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Abstract

Using observational data from multiple satellites, we studied seasonal variations of the shape and location of the
Luzon cold eddy (LCE) northwest of Luzon Island. The shape and location of the LCE have obvious seasonal
variations. The LCE occurs, develops, and disappears from December to April of the next year. During this period,
the shape of the LCE changed from a flat ellipse to a circular ellipse, and the change in shape can be reflected by
the increase of the ellipticity of the LCE from 0.16 to 0.82. The latitude of center location of the LCE changes from
17.4°N to 19°N, and the change in latitude can reach 1.6°. Further study showed that seasonal variation of the
northeast monsoon intensity leads to the change in the shape and location of the LCE. The seasonal variation of
the LCE shape can significantly alter the spatial distribution of the thermal front and chlorophyll a northwest of
the Luzon Island by geostrophic advection.
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1  Introduction
The South China Sea (SCS) is the largest semi-closed margin-

al sea in the Northwest Pacific (NWP). To the north, west, and
south it is surrounded by continents and islands, while to the east
it is separated from the NWP by Taiwan Island and the Philip-
pines Islands (Fig. 1). The SCS is situated in the East Asian mon-
soon regime, and its large-scale ocean circulation is mainly con-
trolled by monsoon (Chu et al., 1999; Hwang and Chen, 2000; Qu,
2000; Liu et al., 2004). In summer, prevailing southwest mon-
soon cause cyclonic (anticyclonic) circulation in the north
(south) of the SCS; in winter, prevailing northeast monsoon
cause cyclonic circulation in the whole SCS basin. In addition to
the East Asian monsoon, the ocean circulation in the SCS is also
affected by the intrusion of the Kuroshio through the Luzon Strait
(LS) (Jia and Liu, 2004; Zhang et al., 2017). The Kuroshio can in-
vade the SCS in the form of “Leak”, “Loop”, and so on, and can
significantly affect the temperature-salt structure and ocean cir-
culation in the north of the SCS (Caruso et al., 2006; Nan et al.,
2011, 2015; Zhang et al., 2017).

The LS, located between the Luzon Island and Taiwan Island,
is an important gap for energy and particle between the SCS and
NWP (Nan et al., 2015; Sun et al., 2022). Affected by topography,
monsoon and the Kuroshio, the dynamics process in the LS is ex-
tremely complex. Due to the special geographical topography of
the LS, the monsoon and Kuroshio will interact with the topo-

graphy, resulting in obvious local ocean phenomena (Qu, 2000;
Wang et al., 2008; Sun et al., 2016a, b). The Luzon cold eddy
(LCE) is one of the important local ocean phenomena northwest
of the Luzon Island, and was first recorded in Nitani (1970). It oc-
curs northwest of Luzon Island in boreal winter (Fig. 1), first ap-
pears in late autumn, peaks from December–January, and de-
cays in early spring (Qu, 2000). Its intensity increases and then
decreases from late autumn to early spring, and the maximum
occurs between December and January (Qu, 2000; Wang et al.,
2012). The LCE strengthens (weakens) during La Niña (El Niño)
years (Zheng et al., 2007; Sun et al., 2015; He et al., 2016; Deng
et al., 2022). Blocked by Luzon Island, the northeast monsoon
produces positive wind stress curl in the northwest of Luzon Is-
land, which then leads to the generation of the LCE (Wang et al.,
2008; Sun et al., 2015).

LCE contributes to the complex dynamic environment and
plays an important role in marine ecosystem in the SCS. LCE
contributes to upwelling and then is beneficial to winter blooms
of primary production (Shaw et al., 1996; Tang et al., 1999; Wang
et al., 2010; Lu et al., 2015). Due to ocean advection of the LCE,
the cold (warm) water is located in its northwest (southeast) part,
forming a thermal front northwest of Luzon Island (Belkin and
Cornillon, 2003; Wang et al., 2012; Sun et al., 2015). At the same
time, the LCE is a quasi-stable and excellent object to study the
characteristics of mesoscale eddy (Wang et al., 2012). Therefore,  
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full understandings of the LCE are valuable for understanding the
dynamics process and mesoscale eddies of the SCS.

