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Abstract

The trends of the sea surface temperature (SST) and SST fronts in the South China Sea (SCS) are analyzed during
2003-2017 using high-resolution satellite data. The linear trend of the basin averaged SST is 0.31°C per decade,
with the strongest warming identified in southeastern Vietnam. Although the rate of warming is comparable in
summer and winter for the entire basin, the corresponding spatial patterns of the linear trend are substantially
different between them. The SST trend to the west of the Luzon Strait is characterized by rapid warming in
summer, exceeding approximately 0.6°C per decade, but the trend is insignificant in winter. The strongest
warming trend occurs in the southeast of Vietnam in winter, with much less pronounced warming in summer. A
positive trend of SST fronts is identified for the coast of China and is associated with increasing wind stress. The
increasing trend of SST fronts is also found in the east of Vietnam. Large-scale circulation, such as El Nifo, can
influence the trends of the SST and SST fronts. A significant correlation is found between the SST anomaly and
Nifio3.4 index, and the ENSO signal leads by eight months. The basin averaged SST linear trends increase after the
El Nifio event (2009-2010), which is, at least, due to the rapid warming rate causing by the enhanced northeasterly
wind. Peaks of positive anomalous SST and negatively anomalous SST fronts are found to co-occur with the strong
El Nifio events.
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1 Introduction

With increasing atmospheric CO, and other greenhouse gas
concentrations, the rate of global warming has increased signific-
antly over the last 100 years (Levitus et al., 2005). Trenberth et al.
(2007) found that the overall linear trend of global warming from
1906 to 2005 is approximately (0.07+0.02)°C per decade, which
almost doubled ((0.13+0.03)°C per decade) during 1956-2005.
Recent studies noted that the warming rate of global mean sur-
face temperature decreased from 1997-2013 at a rate of approx-
imately (0.07+0.08)°C per decade (Fyfe et al., 2013; Schmidt et al.,
2014). The slowdown in the warming rate has been referred to as
the global warming “hiatus” (Knight et al., 2009; Meehl et al.,
2011). However, the global mean surface temperature has in-
creased since 2014 (Blunden and Arndt, 2015, 2016, 2017). The
global temperature reached a historical high in 2016 that was set
in the mid-to-late 1800s (Blunden et al., 2017). And 2017 was the
warmest year for the global ocean (Cheng and Zhu, 2018).

Although the increase in the global mean surface temperat-

ure in recent decades has been substantially prominent, the
changing rates at different regions varied widely (Trenberth et al.,
2007). On the other hand, some areas were characterized by a
cooling trend in the same period. For example, the coastal sta-
tions in central Chile have a linear trend of -0.2°C per decade
(Falvey and Garreaud, 2009). The northeastern Gulf of Mexico
cooled for over three decades, but a warming trend was predom-
inant in the western Gulf of Mexico and the Caribbean during the
same period (Lluch-Cota et al., 2013). Given the huge spatial dif-
ferences in the warming trend, it is important to investigate the
SST trend at regional level.

The South China Sea (SCS) is the largest semi-enclosed mar-
ginal sea in the West Pacific. It occupies a surface area of approx-
imately 3.5x106 km? that has an average depth of over 2 000 m.
The SCS is constituted of a deep basin with two continental
shelves and connects to the East China Sea, Northwest Pacific
Ocean and Indian Ocean through the Taiwan Strait, Luzon Strait
and Strait of Malacca, respectively. The SCS is key to water and

Foundation item: The National Key Research and Development Program of China under contract No. 2016YFC1401601; the Scientific
Research Fund of the Second Institute of Oceanography, MNR under contract No. JB1806; the National Natural Science Foundation of
China under contract Nos 41806026, 41806041, 41706036 and 41730536; the Project of State Key Laboratory of Satellite Ocean
Environment Dynamics, Second Institute of Oceanography, MNR under contract No. SOEDZZ1902.

