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Ubiquitous fronts are a key part of energy transfer from large scales to small
scales and exert a great impact on material exchange and biogeochemical
processes. The spatial pattern and seasonal variability of cold- and warm fronts
over the wide shelf of the northern South China Sea (SCS) are investigated using
a 20-year time series (2002-2021) of 1-km spatial resolution Group for High
Resolution Sea Surface Temperature (GHRSST) images. Our analysis shows
distinct spatial and temporal variability in the occurrence of the cold- and warm
fronts. Over the inner shelf (depth <50 m), the band-shaped cold fronts are
predominately observed during spring through autumn from east of Hainan
Island to Taiwan Shoal, with the presence of the maximum intensity and
probability in winter. The frontal formations are possibly associated with the
joint effect of the Guangdong Coastal Current (GCC) and the South China Sea
Warm Current. During summer, the inshore fronts have relatively low
probability and gradient magnitude. The warm fronts mainly occur off the
western Guangdong coast possibly due to the southwestward-flowing GCC,
whereas the cold fronts dominate off the eastern Guangdong coast and the
eastern Hainan Island largely because of the coastal upwelling. Over the outer
shelf (depth >50 m), the finer-scale cold- and warm fronts are discretely
observed, with relatively weaker intensity and lower probability. The frontal
activities are very vigorous in winter but slightly quiescent in summer,
apparently resulting from the influence of the rich submesoscale processes
in the SCS. This study could help improve our understanding of the SCS
oceanic multiscale dynamics.
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Introduction

Fronts in the ocean are the junction of different water
masses and the narrow transition zones with relatively obvious
changes in physical, biological, and/or chemical properties
(Legeckis, 1978). Oceanic fronts are ubiquitous, with spatial
scales ranging from O(1) to O(1000) km (Fedorov, 1986). The
front dynamics are very active, where the energy transfers
strongly from large scale to small scale, accompanied by the
generation of internal waves, intense turbulence and upwelling,
etc. (Chu and Wang, 2003). Strong material exchange induced
by fronts could bring deep nutritive water to the upper layer,
thereby enhancing local biological productivity (Fournier, 1978).
Understanding the oceanic fronts and their variability is
therefore essential for studying multiscale ocean dynamics,
marine ecosystems and fishery productivity (Wang et al., 2020).

The South China Sea (SCS) is the largest marginal sea in the
Western Pacific. It connects to the East China Sea and the Pacific
Ocean by the Taiwan and Luzon Channels (Ren et al,, 2015; Hu
et al, 2016). Under the impact of seasonally varying monsoon,
Kuroshio intrusion, and complex bathymetry (Liu et al., 2002;
Qu et al., 2007), various fronts exist in the SCS and show
pronounced spatiotemporal variability. Using hourly infrared
satellite cloud maps, Chen (1983) explored the distribution of
fronts in the northern South China Sea (NSCS) in winter. Using
multi-year monthly sea surface temperature (SST) satellite data
in the NSCS, Wang et al. (2001) analyzed the location and
seasonal variability of several major fronts by calculating the
frequency of frontal occurrences. Yao et al. (2012) used a visual
graphical method to describe the monthly fronts in the entire
SCS (Chen et al.,, 2012; Wang et al,, 2012; Guo et al., 2017).
Using 4-km spatial resolution SST satellite observations, Wang
et al. (2020) identified wind-related fronts near the coast of
northern Luzon and Vietnam.
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Oceanic cold- and warm fronts were originally introduced
by Ullman and Cornillon (1999). They presented the spatial
pattern and temporal variability of cold- and warm fronts off the
northeast U.S. coast. Based on local bathymetry and temperature
gradients, Ullman and Cornillon (2001) further developed more
detailed algorithms for distinguishing warm and cold fronts.
Lately, Chang et al. (2008) explored the relationship between
cold- and warm fronts in the East China Sea and chlorophyll-a
concentration. However, the identification of cold- and warm
fronts and the corresponding variations in the SCS have not yet
been investigated for the present.

The main objectives of this study are to present a basic overview
of the cold- and warm fronts in the NSCS, and to describe the
seasonal cycle in the occurrence and strength of these fronts, based
on the 1-km spatial resolution GHRSST (Group for High
Resolution Sea Surface Temperature) SST data over a span of 20-
year period (2002-2021). The paper is organized as follows: Section
2 describes the data and methods; Section 3 shows the mean
seasonal cycle of the cold- and warm fronts over the NSCS shelf.
Discussion and conclusions are given in section 4.

