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• Three significant-response regionswere
identified by multi-satellite observa-
tions.

• The daily growth rate of chl-a sped up
considerably in non-shore areas.

• Sea surface salinity near the shore was
dominated by asymmetric typhoon
rainfall.

• Mangkhut-induced horizontal advec-
tion altered the environment of Beibu
Gulf.

• Offshore upwelling in the southwest
SCS was affected by the peripheral of
Mangkhut.
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Relative to the open Northwest Pacific, the basin-scale South China Sea (SCS) is smaller and semi-enclosed, and
the impacts of frequent super typhoons on the entire SCS basin have yet to be fully understood. Using multi-
satellite observations and reanalysis data, this study explored biophysical responses of the upper ocean of the
SCS induced by a typical super typhoon, Mangkhut (2018), and their regional differences with potential mecha-
nisms. There were three different significant-response regions in the whole SCS, as follows: (1) In the ocean area
around the typhoon path, strong vertical mixing, upwelling and cooling were induced, resulting in the surface
chlorophyll-a (chl-a) concentration enhancingmarkedly (three-fold). Particularly, asymmetric distribution of ty-
phoon rainfall induced asymmetric sea surface salinity change over along the path the nearshore. Diurnal peak of
chl-a concentration increased obviously, and the daily growth rate of chl-a sped up considerably in non-shore
areas after Mangkhut's passage. (2) In the Beibu Gulf (BBG), the peripheral winds of Mangkhut caused a change
in direction of the sea surface flow field, transporting the high-temperature and high-salinity surface seawater
from the southeastern area to the BBG. This induced dramatic increases in sea surface temperature, salinity
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South China Sea
 and height, and a decrease in chl-a, in most areas of BBG. (3) In the southwest SCS, the southwest monsoon–
induced eastward offshore upwelling jet was weakened by the opposite large-scale peripheral wind vector of
Mangkhut and gradually disappeared, resulting in accumulation and enhancement of chl-a in the nearshore. In
addition, Mangkhut peripheral winds also intensified (weakened), shifting the cold (warm) eddy to the north
(south) and blocking the horizontal eastward transport belt of the high-concentration chl-a. In general, our pres-
ent work sheds light on the new evidence that a supper typhoon can cause basin-wide anomalies in the SCS,
which has broad implications for marine biophysical environment.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

When a typhoon passes over the ocean, on the one hand it can bring
severe weather such as strong winds, heavy rain, huge waves, storm
surges and thunderstorms (Doong et al., 2011; Han et al., 2012, 2017),
causing severe losses to coastal areas and maritime shipping (Cheng
et al., 2012; Lagmay et al., 2015). Whilst on the other hand typhoon
can cause intense air–sea heat and energy exchange (Lin et al., 2005;
Price et al., 1994; Zhao et al., 2018) and a marked dynamical response
of the upper ocean (Mei et al., 2015b; Price, 1981), which can help to
maintain the global heat balance (Liu et al., 2008; Tu et al., 2011), further
regulating regional and global climates (Guan et al., 2019; Liu et al.,
2009; Wang et al., 2007), and even have important effects on marine
ecological processes (Lin et al., 2003; Shang et al., 2008; Siswanto
et al., 2008; Subrahmanyam et al., 2002). For instance, typhoon–ocean
interaction can promote the proliferation of marine phytoplankton
(Chiang et al., 2011; Huang and Oey, 2015; Shi and Wang, 2007,
2011), even causing the eruption of blooms (Shibano et al., 2011;
Zhao et al., 2009; Zheng and Tang, 2007; Zheng et al., 2010), thereby in-
creasing the oceanic primary productivity (Foltz et al., 2015; Huang and
Oey, 2015; Liu et al., 2019); plus, it can also modulate the interannual
variations in surface chlorophyll-a (chl-a) and oceanic primary produc-
tivity (Lin, 2012; Sun et al., 2010). Therefore, it is particularly important
to monitor the abnormal changes in the upper environmental elements
of the ocean [such as sea surface temperature (SST), the sea surface
height anomaly (SSHA), sea surface wind (SSW), sea surface salinity
(SSS), and chl-a] during typhoons.

Traditional marine in-situ observations and cruise surveys are often
discontinued or absent during severe typhoon weather conditions,
meaning an inevitable interruption to oceanic observations. However,
with advancements in ocean satellite observation technology, satellite
remote sensing has been widely used to observe the changes in the
coastal ecological environment (Cham et al., 2020; Gholami and
Baharlouii, 2019), and the biophysical responses of upper ocean to ty-
phoons (Chacko, 2018; Liu et al., 2019; Solanki et al., 2008; Yue et al.,
2018). For example, microwave remote sensing can penetrate the ty-
phoon cloud layer to obtain real-time sea temperature changes, en-
abling us to gain a clearer understanding of the continuous changes in
the ocean temperature field caused by a typhoon (Subrahmanyam,
2015; Wada et al., 2019; Wentz et al., 2000).With the help of advanced
multi-source remote sensing methods, in the past 20 years, the impact
of typhoons on the upper-ocean environment in the South China Sea
(SCS), as the world's largest semi-enclosed marginal ocean, have also
become much better understood. The SCS is located in the monsoon-
affected area between the Pacific and Indian oceans. Due to its special
geographical location and surrounding complex terrain, studies have
shown that typhoons, as an important external factor in marine dy-
namic processes, can affect the stratospheric circulation in the SCS at
multiple scales (Wang et al., 2009; Wang et al., 2019; Yu et al., 2019).
Statistically, an average of about 10.3 typhoons hit the SCS each year, in-
cluding typhoons moving westwards from an origin in the northwest
Pacific (NWP) and those generated locally in the SCS (Fumin et al.,
2002; Wang et al., 2007). Such a frequency of typhoons in the SCS is
an important factor in the regulation of its ecological and physical
environment (Chu et al., 2000; Lin, 2012; Mei et al., 2015a; Tang et al.,
2014; Xu and Wang, 2017).

