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Abstract: Synoptic weather conditions can modulate short-term variations in the marine biophysical
environment. However, the impact of large-scale synoptic circulation patterns (LSCPs) on variations
in chlorophyll-a (chl-a) and sea surface temperature (SST) in the South China Sea (SCS) remains
unclear. Using a T-mode principal component analysis method, four types of LSCP related to
the Northwest Pacific subtropical high are objectively identified over the SCS for the summers of
2015–2018. Type 1 exhibits a lower chl-a concentration of <0.3 mg m−3 offshore of southern Vietnam
with respect to the other three types. For Type 2, the high chl-a concentration zone (>0.3 mg m−3)
along the coast of Guangdong exhibits the widest areas of coverage. The offshore chl-a bloom jet
(>0.3 mg m−3) formed in southern Vietnam is the most obvious under Type 3. Under Type 4, the high
chl-a concentration zone along the coast of Guangdong is the narrowest, while the chl-a concentration
in the middle of the SCS is the lowest (<0.1 mg m−3). These type differences are mostly caused by the
various monsoon circulations, local ocean mesoscale processes and resultant differences in localized
precipitation, wind vectors, photosynthetically active radiation and SST. In particular, precipitation
over land helps to transport nutrients from the land to the shore, which is conducive to the increase of
chl-a. However, precipitation over ocean will dilute the upper seawater and reduce chl-a. Typhoons
pump the deeper seawater with nutrients to the surface, and therefore make a positive contribution
to chl-a in most offshore areas; however, they also disturb shallower water and hinder the growth of
phytoplankton, making a negative contribution near the coast of Guangdong. In general, our findings
will provide a better understanding of wind pump impact: the responses of marine biophysical
environments to LSCPs.

Keywords: chlorophyll-a; sea surface temperature; diurnal variation; South China Sea; large-scale
synoptic circulation pattern; typhoon

1. Introduction

Chlorophyll a (chl-a) is an important indicator of phytoplankton biomass and primary
productivity in marine ecosystems, and is strongly linked with the marine physical envi-
ronment and meteorological conditions [1–4]. Under certain conditions, meteorological
factors can affect phytoplankton growth by changing the physical environment of the
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upper ocean (such as its temperature, nutrient concentrations, etc.). The nonlinear response
of phytoplankton to various physical environmental variables will amplify short-term,
relatively weak environmental disturbance. Therefore, chl-a in phytoplankton can be a
proxy, as shown in the response of the marine biophysical environment to special weather
conditions and changes in climate [5–10]. In recent years, with the gradual accumula-
tion of ocean color satellite-remote-sensing data over time, researchers have begun to
use remote sensing to observe the chl-a concentration changes in the upper ocean, whilst
at the same time achieving measurements in a wide range of open ocean and coastal
ecological environments [11–15]. In addition, ocean color data such as chl-a is used to
provide valuable information about ocean surface circulation and to track mesoscale to
submesoscale features [16,17]. Thus, observations and research of marine biophysical
environmental changes at different spatiotemporal scales have become focal points in this
field of study [6,18–20].

The South China Sea (SCS) is the largest semi-enclosed marginal sea in the western Pa-
cific [21], and has a long coastline. The spatiotemporal distribution and driving mechanism
of physical, ecological and geochemical parameters in the SCS are also a focus of marine
meteorological research [22–27]. The SCS is located in the tropical monsoon area, where
plenty of solar radiation is received. The marine phytoplankton mainly live in the euphotic
layer, meaning that the nutrient concentrations of the seawater constitute an important
factor affecting the primary productivity of tropical oceans such as SCS [28–30]. The marine
dynamical processes of the SCS are quite complicated. Spatiotemporal changes in the ma-
rine environmental field (e.g., light, wind speed, temperature, salinity, currents) may cause
nutrient changes through various physical processes (e.g., mixing, advection transport,
upwelling and downwelling, river runoff input), and therefore, may have an important
effect on chl-a concentrations in the SCS [7,10,31,32]. For example, ond kind of wind pump
impacts, the Ekman pumping caused by wind stress during monsoonal transition leads
to the appearance of a chl-a bloom jet along the southwest coast of the SCS [33]; coastal
upwelling, boundary currents and river inputs caused by the summer southwest monsoon
have been shown to enhance the phytoplankton biomass in the northern coastal seas of
the SCS [34,35]; and the climatic average and annual changes of chl-a concentrations in the
central part of the SCS show a strong negative correlation with sea temperature [36,37].

Current research on chl-a at multiple spatiotemporal scales in the SCS tends to focus on
seasonal, interannual and interdecadal variability [19,20,38,39]. In contrast, on short-term
synoptic scales in the SCS, most studies have mainly concentrated on local marine bio-
physical environmental changes before and after the passage of a typhoon [4,18,23,40–44].
Different atmospheric circulation changes on the synoptic scale will also affect changes in
meteorological variables, such as light, air temperature, precipitation and wind in the sea
area, and these meteorological variables continue to act on the upper-ocean biophysical
environment. Studying the relationship between different atmospheric circulation pat-
terns at synoptic scales and the upper-ocean environment is helpful to supplement our
understanding of the impact of wind-pumps on the ocean [4,18], and it is also has great
scientific significance for understanding the formation mechanism of the short-term, upper-
ocean biophysical environment and its monitoring, prediction and evaluation [45–47].
The weather in the SCS in summer is complex; the southwest monsoon is strong, accom-
panied by typhoons, low-level jets and other extreme weather [4,7,8,10,19,36] which has
a more significant impact on the ecological environment of the upper ocean in the SCS.
As far as the SCS is concerned, in addition to the effects of the typhoon circulation patterns
mentioned above, the influence of the meteorological conditions of other synoptic weather
circulation types in summer on the spatiotemporal changes in the biophysical environment
(e.g., chlorophyll, sea temperature) is unclear and needs further study. Likewise, the contri-
bution of typhoons as a special weather type to chl-a change caused under different basic
synoptic circulations is also unknown.