Data and methods
Study area

The area of interest for this study is a portion of the NSCS
(108°-121°E, 17°-24°N), extending from the east coast of Hainan
Island to the Taiwan Shoal. To subsequently present the front
occurrence statistics, the study region has been subdivided into
three sub-areas shown in Figure 1. The chosen boundaries are
partly based on bathymetric and geographic features, e.g., the
shelfbreaks, the Pearl River Estuary (PRE), and the Kuroshio-
influenced Taiwan Shoal (Ren et al., 2015; Yu et al., 2020).
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FIGURE 1
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Bathymetry of the northern South China Sea (NSCS). Black contours indicate 50-m and 200-m isobaths. The study region is subdivided into

three shelf zones (red lines) for subsequent analysis.
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Data

The daily SST data from June 2002 to December 2021 are derived
from the Group for High-Resolution Sea Surface Temperature
(GHRSST) project based on several instruments, e.g., the NASA
Advanced Microwave Scanning Radiometer-EOS (AMSR-E), the
JAXA Advanced Microwave Scanning Radiometer 2on GCOM-W1,
the Moderate Resolution Imaging Spectroradiometers (MODIS) on
the NASA Aqua and Terra platforms, the US Navy microwave
WindSat radiometer, the Advanced Very High-Resolution
Radiometer (AVHRR) on several NOAA satellites, and in situ SST
observations from the NOAA iQuam project. The GHRSST data
have a 1-km spatial resolution and are obtained from NASA’s
Physical Oceanography Distributed Active Archive Center
(PO.DAAC) (https://podaac.jpl.nasa.gov/dataset).

SST front detection

An objective edge detection technique based on Jensen-
Shannon divergence (JSD), called entropy-based algorithm, was
proposed by Shimada et al. (2005) and used to identify surface
thermal fronts. The method has independence from
spatiotemporal varying geophysical parameters and shows better
performance compared with other conventional methods [e.g.,
gradient magnitude and histogram edge detection algorithm)
(Shimada et al., 2005; Chang and Cornillon, 2015; Hu et al,
2021). Specifically, four different JSD matrices are firstly
calculated in each of two 5x5 pixel SST subwindows with four
different directions (horizontal, vertical, and two diagonals, see
Shimada et al. (2005)]. The final JSD value at each pixel is assigned
with the maximum of the four JSD matrices. It ranges from zero to
one and represents the spatial inhomogeneity of two neighboring
SST subwindows across a front. Stronger fronts have higher JSD
values. To detect more and finer-scale fronts, JSD>0.4 in this study
is used as a frontal pixel.

10.3389/fmars.2022.1100772

At subinertial time scales, it is anticipated that the flow
associated with a density front is roughly be in geostrophic
balance, with the flow primarily in the along-front direction. The
orientation of the SST front reveals the direction of the along-front
subinertial flow if SST fronts are supposed to have a density
signature. The temperature gradient vector’s direction, averaged
along the length of the front, is assumed to be the direction of the
mean frontal orientation (Ullman and Cornillon, 2001). Following
Ullman and Cornillon (2001), the orientation of a front relative to
the local bathymetry is measured by the normalized scalar product
of the SST gradient and bathymetry gradient vectors. The
normalized scalar product P is calculated with the formula:

_ _VrvH
P = v (1)

where T'is the SST and H is the water depth. The P-value ranges
from -1 to 1. When the front is parallel to the local isobath, P-value
reaches the minimum (maximum) which corresponds to cold
(warm) water on the shallow side. When P-value is zero, the
front is perpendicular to the local isobath. The P domain is then
classified into three ranges (Figure 2): cold fronts (-~1<P<-0.6),
warm fronts (0.6<P < 1), and cross-isobath fronts (—0.6<P<0.6).

Frontal probability (FP) at each pixel (Ullman and
Cornillon, 1999; Shimada et al., 2005) is defined as follows:

_ mem
FP = N (2)

where Ny, is the number of valid frontal pixels with JSD>0.4,
N, 414 1s the number of total valid pixels over 20 years. FP represents
the mean probability of a front passing through a pixel.

The SST frontal gradient magnitude (GM), a measure of
frontal strength, is defined as:

GM = \/(@T/3x)+(T/3y) (°C/km)(3)

where 0T/0x and 0T/dy correspond to the gradient magnitudes
inxandy directions. Frontal gradient direction is the angle between

cold front

FIGURE 2

cross-isobath front

warm front

A schematic diagram illustrates the relationship between the P value and the classification of warm and cold fronts.
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frontal gradient vector and due north direction. The cross-front
length L, another measure of frontal strength, is calculated by the
following formula (Ullman and Cornillon, 2001):

L=¢7(4)

where AT is the mean cross-front temperature step and VT
is the mean cross-front temperature gradient.