Previous studies have clarified that typhoons can cause local vertical
mixing or entrainment and upwelling in the SCS, a lower SSHA, and
transport cooler and higher-salinity seawater to the surface, resulting
in deeper mixed layers and right-bias sea surface cooling (Sun et al.,
2012, 2014; Yang et al., 2010; Zhang et al., 2014). Meanwhile, the in-
tensemixing, upwelling and sub-mesoscale processes caused by the ty-
phoon 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,
especially for pre-existing mesoscale cold oceanic eddy areas, where
more substantial biophysical responses to typhoons are exhibited
(Chen and Tang, 2011; Shang et al., 2015; Yang et al., 2012a; Zhao
et al., 2009). In general, there are several main factors that influence
the intensity of the upper-ocean response to a typhoon in the SCS, as fol-
lows: the typhoon's intensity, forcing time (translation speed and size in
vortex diameter), pre-typhoon oceanic circulation, and mixed-layer
depth (Lin et al., 2008; Mei and Pasquero, 2013; Sun et al., 2010; Zhao
et al., 2008). For example, although Typhoon Hagbis (2007) in the SCS
presented a very weak intensity, due to its looping path and slow trans-
lation speed, inducing a long forcing time for the local upper ocean, it
caused local anomalous changes in the chl-a concentration at a climatic
scale (Sun et al., 2010; Yang et al., 2012a). Relative to the tropical NWP,
there was a shallower mixed layer (nutricline) and stronger subsurface
thermal stratification (vertical nutrient gradient), resulting in much
stronger SST cooling and surface chl-a bloom in the SCS basinwhen a ty-
phoon passed (Mei et al., 2015a). However, previous studies on the oce-
anic impacts of typhoons in the SCS have been limited to certain areas
under the influence of typhoons, especially those under or near the ty-
phoon path.

In addition, the contribution of short-period, high-frequency physi-
cal changes (e.g., diurnal variation and various synoptic-scale weather
conditions) is very important to ecological activities in the process of
coupling physics and biogeochemistry (McCreary Jr et al., 2001;
Picado et al., 2016; Ramos et al., 2013). Therefore, it is of great signifi-
cance for marine ecological dynamics to explore the influence of ty-
phoons on the diurnal variation in local chl-a concentrations in the
SCS. Fortunately, the diurnal changes of phytoplankton can be perceived
from the high-frequency sampling of geostationary ocean color satel-
lites, which can make up for the lack of polar-orbit optical satellite re-
mote sensing samples caused by the influence of clouds (Liu and
Wang, 2016; Murakami, 2016; Wang et al., 2013, 2014). For example,
theHimawari-8 geostationary satellite can provide hourly chl-a concen-
tration products that can be used for short-term and long-term regional
marine environmental monitoring (Murakami, 2016).

Therefore, there are two issues on the environmental responses to
typhoons in the SCS, which has yet to bewell understood, as followings:
1) relative to the open NWP, the SCS at the basin scale is smaller and the
impact ranges of super typhoons are large. Therefore, it is unknown
whether there are regional differences and different degrees of impact
for identical super typhoons in the entire SCS basin. 2) Most previous
studies have focused on changes in typhoons affecting the chlorophyll
concentration of the oceans in the SCS within several days (e.g., Liu
et al., 2019; Shang et al., 2015; Ye et al., 2013), leaving us a gap in
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terms of the effects of typhoons on the diurnal variation of chl-a
concentrations.

To address the two issues, in the presentwork, wemainly employed
multi-source satellite remote sensing data and ocean reanalysis data to
systematically analyze the anomalous impacts of super typhoons, as
typified by super typhoon Mangkhut (No. 1822), on the entire SCS
and their regional differences and potential causes. TyphoonMangkhut,
the strongest typhoon that landed in China in 2018, was characterized
by a strong intensity, long duration of strong winds, wide range of
wind and rain, and heavy impact, and thus it was a typical super ty-
phoon passing over the SCS that can serve as a good case to study.

The rest of this paper proceeds as follows. In section 2, the various
satellite data and methods used in our study are introduced. Section 3
examines the responses of the upper-ocean elements in different re-
gions in the entire SCS basin to super typhoonMangkhut and the poten-
tial mechanisms. Concluding remarks and discussion are given in
Section 4.

2. Data and methods

2.1. Super Typhoon Mangkhut and study area

Super Typhoon Mangkhut was the twenty-second tropical storm
and fourth super typhoon of the 2018 Pacific typhoon season. On Sep-
tember 5, 2018 (UTC), Typhoon Mangkhut generated over the NWP.
The best-path data every six hours provided by the Joint Typhoon
Warming Center are shown in Fig. 1. The data show that Mangkhut
Fig. 1. Best track of super typhoon Mangkhut (2018) from the Joint Typhoon Warning Center.
study area and the three different regions in the SCS affected by Mangkhut (black frames). (b-
moved gradually westwards and achieved typhoon strength on Sep-
tember 9 with a central minimum pressure of 989 hPa and sustained
winds of 65 kt (33.5 m/s). Thereafter, it continuously intensified. On
September 11, Mangkhut reached super typhoon status, with a central
minimum pressure of 919 hPa and sustained winds of 140 kt (72.2 m/
s). The typhoon made landfall in Baggao, Cagayan, Philippines, at 1800
UTC on September 14. On September 15, it weakened into a typhoon
and continued to move to the northwest. After passing over the north-
ern SCS, the typhoon subsequently made landfall again at Jiangmen,
Guangdong, China, on September 16. Following landfall, Mangkhut
quickly weakened whilst moving westwards. Late on September 17,
Mangkhut dissipated over Guangxi, China.

