). This further confirms that the nearly station-
ary AE in summer is dominant.

The second EOF mode, which explains 10.4% of the total variance,
displayed positive SLAs over the southwest continental slope and nega-
tive SLAs southwest of Taiwan Island (Fig. 6b), indicating that another
mode exists: two eddy-like patterns out of phase along the continental
slope from northeast to southwest.

4. Discussion

4.1. The origin of the AE

As the SCS is a semi-enclosed basin, its water masses differ from
those of Pacific Ocean outside the Luzon Strait. In order to verify the
onthly SLAswith the seasonal signal at summer phase removed; a. spatial pattern of EOF1;
f EOF2 (black dotted line).



Fig. 7. Potential temperature-salinity scatter diagrams for in situ section data in August
2012 and August climatological data from WOA13. Black points represent data samples
at stations 1–10 from in situ data in August 2012. Blue, green and red points represent
data samples in the Kuroshio, northern SCS, the area of AE, respectively (temperature
and salinity data from WOA2013). Gray contours show potential density σS,θ,0.
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origin of the AE, temperature-salinity scatter diagrams for in situ data
and August climatological data from the World Ocean Atlas 2013
(WOA13) are shown in Fig. 7. Black points represent data samples at
stations 1–10 from in situ observations along the 18°N section in August
2012,whereas blue, green and red points denote data for August clima-
tological T-S scatter diagrams at the east of the Luzon Strait in the
Kuroshio region (122.1°E–124.9°E, 19.6°N–20.6°N), the AE region off
the western Luzon (116°E–118°E, 17.5°N–18.5°N) and the northern
SCS (112.1°E–119.1°E, 16.1°N–18.9°N), respectively. Fig. 7 shows that
thewatermass characteristics at stations 1–10were similar. The salinity
reached amaximum of 34.6 at 150mdepthwhere the potential density
σS ,θ ,0was about 25 kg·m−3. Major discrepancies in the T-S characteris-
tics between the SCS and Kuroshio area were the salinity maxima and
minima. Originating from the North Pacific Water, the Kuroshio water
is more saline with a maximum of about 34.9 east of the Luzon Strait
(Nitani, 1972), whereas the maximum salinity in the SCS is usually
less than 34.7 (Yang et al., 1988). As depicted in Fig. 7, themaximum sa-
linity of the Kuroshio water reached 34.86–34.89 at 150–200 m depth
and the minimum reached 34.19–34.27 at 550–650 m whereas the
maximum salinity of the northern SCS water was about 34.56–34.62
at 125–175 m depth with the minimum reaching 34.44–34.47 at
550 m. This indicates that the in situ water temperature and salinity in
August off the northwestern Luzon are different from those of the
Kuroshio, and the T-S characteristics of the AE are much closer to the
northern SCS water whose salinity in the upper layer is much lower
than the Kuroshio's (Fig. 7). Qu (2000) suggested that the Kuroshio
water east of the Luzon Strait has a salinity maximum exceeding 35.0,
while off the western Luzon, water has lower salinity less than 34.58
and is apparently of local origin.

Li et al. (1998) found an anticyclonic eddy centered at about 21°N,
117.5°E just off the continental slope with a horizontal scale of
~150 km in summer 1994. The water characteristics in the AE were be-
tween the SCS water and the Kuroshio at the Luzon Strait. The chemical
tracer analysis of Li and Pohlmann (2002) suggested that this eddy orig-
inates from the Kuroshio. However, based on the SLA and the geo-
strophic currents from satellite data, Yuan et al. (2007) indicated that
the AE originates from northwest of Luzon in early summer. They ar-
gued that the anticyclonic eddy discovered by Li et al. (1998) also orig-
inated from the northwest of Luzon and primarily carried the SCSwater.
In this study, our results showed that the T-S characteristics of the AE
are much closer to those of the northern SCS water (Fig. 7). The salinity
of the AEwasmuch lower than that of theKuroshiowater, which is con-
sistent with the findings of Yuan et al. (2007). In addition, as shown in
Fig. 5, the AE was nearly stationary at an early stage, then propagated
westward at varying phase speed and reached the continental shelf
area off Hainan Island in early November; During the entire process,
the Kuroshio in the Luzon Strait stayed in a path from the northeast of
Luzon to the southwest of Taiwan Island, and no significant loop current
of the Kuroshio was indicated by the geostrophic currents (not shown).
The dominant modes of the Kuroshio path fluctuations in the Luzon
Strait consisted of westward intrusion in winter and eastward
meandering anomalies in summer (Lin et al., 2016). Recent studies
(e.g., Hu et al., 2012) suggested that the eddies in the northeastern
SCS have three types of origin: (1) eddies are detached or shed from
the Kuroshio, (2) eddies are locally generated in the northeastern SCS,
and (3) eddies are generated by the nonlinearity of the Rossby waves
from Northwest Pacific and propagate westward into the SCS through
the Luzon Strait. Our results suggested that the AE in August 2012
may be generated locally in the SCS.

4.2. Possible mechanisms

In general, eddy extracts energy from the release of the available po-
tential energy (APE) through baroclinic instability, which is stored in
the large-scale circulation built up by the wind-driven Ekman pumping
(Gill et al., 1974). Physical processes resulting in down-scaled energy
transfer could be caused by density fronts, velocity shear or external
input of vorticity by wind stress curl (WSC). The dominant response
to WSC in the northern SCS is through Ekman pumping modulated by
Rossby waves (Xu and Oey, 2015). Recent studies indicated that eddies
off the northwest of Luzon were spun up by WSC, embedded in Rossby
waves (Lin et al., 2016). In summer, energetic anticyclonic eddies were
also observed in the area between 17°N and 19°N off the western Luzon
(Nan et al., 2011), much stronger than those in the Luzon Strait due to
the Kuroshio retreating eastward in this period; eddies in the area are
found to acquire their energy from the mean flow through the release
of APE associated with baroclinic instability (Yang et al., 2013). There-
fore, the AE may obtain its energy from the local background current
via baroclinic instability.