Although a substantial amount of research on the LCE exist,
we re-examined the LCE because of its importance, and found
that seasonal variation of the shape and location of the LCE were
significant and had an important impact on the marine environ-
ment such as spatial distribution of thermal front and chloro-

phyll a (Fig. 2). Previous studies mainly studied the statistical
characteristics, formation mechanism and impact on the marine
environment of the LCE in the climatological state (Wang et al.,
2003, 2008, 2012; Sun et al., 2015). The study of seasonal vari-
ation is less probed. Although Sun and Liu (2011) pointed out
that the LCE had a double eddy structure and studied the in-
traseasonal variation of geostrophic vorticity of the LCE structure
northwest of the Luzon Island, seasonal variations of the other
parameters such as shape and location of the LCE were not in-
volved. To the best of our knowledge, it is unclear that seasonal
variations of shape and location of the LCE. In order to systemat-
ically solve the question above, we will study the seasonal vari-
ations characteristic of shape and location of the LCE, its dynam-
ic mechanism, and its impact on the marine environment in this
paper. The rest of this paper is organized as follows: Section 2
briefly introduces the data and methods, Section 3 presents the
research results, Section 4 provides a discussion, and Section 5
provides a conclusion.

2  Data and methods

2.1  Data
Satellite-observed sea level anomaly (SLA) and geostrophic

current were obtained from the Copernicus Marine Environ-
ment Monitoring Service (CMEMS). The dataset merged data
from all altimeter missions including Sentinel-3A/B, HY-2A,
Jason-3, Cryosat-2, Jason-1, TOpeX/Poseidon, OSTM/Jason-2,
Envisat, GFO, and ERS-1/2. The datasets contain one near-real
product and one delayed-time product which is used in this pa-
per. The delayed-time datasets have been intercalibrated, provi-
ding high-precision and long-time series data from January 1,
1993, to August 2, 2021 (Pujol, 2022). The spatial and temporal
resolution of the delayed-time datasets are 0.25°×0.25° and 1 day,
respectively. The datasets contain aliases from coastal waves and
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Fig.  1.     Topographic distribution of  the South China Sea and
winter  climatological  mean distribution of  sea level  anomaly
(SLA) and wind vectors. The filling contour represents SLA (unit:
10−2 m). The arrows represent wind vectors (unit: m/s). The black
solid line represents the −0.08 m contour of SLA. The red box en-
compasses 14.625°–19.875°N, 116.125°–121.125°E, which repres-
ents the region northwest of Luzon Island. HI: Hainan Island, LI:
Luzon Island, TI: Taiwan Island.
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Fig. 2.   Seasonal variations in the shape and location of the Luzon cold eddy (LCE). The filling contour represents sea level anomaly
(SLA). The thick black solid line represents the edge of the LCE. The thick red solid line represents the edge of the fitting ellipse for the
LCE. The black star represents the center location of the LCE. The red star, located at 21.875°N, 118.375°E southwest of Taiwan Island,
represents the location along which the SLA gradient north of the South China Sea is defined. The white solid line represents the
distance between the black star and red star.
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tides signals on the shallow shelf, so we masked out the data for
ocean regions with a water depth of fewer than 200 m.

Chlorophyll a concentration datasets were provided by the
Moderate Resolution Imaging Spectroradiometer (MODIS) of the
National Aeronautics and Space Administration (NASA). They
have a temporal resolution of 1 day and a spatial resolution of
0.25°×0.25°. The datasets are calculated using an empirical rela-
tionship derived from in situ measurements of chlorophyll a and
remoting sensing reflectances in the blue-to-green region of the
visible spectrum (Hu et al., 2012).

Cross-Calibrated Multi-Platform (CCMP) version 2.0 ocean
vector wind datasets were from Remote Sensing Systems. The
CCMP dataset merged satellite remote sensing observation data,
in situ observation data, and model wind data using multiple
analysis methods. It provides global coverage data from August
1987 to present, with a spatial resolution of 0.25°×0.25° and a
temporal sampling frequency of 6 h (Atlas et al., 2011; Mears et al.,
2019).