2.2. Satellite and reanalysis data

2.2.1. Chlorophyll-a
The Himawari-8 geostationary meteorological satellite was

launched by the Japan Meteorological Agency in October 2014, and
has been in operation since July 2015. It has a high spatiotemporal res-
olution and can return to the ground at amaximum spatial resolution of
2 km × 2 km every 10 min. The Advanced Himawari Imager is a multi-
spectral imagerwith 16 channels, including three visible channels, three
near-infrared channels and ten infrared channels, which can obtain vis-
ible and infrared images in the Asia-Pacific region. Because visible light
limited by sunlight and cannot penetrate clouds, chl-a will havemissing
detections at night and under cloud-precipitation conditions. The chl-a
concentration data used in this study were from the level-3 chl-a
The track color indicates the maximum sustained wind of the typhoon. Also shown is the
d) is the region I/II/III in (a).
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concentration product obtained from the visible band of Himawari-8
(https://www.eorc.jaxa.jp/ptree/index.html), with a temporal resolu-
tion of 1 h and spatial resolution of 0.02° × 0.02° (Murakami, 2016).

2.2.2. Precipitation
The active weather radar is an important way for the detection of

precipitation at large scale (Abdulrazzaq et al., 2019; Kuriqi, 2016;
Yang et al., 2019). The Global Precipitation Measurement (GPM) mis-
sion is an international network of satellites based on the Tropical Rain-
fall Measuring Mission (TRMM), the TRMM data proved to be an
effective tool to map the three-dimension distribution of precipitation
(Abdulrazzaq et al., 2019; Yang et al., 2019). GPM carries the first
satellite-borne Ku/Ka-band Dual-frequency Precipitation Radar and a
multi-channel GPM Microwave Imager to improve the ability to mea-
sure light rain and provide global observations of rain and snow. This
study used the final product from the Integrated Multi-satellite Re-
trievals for GPM, which combines data from all passive-microwave in-
struments in the GPM constellation and provides full coverage for the
latitudes of 60°S–60°N. National Aeronautics and Space
Administration's Precipitation Processing System publicly provided
this product in March 2014 (https://pmm.nasa.gov/data-access/
downloads/gpm). The precipitation data used were daily data with a
spatial resolution of 0.1° × 0.1°.

2.2.3. Sea surface temperature
We used SST products that were integrated with microwave and in-

frared optimally-interpolated (MW_IR_OI) data. These can be obtained
fromRemote Sensing Systems (RSS) (www.remss.com). TheMW_IR_OI
data products used included the TRMM Microwave Imager, Advanced
Microwave Scanning Radiomete, WindSat Polarimetric Radiometer
and GPM microwave imager measured SST data. Also included were
the SST data detected in the infrared band by the Moderate-resolution
Imaging Spectroradiometer onboard the Terra and Aqua satellites of
the Earth Observation Satellite series and the Visible/Infrared Imaging
Radiometer Suite onboard the Suomi National Polar-orbiting
Partnership.

Because sensors such as microwave imagers and microwave radi-
ometers have the ability to penetrate clouds, and the infrared channel
of polar-orbiting satellite radiometers has the characteristics of high
spatial resolution, combining the two sets of data through optimal inter-
polation (i.e., MW_IR_OI) can overcome the impact of severe weather,
such as excessive cloud cover, and perform all-weather observations
to obtain high spatial resolution SST data, which is especially suitable
when a typhoon is accompanied by a large number of clouds (Wentz
et al., 2000). In this study, we used daily data with a spatial resolution
of 9 km × 9 km.

2.2.4. Sea surface salinity
The SSS data were from the three-dimensional global ocean forecast

product produced by the Copernicus Marine and Environmental Moni-
toring Service (CMEMS) Center's weakly coupled ocean–atmosphere
data assimilation and forecast system (http://marine.copernicus.eu/
services-portfolio/access-to-products/). The system uses a atmosphere
configuration coupled with the ocean configuration and multi-
thickness-category sea ice mode. This product includes daily mean
files of temperature, salinity, currents, sea level, mixed-layer depth
and sea-ice parameters (aswell as hourly instantaneous SST, sea surface
height and surface currents). The ocean observations of salinity assimi-
lated include Argo, moored buoys and gliders. The SSS data used in this
study were the daily data with a spatial resolution of 0.25° × 0.25°.

2.2.5. Sea surface height anomalies and surface geostrophic velocity
The SSHA and sea surface geostrophic velocity data, calculated based

on geostrophic relationships, were satellite altimeter data from the
Ssalto/Duacs multi-sensor gridded delay-time altimetry product pro-
vided by AVISO (Archiving, Validation and Interpretation of Satellite
Oceanographic Data) (https://www.aviso.altimetry.fr/en/data/
products/) and distributed by CMEMS. This product is processed from
all satellite altimeter missions [Jason-3, Sentinel-3A, HY-2A, Saral/
AltiKa, Cryosat-2, Jason-2, Jason-1, Topex/Poseidon, Environmental Sat-
ellite, Geosat Follow-On, European Remote Sensing satellites]. The spa-
tial resolution of the SSHA and geostrophic data is 0.25° × 0.25° and the
temporal resolution is 1 day.

2.2.6. Wind vector
The wind vector datasets were the wind at 10 m above the sea sur-

face from the Cross-Calibrated Multi-Platform gridded surface vector
winds provided by RSS. Cross-Calibrated Multi-Platform combines
Version-7 RSS radiometer wind speeds, QuikSCAT and ASCAT
scatterometer wind vectors, moored buoy wind data, and ERA-Interim
model wind fields, and uses a variational analysis method to combine
satellite observations and in-situ wind measurements into gap-free
wind fields, for producing four maps daily of 0.25° gridded vector
winds. Therefore, the temporal resolution of the wind field data used
is 6 h and the spatial resolution is 0.25° × 0.25°.

