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Abstract
Fronts in coastal oceans are important mesoscale processes that relate to regional dynamics and can impact ecosystems. The daily
distribution of a sea surface temperature (SST) front is obtained in the East China Sea (ECS) using 15 years of satellite
observations. High frontal activities are mainly found near the coast. The spatial and temporal variability of the monthly frontal
probability is subsequently investigated using an empirical orthogonal function (EOF). Seasonal variability in frontal activities is
predominant for the majority of the ECS, with the highest and lowest values occurring during winter and summer, respectively.
Some major fronts have been identified, such as coastal and shelf fronts. The coastal fronts can be further divided into three
separate sections: near Hangzhou Bay and along the Jiangsu and Zhejiang coasts, respectively. The shelf fronts have two
sections: north and south of the Changjiang River. All fronts are characterized by a prominent seasonal cycle, though their
seasonalities differ. The underlying driving forces, e.g., alongshore wind, SST, and river discharge, are further analyzed for the
individual fronts. River discharge is the driving factor of fronts to the south of the Hangzhou Bay along the Zhejiang coasts while
wind is the main reason for the frontogenesis near and north of Hangzhou Bay. The SST largely influences the frontal dynamics
for the shelf and coastal fronts to the north. This study comprehensively describes the frontal activities in the ECS and leads to a
better understanding of frontogenesis in the coastal region. It is fundamentally helpful for fisheries management and has great
potential for oceanic pollution control.
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1 Introduction

Oceanic fronts are generally formed at the interface of a cur-
rent system or waters with different characteristics, such as
temperature, salinity, or turbidity (Belkin et al. 2009).
Forcing of frontogenesis largely varies, including river

discharge, tidal mixing, coastal and open ocean upwelling,
and surface water convergence (Legeckis 1978). A frontal
zone is generally characterized by intense dynamics, particu-
larly for the region with prominent vertical shear in velocity
that can result in large turbidity, e.g., estuaries (Waddell et al.
1979). Advection of terrigenous inorganic matter aggregates
near front and elevates surrounding biogeochemical and bio-
logical processes, such as the growth of plankton (Zaneveld
and Pak 1979). So, the frontal area is always associated with
high primary production and fishing productivity (Smith et al.
1998; Acha et al. 2004; Woodson and Litvin 2015), attracting
massive attention to investigate frontogenesis throughout the
global oceans. Thus, a better description of frontal activities is
fundamentally important for understanding regional dynamics
and ecosystems. More recently, microplastic, as a new pollut-
ant, is investigated intensively because it is found to distribute
widely in the ocean and influence the health of aquatic organ-
isms (Browne et al. 2007). The intense dynamics near front
may bring microplastics to the surface and subsequently threat
the survival of the marine species (Cao et al. 2018). Thus, the
study on frontogenesis is a fundamentally important topic for
both open ocean and coastal area.
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Generation of front is largely varying in space and time.
Fronts in eastern boundary currents, e.g., the California,
Canary, Humboldt, and Benguela currents, are mainly gener-
ated by wind-driven upwelling (Wang et al. 2015). Some
fronts in the western boundary currents, such as the
Kuroshio, Gulf Stream, and East Australia currents, form be-
cause the current carries high-temperature water to high-
latitude areas where the ambient temperature is low (Belkin
et al. 2009). Chen et al. (2019) studied the frontogenesis on the
southeastern continental shelf of Brazil and noted that wind
stress curl plays an important role in driving upwelling, which
subsequently induces frontal activities. Topography is also an
important factor for frontogenesis that fronts can generate
around the sloping topography, e.g., bottom bump and shelf-
break (Chen et al. 2003; Castelao et al. 2005).

Frontal zones are characterized by ocean-atmosphere inter-
action because of intensive turbulence (Yu et al. 2020). The
sea surface temperature (SST) can modify the wind aloft by
changing the stability of the atmospheric boundary layer
(O’Neill et al. 2010). A strong (weak) wind is associated with
a warm (cold) SST at the respective side of the front, and the
induced wind stress curl will feedback on the SST (Wang and
Castelao 2016) by reducing the SST gradient and front (Chen
et al. 2019). SST is decreasing with increasing latitude be-
cause of reduced solar radiation and water mass from various
origins is characterized by different SST; thus, their conflu-
ence zone can generate fronts (Shi et al. 2017).