*Corresponding author, E-mail: yuntao.wang@sio.org.cn



YuYi et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 4, P. 106-115 107

heat exchange between the Pacific Ocean and Indian Ocean (Gao
etal., 2015), and it has an important influence on the global cli-
mate. The East Asian monsoon plays an important role in de-
termining the climate system of the SCS (Wyrtki, 1961; Liu and
Xie, 1999; Su, 2004). The wind of the SCS is characterized by a
southwest monsoon in summer, which reverses to the northeast
in winter. The circulations in the upper SCS are consequently dif-
ferent under the influence of alternating monsoon systems (Xue
etal., 2004; Liu et al., 2008).

Many investigations reported the trends of SST in the SCS
over the past decades (Fang et al., 2006; Cai et al., 2009; Liu and
Zhang, 2013; Wang et al., 2016). Studies showed the SST of SCS
increased significantly in the past several decades (Liu and
Zhang, 2013) and that the corresponding the rate of SST increase
has been significantly higher than global warming rates (Fang et
al., 2006). The patterns of the SST trend changed from increasing
to decreasing before and after 2001 (Cheng and Qi, 2007; Wang et
al., 2016). The warming trends in summer and winter were sub-
stantially different (Park and Choi, 2016), with a more prominent
rate of increase in winter (Zhang et al., 2010).

Previous studies investigated the long-term trends of SST in
the SCS, but most of them did not resolve the trends at different
spatial location because of coarse resolutions. For example, the
SST data used by Liu and Zhang (2013) and Wang et al. (2016)
were from the Hadley Centre Sea Ice and SST model (HadISST,
Rayner et al., 2003), with a spatial resolution of 1°x1°. The hori-
zontal resolution of the data used by Yang and Wu (2012), ob-
tained from the Simple Ocean Data Assimilation (SODA, Carton
et al., 2005), had a resolution of 0.5°x0.5°. The low resolution res-
ulted in difficulties in investigating the SST trends in the coastal
regions. A detailed description with high spatial resolution for re-
cent years is thus important for understanding the rate of SST
changing in SCS, but such a description is not yet available.

The spatially non-uniformed SST and SST trend can induce
an SST gradient, which is usually treated as an index of oceanic
fronts (Shi et al., 2015). The oceanic fronts play an important part
in the shelf marine system, such as the regional ecosystem, fish-
eries and the regional climate (Barth et al., 2007; Wang et al.,
2016). A high-resolution SST product is required to resolve the
SST gradient. The SST and SST fronts in the SCS are determined
by different factors, e.g., wind stress, large scale circulation. Fang
et al. (2006) found that the strong warming events in the SCS co-
occurred with the El Nifio events. The anomalous winds were as-
sociated with the shift in the SST trends in the SCS (Wang et al.,
2016). Jing et al. (2016) revealed that the wind forcing largely im-
pacted the seasonal frontal activities in the northern SCS.

With the limitation of coarse data resolution, the trend of SST
in the coastal regions is difficult to investigate. In addition, the
years from 2014 to 2017 are recorded as the warmest period since
the 1800s, but the corresponding SST trend in the SCS has not
been fully investigated. In the other hand, previous studies fo-
cused on the seasonal SST fronts, while the trends of SST fronts
were not yet available. Therefore, in this study, a dataset with a 4-
km spatial resolution is used to investigate the trends of the SST
and SST fronts. We will also study their associations with El Nifio
events and variability of wind stresses. The remainder of the pa-
per is organized as follows. Section 2 describes the datasets that
we use in this study. The trends of SST, SST gradient and the im-
pact of winds on them in the SCS are presented in Section 3. Sec-
tion 4 contains the discussion and concluding remarks.