2.2.7. Ekman pumping
In this research, we needed to calculate the upwelling (upw) caused

by Ekman pumping. Price (1981) proposed the Ekman pumping for-
mula as Eq. (1):

upw ¼ ∇� τ=ρfð Þ; ð1Þ

where f is the Coriolis parameter, ρ=1020 kgm−3 is the density of sea-
water, and τ is the wind stress vector, which can be calculated by
Eqs. (2) and (3) as follows:

τ ¼ ρaCD U10j jU10; ð2Þ

CD ¼ 4−0:6 U10j jð Þ � 10−3 for U10j jb5 m=s; 0:737þ 0:0525 U10j jð Þ � 10
n

ð3Þ

where ρa = 1.26 kg m−3 is the air density, CD is the drag coefficient
(Jaimes and Shay, 2015; Powell et al., 2003), U10 is the 10-m wind vec-
tor. Various equations for calculating CD over ocean surface have been
proposed (Black et al., 2007; Powell et al., 2003; Price, 1981; See Text
S1 in supplementary materials (SM)). In this context, the expression
used in this research to compute CD was based on recent results from
field experiments in hurricanes which observed a saturation of CD at
wind speeds between 25 and 35 m/s (Donelan et al., 2004; Sanford
et al., 2007; Vickery et al., 2009).

2.2.8. Eddy detection
According to previous studies (Lin et al., 2005; Shang et al., 2015;

Shay et al., 2000), the SSHA was used as the basis for the determination
of mesoscale eddies (Li et al., 2014, 2016). If there was a series of closed
contours in the SSHA field, when the value of the outermost closed con-
tour was N6 cm, the region was defined as a warm eddy; and when the
outermost closed contour was less than−6 cm, the region defined was
a cold eddy (Liu et al., 2017; Sun et al., 2019).

2.3. A flowchart of methodology

Fig. 2 shows the method flow of analyzing the effect of super ty-
phoonMangkhut on the upper ocean of SCS based onmulti-satellite ob-
servations and reanalysis data.

Firstly, excepting for direct-derived variables, we employed SSW
data to calculate the wind stress with Eqs. (2) and (3), and the upw
with Eq. (1). Meanwhile, eddies were detected by using SSHA data. Par-
ticularly, we showed the rainfall distribution of thewhole SCS during ty-
phoon Mangkhut, which was closely related to SSS change.

https://www.eorc.jaxa.jp/ptree/index.html
https://pmm.nasa.gov/data-access/downloads/gpm
https://pmm.nasa.gov/data-access/downloads/gpm
http://www.remss.com
http://marine.copernicus.eu/services-portfolio/access-to-products/
http://marine.copernicus.eu/services-portfolio/access-to-products/
https://www.aviso.altimetry.fr/en/data/products/
https://www.aviso.altimetry.fr/en/data/products/


Fig. 2. Flowchart of analyzing the effect of super typhoon Mangkhut on the upper ocean of SCS.
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Secondly, all of upw, SST, SSS and SSHA data were employed to cal-
culate the difference before and after the typhoon Mangkhut, to obtain
the physical response of the upper ocean. The difference in chl-a con-
centration before and after the passage of Mangkhut were used to ana-
lyze the biological response of the upper ocean.

Thirdly, we checked the changes of the biophysical environment in
the whole SCS basin affected by Mangkhut's passage from 0000 UTC
on September 15 to 1200 UTC on September 17. Three distinct biophys-
ical response regions shown in Fig. 1were found as follows: Region I: di-
rect response region, i.e., along the track of Typhoon Mangkhut (17°-
24°N, 111°-121°E); Region II: indirect response region, i.e., Beibu Gulf
(BBG) (15°–24°N, 105°–111°E); Region III: remote response region,
i.e., offshore of southern Vietnam in the southwest SCS (9°–14°N,
105°–115°E).

Finally, the potential drivers for the direct, indirect and remote re-
sponses to typhoon Mangkhut were comprehensively examined.

3. Results

3.1. TyphoonMangkhut–induced strongwind, Ekman pumping and precip-
itation in the SCS

Super typhoon Mangkhut caused strong winds and severe rainfall
over the SCS. The wind vector diagram shows that the wind in the
northern part of the SCSwasweak (b11m/s) on 13 September 2018 be-
fore Mangkhut entered the SCS (Fig. 3a). During 14–17 September, af-
fected by the typhoon (Figs. 3b–3i), strong winds prevailed in the
northern part of the SCS, and the maximum wind speed exceeded
30 m/s (Fig. 3d). Fig. 3 also describes the local upwelling of the SCS
within a few hundred kilometers caused by the typhoon calculated by
the wind field according to Eqs. (1)–(3). The range of the upwelling
speed was 0.2 × 10−4 to 8 × 10−4 m/s, and the maximum value of up-
welling reached 8 × 10−4m/s on September 15 (Fig. 3d). Note in partic-
ular that the intensity of the upwelling caused by the typhoon was
greater on the right-hand side of the path than on the left-hand side,
due to the asymmetric wind stress (Chang et al., 2008; Price, 1981;
Yue et al., 2016).
Thedistributions of average daily rainfall in the SCS for thewhole pe-
riod of Mangkhut were shown in Figs. S1a-1f in SM and 4a-c. Before the
passage of Mangkhut, the average daily rainfall in the northern part of
the SCS was generally b20 mm/day [Fig. S1a]. During Mangkhut's pe-
riod, however, a large amount of rainfall occurred near the typhoon
path, and the heavy precipitationwasmainly located in the internal spi-
ral rain about 50 km from the typhoon center. The heavy rainfall
(N120 mm/day) zone corresponded to the strong-wind zone (Fig. 3);
in particular, the daily rainfall in the area near the left-hand side of the
typhoon path increased by 10–15 times relative to that before
Mangkhut (Fig. 4a), clearly showing the asymmetric rainfall distribution
on September 16, 2018 (Fig. 4c). That is, the rainfall was stronger on the
left-hand side of the path than on the right-hand side, which coincides
with the findings of previous studies (Chan et al., 2019; Zhao et al.,
2009; Zheng and Tang, 2007). Rainfall asymmetry is mainly related to
various potential environmental factors, including tropical cyclone in-
tensity and motion, vertical wind shear, terrain, SST, and precipitable
water vapor (Chan et al., 2019; Corbosiero and Molinari, 2003; Gao
et al., 2018). According to the rainfall distribution, it can be seen that
the rainfall in the vicinity of the typhoon path mainly appeared during
September14–16, 2018 (Fig. 4a–c), while the Beibu Gulf area was af-
fected by the typhoon rainfall on September 17–18, 2018 (Fig. S1e-S1f).