Results
Seasonal SST variability

Seasonal SST variability is briefly described for setting the stage
for the discussion of the seasonal cycle in front occurrence. Figure 3
shows the seasonal SST averaged over 2002-2021, illustrating the
differences between winter, spring, summer, and autumn SST
patterns. In winter, the isotherms over the shelf are roughly parallel
to the coast, and a band of cold water (< 21°C) is present nearshore,
with large temperature gradients across the 25-m isobath. The SST
warms up throughout the spring, with moderately warm water (27—
29°C) off the coast of Hainan and cold water (24-26°C) off the coast of
Guangdong. The peak temperature (>28°C) is recorded in summer,
while two cold water cores are present near Hainan and Guangdong’s
northeastern coasts. As the SST cools throughout fall, a belt of cold
water reoccurs along the Guangdong coast.

Seasonal variations of cold and warm fronts

Spatial variability
In order to determine the distribution of cold and warm
fronts over the period of 20 years, we first calculate the P-value at

10.3389/fmars.2022.1100772

frontal pixels for each image, and then composite all the images
from each season. The seasonal variations in the occurrence of
cold and warm fronts are shown in Figure 4. A strong distinctive
cold (warm) front is one whose P-value is close to —1(1). Also,
the seasonal FP (Figure 5), frontal gradient magnitude (Figure 6)
and direction (Figure 7) are presented separately. In the
following description, the frontal probabilities are categorized
into three regimes: low (5%—-10%), moderate (10%-20%), and
high (> 20%).

Winter

In subregion 1, large-scale and pronounced cold fronts are
observed in a broad band off the Guangdong coast, whereas warm
fronts mainly appear around the Taiwan Shoal (Figure 4A). The
crescent-shape highest probability zone (20-30%) is located on
the onshore side of 50-m depth (Figure 5A). Over the continental
shelf, the frontal gradient magnitudes on average range from 0.06
to 0.1°C/km (Figure 6A). The frontal gradient direction suggests
the existence of a nearshore cold water (Figure 7A), consistent
with the intrusion of cold water flowing southward along the
Guangdong coast.

In subregion 2, there is a broad band of cold fronts within
the 50-m isobath, with dispersed warm fronts near the PRE.
These fronts have a moderate to high probability (Figure 5A),
with offshore gradients (Figure 7A), closely associated with the
mixing of the cool river discharge with the warm nearshore
water. Finer-scale cold and warm fronts are sporadically
scattered throughout the wide continental shelf between 50-
and 200-m isobaths (Figure 4A), with a low probability (5-10%)
and gradient magnitude (0.03-0.05°C/km).

In subregion 3, most of the nearshore areas are occupied by a
right-angle-shaped cold front band, while a small area of warm

A winter
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FIGURE 3

109°E 111°E 113°E 115°E 117°E 119°E

Seasonal SST averaged over 2002-2021 for (A) winter (January-March), (B) spring (April-June), (C) summer (July-September), and (D) autumn

(October-December).The black lines are the 50-m and 200-m isobaths.
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FIGURE 4

109°E 111°E 113°E 115°E 117°E 119°E

Seasonal distribution of cold and warm fronts averaged over 2002-2021 for (A) winter(January-March), (B) spring(April-June), (C) summer (July-
September), and (D) autumn (October-December). Blue (red) represent cold(warm) fronts. The black lines are the 50-m and 200-m isobaths.
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FIGURE 5

109°E 111°E 113°E 115°E 117°E 119°E

Seasonal frontal probability averaged over 2002-2021 for (A) winter (January-March), (B) spring (April-June), (C) summer (July-September), and
(D) autumn (October-December).The black lines are the 50-m and 200-m isobaths.

fronts can be found off the Zhanjiang coast (Figure 4A). These
fronts have a moderate probability, with their peak
approximately along the 50m isobath (Figure 5A). The frontal
gradient directions are 180°-225° off the coast of Zhanjiang, but
90°-135° to the east of Hainan (Figure 7A).