Optimum Interpolation Sea Surface Temperature (OISST)
data were provided by National Centers for Environmental In-
formation (NCEI). The dataset incorporates observations from
different platforms: ships, buoys, satellites and Argo floats into a
regular global grid. Interpolation was used to fill gaps on the grid.
Ship and satellite observation data were referenced to buoy ob-
servation data to compensate for platform differences and sensor
biases. The OISST dataset provides a global coverage from Janu-
ary 1, 1982 to present, with a spatial resolution of 0.25°×0.25° and
a temporal sampling frequency of 1 day (Huang et al., 2021).

2.2  Methods

2.2.1  SOM method
The LCE northwest of Luzon Island has complex spatiotem-

poral characteristics. In this study, in order to extract the repres-
entative spatial mode of the LCE, we introduced the self-organiz-
ing map (SOM) method. Based on unsupervised learning, SOM is
an artificial neural network, and is an effective method for classi-
fication and feature extraction (Kohonen, 2001; Tsui and Wu,
2012). This method gathers similar features into a class and can
also be regarded as a clustering method. It has been applied to
many oceanographic studies and achieved good results (Liu et al.,
2006; Liu and Weisberg, 2007; Tsui and Wu, 2012; Sun et al.,
2016a, 2018; Gu et al., 2018; Lu et al., 2022).

The parameters such as lattice, training method, map shape,
initialized weight and map size need to be specified before the
training process of SOM. In this study, the tunable parameters
were chosen based on the reference of Liu et al. (2006), which
gave a practical process for choosing tunable parameters. The
parameter of map size is obtained through tests according to ac-
tual situation of the LCE. In Fig. 2, the variation of the LCE is
mainly manifested in the variation of shape and location, and the
variation of shape and location are phase locked. The closer the
shape of the LCE is to the circle, the farther north the location of
the LCE is. Therefore, a map size of 1 × 2 was chosen in this study.
A series of tests with different sizes such as 1 × 3, 2 × 2, and 2 × 3
were run, respectively. Although the patterns in the larger map
size of the SOM provided more details about the LCE, the pat-
terns of the LCE were very similar to the ones with the map size of
1 × 2.

Using minimum Euclidean distance for input data, SOM gives
a best-matching unit (BMU), which records the category of each
pattern of the LCE. A time series of BMU can reflect the evolution
process of every pattern of the LCE and can be used to calculate
the occurrence frequency of every pattern of the LCE.

2.2.2  Definition of ellipticity and included angle of α fitting ellipse
for the LCE

ellipticity = a/b α

Figure 3 is a schematic of a fitting ellipse for the LCE. The el-
lipticity of the LCE ellipse is defined as the ratio of the minor axis
to the major axis of ellipse. The formula can be expressed as

. The included angle  is defined as the angle
between the major axis of the ellipse and the due east direction.
The definition of ellipticity and included angle of the LCE was
used to characterize the shape and rotation direction of the LCE.

2.2.3  Identification of the Luzon cold eddy
The LCE is essentially a mesoscale eddy. Its particularity lies

in its proximity to land and its quasi-stable state. We identify the
LCE according to the following four criteria (Wang et al., 2003;
Sun et al., 2016a): (1) the presence of closed SLA contours; (2) the
center position of the LCE is over water deeper than 200 m;
(3) the SLA difference between its center and its outermost con-
tour is greater than 4×10−2 m (Roemmich and Gilson, 2001); and
(4) the contour closest to land represents the edge of the LCE.
The 3rd criterion was chosen because the satellite measurement
error of the SLA is around 2×10−2–3×10−2 m (Ducet et al., 2000).
The identification method of the LCE was applied in identifying
the outermost edge and shape of the LCE.

2.2.4  Definition of the thermal front
Based on the gradient magnitude (GM) method, the calcula-

tion of GM is as follows (Chang et al., 2010; Sun et al., 2015):

GM =

√(
− ∂T

∂x

)

+

(
− ∂T

∂y

)

, (1)

where GM is the gradient magnitude of SST; T is the SST; and x, y
are the conventional east-west and north-south Cartesian co-
ordinates, respectively. We chose 0.1℃/(10 km) as the threshold
of the thermal front because the 0.1℃/(10 km) contour is a good
reflection of the shape variation of the thermal front northwest of
Luzon Island. We ran a series of tests with different thresholds
such as 0.09℃/(10 km), 0.11℃/(10 km), and 0.12℃/(10 km). Our
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Fig. 3.   Schematic diagram of the fitting ellipse for the Luzon cold
eddy. a and b represent the minor axis and major axis of the el-
lipse, respectively.  represents the included angle.
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conclusions in this study are consistent. The definition of the
thermal front was used to characterize the spatial range and in-
tensity of thermal front northwest of the Luzon Island.