3.2. Biophysical response of the upper ocean along the track of Typhoon
Mangkhut

3.2.1. Physical response
TyphoonMangkhut had a direct impact on the upper ocean along its

track. Fig. 4d-f shows SST differences after and before the typhoon along
the track of typhoon Mangkhut. Before typhoon Mangkhut, the north-
ern SCS mainly had a warm ocean surface of 28 °C–30 °C (Fig. S2a-S2b
in SM). On September 15, 2018, Mangkhut began to affect the northern
part of the SCS, causing a cold wake via vertical mixing and Ekman
pumping (Fig. 3; Price, 1981). During September 16–18, 2018,
dramatical patches of large-scale sea surface cooling occurred
(Fig. 4d–f), which is in line with the results previous studies (Chacko,
2017; Subrahmanyam, 2015; Yue et al., 2018). In detail, the lowest



Fig. 3. The wind fields at 10 m (arrows) and the Ekman pumping velocity (shaded, positive value is upwelling) in the SCS during the passage of Typhoon Mangkhut.
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SST of 25 °C appeared on the right-hand side of the typhoon path,with a
maximum sea surface cooling of−2.8 °C (Fig. 4d). This right-hand side
bias in SST coolingwould have beenmainly caused by asymmetric wind
stress (Price, 1981; Shi andWang, 2011), and partly by a greater surface
latent heat flux owing to the greater wind speed on the right-hand side
of the typhoon path (Gao and Chiu, 2010).

Fig. 4g-i shows obvious changes in SSS caused by typhoon
Mangkhut. Specifically, the salinity mainly ranged from 32.5 to
33.5 psu before the passage of the typhoon (Fig. S3 in SM), and then
an increase in SSS of 1 psu occurred on the right-hand side of the ty-
phoon path in the offshore area after the passage of Mangkhut
(Fig. 4h–i). In previous studies, sea surface salinity also increased after
typhoon derived by Ship-measurement (Zheng and Tang, 2007). This
is because the stronger upwelling would have brought more high-
salinity water from the subsurface to the surface, caused by stronger
wind stress, and there was less rainfall on the right-hand side of the
path relative to the left-hand side (Figs. 3, 4a-c and g–i). In contrast,
the stronger rainfall and weaker upwelling were unfavorable to an in-
crease in SSS on the left-hand side of the path in the offshore area
(Fig. 4g–i). Particularly, in the nearshore, the much stronger rainfall
and runoff from the mainland to the coastal area on the left-hand side
on September 16 would have been favorable for desalination of the
sea surface water (Fig. 4c); and this, together with the relatively lower
salinity of the entire layer of seawater, meant there were significant de-
creases in SSS of 1 psu after the typhoon (Fig. 4g–i). In summary, the
change in SSS caused by the typhoon on both sides of its path was
mainly determined by a mechanism of competition between the



Fig. 4. Evolution of daily precipitation in the SCS, and physical response of the upper ocean in region I during the passage of typhoon Mangkhut: (a-c) daily precipitation on September
14–16, 2018; (d-f) the SST (shaded, °C) difference between September 16/17/18 and the average of September 11–13, 2018; (g-i) the SSS (shaded, psu) difference between
September 16/17/18 and the average of September 11–13, 2018; (j-l) the altimeter-derived SSHA (shaded, cm) difference and surface geostrophic velocity (arrows) difference
between September 17 and 14, 2018.
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asymmetric typhoon precipitation and upturned high-salinity subsur-
face water caused by Ekman pumping.

Fig. 4j-l shows the evolution of the SSHA and sea surface flow fields
before and after the passage of typhoonMangkhut. A positive SSHAwas
themain pre-existing oceanic feature along the path. Therewas a warm
eddy (22°N, 116°E) before the typhoon on the right-hand side of the ty-
phoon path (Fig. S4a in SM). Then, after Mangkhut had passed, with the
decrease in the SSHA, the warm eddy gradually weakened and disap-
peared on September 19 (Fig. S4b-S4f in SM). In addition, the position
where the SSHA was reduced (21° N, 116° E) (Fig. 4j) corresponded to
the position of maximum SST cooling (Fig. 4d), indicating that the
largest decrease in SSHA can indicate the location where the maximum
drop in SST occurred.

3.2.2. Biological response
In the tropical oceans, limited nutrient concentrations in the upper

ocean are not conducive to enhancing primary productivity, which can
be indicated by the variations in chl-a concentrations in phytoplankton
(Bai et al., 2005; Lomas et al., 2012). Typhoon-induced upwelling and
vertical mixing, which can be indicated by strong SST cooling, will
bring relatively more phytoplankton and richer nutrients from the sub-
surface to the sea surface layer; and together with the usually sufficient
sunshine and strong photosynthesis after the passing of a typhoon,



Table 1
Rate of change in chl-a concentration during 0900–1600 LST and 1200–1600 LST.