2 Data and methods
Satellite-derived sea surface temperature data from the mod-
erate resolution imaging spectroradiometer (MODIS) was util-

ized to assess the trends of SST and the SST gradient over the
SCS. The satellite data used to generate SST observations were
retrieved from the US National Aeronautics and Space Adminis-
tration, Ocean Biology Processing Group (NASA OBPG, Moradi
and Kabiri, 2015). The observations used in this study were the
standard level-4 data with a spatial resolution of 0.04°x0.04°
(Esaias et al., 1998), which has been available since 2002. The
period of SST used in this paper was from October 2002 to
September 2017, a range of 15 years.

The sea winds data used in the present study are ERA-Inter-
im reanalysis products. It is the latest global atmospheric reana-
lysis developed by the European Centre for Medium-Range
Weather Forecasts (ECMWF, Dee et al., 2011). A four-dimension-
al variational (4D-VAR) data assimilation process was used in the
ERA-Interim reanalysis to incorporate the observations by using
a more dynamic method (Bracegirdle, 2013). The spatial resolu-
tion was approximately 0.25°x0.25°. Data from October 2002 to
September 2017 were used in the current study, consistent with
the time period of the SST data, and the ERA-Interim 10-m-high
wind data were available from 1979 to present. The wind stress
was calculated by the bulk formula, following Smith (1988). A
more detailed description of the ERA-Interim reanalysis products
can be found in Dee et al. (2011).

The SST data was smoothed with a 365-d running mean to
eliminate the seasonal variability. The SST anomaly (SSTA) was
subsequently calculated by removing the overall average. Thom-
son and Emery (2014) argued that the method could effectively
remove signals with frequencies higher than one cycle per year.
The 365-d running mean filters were applied for each grid point
to remove the seasonal variability over the SCS. The linear trends
of SST, or SST gradient magnitude, were then calculated through
the method of least squares.

3 Results

3.1 Trends of the South China Sea SST

The spatial distribution of the linear trend of the SST during
2003-2017 reveals a significantly increasing trend in most of the
SCS (Fig. 1). The only exceptions are some coastal areas, e.g., the
Beibu Gulf, the Northern Taiwan Channel, and the east of Viet-
nam, which are associated with a large SST gradient (Xie et al.,
2003; Jing et al., 2016). The trend of the basin-averaged SST in the
SCS is approximately 0.31°C per decade during 2003-2017. Fang
et al. (2006) indicated rates of 0.26°C per decade and 0.5°C per
decade in the periods of 1982-2004 and 1993-2003, respectively.
The basin-averaged warming trend calculated here is between
these two studies, indicating a rapid warming tendency during
1993-2003 and a slowly increasing during 1982-1993 and during
2003-2017. The fastest warming trend is identified in the south of
Vietnam (0.56°C per decade), almost double the rate of the basin-
averaged trend. Another significantly large warming signal is
found to the west of Luzon Island.

As mentioned above, the western Luzon (17°-21°N,
114°-118°E) and southern Vietnam (8°-12°N, 106°-110°E) are
identified to have the greatest warming trends (Fig. 1). The time
series of SSTA averaged over the two regions, together with that
of the entire basin of the SCS, are calculated (Fig. 2). The basin-
averaged SST has a warming trend of 0.31°C per decade, some-
what lower than that in the western Luzon (0.35°C per decade)
and much smaller than southern Vietnam (Table 1). For the three
areas, we observed that the time series of SSTA are almost
identical between 2003 and 2007 and corresponding correlation
coefficients between each two of them are significant. The time
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Fig. 1. Linear trends of SST during 2003-2017. The non-signific-
ant trends at the 95% confidence level are not plotted.

e Nifio3.4

] — southern Vietnam
1 — Luzon

4 — basin-averaged

SSTA/°C

-0.90 —— T T T T T T T
2003 2005 2007 2009 2011 2013 2015 2017
Year
Fig. 2. Time series of the SST anomalies for basin-averaged

(black), western Luzon (red) and southern Vietnam (blue), over-
laid with the normalized Nifio3.4 index (gray). The western
Luzon and southern Vietnam are defined as (17°-21°N,
114°-118°E) and (8°-12°N, 106°-110°E), respectively.