The East China Sea (ECS) in thewesternNorth Pacific Ocean
covers an area greater than 70,000 km2. The sea is mainly locat-
ing at the continental shelf with depths less than 200 m (Fig. 1a).
The outer boundary is the Okinawa Trough, whose depth

exceeds 1000 m. The Changjiang River (Fig. 1b), which carries
a tremendous amount of freshwater and terrestrial materials, is
the major freshwater input into the ECS while the Kuroshio
Current (Fig. 1a) provides heat and oceanic materials originating
from the open ocean. Both coastal and offshore waters can great-
ly impact the ECS, and frontal activities are substantially strong.
A previous study showed that the frontal zone in the ECS is a
favorable spawning and nursery ground for pelagic fishes (Chen
2008; Chen et al. 2009); thus, it is necessary to study frontogen-
esis in this area.

The ECS is dominated by a monsoon with a northerly wind
during winter and southerly wind during summer (Tseng et al.
2000). During summer, the strong monsoon drives northward
flow, which transports a large amount of water vapor from
south Asia northward, causing a large area of rainfall or occa-
sionally floods, increasing river discharge to the ECS (Huang
et al. 2013). The movement of surface water in the ECS is also
influenced by the wind stress via driving circulation and
Ekman transport (Zhu et al. 2019). The alongshore component
of wind stress can drive coastal upwelling during the summer
monsoon (Wang et al. 2015). An opposite phenomenon is
found during the winter due to the strong northerly wind and
the low river discharge (Beardsley et al. 1985).

Along the coastal area of the ECS in the south of
Changjiang River, there are two major currents, i.e., the
Taiwan warm current and ECS coastal current (Fig. 1b). The
Taiwan warm current was first discovered during the late
1950s (Guan and Chen 1964), including the inshore branch
and the offshore branch (Lian et al. 2016). The inshore branch
flows northward along the coast near the 50-m isobath (Fig.
1b). The offshore branch separates from the inshore one near

Fig. 1 a Topography of East
China Sea (ECS) with the
Kuroshio current schematically
overlaid (translucent white ar-
row). The black box indicates the
study region. b The climatologi-
cal average of SST from 2002 to
2017 overlaid with three major
currents: 1. The Yellow Sea
coastal current; 2. The ECS
coastal current; 3. The Taiwan
warm current. The locations and
rivers are labeled in panel b
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26° N flowing along the outer boundary of the shelf, e.g., to
the west of Kuroshio (Yuan et al. 1987). Its direction is stable
year around, but its intensity is stronger during the summer as
the current flows against northly winds during the winter
(Fang et al. 1991; Zhu et al. 2004). The ECS coastal current
flows persistently southward along the Zhejiang coast. In win-
ter, the ECS coastal current, which extends southward in a
narrow band along the coast, is intensified by the northern
monsoon and the discharge of Changjiang River (Beardsley
et al. 1985; Wu et al. 2013). While during summer, the ECS
coastal current is weakened by the southern monsoon. Along
the coastal area of Jiangsu to the north of Changjiang River,
the Yellow Sea coastal current (Fig. 1b) is flowing southward
all the year (Teague and Jacobs 2000; Hwang et al. 2014). The
offshore region of ECS is mainly dominated by the Kuroshio
Current, which persistently flows northeastward over the outer
continental shelf towards Japan, and the subsurface water can
intrude northwestward into the Zhejiang coast as far as 50-m
isobath during winter (Yang et al. 2018). The complexity of
the regional circulation induces a highly variable and dynam-
ical system, including frontal activities.

Different approaches have been applied to investigate fronts,
such as field observation (Briscoe et al. 1974; Marmorino et al.
1998), remotely sensed data (Cayula and Cornillon 1995), and
numerical model (Marmorino et al. 1998). Su and Wang (1989)
observed the plume front in the south of Changjiang River by
using the observational datasets. Satellite-derived fronts in the
ECS have been studied since the 1970s (Huh 1982). The spatial
pattern has been greatly improved with increasing satellite reso-
lution, such as that of the NOAA/AVHRR SST images (Hickox
et al. 2000; Tseng et al. 2000; Belkin and Cornillon 2003) and
Tropical Rain Measuring Mission (TRMM) microwave imager
(TMI) (Huang et al. 2010). Numerical model is widely adopted
to investigate the underlying dynamics of frontogenesis. For ex-
ample, hydrodynamical models show that the upwelled front in
the estuarine plumes is simultaneously influenced by the water
flow and the wind stress (Williams et al. 2010; Rao et al. 2011).