Date During 0900–1600(LST) chl-a
variation rate (mg·m−3·h−1)

During 1200–1600(LST) chl-a
variation rate (mg·m−3·h−1)

6–13/09/2018 0.016 0.032
18/09/2018 0.023 0.040
19/09/2018 0.005 0.008
20/09/2018 0.015 0.030
21/09/2018 0.024 0.039
22/09/2018 0.015 0.025
23/09/2018 0.012 0.019
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there can be a marked increase in the surface chl-a concentration
(Chacko, 2017; Lin et al., 2003; Liu et al., 2019; Ye et al., 2013).

Figs. 5a and b show the changes in the concentration of chl-a before
(September 6–13, 2018) and after the passage of Typhoon Mangkhut
(September 18–19, 2018). The high concentration of chl-a of
N0.3 mg·m−3 in the nearshore areas would have been mainly due to
the influence of terrestrial material brought by land surface runoff and
dilutedwater, resulting in second-class water bodies with severe eutro-
phication in the coastal areas of the mainland (Tang et al., 2003, 2004a,
2006; Zheng and Tang, 2007). In the nearshore, especially, the heavy
precipitation induced by Mangkhut that appeared on the left-hand
side of the path (Fig. 4c) would have increased the level of river-water
dilution and coastal runoff, and large quantities of nutrients would
have been transported into the coastal areas of themainland, contribut-
ing to the increase in the chl-a concentration, which is consistent with
the findings of a previous study (Zheng and Tang, 2007). In the offshore
areas, the concentration of chl-a along the path ranged from 0.01 to
0.1 mg·m−3 (Fig. 5a) before Mangkhut's passage. After its passage,
however, the concentration increased by 0.02–0.3 mg·m−3 (Fig. 5c),
and the maximum concentration of chl-a on the right-hand side of the
path exceeded 0.4mg·m−3, with a three-foldmaximum increase. Com-
pared with Fig. 4d-f, area A (black frame in Fig. 5a), where the maxi-
mum chl-a concentration increased, coincided with the area where
themaximum SST decreasedwith the “cold wake” (Fig. 4d) and the up-
welling sea (Fig. 3e).

Fig. 5d shows thediurnal variations in the hourly chl-a concentration
averaged within area A during 0900–1600 (local standard time, LST =
UTC + 8) during September 6–23, 2018. As can be seen, there was a
similar diurnal phase of the chl-a peak before and after the typhoon,
whereas there were higher concentrations of chl-a with a higher peak
of N0.25mg·m−3 after the typhoon. Specifically, therewas little obvious
change from 0900 LST to 1400 LST, and then the sharp increase began
after 1400 LST. This is because of the sufficient sunlight in the afternoon,
whereby phytoplankton would have grown gradually during the day-
time and accumulated chl-a through photosynthesis, leading to the sub-
sequent enhancement in the chl-a concentration in the afternoon. To
verify the growth rate of chl-a, Table 1 shows the rate of change in the
chl-a concentration during 0900–1600 LST and 1200–1600 LST. It can
be seen that the chl-a concentration changed to a high level in the after-
noon both before and after the typhoon, when sunlight was abundant,
and there was an increase in the chl-a concentration. This differs from
Fig. 5. Variation in the chl-a concentration in region I before and after typhoon Mangkhut
concentration on September 18 and 19, 2018; (c) the chl-a concentration difference betwee
6–13, 2018; (d) the hourly change during the daytime (per day from 0900 to 1600 LST, LST is
the typhoon.
the results of Wang et al. (2014) who found that the changes in the
chl-a concentration in the East China Sea and the Bohai Sea during
0900–1600 LST first grew and then declined.

Particularly, in the offshore SCS after the typhoon (September
18–19), the concentration of chl-a was highest on September 18,
which is consistent with previous findings that there were usually de-
lays of a few days for the growth of chl-a to the maximum (Gierach
and Subrahmanyam, 2008; Zheng et al., 2010). More evidently, the
daily rate of change was higher, with 0.023 mg·m−3·h−1 during
0900–1600 LST, and the highest growth rate was 0.040 mg·m−3·h−1

during 1200–1600 LST. This would have been due to the typhoon-
induced vertical mixing (or entrainment) bringing subsurface phyto-
plankton and rich nutrients to the surface layer, resulting in a chl-a
bloom. After September 20, 2018, the elevated nutrients would have
begun to be gradually used up, and about one week after the typhoon
(September 23, 2018), the concentration of chl-a and its diurnal growth
rate had decreased to the original level of chl-a.

3.3. Response of Beibu Gulf

Before the passage of Mangkhut, the SST of the BBG was around
29 °C, which was 1 °C lower than that to the southeast of the BBG
(Fig. S5a in SM). When Mangkhut passed on September 17, 2018, it
also affected the upper ocean of the BBG. The wind field at 10mwas af-
fected by the typhoon on September 17 (Fig. 3i), and thewind direction
turned northerly to southerly (Fig. 3h and i). The southerly wind may
have been favorable for thehigh-SSTwater (16°N–18°N) to be gradually
blown to the BBG during 17–19 September 2018, thereby increasing the
SST by 1 °C in most areas of the BBG (Fig. 6a–b).
: (a) the mean chl-a concentration during September 6–13, 2018; (b) the mean chl-a
n the mean value on September 18 and 19, 2018 and the mean value during September
UTC + 8) of the mean chl-a concentration in the black frame (region A) before and after



Fig. 6. Physical response of the upper ocean in region II during the passage of typhoonMangkhut: (a-b) the SST difference between September 17/19 and the average of September 13–16,
2018; (c-d) the SSHA (shaded, cm) difference and surface geostrophic velocity (arrows) difference between September 17/19 and the average of September 13–16, 2018; (e-f) the SSS
(shaded, psu) difference between September 17/19 and the average of September 13–16, 2018.