3  Results

3.1  Seasonal variation of the LCE

3.1.1  Seasonal variation of the shape of the LCE
Based on satellite-observed SLA data and the LCE identifica-

tion method described in the Section 2.2.3 to identify the LCE, we
found that the shape of the LCE changed from a flat ellipse to a
circular ellipse from December to March (Fig. 2). Figure 4 gives

the seasonal variation of the shape of the LCE. Figure 4a shows
that the ellipticity of the LCE increases gradually from 0.16 to 0.82
as the shape of the LCE changes from a flat ellipse to a circular el-
lipse. Figure 4b shows that the included angle decreases from
38.4° to 34.1° during December–January, and then increases from
34.1° to 54.5° during January–March, which indicates that the
LCE rotates clockwise in the development stage (December–
January), and then rotates counterclockwise in the recession
stage (January–March).

To extract more representative features of the seasonal vari-
ation of the LCE, we applied the SOM method to extract the tem-
poral and spatial variation of the LCE. Figure 5 shows that the
LCE has two main spatial structures. One is approximately ellipt-
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Fig. 4.   Correspondence between ellipticity of the fitting-ellipse of the Luzon cold eddy (LCE) and intensity of wind stress curl (WSC)
northwest of Luzon Island (a); correspondence between the included angle of the fitting-ellipse of the LCE and WSC northwest of
Luzon Island (b).
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Fig. 5.   Two spatial patterns from self-organizing map analysis. a. Elliptical mode of the Luzon cold eddy (LCE); b. circular mode of the
LCE. White numbers in each panel denote the incidence rate of the corresponding pattern. The black thick solid line represents the
edge of the LCE. The interval between isolines is  m. SLA: sea level anomaly.
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ical (Fig. 5a) and the other is approximately circular (Fig. 5b).
These are defined as the elliptical mode and the circular mode,
respectively. Figure 6 shows that the elliptical (circular) mode of
the LCE occurred mainly in December and January (February
and March). This further verifies the seasonal variations in the
shape of the LCE. The shape of the LCE was a flat (circular) el-
lipse in early winter (late winter and early spring).

3.1.2  Seasonal variation of the location of the LCE
Based on satellite-observed SLA data and the LCE identifica-

tion method described in the Section 2.2.3 to identify the LCE, we
found that the center location of the LCE moves gradually north

from December to March (Fig. 2). Figure 7 quantifies the season-
al variation of the location of the LCE. Figure 7a shows that the
distance in latitude changes from −0.59° to −0.6° during December–
January and changes from −0.6° to 1° during January–March, a
difference of 1.6° latitude. The mean value of the latitude of the
center location is 18°N, and the latitude of the LCE changes from
17.4°N to 19°N. Seasonal variation of the distance in longitude of
the LCE shows no obvious pattern (Fig. 7b).

The center of the elliptical (circular) mode of the LCE extrac-
ted by the SOM method was relatively south (north), and was loc-
ated in 16.9°N, 118.1°E (18.4°N, 118.4°E) (Fig. 5), and the elliptic-
al (circular) mode mainly occurred in December and January
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Fig. 6.     Distribution of incidence rate of different spatial modes of the Luzon cold eddy. a. Distribution is for elliptical mode; b.
Distribution is for circular mode.
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Fig. 7.   Correspondence between distance of the center location of the Luzon cold eddy (LCE) and sea level anomaly (SLA) gradient
north of the South China Sea. The SLA gradient is obtained by dividing the difference between the SLA at the red star and the black
star by the corresponding distance in Fig. 2. a. In latitude, the mean latitude of the center location of the LCE is 18°N. b. In longitude,
the mean longitude of the center location is 118.6°E.
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(February and March). This further verifies the seasonal vari-
ations in the location of the LCE. The center location of the LCE
was relatively south (north) in early winter (late winter and early
spring).