In this paper, taking the basin area of the SCS (104.8–124◦ E, 3.8–24◦ N) as the study
area, we begin by using reanalysis data in the summers of 2015–2018 to conduct an objec-
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tive weather classification aimed at exploring the different large-scale synoptic circulation
patterns (LSCPs). The spatiotemporal differences in the characteristics of chl-a concen-
tration and SST and their potential causes, as derived from multiple sources of satellite
remote sensing data, are analyzed from the perspective of the identified LSCPs. Meanwhile,
the diurnal variation characteristics are analyzed by using high-temporal-resolution chl-a
concentration data. In Section 2, the objective classification method and various satellite
data used in this paper are introduced. The main results are presented in Section 3. The con-
tribution of typhoons to chl-a variation under each LSCP, one kind of wind pump impacts,
is also discussed in this section. Finally, Section 4 provides a summary.

2. Materials and Methods
2.1. Multisatellite Data

The hourly chl-a concentration and photosynthetically active radiation (PAR) data
during the daytime are all from the level-3 products of the Himawari-8 geostationary
meteorological satellite, with a spatial resolution of 0.02◦ × 0.02◦ [48]. However, since
Himawari-8 began operations in July 2015, the data in this study cover July–August
2015 and June–August 2016–2018. The optical remote sensing of chl-a is susceptible to
adverse conditions such as clouds and precipitation, but the high-frequency sampling of
the currently operational geostationary satellites COMS and Himawari-8 can weaken this
effect [10,48–50]. In addition, Himawari-8 can provide chl-a concentration products with
high spatial resolution throughout the day at 1-h intervals, making ocean-color remote
sensing at this fine temporal resolution a reality [48,51] and allowing us to study the
influence of the weather scale on the chl-a concentration, with its daily variation providing
a particularly good means to do so. Note that two types of noise in the chl-a product
of Himawari-8 were corrected prior to its use in this study, following the method of
Iwasaki [52] [see Text S1 in the Supplementary Materials (SM) for details].

The sea surface temperature (SST) data used are the microwave remote sensing
(MW) and infrared remote sensing (IR) from the optimally interpolated (OI) fusion of
9 km × 9 km daily SST products provided by Remote Sensing Systems (RSS). These high-
spatial-resolution SST data are especially suitable for studying weather processes accompa-
nied by a large number of clouds.

The sea surface wind vector data are the winds at 10 m above the sea surface from
the cross-calibrated multiplatform gridded surface vector winds provided by RSS, with a
temporal resolution of 6 h and spatial resolution of 0.25◦ × 0.25◦. The calculation of
upwelling [53–55] and Ekman transport [56] can be referred to in Text S2 of the SM.

At present, weather radar is an important way to detect precipitation over a large
range [57–59]. The Global Precipitation Measurement (GPM) concept centers on the de-
ployment of a “Core” satellite carrying the first space-borne Ku/Ka band dual-frequency
precipitation radar and a multichannel GPM microwave imager, which improves the ability
to measure light rain and provides global rain and snow observations. The daily precipita-
tion data used here, with a spatial resolution of 0.1◦ × 0.1◦, are from the final product of
IMERG (Integrated Multisatellite Retrievals for GPM).

2.2. Classification of Synoptic Types

The T-mode Principal Component Analysis (T-PCA) method is a widely used objective
classification method for atmospheric circulation [60,61]; such a method typically does
not rely on subjective experience and can process large amounts of data [62]. Things are
reversed in T-mode, where the scores describe important spatial patterns and the loadings
reflect the amount of their time variant realization. Thus the T-mode seems more appro-
priate for pattern classification. In addition, T-PCA can display the characteristics of the
original circulation field more accurately, without much change owing to the adjustment of
the categorized objects, and obtain a more stable spatiotemporal field [62,63]. In this study,
the European COST733 weather classification software (http://www.cost733.org, accessed
on 17 May 2021) is used for classification and the 500-hPa geopotential height is used as

http://www.cost733.org
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the physical quantity field. The geopotential height is the daily average data with a spatial
resolution of 2.5◦ × 2.5◦ obtained from NCEP/NCAR reanalysis data. It is considered that
the daily circulation pattern is the spatial distribution of the physical quantity field with
the largest absolute value of the principal component loadings. The number of circulation
types in this article is set to four. Detailed information on the performance of the synoptic
classification [64,65] and the determination of the number of classes [66] is provided in the
Supplementary Materials (Text S3 and Figure S2).

The overall natural environmental condition of the SCS depends largely on the regional
atmospheric circulation system (seasonal monsoon, trade winds, typhoons), whilst these
circulation systems in turn influence the formation of the ocean current structure and
its spatiotemporal changes [67]. Among these circulation systems, the Northwest Pacific
subtropical high (NWPSH; 500-hPa geopotential height field shows significant anticyclonic,
and the center is generally accompanied by a descending ) has a greater influence on,
or control over, the East Asian summer monsoon, which is most significant in the middle
troposphere, and has a more direct and significant impact on the SCS climate [68]. Therefore,
to capture the location, shape and intensity of the NWPSH, we set the domain of 0◦–50◦ N
and 70◦–155◦ E for the T-PCA analysis, following previous studies [62,63].

Therefore, we use the T-PCA method to objectively classify the large-scale atmospheric
circulation of the 500-hPa geopotential height in the summers of 2015–2018, and ultimately
obtain four LSCPs related to the movement of the NWPSH (Figure 1):
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field (arrows): (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.

(1) Type 1 is located in the southerly winds on the west side of the NWPSH, which is
mainly controlled by the NWPSH. Such conditions are not conducive to ascending
motion and precipitation is relatively low.

(2) In Type 2, the westerly trough deepens meridionally, and the NWPSH advances
northward, presenting two anticyclonic centers (Figure 1b). The SCS is located
between the Indian low and the NWPSH, and is jointly controlled by both. At the
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front of the NWPSH bottom forms a southerly wind blowing from the ocean to
the mainland.