9S. Liu et al. / Science of the Total Environment 731 (2020) 139093
To address this transboundary high-SST phenomenon, Fig. 6c-d
shows the difference of the SSHA and sea surface flow fields before
and after Mangkhut. Before the passage of typhoon Mangkhut, there
was a warm anticyclone eddy with an SSHA of ~20 cm (Fig. S6a in
SM). During 17–19 September 2018, the southerly peripheral wind
vectors of Mangkhut were favorable to drive the outside sea surface
flow into the BBG, intensifying the pre-existing warm eddy and
expanding it northwards (Fig. S6b-d in SM). The SSHA increased by
10–20 cm and the maximum SSHA increase exceeded 20 cm in the
BBG (Fig. 6c–d). On September 13–16, 2018, the high-temperature
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water near the area (17.5°N, 108.5°E) could have been brought into the
BBG by the sea surface anticyclonic current (Fig. S5a in SM). Therefore,
the increased SST firstly appeared in the nearshore of the southern
BBG, and then expanded into most other areas of the Gulf (Fig. 6a and
b).

The SSS also showed a similar response as the SST; the southeastern
high-salinity waterwas transported alongwith the anticyclonic sea sur-
face current into the BBG (Fig. 6e-f). This resulted in a slight increase in
most areas of the BBG during 17–19 September 2018 (Fig. 6e and f).
Meanwhile, the salinity decreased in certain parts of the BBG (Fig. 6f),
probably caused by the typhoon precipitation (Fig. S1f in SM).

In terms of the biological response, therewas also a clear response of
the chl-a concentration in the BBG. Before the passage of Mangkhut,
there were high chl-a concentrations of N0.3 mg·m−3 in most Gulf
areas, especially for the coastal areas (N0.5 mg·m−3) (Fig. 7a), possibly
because of the nutrients delivered by the runoff from coastal cities and
some small rivers that discharge into the Gulf, or from regional upwell-
ing and tidal mixing (Tang et al., 2003), and the presence of mangroves
in the coastal zone also ensure the concentration of chl-a (Gholami and
Baharlouii, 2019). After the passage of typhoon Mangkhut, there was a
significant decrease in the chl-a concentration along the coast andwest-
ern parts of the Gulf (Fig. 7b), by about 0.2–0.4 mg·m−3 (Fig. 7c). This
can also be explained by the fact that the lower chl-a water would
have been transported there along the anticyclonic current. In contrast,
there was a significant increase in the chl-a concentration in the north-
east part of the Gulf, which was probably caused by typhoon-induced
regional upwelling and mixing as well as runoff from the mainland
(Tang et al., 2003; Zheng and Tang, 2007).

3.4. Response of offshore upwelling in the southwest SCS

For the wind field and Ekman upwelling distribution (Fig. 3), it can
be seen that South Vietnam offshore upwelling existed in the southwest
SCS before the typhoon, which is consistent with the observed fact in
September from previous studies (Tang et al., 2004b, 2006; Yang et al.,
2012b). Generally, because the prevailing southwest winds in the SCS
in summer were blocked by the north–south Annam Cordillera moun-
tain range (Dippner et al., 2007; Wang et al., 2006; Xie et al., 2003,
2007), the offshore upwelling was formed in June, and its intensity
reached its peak in July–September, before gradually disappearing in
October (Da et al., 2019; Kuo et al., 2000; Tang et al., 2006; Yang et al.,
2012b). At the same time, the western boundary currents were
superimposed in the southwest SCS, making the offshore upwelling
transport eastwards at about 11.5°N, resulting in an offshore chl-a
bloom jet (Chen et al., 2012; Dippner et al., 2007; Wang et al., 2019).
During the passage of Mangkhut, the offshore upwelling was affected
Fig. 7. Variation in the chl-a concentration in region II before and after typhoon Mangkhut
concentration during September 17–19, 2018; (c) the chl-a concentration difference betwee
10–15, 2018.
by the combination of the peripheral wind vectors of Mangkhut and
the southwest monsoon. During 13–14 September 2018, the offshore
upwelling strengthened and transported eastwards. Then, from Sep-
tember 15, 2018, when the typhoon entered into the SCS, the offshore
upwelling gradually weakened and finally transported northwards
along the continental Vietnam shelf (Fig. 3e–i). After the typhoon had
dissipated, the offshore upwelling gradually disappeared (Figs. 3j–l).

Correspondingly, Fig. 8 shows the daily changes of the SSHA and sea
surface flow fields in the southwest SCS, indicating that therewas a cold
cyclonic eddy and awarm anticyclonic eddy. Therewas an offshore flow
from west to east between the cold eddy and the warm eddy, which
corresponded to the location of the offshore upwelling. Due to the pe-
ripheral wind vectors of Mangkhut being opposite to the monsoon
vectors on 14, 15, and 19 September, the cold eddy strengthened and
expanded southwards, while the warm eddy weakened and expanded
southeastwards (Fig. 8h–k), which further blocked the eastward off-
shore upwelling.

Fig. 9 shows the distribution of chl-a concentration before and after
the impact of Mangkhut in area III. It can be seen that the concentration
of chl-a along the estuary of the Mekong River was significantly higher
than that of the open sea. The concentration of chl-a near the estuary
of the Mekong River was N1 mg·m−3, while the concentration in the
offshore area was generally lower than about 0.5 mg·m−3. This spatial
pattern of chl-a value was also validated by the multi-year satellite ob-
servations (Tang et al., 2004b, 2006; Yang et al., 2012b). Before typhoon
Mangkhut (September 10–13, 2018), the average chl-a concentration
distribution showed a high chl-a jet in area B;whereas after the typhoon
(September 18–19, 2018), the chl-a jet disappeared, due to the disap-
pearance of offshore upwelling asmentioned above. Meanwhile, the ac-
cumulation of high-value areas of chlorophyll near the shore was
enlarged, due to the eastward transportation of chl-a blocked by the
southward-shifted cold eddy. In general, typhoon Mangkhut had a
strong intensity and a large area of impact in the SCS. It not only affected
the ocean near the typhoon path, but also the marine environment in
areas far from the typhoon path through the interaction with the
monsoon.