3.2  Dynamic mechanism of seasonal variation of the LCE

3.2.1  Dynamic mechanism of seasonal variation of the LCE shape
The formation of the LCE is related to the topographic wind

stress curl northwest of Luzon Island, which also is one of main
ocean dynamic processes northwest of Luzon Island (Qu, 2000;
Wang et al., 2008). Therefore, we discussed the role of topograph-
ic wind stress curl northwest of Luzon Island in the seasonal vari-
ations of the LCE shape. Figure 4a shows that the shape of the
LCE changes from a flat ellipse to a circular ellipse from Decem-
ber to March, and shows that the intensity of the wind stress curl
northwest of Luzon Island weakens from December to March.
There is a good correspondence between the shape of the LCE
and the intensity of the wind stress curl. We inferred that the vari-
ation of the LCE shape was caused by the variation of the wind
stress curl intensity. The smaller the intensity of wind stress curl
northwest of Luzon Island, the closer the shape of the LCE is to
the circle.

In order to verify the hypothesis above, we introduced the fol-
lowing extremum method. Figure 8 shows that the location of the
positive wind stress curl northwest of Luzon Island is almost un-
changed from October to April. Therefore, we can use the time
series of the wind stress curl surrounded by the solid black line in
Fig. 8 as the intensity index of wind stress curl (Fig. 9a). We com-
posited SLA based on the days when the positive and negative in-
tensity index values are more than one standard deviation away
from the mean. Figure 9b (Fig. 9c) shows that the LCE is approx-
imately elliptic (circular) when the wind stress curl northwest of
Luzon Island is strong (weak). The process can be described as
follow. Under the force of wind stress curl, the initial shape of the
LCE must be consistent with the spatial shape of the wind stress

curl northwest of Luzon Island. The shape of the wind stress curl
is a northeast to southwest ellipse, so the shape of the LCE is flat
elliptical in December. With the weakening of the wind stress
curl, the LCE is no longer bound by the wind stress curl and
gradually return to a circular ellipse in March.

3.2.2  Dynamic mechanism of seasonal variation of the LCE loca-
tion

The movement of water body in the ocean is mainly related to
the pressure gradient. Therefore, we discussed the pressure
gradient in the seasonal variation of the LCE location. Figure 7a
shows that the LCE moves south from December to January, and
then moves north from January to March, and shows that gradi-
ent of SLA north of the SCS increases from December to January,
and then decreases from January to March. There is a good cor-
respondence between distance variation of the LCE in latitude
and the gradient of SLA north of the SCS. We inferred that loca-
tion variation of the LCE was caused by the variation of the gradi-
ent of SLA north of the SCS. The smaller the gradient of SLA north
of the SCS, the more southward the location of the LCE.

Although the Kuroshio can invade the north of the SCS
through the LS in winter, dynamic height of the SCS, especially at
the LCE, is still mainly controlled by the northeast monsoon (Qu,
2000; Liu et al., 2004). Therefore, the SLA gradient north of the
SCS as is shown in Fig. 2 is mainly controlled by northeast mon-
soon (Qu, 2000). The SLA gradient north of the SCS in Fig. 9a
(Fig. 9b) is 3.01×10−7 m/m (2.02×10−7 m/m), and the latitude of
the LCE location in the Fig. 9a (Fig. 9b) is 17.375°N (18.375°N),
which verify the hypothesis that when the wind stress curl north-
west of Luzon Island is strong (weak), the SLA gradient north of
the SCS is strong (weak), the LCE moves south (north).

3.3  Impact of the LCE on the marine environment

3.3.1  Impact of the LCE on the spatial distribution of thermal
fronts

LCE is an important ocean dynamic processes northwest of
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Fig. 8.   Seasonal variation in the wind stress curl (WSC) northwest of Luzon Island. The black solid line represents the climatological
mean location of the WSC.
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Luzon Island, and inevitably has an impact on the marine envir-
onment. Previous studies have shown that the LCE can lead to
the formation of ocean thermal fronts by geostrophic advection
(Wang et al., 2012; Sun et al., 2015). At the same time, different
shapes of the LCE produce different structures of geostrophic ad-
vection, spatial distribution of the thermal front northwest of
Luzon Island should be related to the shape of the LCE. Figure 10
shows that from November to March, the shape of the thermal
front changes from an ellipse to a semilunar arc, when the LCE
gradually changes from a flat ellipse to a circular ellipse from
December to March (Fig. 4). The closer the shape of the LCE is to
a circle, the closer the shape of the thermal front is to a semilun-
ar arc. Because the strength of the LCE is weakened in March,
which leads to the weakening of the thermal front, we reduced
the threshold of the thermal front to 0.09℃/(10 km) in March.