Table 1. Linear trends of the SST, correlation coefficients and
time lags for the maximum correlations between SSTA and the
Nifo3.4 index in the SCS, western Luzon and southern Vietnam
during 2003-2017

sCs Western Squthern
Luzon Vietnam

Trend/°C per decade 0.31 0.35 0.44
Simultaneous correlation 0.28 0.19 0.39
coefficients
Time lags for the maximum 8 8 7
correlations/months
The maximum correlation 0.69 0.59 0.76
coefficients

series among them are still highly correlated after 2007, however,
the SSTA in the southern Vietnam had much higher fluctuations
than the others.

Thompson et al. (2017) found that the linear trend over the
SCS clearly shifted in the pre- and post-years of El Nifio events. In

our study, the SCS SST also presents a distinctive pattern in pre-
and post-years of 2009-2010 when an El Nifio event occurred.
The basin-averaged SST linear trend is six times larger during
2011-2017 than it is during 2003-2008 (Table 2). We further com-
pared the spatial patterns of the SST linear trends during
2003-2008 and 2011-2017 in Fig. 3. The results clearly indicate
that the patterns of warming in the two periods are significantly
different. As expected, prominent SST warming in the period of
2011-2017 can be found for the majority of the SCS. The only ex-
ceptions are a few regions, e.g., the northern Luzon Island and
northwestern Beibu Gulf, which are characterized by a weak
cooling process. In contrast to the general warming pattern dur-
ing 2011-2017, a strong cooling trend during 2003-2008 occurs in
alarge portion of the basin, especially in the coastal area of
China. It is interesting to notice that the simultaneous warming
trend in the Luzon Strait (18°-22°N, 119°-121°E) is surprisingly
large, reaching 1.15°C per decade (Table 2). Note that the linear
trend in the southeastern Vietnam (6°-12°N, 108°-114°E) during
2003-2008 is negative (-0.23°C per decade) and becomes posit-
ive during 2011-2017 (Table 2).

Table 2. Linear trends of the SST (°C per decade) in the SCS,
Luzon Strait and southeastern Vietnam during 2003-2008 and
2011-2017

Period SCS  Luzon Strait Southeastern Vietnam
2003-2008 0.13 1.15 -0.23
2011-2017 0.94 0.23 0.89

The relationship between the SST in the SCS and the El Nifio
events is further investigated. The time series of the SSTA and the
Nino3.4 index is highly correlated (Fig. 2). The correlation coeffi-
cients are calculated between Nifio3.4 index and the SCS, west-
ern Luzon and southern Vietnam (Table 1). The positive peaks of
SSTA in the SCS co-occur with the El Nifio events, e.g., 2009-2010
and 2015-2016. Strong warming events in the SCS occurring dur-
ing the El Nifio have also been reported by Wang et al. (2002),
Fang et al. (2006) and Thompson et al. (2017). The correlation
coefficient between SSTA and Nifio3.4 index is 0.28 for the over-
all period from 2003 to 2017, but it increases to 0.34 for 2008-
2017. We also calculated the time lags between the SSTA and
Nifno3.4 index to identify when their correlations reach the max-
imum (Table 1). The SSTA in the SCS has the maximum correla-
tion with Nifi03.4 at an eight-month lag, with a correlation coeffi-
cient of 0.69. The results are consistent with Fang et al. (2006),
but the maximum correlation coefficient is larger in our study.

The climatological mean (15 year averaged) SST in summer
(June, July and August) and in winter (December, January and
February) are shown in Figs 4a and b, respectively. The basin-av-
eraged SST in summer (28.9°C) is approximately 3°C higher than
that in winter (25.6°C). The spatial patterns of the climatological
mean SST are very different between summer and winter. In
summer, a jet with low SST can be observed in the southeast of
Vietnam approximately 13°N. Xie et al. (2003) noted that the
monsoon winds and anticyclonic circulation drive upwelling in
this region. Thus, a cold core appears in the southeast of Viet-
nam. In winter, the anti-clockwise circulation driven by the
northeast monsoon can transport cold water from the coast of
China southward via the coast of Vietnam. Thus, low (high) SST
is found in the northwest (southeast) of the SCS during winter
(Fig. 4b).