(3) While the NWPSH retreats eastward during Type 3, a warm high pressure is formed
in North China. The enhancement of low pressure on the west side produces two
centers. The SCS is mainly affected by low pressure, and the ascending motion is
strong. Southwestward warm and wet airflow makes the rainfall increase.

(4) In Type 4, the warm high pressure north of the SCS extends westward and advances
northward, moving completely to the north side of the SCS. A strong low-pressure
center appears in northeastern India, extending eastward to the SCS, at which time
the SCS forms southwesterly to southeasterly winds.

From the above analysis, it is concluded that the movement of the NWPSH is bound
up with the Indian low and the warm high in northeastern China, which together reg-
ulate the weather conditions over the SCS, thereby affecting the changes in the upper
ocean environment.

2.3. Significant-Difference Test

To accurately analyze the change in the chl-a concentration under the different LSCPs,
the average distributions of chl-a and meteorological variables were calculated for each
weather type. Also, the anomaly distributions of these variables were calculated—that
is, the differences in the average values of chl-a and meteorological variables under each
weather from the average values of the summers of 2015–2018. Then, the variance test
or t-test method was used to test the significance at the 0.1 confidence level. From the
results it is possible to distinguish any significant differences in the spatial distributions of
hydrometeorological variables under the four weather types.

3. Results
3.1. Summer Hydrometeorological Environment Distribution in the SCS

Figure 2 illustrates the hydrological and meteorological distribution characteristics of
the SCS during the summers of 2015–2018. It can be seen from the wind speed and wind
field (Figure 2a,b) that the SCS is controlled by the southwest monsoon from June to August.
The coast of southern Vietnam is the sea area with the highest wind speed and a strong
upwelling in the SCS, which is due to the topography of Vietnam. The southwest winds
are blocked by the north–south Annam Cordillera mountain range, and the formation
of the jet causes Ekman pumping to form an upwelling offshore [22,32,69,70]; whereas,
the western boundary currents are superimposed in the southwest SCS so that the offshore
upwelling is transported eastwards at about 11.5◦ N [69,71,72], resulting in an offshore
chl-a bloom jet (Figure 2f), where the cold water in the lower layer wells up to result in
a lower SST (Figure 2e). The north–south mountain range blocks the southwest wind
and causes airflow to descend on the leeward side, making it difficult for precipitation
to form; hence, the precipitation here is the lowest in the entire SCS (Figure 2c) and the
PAR value is higher (Figure 2d). Correspondingly, the southwest winds blow towards the
mountain range, and ascending air is generated on the windward side, which easily forms
rainfall. It can be clearly confirmed from Figure 2 that there is a strong rain band [73,74]
and weaker PAR with cloud and rain blocking the light in the eastern waters of Luzon
Island (Figure 2d).
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Figure 2. Average distribution of the hydrometeorological environment in summer, 2015–2018: (a) location map of the study
area (black box), filled with wind speed; (b) wind fields at 10 m (arrows) and the Ekman pumping velocity (shaded, positive
value is upwelling); (c) rainfall (shaded, mm day−1); (d) PAR (photosynthetically active radiation) (shaded, µmol m−2 s−1);
(e) SST (shaded, ◦C); (f) chl-a concentration (shaded, mg m−3) [(b–f) are in the black frame in (a)].

In addition to the high chl-a concentration near the southern coast of Vietnam, high chl-
a concentrations also occur along the coast of Guangdong in China and the Beibuwan Gulf
(Annotation in Figure 2a). The coast of Guangdong is located at the estuary of the Pearl
River, and the phenomenon of eutrophication in this area is serious. Moreover, dilution
caused by the input of waters from the Pearl River has an important impact on chl-a, espe-
cially when factoring in the background winds and the runoff [75]. The southwest winds
prevailing in summer can be decomposed into eastward coastal winds and northward
coastal winds. According to Ekman transport theory, under the action of coastal winds,
the diluted water in the Pearl River Estuary and the adjacent shelf area can be transported
to the sea in a direction perpendicular to the shoreline. On the other hand, under the
action of shoreward winds, the diluted water in the Ekman layer would be transported
northeastward along the direction parallel to the shoreline. The wind direction at this time
is conducive to the expansion of the diluted waters towards the east of the estuary and the
transportation of nutrients to the northern shelf area, which in turn causes phytoplankton
proliferation and increased chl-a content [76,77]. As a result, the high chl-a concentration
band along the coast of Guangdong in summer is narrow. In summer, the heat capacity of
land is smaller than that of seawater, which leads to rapid changes in land temperature.
The river water therefore had a higher temperature than seawater. So the sea surface is
warmer in the Beibuwan Gulf may be due to the discharge of the Red River, the westerly
flow of the Qiongzhou Strait and because the three sides of the northern BBG are adjacent
to the land and the shallow sea heats up quickly [78]. Furthermore, the low chl-a concen-
tration of seawater outside the gulf flows into the gulf, limiting the upwelling of nutrients
and phytoplankton growth. Based on the above analysis, the high chl-a concentration is
only a narrow band along the coast [78,79].
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3.2. Disparities of the Biophysical Environment in the SCS under Different LSCPs