Spring

In subregion 1, while there are no noticeable spatial changes
in the warm- and cold fronts pattern, the frontal probability has
significantly decreased (Figure 5B). Around the Taiwan Shoal, a
small band on the onshore side of the 50-m isobath has the
highest frontal probabilities (about 20%). The gradient
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directions reveal that the fronts in the center of the shoal are
roughly oriented northwest, while the surrounding cold fronts
are directed northeast (Figure 7B).

In subregion 2, cold fronts continue to diminish on the
shallow side of 50-m isobath around the PRE (Figure 4B).
However, the fronts on the east side of the PRE are much
larger than those on the west side in the terms of P-value, frontal
probability, and gradient (Figures 5B, 6B). In the area between
50- and 200-m isobaths, the finer-scale warm- and cold fronts
weaken, accompanied by a decrease in frontal probability
(Figure 4B). These fronts steer northeast, probably an early
signal of the SCS Warm Current (Figure 7B).
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FIGURE 6

109°E 111°E 113°E 115°E 117°E 119°E

Mean SST gradient magnitude at frontal pixels averaged over 2002-2021 for (A) winter (January—March), (B) spring (April-June), (C) summer
(July—September), and (D) autumn (October—December).The black lines are the 50-m and 200-m isobaths.

summer
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FIGURE 7

109°E 111°E 113°E 115°E 117°E 119°E

Mean SST gradient direction at frontal pixels averaged over 2002-2021 for (A) winter(January—March), (B) spring(April-June), (C) summer
(July—September), and (D) autumn(October—-December). The black lines are the 50-m and 200-m isobaths.

In subregion 3, cold fronts are primarily located off the
western Guangdong and the coast of Hainan, while warm fronts
appear around the Zhanjiang coast and the Qiongzhou Strait
(Figure 4B). Each of these fronts has a low to moderate
probability (Figure 5B). The gradient directions indicate that
these fronts are created by southward warm water and cool
nearshore water (Figure 7B).

Summer

In subregion 1, the spatial pattern of warm- and cold fronts
is relatively stable, but the P-value and frontal probability are
further decreased (Figures 4C, 5C). In contrast to spring, the
frontal gradient does somewhat rise (Figure 6C). The gradient
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directions indicate that there is cold water close to the eastern
Guangdong and Taiwan coasts (Figure 7C), due to the upwelling
occurrence induced by the summer monsoon. The upwelling
could create stronger fronts in summer than in spring, while
surface heating may play a secondary role.

In subregion 2, warm fronts appear in the western portion of
PRE within 50 m isobath, whereas cold fronts appear in the
eastern portion (Figure 4C). The probability of both fronts is low
probabilities (Figure 5C), smaller than in the spring. On the west
side of PRE, the fronts have even more pronounced decline. The
frontal gradients are largest near the PRE, and exhibit little
variation, revealing a complex system of both river and offshore
currents (Figure 6C).
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In subregion 3, over the continental shelf, cold fronts mainly
exist on the continental shelf to the east of Hainan. Weak warm
fronts dominate in the nearshore area off the western
Guangdong coast (Figure 4C), where the probability is further
decreased (Figure 5C) with no insignificant variation in the
frontal gradients (Figure 6C). The gradient directions suggest
that the cold fronts are closely related to the local coastal

upwelling (Figure 7C).

Autumn

In subregion 1, warm fronts appear around the Taiwan
Shoal, and a vast range of strong cold front band reappears off
the coast of eastern Guangdong (Figure 4D). These fronts have
the highest probability observed in a relatively limited zone
along the 50-m isobath (Figure 5D). The pattern of the frontal
gradients is well consistent with the probability (Figure 6D). The
frontal gradient directions indicate that the shoal is dominated
by southward-flowing cool water (Figure 7D).

In subregion 2, the band of strong cold front reappears
within the 50 m depth (Figure 4D). A zone of moderate
probability surrounds the PRE and extends to the west side
(Figure 5D). The formation of the cold fronts is closely
associated with the relatively cool river discharge. Also, the

subregion 1

subregion 2

10.3389/fmars.2022.1100772

activity of finer-scale warm- and cold fronts between 50- and
200- m isobaths gradually become stronger (Figure 4D).

In subregion 3, the cold fronts occupy a large portion of the
coastal zone from the western Guangdong to Hainan Island, while
warm fronts are essentially absent (Figure 4D). A narrow moderate
probability band which originates from the PRE is generally
located well inside the 50-m isobath. The frontal gradient
directions are generally oriented to southward, indicating that
the cold fronts may be the result of southwestward-flowing cold
water from the Pearl River (Figure 7D).