In addition, we calculate the linear trend of SST in the sum-
mer (Fig. 4c) and winter (Fig. 4d). The basin-averaged SST has a
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Fig. 3. Linear trends of SST in the SCS during 2003-2008 (a) and 2011-2017 (b).

warming trend of 0.42°C per decade and 0.39°C per decade in
summer and winter, respectively. Yang and Wu (2012) reported
the warming trend was 0.12°C per decade in summer and 0.15°C
per decade in winter in the period of 1959-2008. The warming
rate in our study is significantly higher than that found by Yang
and Wu (2012). During summer, the largest warming trend is
found to the west of the Luzon Strait, exceeding 0.6°C per decade.
Another warming center is located in the middle basin of the SCS
(approximately 14°N, 116°E). The SST trend in winter is charac-
terized by a rapidly warming center in the middle of the SCS
basin (approximately 15°N, 115°E) and southeast of Vietnam. The
area with the rapid warming trend is larger in winter than it is in
summer.

3.2 Trends of the South China Sea SST fronts

The SST front is a typical mesoscale oceanic dynamic and
plays an important role in the air-sea interaction and biogeo-
chemical processes in the coastal region (Belkin et al., 2009). The
satellite observations of SST with a horizontal resolution of
0.04°x0.04° provide a robust approach to detect fronts in the SCS.
The magnitude of the SST gradient can be used as the index to
describe the strength of the SST fronts (Shi et al., 2015). Wang et
al. (2015) found that the spatial patterns between the magnitude
of the SST gradients and SST fronts were similar for different re-
gions. Hence, the SST fronts are defined as regions with large-
magnitude SST gradients in our study. The annual mean mag-
nitude of SST gradient during 2003-2017 in the SCS is shown in
Fig. 5a, which describes the spatial pattern for SST fronts. The
SST fronts occur mainly in the regions where the SST gradient is
greater than 0.01°C/km. The largest magnitude of the SST gradi-
ent occurs in the coast of China, with a value exceeding 0.04°C/km.
Other regions with a large SST gradient magnitude include the
coast of Vietnam, northwest of Luzon Island and Beibu Gulf. The
spatial patterns of the linear trends of SST fronts (Fig. 5b) reveal
prominent positive trends in the coast of China and the east of
Vietnam. It is noted that these two areas have the largest SST
gradient trends, but there exists in-significant warming (even
cooling) trends in these two regions. In contrast, the Beibu Gulf

and the northwest of Luzon Island are characterized by negative
SST front trends.

A quantitative analysis is conducted to evaluate the linear
trends of the SST fronts in SCS, particularly for the coast of China
(22°-25°N, 111°-120°E) and the east of Vietnam (10°-16°N,
108°-111°E). The magnitude of the SST gradient in the coast of
China reaches 0.024°C/km, which is approximately double the
value in the east of Vietnam (0.013°C/km). However, the linear
trends have similar values along the coast of China (0.11x
10-3°C/km per year) and the east of Vietnam (0.09x10-3°C/km per
year). The results illustrate that the SST fronts in the east of Viet-
nam increase more prominent than do those in the coast of
China.

The time series of the region-averaged SST gradient anomaly
in the coast of China (22°-25°N, 111°-120°E) and the east of Viet-
nam (10°-16°N, 108°~111°E) are shown in Fig. 6, overlaid with the
normalized inverse Nifi03.4 index during 2003-2017. The trough
of the SST gradient anomaly generally occurs during El Nifio
events. However, the correlation coefficients between the
Nifio3.4 index and the SST gradient anomalies along the coast of
China (-0.24) and east of Vietnam (0.11) are not significant, in-
dicating that the influence of a large-scale global signal on the
variability of SST fronts may be less pronounced.