To visualize the characteristics of the biophysical environment under the four LSCPs,
firstly, the average spatial distribution of chl-a and SST (Figures S3 and S4 in the Supple-
mentary Materials) and the anomalous spatial distribution (Figures 3 and 4) under each
LSCP are calculated. The spatial distribution of chl-a characteristics under the four LSCPs
in Figure S3 of the SM are roughly similar, showing a gradient change offshore; the chl-a
concentration is high near the coast, low in the middle of the basin, and most of the SCS
area has a higher chl-a concentration near the west coast than the east coast. In Figure S3 of
the SM, Type 1 has a lower chl-a concentration offshore of southern Vietnam. Compared
with the other three types, there is no obvious chl-a bloom jet (>0.3 mg m−3). For Type 2,
the high chl-a concentration zone (>0.3 mg m−3) in the Guangdong coastal region has the
widest area of coverage. The offshore chl-a bloom jet formed under Type 3 in southern
Vietnam is the most obvious. In the last type, Type 4, the high chl-a concentration zone
along the coast of Guangdong is the narrowest, and the chl-a concentration in the middle
of the SCS is the lowest—a typical desert sea area (<0.1 mg m−3).
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Comparing the distributions of chl-a anomalies in Figure 3, it can be seen that chl-a is
relatively high in most sea areas in Type 2, while in Type 4, it is low except for the Beibuwan
Gulf and some offshore waters in southern Vietnam. Positive anomalies occur along the
coast of Guangdong in Type 1 and Type 2, while negative anomalies occur in Type 3 and
Type 4. In particular, the absolute values of anomalies in Type 2 and Type 4 are larger.
The differences in Type 1 and Type 3 in the coast of southern Vietnam and the differences in
Type 1 and Type 4 in the southern Beibuwan Gulf are both significant. Based on the above,
we selected these three coastal areas (A: Guangdong offshore region; B: Southern Beibuwan
Gulf region; C: Southern Vietnam offshore region) to study the daily chl-a changes under
the different LSCPs and the reasons for them. In terms of SST, Type 1 has the highest value
among the four types (Figure S4 in the Supplementary Materials). Along the southern
coast of Vietnam, the range of SST below 29 ◦C gradually expands from Type 1 to Type 4.
Figure 4a shows that SST decreases in the northeastern part of the study area and near the
coast of Vietnam (~110◦ E) in Type 1. Moreover, increased SST characterizes most other
sea areas. The SST anomaly distribution of Type 4 (Figure 4d) is completely opposite to
that of Type 1. SST rises in the northeast and off the coast of Vietnam, while other sea areas
feature more obvious cooling; and both types have a common characteristic insofar as the
SST decreases/increases more severely toward the northeast. The distribution pattern of
SST anomalies in Type 3 is roughly similar to that of Type 4, with large-scale cooling in the
southern waters. In Figure 4c, the negative anomalies in southern Vietnam are the largest,
which are lower than the average by more than 0.8 ◦C. This is consistent with the chl-a
bloom jet in Type 3 and is caused by the offshore upwelling that turns the lower layers
of nutrient-rich and colder seawater upwards. The abnormal values of SST in Type 2 are
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mostly small, with a range of ±0.2 ◦C. Only in the coastal areas of Guangdong is there a
significant heating up of the sea surface (Figure 4b).

Figure 5 shows the regional average chl-a changes per hour during 0900–1600 (local
standard time, LST = UTC + 8) in the three regions selected in Figure 3d. To exclude
the effects of morning and dusk, we choose the period 0900-1600 (LST). The change in
chl-a concentration from 0900 to 1300 LST is not obvious, but after 1300 LST a gradual
increase begins. This is because, after a day of sufficient sunlight, zooplankton feeding
on phytoplankton in the surface ocean at night [80] and enters the deeper ocean during
the day, while phytoplankton grows during the day and gradually accumulate chl-a
through photosynthesis, giving rise to a high value of chl-a concentration in the evening
time. This phenomenon is similar to the findings of Noh et al. [81]. Notably, regions A
and C reach their highest values at 1600 LST, while region B reaches its highest value at
1500 LST. Combined with the diurnal chl-a amplitude (maximum chl-a concentration minus
minimum chl-a concentration during the period of 0900–1600 each day) under the four
LSCPs shown in Table 1, we can build a picture of the different characteristics in the three
regions under the four LSCPs. The Type 4 chl-a concentration in region A is significantly
lower than that of the other three types, but the daily amplitude is the most significant
(Table 1). The highest daily amplitude is 0.55 mg m−3 in Type 3. In region B, the chl-a
concentration in Type 3 and Type 4 is higher than that of the other two types, and the
daily amplitude is correspondingly larger; the daily amplitude in Type 2 is extremely
low, being only 0.18 mg m−3. Relatively speaking, the four types of chl-a concentration
differences and diurnal variations are weak in region C. The daily amplitude fluctuates at
0.39 ± 0.03 mg m−3. In short, the environment of the upper ocean is different under the
different LSCP conditions, creating different degrees of daily changes.
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Table 1. Diurnal amplitude of the regional chl-a concentration (mg m−3) under the four synop-
tic types.

Type1 Type2 Type3 Type4

Region A 0.51 0.50 0.55 0.43
Region B 0.30 0.18 0.41 0.39
Region C 0.40 0.36 0.38 0.42

3.3. Potential Drivers of chl-a under Different LSCPs

The wide area and various physicochemical conditions form a vastly different hy-
drological environment in different areas of the SCS, which affects the stability of the
phytoplankton community structure in the local sea area and even the stability of the entire
marine ecosystem. Therefore, the local chl-a differences may be caused by different factors.