With the development of observational approaches, the
Zhejiang-Fujian coastal fronts and Jiangsu fronts were identi-
fied, and their temporal variations have been analyzed (He
et al. 2016). The Zhejiang-Fujian coastal fronts are formed
along the 50-m isobath, which is the boundary between the
Taiwan warm current and the ECS coastal current. However,
these fronts only appear during winter and disappear during
summer (Zheng and Klemas 1982). He et al. (2016) noted that
there are double fronts during winter off the Zhejiang-Fujian
coast using satellite data and that the nearshore was generally
ignored in previous studies. The Jiangsu fronts are north of the
Changjiang River estuary along the coast and appear during
both winter and summer (Hickox et al. 2000). However, most
of the previous studies mainly describe the distribution of the
fronts, and the dynamic mechanics are not fully understood. A
recent study used a numerical model to simulate the coastal

dynamics in the ECS and delineated the subsurface current
near the bottom during winter (Yang et al. 2018). The subsur-
face water occasionally outcrops near the coast (Wu et al.
2017), but whether a front will be generated was not explored.

In summary, frontal activities in the ECS are fundamentally
important for regional dynamics and ecosystems, but frontal
variability and frontogenesis have not been well studied. Here,
we comprehensively describe the variability of fronts in the
ECS, including those generated along the coast and over the
shelf. The underlying dynamics, e.g., wind stress, topography,
and river discharge, are subsequently investigated. The re-
mainder of this paper is organized as follows: Section 2 de-
scribes the data and method used in this study, Section 3 an-
alyzes the results, and a comprehensive discussion is provided
in Section 4.

2 Data and methods

Changjiang River discharge was obtained from the Datong
station from October 2002 to September 2017. Daily obser-
vation was used with a unit of m3/s. The SST data was obtain-
ed from the Moderate Resolution Imaging Spectroradiometer
(MODIS), which had a spatial resolution of approximately
0.04° × 0.04° (Esaias et al. 1998). The wind stress was obtain-
ed using the method provided by Chelton and Freilich (2005)
based on the data from the ERA-Interim reanalysis products,
which were developed by the European Center for Medium-
Range Weather Forecasts (ECMWF). The time span selected
was from October 2002 to September 2018 for both SST and
wind observations, covering 16 full years. The original spatial
resolution of the wind data was approximately 0.25° × 0.25°
and was interpolated to the same grid as that of the SST when
comparing.

The front detection method is adopted from Castelao and
Wang (2014). Briefly, the method first seeks a location with
an SST gradient greater than T1 (2.8 °C per 100 km). Then, the
value of the SST gradient is assessed for the next pixel in the
direction perpendicular to the SST gradient. If the gradient
value is greater than T2 (1.4 °C per 100 km), it will be marked
as a frontal pixel. The procedure continues until the gradient
for all the surrounding pixels is less than T2. Then, the marked
pixels are defined as a front. After obtaining the daily frontal
distribution, the frontal probability (FP) is subsequently cal-
culated for each pixel as a ratio when it is defined as a front
and the time when it is cloud-free. The alongshore wind is
calculated as the vector of the wind in the direction of the
nearest coastline. The direction is obtained as the slope of
the straight line fitting the coastline within 200 km. The local
alongshore wind is the average of the wind data less than
200 km offshore (Wang et al. 2015).

In this study, the monthly intervals of the FP, wind, and
river discharge are applied to identify their temporal and
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spatial variability (Ullman et al. 1999) and further investigate
their relationship. An empirical orthogonal function (EOF)
analysis, which is widely used in atmospheric and oceanic
research (Hannachi et al. 2007), is applied for describing the
variability of FP. The original data are decomposed into sev-
eral modes having spatial patterns and associated time series
(Kaihatu et al. 1998). In this study, the first three modes of the
EOF are discussed.

3 Results

3.1 Average and seasonal variability in frontal activity

The average of the FP, fromOctober 2002 to September 2018,
shows high frontal activity nearshore and decreases offshore.
Several regions are characterized as high FP, particularly
along the Zhejiang and Jiangsu coasts and near river mouths
(Fig. 2a). Apparently, two separate fronts can be found: the
coastal front immediately near the coast and the shelf front
further offshore that is parallel to the coastline. The coastal
fronts less than 30 km from land comprise three parts: the
Jiangsu coast, Hangzhou Bay, and Zhejiang coast. The fronts
near the Zhejiang coast meridionally extend from the south
boundary of Zhejiang to the south of Hangzhou Bay. This
frontal zone is very narrow, with a width of less than 20 km.
The front in Hangzhou Bay shows a pattern from the mouth of
the estuary extending to the northeast. The coastal front near

Jiangsu can be found from the Changjiang River estuary
expanding northwest along the Jiangsu coastline. For the shelf
fronts, there is a long band distributing along the coast that can
be separated into two sections by the Changjiang River estu-
ary. Both are approximately 80 km offshore and the southern
section has a higher intensity. The shelf front to the south is
approximately 30 km wide. The front originates at Fujian and
continuously extends along Zhejiang to the Changjiang River
estuary. The north shelf front extends from the area outside of
the Changjiang River estuary to the north.