Temporal variability

To quantitatively represent the temporal variability of the
frontal properties, we first calculate, at each frontal pixel, the
frontal temperature, SST gradient, cross-frontal temperature
step, frontal proportion (i.e., the ratio of the number of warm
or cold fronts to the number of total fronts), frontal probability,
and water depth. These time series are subsequently averaged
over all frontal pixels in the each subregion to obtain the
corresponding mean time series for the entire 20 years
(2002-2021).

Figure 8 shows the time evolution of the mean temperature (T),
mean cross-frontal temperature step (AT), mean gradient (VT), and

subregion 3
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Mean monthly time series of frontal temperature (A—C), cross-frontal temperature step (D—F), cross-frontal length scale (G-1), cross-frontal
temperature gradient (J—L) for the three subregions averaged over 2002-2021. The error bars denote the 95% confidence intervals.
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cross-frontal length scale (L) for each of the three subregions.
Generally, each frontal property has similar significant seasonal
variability for all the subregions. The mean SST has a maximum in
summer and a minimum in winter (Figures 8A-C). The mean
cross-front temperature step and cross-frontal length scale tend to
reach their peaks in January-February before gradually decreasing
from spring to summer (Figures 8D-I). The mean temperature step
varies from 0.2 to 0.4°C (Figures 8D-F), and the cross-frontal length
scale ranges from 6 to 9 km (Figures 8G-I), with large values
occurring in January-December. The frontal gradient ranges from
0.02 to 0.07°C/km. It peaks in January and then declines through
September, with a slow increase in July (Figures 8J-L).

Figure 9 shows the time evolution of the mean frontal
proportion, mean frontal probability, mean frontal gradient
and mean frontal water depth of the cold- and warm fronts
for each of the three subregions. In the three subregions, the cold
and warm frontal proportion varies in the opposite directions
(Figures 9A-C). The mean proportion of the cold fronts is much
higher compared with the warm fronts. Up to 70% of the cold
fronts occur in winter, and then steadily drop to the lowest level
in summer. In contrast, the proportion of the warm fronts
reaches a maximum in summer and a minimum in winter.
The mean FP of the cold fronts fluctuates roughly with its

subregion 1

subregion 2

10.3389/fmars.2022.1100772

proportion, while the mean FP of the warm fronts shows less
significant variability (Figures 9D-F). The mean frontal
probability ranges from 2 to 3% for the warm fronts, and from
3 to 9% for the cold fronts, indicating that the cold fronts are
primarily responsible for changes in the ratio of warm to cold
fronts. The mean frontal gradient generally has similar
variability for the cold and warm fronts. It ranges from 0.03 to
0.07°C/km (Figures 9G-I). For the mean frontal water depth,
large differences between the cold and warm fronts are very
apparent in the three subregions (Figures 9]-L). The cold fronts
in the subregions 2 and 3 obviously move offshore in summer
and onshore in winter, in opposite to the warm fronts, whereas
there is little variation in the warm and cold front positions in
the subregion 1.

To further understand the spatiotemporal variability of SST
fronts, the empirical orthogonal function (EOF) analysis is
performed for 20 years of monthly FP data including both
cold and warm fronts. In this study, we only show the first
EOF mode which could account for 11.27% of the total variance,
since the second mode accounts for less than 4% of the variance.
The first EOF mode and its time series amplitude are shown in
Figure 10. Around the Taiwan Shoal, off the Guangdong coast,
and to the east of Hainan, a significant EOF magnitudes are very

subregion 3
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Mean monthly time series of cold and warm fronts in proportion (A=C), frontal probability (D—F), cross-frontal gradient (G-1), and depth (I-L)
at fronts for the three subregions averaged over 2002-2021. Blue (red) lines correspond to the cold (warm) fronts. The error bars denote the

95% confidence intervals.
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The first EOF mode (A), its corresponding time series for FP (B), and the mean monthly amplitudes averaged over the 20-yr period (C).

apparent. The corresponding monthly mean time series also
confirm the significant seasonal variability (Figure 10B), with
peaks in January and troughs in September.