To explore the potential drivers of chl-a characteristics, we analyzed the average and
anomalous distributions of the wind field, upwelling, wind speed, PAR and precipitation
under the four LSCPs (Figures S5–S9 in the Supplementary Materials; Figures 6–9). At the
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same time, the influence of Ekman transport in the coastal waters cannot be ignored, and the
relationship between Ekman transport and Ekman pumping where chl-a changes drasti-
cally in the coastal waters is also considered (Figure S6 in the Supplementary Materials).
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The SCS is mainly affected by southwest winds in summer. From the wind vectors
(Figure S5 in the Supplementary Materials) and wind speed (Figure S7 in the Supplemen-
tary Materials), the sea areas with higher wind speeds are concentrated near southern
Vietnam (Region C). Here, the strong southwest wind causes Ekman transport to the
southeast (offshore) (Figure S6b,d in the Supplementary Materials), in turn causing the
upwelling of deeper seawater near the shore. The greater the offshore Ekman transport
value, the stronger the Ekman pumping (Figures S5 and S6 in the Supplementary Mate-
rials). Although there is no obvious upwelling in Guangdong (Region A) (Figure S5 in
the Supplementary Materials), Figure S6a,c in the Supplementary Materials show that the
southwest wind is accompanied by eastward and southward Ekman transport in Region
A, which is an offshore Ekman transport perpendicular to the coastline, and the offshore
current will trigger a supplementary upwelling and river waters with terrestrial matter
transporting to the open sea. Abnormal southwest winds lead to higher chl-a concentration
in Region A in Type 1 and Type 2, relative to Type 3 and Type 4 (Figures 3 and 6). The wind
field in a semi-enclosed bay like the Beibuwan Gulf (Region B) is affected by the land
and the wind direction is various, so the transportation direction of Ekman transport is
various. In Type 3 and Type 4, the maximum wind speed in the southern SCS exceeds
10 m s−1 (Figure S7c,d in the Supplementary Materials), and the average increase is more
than 1.5 m s−1 (Figure 7c,d). Stronger southwesterly winds cause a strong upwelling in
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southern Vietnam, about 12 × 10−6 m s−1 (Figure S5c,d in the Supplementary Materials),
bringing low-layer, high-nutrient seawater to the surface. This contributes to phytoplank-
ton growth and forms a chl-a bloom jet, similar to the summer average. In Figure S5c,d of
the SM, the divergence direction of the upwelling is more landward under Type 1/Type 2
than Type 3/Type 4 in southern Vietnam. Also, the anomaly distribution of the wind field
shows that the two types of wind directions are northeast winds on average (Figure 6a,b),
meaning transport by upwelling is not easy, which corresponds to the chl-a bloom jet not
being obvious here under Type 1 and Type 2.

Sunlight also affects the SST and chl-a concentration. PAR anomalies show that large
areas under Type 1 receive more sunlight, and positive anomalies appear south of 15◦ N
(Figure 8a,b), while Type 3 and 4 show the opposite phenomenon (Figure 8c,d). In contrast,
Type 2 also shows negative anomalies to the south of 15◦ N and positive anomalies north
of 15◦ N, but the anomalies are marginal (Figure 8b). These characteristics are consistent
with SST performance. When the PAR value is low, the SST is also low, and vice versa.
In addition to the lower PAR, the pattern of the SST cooling to the south of 15◦ N is different
under Type 3 and Type 4. The main reason is that the southern wind field patterns of Type 3
and Type 4 are different (Figure 6c,d). Although the wind anomalies under these two types
have formed anomalous cyclonic circulations, the locations of the two cyclonic circulations
are different (Figure 6c,d), inducing different effects on different regions of the SCS.
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In detail, the anomalous cyclone of Type 3 is mainly located in the northern SCS, so the
wind in the south exhibits an increase, while the wind pattern does not change. The pre-
vailing southwesterly winds in southern Vietnam enhance the offshore upwelling and
eastward currents, leading to more cooling and nutrient-rich seawater being transported
eastward and resultant large-scale sea surface cooling (Figure 4c) and an obvious abnor-
mal chl-a bloom jet here (Figure 3c), which is consistent with previous studies [16,29,34].
In Type 4, the location of the cyclone is in the southern-central SCS, changing the local wind
patterns. Due to the change of wind direction in southern Vietnam, the offshore upwelling
here is weaker in Type 4 than Type 3, and the chl-a bloom jet is also relatively unobvious
(Figure 3d). Therefore, the decrease in SST in Type 4 is mainly controlled by latent heat flux
induced by the enhanced wind speed, because strong winds can increase evaporation and
exchange at the sea–air interface.

PAR is closely related to cloud cover and precipitation. From Figures S8 and S9 in
the Supplementary Materials, PAR and precipitation have a strong negative consistency.
When PAR is higher, there is less precipitation. The precipitation anomalies of the SCS for
Type 1 and Type 2 are relatively smaller (Figure 9a,b). Correspondingly, the PAR under
Type 1 is higher in the southern SCS (Figure 8a), implying that there are clearer skies,
less precipitation, lower wind speed and more stable seawater stratification. As a result,
the southern SCS shows a warming of surface seawater, with a lower chl-a concentration.
In contrast, the changes in various hydrometeorological elements under Type 2 are not
obvious, indicating that the weather conditions of Type 2 are stable, which is close to
the average distribution in summer. Type 3 has the highest precipitation, since this type
of weather is most prevalent in southwesterly winds, and precipitation is more likely
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to occur on the windward side, such as west of Luzon Island (Figure 9c). Moreover,
the above-mentioned Type 3 wind field has anomalous cyclonic circulation relative to
the average wind field in the northern SCS (Figure 6c), indicating that there is relatively
more convergence and, as a result, more ascending motion, meaning the northern part has
heavy rainfall. Differently, a positive rainfall anomaly mainly appears in the southern SCS
(Figure 9d), which is also related to the location of southern anomalous cyclonic circulation
(Figure 6d).
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Overall, the chl-a changes in different regions of the SCS under different LSCPs may
be dominated by different meteorological variables. For further quantitative analysis,
Figure 10 shows the anomaly percentages of meteorological variables for the three coastal
regions, where chl-a changes significantly under the different LSCPs (Figure 3d). Note that,
due to precipitation over land and ocean having different effects on chl-a, the coastal
precipitation was calculated separately over land and ocean areas. It is also considered that
Ekman transport is very important for upwelling in regions A and C. Table 2 shows the
regional average of the Ekman pumping velocity and Ekman transport component vertical
to the coastline caused by wind stresses in the two regions (Figure 6c). In detail, Region
A is the east–west coastline, so Table 2 shows the Ekman transport in the north–south
direction (northward is positive), while Region C is the north–south coastline and Table 2
presents the Ekman transport in the east–west direction (eastward is positive). Note that
the Ekman pumping velocity in the upwelling center only located in the near shore is larger
(Figure S5 in the Supplementary Materials). Meanwhile, because Regions A and C are large,
their regional averages for Ekman pumping velocities are smaller. In particular, Ekman
transport is larger in the whole of Region C, and thus, the Ekman transport is actually more
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important to the chl-a jet formation in Region C. In general, the potential drivers of the
coastal biophysical environment (chl-a and SST) in the South China Sea can be summarized
as follows:
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Figure 10. Percentage anomalies of hydrometeorological variables under the four synoptic types in the three regions shown
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Table 2. Mean Ekman pumping velocity (×10−7m s−1) and mean Ekman transport (m2 s−1) compo-
nent vertical to the coastline caused by the wind field under the different synoptic types in Regions A
and C.