The coastal fronts in the ECS show prominent seasonal
variability (Fig. 3), while the corresponding variability differs
for each previously mentioned frontal zone. During summer
(Fig. 3d), the overall FP is at its minimum during the year.
Fronts in the north, e.g., in Hangzhou Bay and near the
Jiangsu coast, are reinforced. At the same time, the coastal
and shelf fronts of Zhejiang are very weak or cannot be iden-
tified. Fronts start to enhance during autumn (Fig. 3a), and a
distinctive frontal zone is observed along the entire shelf from
Jiangsu to Fujian. The frontal activities are substantially
strong in winter (Fig. 3b) when entire study region shows a
prominent high value. All the fronts weaken during spring
(Fig. 3c); particularly, there are nearly no frontal activities in
the Hangzhou Bay. Notably, the strong frontal activities off
southeast of Zhejiang are characterized by offshore migration
that it initially appears as a shelf front band in autumn, en-
hances and widens in winter, and extends further offshore
during spring.

Fig. 2 Average of the (a) frontal probability (FP), (b) sea surface
temperature (SST) gradient magnitude, and (c) alongshore wind stress
with positive (negative) value indicating the wind towards north (south).

The black boxes in a are the regions used to calculate the time series in
Figs. 5, 6, 7, 8, and 9. The 20-m isobath is shown as a black contour in b.
The unit wind vector is shown in c, and the unit is m/s
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The dominant FP patterns are identified by EOF decompo-
sitions for the monthly time series (Fig. 4). The first three
modes explain 29.1% of the total variance with each mode
accounting for 14.5%, 10.3%, and 4.3%, respectively, which
are comparable to previous studies (Wang et al. 2015).
However, for regions with a large magnitude, the explained
local variance is only about 40%, indicating that the dynamics
in the study area are very complicate. EOF 1 mainly explains
the variance of FP offshore of Zhejiang (Fig. 4a), which is
mostly caused by the movement of Kuroshio Current and
Taiwan warm current. Front activities are enhanced from
February to May (Fig. 4d), which are consistent with the sea-
sonal distribution (Fig. 3). EOF 2 captures the frontal activities
near the coast and over the shelf; their corresponding magni-
tudes have opposite signs (Fig. 4b). Their principle compo-
nents are characterized by a prominent seasonal cycle in
which the shelf and coastal fronts are enhanced during autumn
to winter and spring, respectively. EOF 3 mainly captures the
frontal activities near the coast up to 80 km offshore with
approximately the same magnitude. The time series is charac-
terized by semiannual variability, peaking during July and
December.

Combining the first three EOF, the frontal variabilities in
the nearshore and offshore regions are clearly captured with
different seasonality. For the nearshore region, the FP en-
hances during both June (EOF 2 and 3) and December (EOF
3), while the shelf front elevates during December (EOF2). In
addition, the nearshore front in the area of Hangzhou Bay also
shows the same seasonality as that of the shelf front. Thus, the
ECS is uniquely characterized by complex dynamics and mul-
tiple mechanisms drive the frontal variability, which will be
discussed in the next section.

3.2 Mean status and variability of the dynamical
factors

The overall averaged alongshore wind in the study area is
shown in Fig. 2c. The mean wind is characterized as north-
easterly, and the alongshore wind speed is stronger south of
the Changjiang River compared to that to the north. Thus, the
overall wind is downwelling favorably, particularly near the
Zhejiang coast. A monsoonal wind can be identified from the
seasonal wind pattern (Fig. 5). Northeasterly and northerly
winds dominate autumn and winter, while the wind is from
the southeast during summer (Fig. 5d). The wind intensity is
generally weak at high latitudes and near the coast. An air-sea
interdependence can be seen in that the weak wind is associ-
ated with a low SST (Yu et al. 2020).

The average of SST is decreasing with increasing latitude
(Fig. 1b), due to the solar radiation. In zonal direction, the SST
is higher near the coast and further away from the coast, which
may due to the cold ECS coastal current over the shelf and
warm Taiwan current further offshore (Liu and Hou 2012;Wu
et al. 2017). A clear seasonality can also be observed (Fig. 5).
During summer, the SST in the ECS uniformly ranges be-
tween 27 and 29 °C; thus, spatial variability is not prominent.
Indeed, it is difficult to find the interfaces among different
SST and the weak front identified during this period (Fig.
3d). For the other seasons, SST has a greater range and the
zonal SST difference is prominent, which can be captured by
the SST gradient (Fig. 2b). A large gradient line along the 20-
m isobath outside of the Changjiang River estuary is clearly
evident (Fig. 2b).