The spatial patterns of the 15-year averaged magnitude of the
SST gradient are prominently different in summer (Fig. 7a) and
winter (Fig. 7b). The SST fronts in the coast of China occur all
year round with a slight reduction in summer. In contrast, the
SST fronts in the Beibu Gulf and northwest of Luzon Island occur
in winter and disappear in summer. The seasonal variability of
the SST fronts has been well explained by Shi et al. (2015). The
southeast of Vietnam has a summer upwelling induced by strong
wind curls (Xie et al., 2003), resulting in strong SST fronts to the
southeast of Vietnam (Fig. 7a). The positive linear trends are
found year-round along the coast of China, although the location
of the largest positive linear trends changes distinctively in sum-
mer and winter. During the summer, the largest linear trends ap-
pear in the Taiwan Strait and move towards the coast of the
Guangdong Province in winter. Interestingly, the SST fronts are
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Fig. 4. Climatological mean SST (upper row), and linear trends of SST (lower row) in the SCS during 2003-2017 in the summer (left
column) and in the winter (right column). The trends that are not significant at the 95% confidence level are not plotted.

stronger to the southeast of Vietnam than eastern Vietnam in
summer (Fig. 7a), but the linear trends of the SST gradient mag-
nitude are weaker for the southeast of Vietnam (Fig. 7¢). It is
noted that the southeast of Hainan Island is characterized by a
significant positive linear trend in both summer and winter.

3.3 Impact of the wind stress trend on the trends of the SST and

SS8T fronts

It is well known that the wind pattern of the SCS basin is dom-
inated by the East Asian monsoon (Wyrtki, 1961; Fang et al.,
2006). The southwesterly monsoon wind in summer and the
northeasterly monsoon wind in winter can be seen in Figs 8a and
b, respectively. Southwesterly winds can generate an anticyclon-
ic circulation in summer, whereas a cyclonic circulation is driven
by northeasterly wind in winter. From Figs 4, 7 and 8, we can see

that the climatological mean SST and SST fronts are under the in-
fluence of the seasonal surface winds. Due to the southwesterly
wind, summer upwelling is generated along the southeastern
coast of Vietnam (Xie et al., 2003). This oceanic process results in
a cold SST center (Fig. 4a) and SST fronts (Fig. 7a) in southeast-
ern Vietnam. In winter, the coast of China shows prominent SST
fronts (Fig. 7b), and the corresponding SST increases offshore
from the coast (Fig. 4b). Figure 8b illustrates that the wind stress
vectors get weaker over the lower SST, as compared to the warm-
er side of the front. This result reveals a positive correlation
between SST and wind, consistent with the findings from Wang
and Castelao (2016). The local impact of the SST fronts on sur-
face wind has also been reported in earlier studies, such as
Chelton and Xie (2011), and Shi et al. (2015).

The dominant patterns of the linear trend of wind stress in the
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Fig. 6. Time series of the SST gradient anomalies for SCC (red,
southeast coast of China) and east of Vietnam (blue), overlaid
with the normalized inverse Nifio3.4 index (gray).

SCS are very different between summer and winter (Figs 8c and
d). Substantially stronger linear trends of wind stress are found in
winter than in summer for most of the SCS basin, especially the
northern part. Note that the linear trends of wind stress generate
a cyclonic anomaly in both seasons near the Luzon Strait. As
shown in Fig. 8c, there is a northeasterly wind stress anomaly off
southeastern Vietnam, indicating that the southwesterly wind
stress gets weakened in summer. The change of wind stress can
reduce the summer upwelling and the strength of Southeast Viet-
nam Offshore Current. As a result, the cold core in southeastern
Vietnam, which can be observed in Fig. 4a, becomes weaker and
an increased warming trend in summer (Fig. 4c) is anticipated
due to the reduced upwelling. Since the summer upwelling can
induce strong SST fronts in this area (Fig. 7a), the SST fronts are
expected to have a weak negative linear trend. However, the neg-
ative linear trend is not significant in southeastern Vietnam, even
there exists a positive trend in eastern Vietnam (Fig. 7c). In
winter, a weakened northeasterly wind stress can be found in the
southwest of the SCS (0-6°N, 105-115°E), caused by the increas-