The summer variability in the SCS is strongly affected by the ENSO (El
Niño-Southern Oscillation)-associated southwesterly monsoon winds
(e.g., Dippner et al., 2007, 2013; Li et al., 2014; Xiang et al., 2016) and
on the other hand by the dynamics of North Equatorial Current (NEC) bi-
furcation via the Luzon Strait (Qu et al., 2000, 2005, 2009; Dippner and
Loick-Wilde, 2011). The interannual variability of the AE could be associ-
ated with the forcing of local wind and the remote one fromWest Pacific
through oceanic pathway as summarized by Fang et al. (2014). The stron-
ger anticyclonic eddy pattern during 2006–2014 could have been primar-
ily induced by local wind changes within the SCS associated with the
ENSO.During strongpost-ElNiño summers, an anticyclonicWSCanomaly
occurs over the central SCS deep basin, strengthening the southerlywinds
along the western boundary area north of 12°N (Chu et al., 2014; Fang et
al., 2014; Li et al., 2014). The southerly winds could force the Vietnamese
eastward offshore current shifting northward as the western boundary
current instead of separating from the coast (Li et al., 2014). This variabil-
ity of ocean flowmay enhance the northeastward currents in the area be-
tween 17°N–19°N, contributing more energy to the local background
currents which can cause baroclinic instability, and resulting in stronger
anticyclonic eddy activities.

Besides the wind forcing in the SCS, the interannual variation of eddy
structures off the western Luzon can be influenced by remote winds in
the Pacific Ocean through eastern boundary forcing of the SCS. Remote
wind forcing from the tropical Pacific can affect the sea level in the SCS
via energy transmission through the Mindoro Strait (e.g., Gordon et al.,
2012; Zhuang et al., 2013; Fang et al., 2014). During an El Niño, the NEC



91X. Wang et al. / Journal of Marine Systems 172 (2017) 84–92
bifurcation shifts to the north resulting in a weaker Kuroshio and
favourable inflow through the Luzon Strait into the SCS (Qu et al.,
2005). This situation is reversed during La Niña event years (Qu et al.,
2009). Thus, during summer months of La Niña years, the southward
SCS throughflow is weakened, and even reversed to the north in upper
layer along the west coast of Luzon via the Mindoro Strait when less
Kuroshio water intrudes into the SCS (Sprintall et al., 2012). The wind-
driven baroclinic Rossby waves impinge on the eastern Philippine coast
and excite coastal Kelvin waves, conveying the sea level signals through
the Mindoro Strait into the eastern SCS. This generates more unstable
westward Rossby waves off the western coast of Luzon (Zhuang et al.,
2013), which may have contributed to the production of more energetic
anticyclonic eddies off the western Luzon during 2006–2010.

5. Summary

Based on in situ sectional measurements of CTD and ADCP in 2012
and satellite altimeter data, we analyzed the vertical structure and evo-
lution of the anticyclonic eddy off the western Luzon during summer–
fall 2012. Results in the study showed that the AE in 2012 lasted for
five months (June–early November), going through the growth and
quasi-steady period frommid-June to late August and then propagating
westward along the 18°N pathway with varying phase speeds and
shapes to the continental slope off the southeastern Hainan Island.
The water mass characteristics revealed by the T-S diagram indicated
that the AE might be generated locally in the SCS.

The vertical structure of the AE in August 2012 showed a trough lo-
cated near 117.5°E. The AE extended vertically downward and its dis-
tinct feature is identifiable to 200 m depth. Near the core of the eddy,
vertical mean temperature and sound velocity were 2.12 °C and
5.33 cm·s−1 larger than those in the surrounding areas, respectively,
while mean salinity and density were 0.25 and 0.78 kg·m−3smaller,
respectively.

Temporal evolution of the long-lived AE in 2012 went through two
stages. From June to August, the eddy started to develop and intensify.
Its diameter increased from 27 to 220 km and the maximum of sea
level anomalies was about 30–40 cm. The westward migration velocity
was less than 4 cm·s−1. From September on, the AE split into two anti-
cyclonic eddies; one of them had a faster westward migration speed of
up to 8 cm·s−1, gradually weakened, and finally disappeared off the
southeastern Hainan Island in November.

For the first time, interannual variations of the summer (July–Sep-
tember) eddies were presented by EOF analysis, indicating that the
local circulation was enhanced by the anomalous anticyclonic eddy
along 18°N in the years of 2008, 2010, 2012 and 2013 during the period
of 1993–2014.

To date, the dynamics of the summer AE is unknown. Previous stud-
ies (e.g., Qu, 2000; Xue et al., 2004; Wang et al., 2008; He et al., 2016)
have extensively documented that eddies off the northwestern Luzon
in winter can be generated by the WSC. However, the AE in summer
off the northwest of Luzon may not be forced by theWSC which is gen-
erally positive during this season (Yuan et al., 2007). This paper focused
on the spatial structures and its evolution of the AE, as well as its inter-
annual variability in summer. Although possible dynamics of the AE,
such as wind stress curl, instability of the Rossby waves, Ekman
pumping and instability of the background currents were preliminarily
discussed, more detailed mechanisms of the AE's generation and inter-
annual variability need to be intensively explained in future study.
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