River discharge is an important source of freshwater in the
coastal area. In the ECS, the Changjiang River is the largest

Fig. 3 Seasonal FP for (a) autumn (Oct.–Dec.), (b) winter (Jan.–Mar.), (c) spring (Apr.–Jun.), and (d) summer (Jul.–Sep.)
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Fig. 4 Magnitude (a–c) and principal component (d–f) for the first three EOF models of frontal probability. The gray bar in d–f is the standard deviation
of the principal component for each month

Fig. 5 Seasonal distribution of the wind (the SST is shown in color). a Autumn (Oct.–Dec.), b winter (Jan.–Mar.), c spring (Apr.–Jun.), and d summer
(Jul.–Sep.)
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river, contributing approximately 9 × 1011 m3 of freshwater,
accounting for 79.7% of the total freshwater input and 73.1%
of the sediment input (4.8 × 1011 of 6.6 × 1011 kg) (Chen and
Zhao 1985). The Changjiang River discharge shows a prom-
inent seasonal variability, i.e., low during winter and high
during summer (Fig. 6). Pan et al. (1997) noted that the
Changjiang River discharge is approximately 10,000 m3/s
during winter and 50,000 m3/s during summer. They also
found that , compared to the Changjiang River, the Qiantang
River only contributes 2.9% and 0.9% of the freshwater and
sediment of the ECS, respectively. In this study, the coastal
river discharge is represented by monthly data of Changjiang
River.

3.3 Influence of the driving factor on the FP in
different areas

The seasonal cycle is substantially important for understand-
ing the variability of FP and other factors. To describe the
seasonality of different factors, the data is firstly normalized
by removing the overall average and divided by the corre-
sponding standard deviation. Because the dynamic is largely
varying in space, the ECS is divided into five subareas (as
denoting by the black boxes in Fig. 2a) based on the EOF
analysis. Areas 1 to 3 are focused on the coastal fronts, i.e.,
along the Zhejiang coast, Hangzhou Bay, and Jiangsu coast,
respectively. Areas 4 and 5 describe the shelf fronts offshore
of the Zhejiang and Jiangsu coasts, respectively. However, the
prominent seasonal variability does not indicate a dynamical
relationship among them; thus, a detailed analysis is

conducted at an anomalous field to investigate the frontogen-
esis following Wang et al. (2020). The anomalous field is
obtained by removing the monthly average from the time se-
ries. A linear regression method is applied for each region to
quantify the relationship between the anomalous FP and other
factors, such as river discharge and wind stress. Those char-
acterized as significant correlations for each region are de-
scribed as following.

For area 1, the FP time series and river discharge agree well
at seasonal scale (Fig. 6a, b), and a significant linear regres-
sion (0.84) is found at their anomalous field. This result indi-
cates the high river discharge results in a large freshwater
input and the water flows southward along the coast.
Because of the coastline curvature, the river discharge gener-
ally flows along the topography instead of reaching the coast
(Wang et al. 2015). Thus, the cooler water can induce fronts at
its boundaries near the coast and over the shelf. Apparently,
inconsistencies remain between their time series. For example,
another FP peak was identified during winter, but the river
discharge was low. The strongest frontal activity occurs dur-
ing June, while the highest river discharge occurs during July.
This difference suggests that the FP in the nearshore of the
Zhejiang coast not only is influenced by river discharge but
also is affected by other factors. For example, the cold-water
mass of the Yellow Sea coast current flows southward in
winter, and it enhances the frontogenesis in area 1, though
corresponding river discharge is low.

For area 2, wind is the only driving factor that has a highly
significant correlation with FP (Fig. 7). The coupling coeffi-
cient for linear regression is 0.94, which is significant at a 99%

Fig. 6 For area 1, (a) monthly time series, (b) monthly average of the FP
anomaly (red) and river discharge (blue), and (c) linear regressions be-
tween the anomalous river discharge and frontal probability. The vertical

bars in b and c represent the standard deviations of the values within each
bin. The coupling and correlation coefficients for the regression are la-
beled in c

243Ocean Dynamics (2021) 71:237–249



confidence level. In the ECS, a northward alongshore wind
can induce offshore Ekman transport, forcing the coastal sub-
surface water to move upward. A front is generated at the
boundary between the cold upwelled water and warm offshore
water. Indeed, a northward wind occurs between June and
August in the ECS, when the FP is also high. During winter,
there is another peak of FP being identified. It is mainly at-
tributed to the strong southward wind that drives the cold-
water mass flowing along the coast to the south, and subse-
quently induces frontal activities in area 2.