Mean Ekman Pumping Velocity/Mean Ekman Transport Component
Vertical to the Coastline

Type 1 Type 2 Type 3 Type 4

Region A −1.06/−0.20 0.44/−0.23 5.28/0.30 −0.46/0.02
Region C −2.97/1.74 −0.57/1.72 6.82/2.50 15.33/1.95

(1) In Type 1, from Figure S10a–c in the Supplementary Materials, it can be seen that
Type 1 is the most similar to June, and that the deviation is largely positive. Therefore,
Type 1 is the dominant type in June, which is the common influence of the June monsoon
circulation and the ocean mesoscale circulation process. The coastal area is also greatly af-
fected by local hydrology [32,82,83]. The wind speed is generally lower in the three coastal
regions, and the chl-a concentration is mainly affected by precipitation and upwelling
or downwelling. The increase in chl-a in Region A is mainly caused by the increased
runoff input from rainfall over the land; in Region B, hydrometeorological variables are
generally not conducive to phytoplankton growth. The rainfall over the land is low and
the sea temperature is high (more than 30 ◦C, Figure S4 in the Supplementary Materials).
The stratification is relatively stable, leading to less nutrient input. It is clear that precip-
itation over the ocean has a strong dilution effect in Region C. June is the beginning of
the summer SCS circulation. The jet from southern Vietnam to the east has just formed,
so it is weaker than the summer average [32,70,83]. For instance, the upwelling in this type
is weak, there is a strong eastward (offshore) Ekman transport (Figures S5 and S6 in the
Supplementary Materials; Table 2), and the relatively strong sinking is dominant in Region
C, which together leads to a low chl-a concentration.
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(2) In Type 2, the chl-a concentration in most regions of the SCS is greater than that in
June (Figure S10d in the Supplementary Materials), showing the largest deviation relative
to June. The southwest wind is strong in Type 2, especially in southern Vietnam where
there is strong offshore upwelling and Ekman transport to the southeast. Also, Type 2
exhibits marginal deviation from July and August (Figure S10e,f in the Supplementary
Materials), confirming that the strong southwesterly wind in July and August causes
the strong eastward jet [32,70,83]. The chl-a in Type 2 is mainly contributed by that
in both July and August. The wind speed anomaly percentage value in Region B is
6.38%, but the chl-a concentration still shows a decrease. Because the direction of wind
anomalies is offshore (Figure 6b), the accumulation of chl-a is less likely. Also, the increase
in precipitation over the ocean is nearly 30%, which offsets some of the input of land
runoff. Eventually, there is a slight decrease in chl-a, of about 1.72%. Region A is near the
shore, and its summer SST (about 29 ◦C) is lower than in the open sea (Figure 1e). In the
case of Type 2 with weak upwelling and strong Ekman transport (Figures S5 and S6 in
the Supplementary Materials and Table 2) in Region A, the SST still increases by 0.4 ◦C
(Figure 4b). The suitable temperature for tropical phytoplankton is between 20 ◦C and
30 ◦C, with some phytoplankton bloom with an increase in temperature [84]. There is a
stable input of PAR, an increase of SST and, affected by the strong southwesterly winds in
July and August, the Ekman advection transport effect caused by the monsoon spreads
the nearshore nutrient-rich salt water to offshore and forms upwelling along the coast of
Guangdong (Table 2). All of these factors provide a suitable growth environment for some
phytoplankton near the shore, thus promoting photosynthesis to increase the concentration
of chl-a. Region C is also affected by SST and, combined with the lower precipitation over
the ocean, also promotes phytoplankton growth and chl-a accumulation.

(3) In Type 3, Regions A and B receive a lot of rainfall, but the chl-a changes in
the two regions are different. Although there is a positive Ekman pumping velocity in
Region A, it is affected by precipitation over the ocean, which dilutes the seawater. Also,
with the reduction of PAR, photosynthesis is inhibited and the chl-a concentration is
reduced. Terrestrial nutrient input induced by rainfall over land plays a major role in
the increases of chl-a in region B. The most obvious feature of region C is that the wind
speed anomaly percentage exceeds 15%. The strong southwest winds here cause a strong
upwelling (Ekman pumping velocity of ~6.82 × 10−7 m s−1) and strong offshore eastward
Ekman transport (1.72 m2 s−1) (Table 2, Figures S5 and S6 in the Supplementary Materials),
and there is very little precipitation over the ocean, so there is an obvious accumulation
of chl-a.

(4) In Type 4, the chl-a concentration changes drastically and is extremely low in
region A, at about −29.7%. The wind speed is extremely small, accompanied by down-
welling, which inhibits phytoplankton growth. There are many clear-sky weathers in
Region B, larger PAR, and suitable SST for increased chl-a. In Region C, there is abundant
precipitation over the ocean, which will reduce PAR and dilute nutrients, inducing chl-a
decrease. Meanwhile, strong winds cause strong upwelling (Ekman pumping velocity of
15.33 × 10−7 m s−1), and strong Ekman transport (1.95 m2 s−1) (Table 2, Figures S5 and
S6 in the Supplementary Materials) and the large amount of precipitation over land can
induce strong terrestrial nutrient inputs into coastal waters, resulting in positive anomalies
of chl-a.