The spatial mode of the LCE extracted by SOM also can well
verify the hypothesis above. Figures 11a and b give the spatial
distribution of the thermal front corresponding to the elliptical
mode and circular mode of the LCE, respectively, and shows that
when the ellipticity of the LCE is small (big), the shape of the

thermal front is close to an ellipse (a semilunar arc).

3.3.2  Impact of the LCE on the spatial distribution of chlorophyll a
The chlorophyll a blooms northwest of Luzon Island in

winter, and will be redistributed by the ocean current (Lu et al.,
2015; Gao et al., 2021). Since different shapes of the LCE cause
different structures of ocean current northwest of Luzon Island, a
logical question is that how seasonal variation of the LCE shape
affects the spatial distribution of chlorophyll a. Figure 12 shows
that there is a good correspondence between spatial distribution
of the chlorophyll a and geostrophic current caused by the LCE
surrounded by the solid black line in Fig. 12. Chlorophyll a north-
west of Luzon Island begins to appear in a circular distribution in
November, develops into a northeast-southwest elliptical distri-
bution in December and January, presents an east-west elliptical
distribution in February, and then develops into a circular distri-
bution in March, when the geostrophic current caused by the
LCE is a northeast-southwest elliptical distribution in December
and January, presents an east-west elliptical distribution in Feb-
ruary, and weakens to a weak northward current northwest of
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Fig. 9.   Correspondence between Luzon cold eddy (LCE) and wind stress curl (WSC) northwest of Luzon Island from winter 1993 to
winter 2020. Winter is defined as the period from December to March. a. Daily variation in the WSC. The upper (lower) red dotted line
represents the sum (difference) of the one-time standard deviation and the average value of the time series, and the days when the
time series is bigger (smaller) than the upper (lower) red dotted are defined as positive (negative) index days. b. Composition of sea
level anomaly (SLA) for positive index days, and the thick black solid line represents the −0.08 m contour of SLA. The thick black (red)
solid line represents the edge of the LCE (the fitting ellipse for the LCE), whose ellipticity is 0.26 (0.69). The black star represents the
center location of the LCE. The red star, located at 21.875°N, 118.375°E, southwest of Taiwan Island, represents the location along
which the SLA gradient north of the South China Sea is defined. The white solid line represents the distance between the black star
and red star. c. Same as b, except for negative index days, and the thick black solid line represents the −0.06 m contour of SLA. The
thick black (red) solid line represents the edge of the LCE (the fitting ellipse for the LCE), whose ellipticity is 0.69.
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Luzon Island.
Based on the above analysis, we inferred that seasonal vari-

ation of the LCE shape affect the spatial distribution by geo-
strophic advection. Figures 13a and b shows the spatial distribu-
tion of chlorophyll a corresponding to elliptical mode and circu-
lar modes of LCE, respectively. It shows that when the LCE is in
the elliptical (circular) mode, the geostrophic current surroun-
ded by the solid black line in Fig. 13a (Fig. 13b) is in a northeast-
southwest (east-west) elliptical distribution, and the chlorophyll
a is in a northeast-southwest (east-west) elliptical distribution
northwest of Luzon Island, which verifies our hypothesis above.
We will discuss the source of chlorophyll a in the Section 5.