For areas 3 and 4, both the alongshore wind and SST show
a strong correlation with the FP. For area 3, FP peaks in June

and November while wind and SST peak in July and August,
respectively (Fig. 8b). For area 4, the FP peaks during winter,
showing an opposite seasonality to that of the wind and SST
(Fig. 9b). However, a positive correlation coefficient is always
found between the FP and the other factors. For example, in
area 3, the correlation between the FP and wind is 0.96
(P < 0.01) and that between the FP and SST is 0.86
(P < 0.01) (Fig. 8c, d). In area 4, the correlation coefficient
between the FP and wind is 0.68 (P < 0.05) and that between
the FP and SST is 0.91 (P < 0.01) (Fig. 9c, d). The SST gra-
dient in area 3 is muchweaker than that of area 4 (Fig. 2b), and
their locations are apart from each other. During spring and

Fig. 7 Similar to Fig. 6, but for area 2. The blue lines represent the alongshore wind

Fig. 8 Similar to Fig. 6, but for area 3. The blue lines represent the alongshore wind, and the green lines represent the SST
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summer, the alongshore wind in area 3 results in offshore
Ekman transport and northward warm current, causing the
subsurface water to outcrop and generate fronts. For area 4,
the Ekman pumping induced by a spatially varied wind drives
upwelling (Chen et al. 2019), which subsequently results in
fronts. Regardless of area, an anomalous negative wind indi-
cates a stronger southward wind during winter or a weaker
northward wind during summer. Thus, wind-driven upwelling
and Ekman pumping weaken, resulting in less frontal activity
at anomalous field. While during autumn and winter, strong
northly wind drives the cold water flowing southward from

Yellow Sea to area 3 and 4; the lower SST induces stronger FP
(Figs. 8 and 9).

Area 5 is the region over the shelf off Jiangsu where a high
FP occurs around June and December at seasonal variability
(Fig. 10b). A large FP in area 5 occurs during autumn and
winter (Fig. 3), when the wind-driven current is flowing
southward and transporting cold water along the coast (Fig.
5). Thus, the interface of the cold coastal water and warm shelf
water can generate fronts (Fig. 10c). In June, the southeastly
wind drives northward current, which induces warm water
near the coast associating with high frontal activities in area

Fig. 9 Similar to Fig. 6, but for area 4. The blue lines represent the alongshore wind and the green lines represent the SST

Fig. 10 Similar to Fig. 6, but for area 5. The blue lines represent the SST
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5 (Fig. 5c). For both cases, there are more fronts if the SST in
area 5 is warmer. Indeed, the FP is positively correlated to the
SST in anomalous field with a correlation coefficient equals to
0.68, which is significant at a 95% confidence level.

4 Discussion and conclusion

Along the Zhejiang and Jiangsu coasts, two branches of fronts
are observed using high-resolution satellite observations. The
major frontal distribution agrees well with that of Hickox et al.
(2000), and a double front feature off Zhejiang during winter
is identified consistent with the recent discovery by He et al.
(2016). The seasonality of the frontal activity and respective
driving forces vary among regions. An EOF analysis is used to
determine the major variability of the fronts, and the differ-
ence among regions can be clearly seen in Fig. 4. The ECS is
further divided into five subregions (Fig. 2a), i.e., three coastal
fronts and two shelf fronts, to investigate the corresponding
frontogenesis. Specifically, areas 1 and 4 delineate the coastal
and shelf fronts off Zhejiang, areas 3 and 5 delineate the
coastal and shelf fronts off Jiangsu, and area 2 delineates the
coastal front near Hangzhou Bay.

Frontogenesis is investigated by quantitatively comparing
SST and wind data fromOctober 2002 to September 2018 and
river discharge data from October 2002 to September 2017.
The wind pattern in the study area is dominated by a mon-
soonal system with a northerly wind during winter and south-
erly wind during summer (Tseng et al. 2000). The river dis-
charge is predominantly determined by the Changjiang River
(Pan et al. 1997). The local circulation is composed of the
Taiwan warm current, the Yellow Sea coastal current, and
ECS coastal water. Particularly, there is a subsurface bottom
current flowing northward along the shelf during winter
(Yang et al. 2018) and the Changjiang diluted water flows
mainly to the northeast during summer (Beardsley et al. 1985).