4. Discussion
4.1. Contribution of Typhoons under Different LSCPs

Due to the special geographic location and complex surrounding terrain of the SCS,
the multiscale ocean dynamic processes of its upper circulation will be affected by various
external factors [85–87]; one of the most important factors is typhoons. On average,
10.3 typhoons affect the SCS every year, occurring frequently from July to September,
including typhoons moving westward from the Northwest Pacific and those generated in
the southern part of the SCS [88–90]. Previous studies have clarified that typhoons can cause
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local vertical mixing or entrainment and upwelling in the SCS, which can bring deeper,
nutrient-rich water from the subsurface to the surface light-transmitting layer, thereby
promoting an increase in the chl-a concentration and oceanic phytoplankton/primary
productivity [18,66,91–99]. To explore the contribution of typhoons, an extreme synoptic
weather pattern, to each LSCP, we removed the samples during typhoon events and
recalculated the chl-a pattern in each LSCP using the following steps.

First, the number of typhoons and their dates of impact during the study period were
counted (Table 3 and Table S1, Figure 11). The total sample days and the days for each
type from July to August after removing the typhoon impact days can be referred to in
Tables S2 and S3 of the SM. As can be seen, although the numbers of typhoons in Type 1
and Type 2 are larger, the proportion of days affected by typhoons is low, less than 30%.
Type 4 is the most affected by typhoons, with 62.5% of the sample days being affected
by typhoons. Figure 11 shows the daily changes of each weather type in the summers of
2015–2018; the start and end time of each typhoon are also marked in the figure. Notably,
Type 1 mainly appears in June, while Type 2, Type 3 and Type 4 mainly appear in July
and August. This is because the NWSPH moves southwest mainly in June, and gradually
moves northwards from July to August [66,85].

Table 3. Typhoon statistics under the four synoptic types in 2015 (July, August) and 2016–2018 (June,
July, August).

Type 1 Type 2 Type 3 Type 4

Typhoon number 6 7 5 4
Typhoon affected days * 40 27 23 20

Percentage of days affected by typhoons (%) 29.4 23.1 44.2 62.5
* The number of days in a week after typhoon transit and typhoon dissipation.
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indicates the start time of the typhoon, and the arrow head indicates the end).

Secondly, using all sample days under each type minus the sample days without
typhoon influence, and then dividing by the sample days without typhoon influence,
the effect of typhoons on chl-a in the four LSCPs was obtained (Figure 12). Figure 12
also shows the paths of typhoons under each LSCP. During the study period, typhoons
mainly pass through the northern part of the SCS. In Type 1 and Type 2, the contribution of
typhoons is smaller, and most chl-a concentration fractions in the northern SCS are within
±15%. Yet, the contributions of typhoons in Type 3 and Type 4 are more obvious, and the
chl-a concentration is higher overall in the northern SCS during Type 4, at approximately
15–50%. Therefore, Type 3 and Type 4 are more likely to be short-term disturbances and are
more affected by typhoons, while Type 1 and Type 2 are part of the annual South China Sea
monsoon cycle (Figure S10 in the Supplementary Materials and Figure 11; Tables S2 and S3
in the Supplementary Materials). There is one common point in the four types of LSCP.
There are negative values in coastal Guangdong, where the suspended sediment con-
tent is high [100], indicating that typhoons always make a negative contribution there.
This phenomenon is similar to the findings of a previous study [101]. After the passage
of typhoons, the upper-ocean hydrologic environment is disturbed; that is, suspended
sediment floats upwards and the concentration of suspended sediment in the sea surface
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layer increases. Subsequently, the transparency of seawater reduces, lowering the efficiency
of photosynthesis.
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4.2. Roles of Various Wind Vectors under Different LSCPs

According to previous studies [99,102], typhoon wind directions are varied, which
may cause different chl-a changes in different sea areas. The chl-a anomaly was also
applied to the samples with typhoons removed (Figure S11 in the Supplementary Materials).
In contrast, the chl-a changes are more significant without the influence of typhoons, and the
negative anomalies cover most of the range. This feature is generally consistent with the
positive contribution of typhoons to chl-a. It can also be concluded that the previous
three regions have significant differences under different LSCPs, and that the relationship
between the chl-a and wind in these regions can be demonstrated. Figure 13a–c show the
chl-a concentration of different types for all sample days, while Figure 13d–f show the
chl-a concentration of different types without typhoon days. For all sample days, the wind
direction of Region A is blocked by land, especially in Type 1 and Type 2. Regions B and C
are controlled by southwest winds, and chl-a is lower in Type 1. Chl-a is higher, but the
wind speed is low during Type 4 in Region B. In contrast, high wind speeds correspond to
a higher chl-a concentration during Type 2 in Region C. All three regions show that the
high chl-a concentration is controlled by strong wind (>4 m s−1); and under the same wind
direction, the greater the wind speed, the higher the chl-a concentration. Nevertheless, after
removing the typhoon samples, some samples of strong north winds with high chl-a values
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in Regions A and B are eliminated (Figure 13d,e), which means that strong northerly winds
will cause elevated chl-a. These strong north winds are brought by typhoons. Comparing
the three sea regions, without the influence of typhoons, the regional sea surface wind
directions are more concentrated, being mainly influenced by the southwest monsoon.
Samples with high chl-a concentration under the control of strong southward winds are
also affected. It is possible that typhoons aggravate the effect of the southwest monsoon
and increase the chl-a concentration.
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Figure 13. Wind roses of the chl-a concentration and wind field of the four weather patterns in the three regions shown in the
black box in Figure 3d (Regions A/B/C). Average chl-a concentration and wind in the summers of 2015–2018: (a) Region A;
(b) Region B; (c) Region C. Average chl-a concentration and wind field with typhoon effects removed, in the summers of
2015–2018: (d) Region A; (e) Region B; (f) Region C.