4  Discussion
Besides seasonal variation, LCE also has intraseasonal vari-

ation and interannual variation (Sun and Liu, 2011; Sun et al.,
2015). Sun and Liu (2011) pointed out that the LCE had a double
eddy structure, and that affected by the Kuroshio, the geostroph-
ic vorticity of the LCE northwest of the Luzon Island had in-
traseasonal variation. However, the basic characteristics of in-
traseasonal variation of the LCE, such as radius, relative vorticity,
moving speed, moving distance, etc., were still unclear. Sun et al.
(2015) found that interannual variation of the LCE intensity was
caused by the one of the wind stress curl northwest of Luzon Is-
land. However, the interannual variation of other parameters,
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Fig. 10.   Seasonal variation of the thermal front and geostrophic current anomaly (unit: m/s) northwest of Luzon Island. The black
solid line in each subgraph represents the 0.1℃/(10 km) contours of the thermal front. The red solid line in g represents the 0.09℃/(10 km)
contour of gradient magnitude.
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such as relative vorticity, radius, etc., were still unclear. There-
fore, the research of intraseasonal and interannual variation of
the LCE needs a lot of work and is worth further doing in the fu-
ture.

Previous studies determined that the peak intensity of the
LCE delays the peak intensity of the wind stress curl by one
month (Wang et al., 2012). In this study, we found a real-time

correspondence between the intensity of the wind stress curl and
the shape of the LCE, and that there was no delay of one month.
This did not seem contradictory. The shape of the LCE was em-
bodied in changes in sea surface height. Sea surface height could
change in real-time with the wind field. However, the intensity of
the LCE was the final result of sea surface height variation, and it
took about a month that the direct wind-forcing spins up a meso-

20°

21°

21°

N

N

19°

18°

17°

16°

15°

117°

0.050 0.10 0.15 0.20

Chlorophyll a concentration/(mg·m−3)

0.25 0.30 0.35 0.40 0.45 0.50

119° 121°E 117° 119° 121°E 117° 119° 121°E 117° 119° 121°E

Sept.

0.2 m/s

a b c d

e f g h

Oct. Nov. Dec.

Jan. Feb. Mar. Apr.

20°

19°

18°

17°

16°

15°

 

Fig. 12.   Seasonal variation of chlorophyll a concentration and geostrophic current anomaly (unit: m/s) northwest of Luzon Island.
The black circular or elliptic lines are used to indicate the shape and location of chlorophyll a.
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scale eddy due to geostrophic adjustment (Liu et al., 2001; Wang
et al., 2008).

We mentioned that the shape of the LCE can affect the spatial
distribution of the chlorophyll a. One question was, where does
the chlorophyll a come from? Previous studies have pointed out
that the spatial distribution of the chlorophyll a in winter was re-
lated with upwelling caused by wind stress curl northwest of
Luzon Island (Shaw et al., 1996; Tang et al., 1999; Udarbe-Walker
and Villanoy, 2001; Liu et al., 2002; Martin and Villanoy, 2007;
Wang et al., 2010; Lu et al., 2015). The northeast monsoon was
blocked by Luzon Island, producing positive wind stress curl be-
hind the Luzon Island. Ekman pumping caused by positive wind
stress curl led to upwelling, which brought nutrients in the sub-
surface layer to the euphotic layer, and then led to the bloom of
chlorophyll a.

5  Conclusions
We used observational data from multiple satellites to study

seasonal variation in the shape and location of the LCE. The
shape of the LCE had obvious seasonal variation. LCE showed a
gradual transition from a flat ellipse to a circular ellipse when its
ellipticity increased from 0.16 to 0.82 during December–March.
Seasonal variation in the shape of the LCE was related to the in-
tensity of the wind stress curl northwest of Luzon Island. The
smaller the intensity of wind stress curl northwest of Luzon Is-
land, the closer the shape of the LCE is to the circle.

The included angle decreased from 38.4° to 34.1° during
December–January, and then increased from 34.1° to 54.5° during
January–March. The location of the LCE also had seasonal vari-
ations. The LCE moved south from December to January and
north from January to March. The maximum difference in latit-
ude could reach 1.6°. Seasonal variation in the location of the
LCE was caused by the pressure gradient between the south of
Taiwan Island and the central location of the LCE. When the
pressure gradient was large (small), LCE moved south (north).

Seasonal variation in the shape of the LCE could affect the
spatial distribution of thermal front and chlorophyll a northwest
of Luzon Island by geostrophic advection. A flat ellipse (a circu-
lar ellipse) shape of the LCE and its corresponding geostrophic
advection caused the thermal front to be elliptical (semilunar
arc) and chlorophyll a to distribute in a southwest-northeast
(west-east) direction.
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