Discussion and conclusions

In this study, the cold- and warm-thermal fronts, and their
seasonal variability over the NSCS shelf are investigated based
on 20 years of high-resolution GHRSST images. Over the
shallow continental shelf (< 50 m), a long and wide band of
strong cold fronts is most frequently observed in winter, with
weaker, less frontal activity present during other seasons. The
persistence of the cold fronts may result from the advection of
relatively cool water from the high latitudes by southwestward
coastal cold current (i.e., Guangdong Coastal Current, GCC).
The GCC offshore of the eastern Guangdong coast flows
southwestward in winter and northeastward in summer
(Guan and Chen, 1964; Fang et al., 1998), while offshore of
the western Guangdong coast the GCC flows westward
during both winter and summer (Ying, 1999; Bao et al., 2005;
Xie et al., 2012). Also, a warm current exists south of the GCC.
This current (i.e., South China Sea Warm Current) originates
from east of Hainan Island and flows northeastward along
the NSCS shelf against the northeasterly winds in winter
(Guan, 1978; Fang et al., 1995; Guan and Fang, 2006), thus

Frontiers in Marine Science

09

increasing the temperature contrast between coastal water and
outer shelf water and leading to strengthen the cold fronts.
The summer fronts have showed that the warm fronts occur
predominantly off the western Guangdong coast and the cold fronts
are mainly observed off the eastern Guangdong coast and the
eastern Hainan Island, despite relatively low probability and
gradient magnitude. These fronts are possibly a response to the
summer wind stress and the GCC. For the prevailing southwest
summer monsoon, an alongshore component can induce offshore
Ekman transport, thereby triggering coastal upwelling along the
coast of the eastern Guangdong and the eastern Hainan Island
(Jing et al,, 2016; Shu et al., 2018). The upwelling would bring
relatively cold bottom water to the surface, separating cool vertically
mixed water in shallow areas from warm stratified offshore water in
deep areas to form cold fronts. On the other hand, over the western
inner shelf off the Guangdong coast, direct measurements
suggested that the western inner shelf of Guangdong is mainly
occupied by the warm GCC which primarily flows westward along
the coast for summer monsoon (Yangetal., 2003; Chen etal., 2006).
A relatively cold tongue appears south of the GCC and stretches
northeastward from northeast of Hainan Island approximately
along the 50-m isobath (Figure 2C). The combined effect of the
GCC and the relatively cool northeastward-flowing water is
presumably responsible for the formation of the warm fronts.
There is a very distinct separation between the nearshore
fronts on the inner shelf and the offshore fronts in the vicinity of
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the 50-m isobath, suggesting that a different mechanism induces
the formation of the latter. Due to the most rapid changes of the
bottom slope, the 50-m isobath seems to be the preferred
location for frontogenesis. Garwood et al. (1981) suggested
that the SST front formation could result from surface cooling
over the midshelf where the shelf depth is shallower than the
depth of wind-induced mixing. A similar effect could occur over
the NSCS shelf. During both winter and autumn, the inner shelf
of the NSCS is vertically well mixed because of the surface
cooling and severe northeast monsoon, the depths of mixed layer
are about 40-60 m (Wu and Chen, 2013). The uniform surface
cooling can lead to a stronger offshore temperature gradient
roughly along the 50-m isobath. Simultaneously, the winds can
also induce a vigorous shoreward transport of warm surface
water from the outer shelf (Jing et al., 2016). The joint effect of
onshore surface Ekman transport of warm water and surface
cooling of cold air is responsible for the midshelf frontogenesis,
which is consistent with the findings of Oey (1986) in the South
Atlantic Bight.

A striking aspect of the fronts to observe for the first time is
that the finer-scale warm- and cold fronts discretely occur over
the outer shelf (>50 m), with the aid of the high spatial resolution
satellite images. These frontal activities are most observed in
winter and then gradually decrease to become minimum in
summer, despite relatively weak intensity and low probability of
frontal activities. The fronts are possibly due to the ubiquitous
submesoscale processes in the SCS (Lin et al., 2020; Ni et al,,
2021; Qiu et al,, 2022). Lin et al. (2020) characterized the SCS
mesoscale and submesoscale features based on a submesoscale-
permitting numerical simulation (MITgcm 11c4320). They found
that the submesoscale features in the NSCS is very rich and
undergo significant seasonal variations. The submesoscale
activities over the outer NSCS shelf are vigorous in winter but
slightly quiescent in summer. Their findings are well consistent
with our satellite observations.

Satellite remote sensing could only provide the surface
signature of cold- and warm fronts. To fully understand their
formation mechanisms, multiple vertical profile hydrographic
data with high-enough spatiotemporal resolution, is still needed
for analysis in a future study. In addition, previous studies have
emphasized the important role of the cold- and warm fronts in
the biogeochemical processes (e.g., Chang et al, 2008). The
ecological effect of the cold- and warm fronts and the
corresponding spatial and temporal variability in the SCS will
be quantitatively analyzed in our following paper.
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