In summary, typhoon wind pump mainly contribute to the increase in chl-a concentra-
tion in most regions under strong winds or northerly winds. In contrast, for the coastal area
of Guangdong, compared with the typhoon contribution shown in Figure 12, the chl-a con-
centration mainly decreases on some typhoon-passing days, due to the weakened efficiency
of photosynthesis under the enhancement of suspended sediment induced by typhoons.

5. Conclusions

In this ppaper, we used the T-PCA objective classification method to divide the
500-hPa atmospheric circulation in the summers of 2015–2018 into four LSCPs. We found
that these four types are closely correlated to the spatiotemporal changes of the NWPSH.
Using a variety of satellite datasets, we analyzed the spatiotemporal distribution of chl-a
concentration and SST in the SCS under the four types, and discussed the potential causes
of changes in chl-a concentration.
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Chl-a anomalies in the SCS differ significantly under the four types, especially in
coastal waters. Furthermore, these differences are mainly modulated by different local
meteorological variables (such as the wind direction, wind speed, PAR and precipitation)
related to the movement of the NWPSH, together with local marine hydrologic and topo-
graphic environmental factors (e.g., Ekman pumping and transport, SST, nearshore and
offshore areas). In particular, under the LSCP controlled by the strong southwest monsoon,
the high chl-a concentration jet in the offshore area of southern Vietnam is more significant
owing to strong Ekman transport and Ekman pumping. In addition, precipitation over
land and ocean has opposite effects on the regulation of chl-a changes in coastal areas.
That is, the precipitation over land will transport more terrestrial material to the near shore,
which is beneficial to an increase in chl-a, while that over the ocean will reduce PAR and
the chl-a concentration.

In our study of diurnal variations, three coastal regions were selected: Guangdong
offshore region (A), southern Beibuwan Gulf region (B) and southern Vietnam offshore
region (C). Generally, chl-a begins to increase gradually at 1300 LST, and high values erupt
in the late afternoon in these three regions. In contrast, Region B reaches its maximum
at 1500 LST, whereas the other two regions reach theirs at 1600 LST. The Type-4 diurnal
variation in Region A is significantly lower than that of the other types, and the chl-a
concentration during Type 3 and Type 4 in Region B is higher. All these results indicate
that the chl-a diurnal amplitudes change under different LSCPs.

Additionally, the impact of typhoon wind pump on chl-a in the SCS should not be
ignored; such effects are more prominent under Type 3 and Type 4. Typhoons contribute
positively to the primary productivity in most of the SCS, except for coastal Guangdong,
where chl-a decreases to varying degrees in the four types. This is due to the disturbance
of the upper ocean after a typhoon; that is, the seawater with abundant suspended sedi-
ment [100] becomes turbid in coastal Guangdong, reducing the photosynthetic efficiency
and inhibiting phytoplankton growth [101]). Judging from the relationship between local
wind speed and chl-a, typhoons still contribute positively. The strong wind speed brought
by a typhoon corresponds to a high chl-a concentration.

In summary, the LSCPs identified by T-PCA in this study are closely linked to the location
of the development of NWPSH and the surrounding weather system (Figure 1; [72,99,103]),
jointly affecting the hydrological and meteorological environment of the SCS. Our findings
show that Type 1 and Type 2 are part of the annual cycle of the SCS monsoon, while Type 3
and Type 4 are more likely to be short-term disturbances and are more affected by typhoons.
This results in different chl-a changes via the modulation of local meteorological as well
as hydrological conditions, regulating primary productivity in local regions. In particular,
the SST front generated by the upwelling of cold water rich in nutrients (phytoplankton)
corresponds to an area where pelagic fish are highly concentrated [104,105]. The present
work deepens our understanding of the complex features of the ecological environment
on multiple temporal scales in the upper layer of the SCS. In general, our findings have
important implications for wind pump impact upper ocean and marine environmental
monitoring, disaster monitoring and fishery management in offshore waters.
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.3390/rs13163250/s1, Text S1: The correction of Two types of noise for the chl-a product of Himawari-
8, Text S2: Ekman pumping and Ekman transport, Text S3: Determining the number of synoptic
patterns, Figure S1: (a) Type 1 chl-a concentration of Himawari 8; (b) Same as (a) but with noise
removed by destriping procedure; (c) Same as (a) but with noise removed by median filter and
destriping procedure., Figure S2: Changes of ∆ECV with different numbers of classified synoptic
patterns., Figure S3: Mean chl-a concentration in four synoptic types: (a) Type 1; (b) Type 2; (c) Type 3;
(d) Type 4., Figure S4: Mean SST in four synoptic types: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.;
Figure S5: Mean wind fields at 10 m (arrows) and the Ekman pumping velocity (shaded, positive value
is upwelling) in four synoptic types: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.; Figure S6: Roses of
the Wind (m s−1) and Ekman transport (shaded, m2 s−1) in X (eastward is positive) and Y (northward
is positive) directions in four weather patterns in the coastal regions shown in the black box in
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Figure 3d (Regions A and C). (a) Ekman transport in X direction in Region A; (b) Ekman transport
in X direction in Region C; (c) Ekman transport in Y direction in Region A; (d) Ekman transport
in Y direction in Region C., Figure S7: Mean wind speed at 10 m (shaded, m s−1) in four synoptic
types: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.; Figure S8: Mean PAR (shaded, µmol m−2s−1) in
four synoptic types: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.; Figure S9: Mean rainfall (shaded,
mm day−1) in four synoptic types: (a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.; Figure S10: Deviation
percentage of chl-a concentration in Type 1 and Type 2 in summer each month. (a–c) The deviation
percentage of type 1 from June, July and August respectively; (d–f) the deviation percentage of
type 2 from June, July and August respectively.; Figure S11: Chl-a concentration anomaly in four
synoptic types which remove typhoon effects (the gray dots cover areas with significant differences):
(a) Type 1; (b) Type 2; (c) Type 3; (d) Type 4.
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