ing southwesterly wind stress (Fig. 8d). The weakened northeast-
erly wind can reduce heat loss from the ocean (Park and Choi,
2016), so there is a significant warming in this area (Fig. 4d). The
positive correlation identified in the coast of China between SST
and wind stress is associated with the positive linear trends of the
SST fronts (Fig. 7d). Consistently, the linear trends of wind stress
in winter are high over the warm water and low over the cold wa-
ter during 2003-2017.

As shown before, the linear trend of the basin-averaged SST is
six times larger during 2011-2017 than it is during 2003-2008
(Table 2). The spatial patterns of SST warming can also be di-
vided into two stages (Fig. 3). To explore the potential mechan-
isms for the different SSTA in the two periods, we present the lin-
ear trends of surface wind stress in the SCS during 2003-2008 and
2011-2017 in Fig. 9. The northerly wind stress anomaly and
southerly wind stress anomaly can be observed clearly in Fig. 9
during 2003-2008 and 2011-2017, respectively. The opposite lin-
ear trend of SST in the east of Vietnam (Fig. 3) is accompanied by
an opposite linear trend in the wind stress fields in the different
periods. Fang et al. (2006) revealed that the annual mean surface
wind is dominated by northeasterly winds. Thus, the northeast-
erly wind is strengthened during 2003-2008, and weakened dur-
ing 2011-2017. The southerly wind anomaly in the east of Viet-
nam can induce a reduction of air advections, which will in-
crease the cloud coverage (Wang et al., 2016), and decrease the
heat loss to the air. With the influence of the wind stress anomaly,
the east of Vietnam showed warming during 2011-2017, in con-
trast to the cooling process during 2003-2008. To the contrary,
the Luzon Strait is characterized by a persistent warming signal,
but the trend of wind stress is not conspicuous during 2003-2008.
This may be caused by the transport in the Luzon Strait, which
needs further investigation in future studies.

4 Discussion and concluding remarks
Based on high-resolution satellite SST observations, the
trends of the SST and SST fronts in the SCS during 2003-2017 are
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investigated in the present study. The basin-averaged warming
trend is 0.31°C per decade during 2003-2017. And 2017 was the
warmest year on record for the global ocean (Cheng and Zhu,
2018), however, it was not the warmest year in the SCS. Fang et
al. (2006) showed that the linear trends of SST are 0.50°C per dec-
ade and 0.26°C per decade during 1993-2003 and 1982-2004, re-
spectively. Thompson et al. (2017) calculated the warming trends
in the SCS for 1982-2014 as 0.17°C per decade. This result indic-
ates that the SST of SCS is increasing over the last decades,
whereas the strength of warming rate exhibits great uncertainty.
In our study, the time series is limited, with only 15 years.
However, the difference in the warming rate is also found pre-
and post-years of 2009-2010, when an El Nifio event happened.
The basin-averaged SST linear trend during 2011-2017 is six

times larger than that during 2003-2008 (Table 2). The spatial
patterns of the warming trend also exhibit distinctive patterns in
different periods. A negative trend is identified for most of the
SCS during 2003-2008, in contrast to the warming trend during
2011-2017, except the northwest of Luzon Island (Fig. 3). The dif-
ference in the warming trends may be induced by the change of
wind stress (Fig. 9), specifically the northerly wind stress anom-
aly during 2003-2008 and southerly wind stress anomaly during
2011-2017. During 2011-2017, the northerly wind stress weakens,
resulting in the reduction of heat loss to air (Park and Choi, 2016)
and, thus, a warming trend in the basin, especially in the east of
Vietnam.