The fronts generated in the estuary are highly related to the
river discharge, consistent with that of the estuary of the
Amazon River (Renan et al. 2009). Similarly, Castelao and
Barth (2005) noted that for a front generated within 30 km
from the coast in a region with simple topography, river dis-
charge is the important dynamic factor. The freshwater dis-
charge carries water with different salinity and temperature;
thus, fronts generate as river discharge confluences with sur-
rounding water (Table 1). Previous study pointed out that the
temperature front and the salinity front are coincided well, and
the SST front applied in current study can represent the frontal
activities in the estuary (Kok et al. 2001). The Changjiang
River is the main freshwater source for the ECS, and the
ECS coastal current flows southward along the 20-m isobaths
and can be enhanced by the discharge of Changjiang River. A
prominent front is observed in area 1 and its activity is highly
correlated with river discharge (Fig. 6), which is less

dependent on surface cooling, as argued by He et al. (2016).
Surprisingly, the front generated in Hangzhou Bay (area 2) is
not related to the river discharge (Fig. 7). This result may be
due to the regional dynamics being dominated by strong tidal
and wind forces (Zhang et al. 2013).

The front in the Hangzhou Bay (area 2) and the coastal
fronts along Jiangsu (area 3) are highly correlated with the
alongshore wind and impacted by the strong tidal mixing
(Ma et al. 2004). During summer, due to Ekman transport,
the southerly wind causes upwelling and generates fronts
(Figs. 7 and 8). Similar to other upwelling systems, e.g.,
southeast of Brazil (Palma and Matano 2009) and the
Eastern Boundary Current System (Wang et al. 2015), wind-
driven upwelling is the dominant dynamic (Wang et al. 2020).
Numerical simulation was applied to study the Changjiang
plumes distribution and found that wind plays an important
role on the movement of the river discharge via wind-induced
upwelling, wind mixing, and wind-driven northward current
(Xuan et al. 2012). Our result notes that the shelf front of
Zhejiang (area 4) is not entirely determined by the wind pat-
tern (Table 1). During summer, the alongshore wind can cause
upwelling in this area (Wang and Wang 2007), but the SST in
the ECS uniformly ranges between 27 and 29 °C (Tseng et al.
2000); this low spatial variability does not lead to front gen-
eration. Indeed, though the averaged wind is strong in summer
and the FP is positively correlated to the wind in anomalous
field, the overall FP is still low (Fig. 5d). On the other hand,
during winter, the northerly wind can accelerate the flow of
the cold ECS coastal waters, which is favorable for front gen-
eration between the ECS coast current and Taiwan warm cur-
rent. Thus, there is a negative correlation between the wind
and FP at a seasonal scale. However, a positive correlation still
holds in the anomalous field (Figs. 7, 8, and 9). A stronger
southerly wind during summer can induce more upwelling
and increase front generation, while a stronger northerly wind
can result in an overall cooling of the entire region and fewer
fronts (Table 1).

The currents are found important for frontogenesis because
the contained water character can be largely different to the
surroundings. For example, there are two currents in area 4,
e.g., the Taiwan warm current and the ECS coastal current.

Table 1 Correlation coefficients of each factor’s anomalies to frontal
probability anomalies. The correlations that are significant at 95%
confidence level are indicated as italicized number

River discharge Wind stress SST

Area 1 0.84 0.06 0.12

Area 2 0.48 0.94 0.41

Area 3 0.57 0.96 0.86

Area 4 0.47 0.68 0.91

Area 5 0.17 0.54 0.68
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The Taiwan warm current, which has high-temperature and
salinity water, flows northeastward throughout the year, main-
ly between the 50- and 100-m isobaths (Su 2001). The ECS
coastal current is characterized by low salinity and cold-water
masses, which distributes over the region with a water depth
less than 50m. Because of the different characteristics of these
currents, fronts are generated at their interfaces. During win-
ter, cold water from the north intrudes southward into the ECS
(Qiao et al. 2006) and meets the warm Taiwan current, which
can enhance the fronts in area 4 (Fig. 2b, Zheng and Klemas
1982). The front in area 3 is also influenced by currents, e.g.,
the Yellow Sea coastal current, the cold-water flow from the
north mixed with the local water, and generated front. In par-
ticular, the northerly wind enhances the cold water of the
Yellow Sea current and decreases SST in winter, which in-
duces front (Fig. 8b). Similarly, the Yellow Sea coastal current
flows to the coast of ECS in autumn and winter (Fig. 5) and
induces the front in area 1 and area 2.

Numerical study illustrated that a surface front is always
found parallel to a coastal boundary and bottom topography
(Barth 1989). In our study, area 4 is characterized as a maxi-
mum bathymetric gradient zone (MBGZ) where the topogra-
phy rapidly changes (> 1 m/km). Further offshore, the water
depth is greater than 50m and slowly changes (He et al. 2016).
The bump in topography can induce regional recirculation and
convergence, which is favorable for generating fronts in the
surrounding waters (Castelao et al. 2005). Indeed, there are
strong frontal activities along the MBGZ (Fig. 2a), which is
parallel to the coastal boundary, and its surroundings are char-
acterized by weak fronts. A similar coastal front separation
phenomenon was also observed at Cape Blanco (Barth and
Smith 1998). The influence of topography in frontogenesis is
typically associated with other factors, such as SST and air-sea
interaction (Chen et al. 2003). Water columns with different
depths respond to surface cooling or warming differently such
that a front may generate in regions with a sharp bathymetric
gradient (Huang et al. 2005). The topography is changing
rapidly in area 5 leading to difference in heat content between
the shallow and deep water. Consistently, prominent shelf
fronts are identified that distribute parallel to the bottom to-
pography. This can also be revealed by the high correlation
between the anomalous FP and SST in area 4 and 5 (Figs. 9
and 10).

Because of the overall high SST in the entire region, the
front in area 4 is hardly observed during summer. In addition,
the cold current from the north may lead to a higher SST
gradient during winter, which results in a higher FP (Fig.
9d). Areas 3 and 5 are in the north of Changjiang river, and
the SST in these areas varies considerably compared with
those in the south (Fig. 5). Notably, the SST variation and
FP are higher in area 5 compared to that in area 3. Because
of the complicated water circulation in this area, the northern

monsoon drives the coastal current to the south (Wei et al.
2011) where higher local SST leads to a higher FP (Fig. 10c).

Frontal areas are generally combined with strong turbu-
lence induced by convection and diffusion. Nutrition or other
materials in the subsurface may ascend to the upper layer,
influencing the air-sea interaction and accelerating biochemi-
cal processes (Acha et al. 2004; Woodson and Litvin 2015).
High concentrations of nutrients or essential materials for
aquatic organisms can attract fish; Hu et al. (2012) proved that
more fish are caught near coastal fronts. Huang et al. (2010)
analyzed the spawning and overwintering grounds of anchovy
in the Yellow and East China seas and concluded that the
grounds of major commercial fisheries correlate well with
fronts. Thus, a region with high frontal activity is associated
with increased primary production. In addition, violent turbu-
lence may also result in ascension of pollutants, such as plas-
tics or microplastics, to the surface of the sea (Thompson
2004). Tanabe et al. (1991) illustrated that oceanic pollutants
accumulate in frontal areas. However, with a change in the
driving factor such as the flow of Changjiang River, wind, and
SST (Liu and Feng 2012; Xuan et al. 2012), front distribution
may vary. It is necessary to focus on the frontal zone and its
driving factor to understand the oceanic pollutant distribution
and concentration.

In summary, the coastal fronts in the ECS are greatly im-
pacted by the alongshore wind, river discharge, air-sea heat
fluxes, current, SST, and topography, though these factors
contribute differently in different regions. North of the
Changjiang River, the shelf fronts are mainly generated via
SST-induced air-sea heat fluxes, which is largely determined
by the topography. The coastal fronts are influenced by a
combination of the alongshore wind and SST, due to the con-
fluence of currents of different temperature and upwelling
caused by the alongshore wind. Similarly, the front in the
Hangzhou Bay is also correlated with the alongshore wind,
which induces upwelling and outcrops cold subsurface water.
South of the Changjiang River, the driving force for the shelf
front is the alongshore wind and current. The abrupt change in
topography regulates the flow of the Taiwan warm current,
which induces fronts in offshore regions. The wind accelerates
the ECS coastal current from north to south and subsequently
enhances the front. For the coastal front, the river discharge
influence is more obvious, which may due to the difference of
river water temperature and ambient SST. However, valida-
tion, such as field observation, is still required to fully under-
stand the regional dynamics in future. The frontal zone is
typically associated with high primary and secondary produc-
tion, which can influence fisheries. Convergence within a
frontal zone may concentrate oceanic pollutants, e.g.,
microplastics. The better understanding of frontogenesis and
front distribution presented in this study is helpful in the anal-
ysis of fisheries development and coastal pollution control.
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