Furthermore, we studied the linear trend of the SST and SST
fronts in the SCS in both summer and winter. Although the
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Fig. 8. Climatological mean surface wind stress (upper row), and linear trends of surface wind stress (lower row) in the SCS during

2003-2017 in summer (left column) and winter (right column).

warming trend of the basin-averaged SST was observed in both
seasons, the spatial patterns of the linear trend were quite differ-
ent. In summer, the most prominent warming rate is located in
the west of the Luzon Strait, exceeding approximately 0.6°C per
decade, while the strongest warming trend occurs to the south-
east of Vietnam in winter. The most prominent trends of the SST
fronts are found near the coast of China, which are characterized
by an overall increasing trend. The southeastern coast of Viet-
nam has strong SST fronts due to the upwelling in summer, but
the corresponding trend is negative. By analyzing the trends of
wind stress, we verify that wind stress plays an important role in
determining the trends of the SST and SST fronts. The northeast-
erly wind stress anomaly off southeastern Vietnam leads to a
weakened southwesterly wind stress in summer. It will further re-
duce the summer upwelling and the Southeast Vietnam Offshore

Current. Thus, the cold core becomes weaker and generates an
increase warming trend in summer (Fig. 4c).

The correlation between the warming in the SCS and Nifio3.4
index is also investigated in our study. First, the warming rate of
the SCS accelerated in the years after the El Nifio event (2009-
2010). The shift of the warming rate in the SCS has also been re-
ported in earlier studies, such as Wang et al. (2016) and Thomp-
son et al. (2017). The response of SSTA to the Nifi03.4 index is op-
posite that of SST gradient magnitude anomaly. The positive
peaks of SSTA and negative peaks of SST gradient magnitude an-
omaly co-occur with the El Nifio events, especially during strong
events (2009-2010, 2015-2016). The SSTA in the SCS has the
maximum correlation with Nifio3.4 at an eight-month lag with
Nino leading, consistent with Fang et al. (2006). These results
confirm the great impact of large-scale circulation on SSTA at re-
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gional scale.

The change of SST is generally associated with the variability
of SST fronts. The trends of SST fronts had been studied in some
of previous literature. In this study, we further found the SST
gradient magnitude in the coast of China approximately doubled
the value in the east of Vietnam. However, the linear trends of
SST fronts had similar values in the coast of China and the east of
Vietnam. The results illustrated that the SST fronts in the east of
Vietnam increased more prominent than the coast of China. On
the other hand, the two regions with prominent positive SST
fronts trends were characterized by in-significant warming (even
cooling) trends. We supposed that the stronger SST fronts activit-
ies have important impact on the SST warming in the coastal
areas. We also investigated the correlation between the SSTA and
SST fronts in the SCS and Nino3.4 index. The correlation between
the SSTA in the SCS and Nifo 3.4 index is larger than that SST
fronts. The influence of large-scale global signal may be less pro-
nounced on the variability of SST fronts, compared to the SSTA in
SCS.

The potential mechanisms that can influence the trends of
the SST and SST fronts are also explored by investigating the
wind stress dynamics. However, the other driving forces for
basin-scale changes in the SCS have been well discussed in sev-
eral former studies and are thus not the major focus of our study.
For example, Wang et al. (2016) revealed that the warming trends
in the SCS are attributed to the surface heat flux. The SCS
throughflow has a close relationship to the shift of the SST pat-
tern in the SCS (Thompson et al., 2017). Further discussion re-
garding the post influence of the strong El Nifio in 2016 would be
fundamentally important to understanding the regional dynam-
ics. The impact of the other factors (such as surface heat flux,
eddy activities) on the trends of the SST fronts in the SCS will be
investigated in future.
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