4. Conclusions and discussions

4.1. Conclusions

Super typhoonMangkhut generated in theNWP in September 2018.
Based on multi-satellite remote sensing observation data combined
with ocean reanalysis data, the present work systematically and com-
prehensively examined the response of the marine environment in
the SCS to typhoon Mangkhut. Since the scale of the SCS is relatively
: (a) the mean chl-a concentration during September 10–15, 2018; (b) the mean chl-a
n the mean value during September 17–19, 2018 and the mean value during September



Fig. 8. Evolution of the SSHA (shaded, cm) and surface geostrophic velocity (arrows) in region III during the passage of typhoon Mangkhut: (a) the mean SSHA and geostrophic velocity
during September 11–13, 2018; (b–g) the daily SSHA and geostrophic velocity during September 14–19, 2018; (h) the SSHA difference between September 16 and the mean value of
geostrophic velocity during 11–13 September 2018; (i) the SSHA difference between September 17 and the mean value of geostrophic velocity during September 11–13, 2018; (j) the
SSHA difference between September 18 and the mean value of geostrophic velocity during September 11–13, 2018; (k) the SSHA difference between September 19 and the mean
value of geostrophic velocity during September 11–13, 2018.
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small compared to the open ocean, super typhoons have different de-
grees of influence on the oceans in the SCS at different distances from
the typhoon center. The different impacts of typhoon Mangkhut on
the SCS basin can be summarized as three types (as shown in Fig. 10):
direct impact (area I), indirect impact (area II), and remote impact
(area III). The main conclusions can be summarized as follows:

In area I (along the typhoon track), the upper ocean in the northern
part of the SCS near the typhoon track produced a complex response to
the direct forcing of typhoon Mangkhut. Most of the phenomena are
consistent with the open-ocean observations of previous studies. Due
to the entrainment and upwelling of the typhoon during September
14–16, 2018, the subsurface cold and high-salinity seawater was
brought to the surface, resulting in a decrease in SST (up to 2.8 °C)
and increase in salinity (about 1 psu) in thenearshore after the typhoon.
The SSSwasmainly determined by the upturned high-salinity seawater
(Fig. 10). In the nearshore, due to the asymmetry of precipitation
(N240 mm/day on the right of the track and b 200 mm/day on the left
of the track) and the relatively lower salinity of the entire layer of sea-
water, the SSS decreased markedly by 1 psu on the left-hand side of
Fig. 9. Variation in the chl-a concentration in region III before and after typhoon Mangkhut
concentration on September 18 and 19, 2018; (c) the chl-a concentration difference betwee
10–13, 2018.
the typhoon path (Fig. 10). It can be seen from the above that the
typhoon-induced SSS variation on both sides of the pathwasmainly de-
termined by a mechanism of competition between the typhoon precip-
itation and enhanced salinity from subsurface water associated with
upwelling and vertical mixing.

Meanwhile, using geostationary satellite data, we have discovered
the diurnal variation process of chlorophyll growth under the influence
of typhoons as follows. The vertical mixing brought by the typhoon
brought phytoplankton and nutrients to the surface of the ocean,
which enhanced the oceanic primary productivity. The maximum in-
crease in chl-a concentration was roughly three-fold (Fig. 10). Note
that on both the day before and after the typhoon, the accumulation
of chl-a concentration reached its maximum at around 1600 LST, but
the growth rate of the daily change in the concentration of chl-a after
the typhoon was greater than that before. Therefore, although a ty-
phoon will not change the diurnal trend of the chl-a concentration, it
will bring more phytoplankton and nutrients into the upper ocean, to-
gether with more suitable phytoplankton photosynthesis, thus increas-
ing the daily growth rate and peak value of chl-a.
: (a) the mean chl-a concentration during September 10–13, 2018; (b) the mean chl-a
n the mean value on September 18 and 19, 2018 and the mean value during September



Fig. 10. Schematic diagram of the impact of super Mangkhut Typhoon on the upper ocean of the SCS.
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In area II (BBG), unlike the open ocean, the response of the ocean in
the semi-enclosed BBG was indirectly affected by typhoon Mangkhut.
The anomalous southerly wind vector when Mangkhut landed on Sep-
tember 17–19, 2018, changed the original windfield in the Gulf, leading
to the high-SST (N29.5 °C), low-chl-a (b0.1 mg·m−3) and high-SSS
(N33.5 psu) seawater outside of theBBG being transported along the an-
ticyclonic current into the interior of the BBG (Fig. 10). This mainly
caused the increase of SST is about 0.5 °C, the maximum increase of
SSHA is about 20 cm, the SSS increases slightly, and chl-a decreased by
0.2 mg·m−3, in the BBG. Therefore, due to the special geographical en-
vironment on three sides of the BBG, a typhoon passing in the periphery
of the Gulf can also cause changes in the upper marine environment by
changing the sea surface flow field.

Area III (southwest SCS) was still affected by typhoon Mangkhut
even though it was far from the center of the typhoon. The abnormal
wind vectors generated by Mangkhut were inversely coupled with the
monsoon vectors, causing the offshore Ekman transport in the Mekong
Estuary in southern Vietnam to gradually weaken and ultimately disap-
pear. In addition, the peripheral winds of Mangkhut also intensified
(weakened) and shifted the cold (warm) eddy to the north (south),
blocking the eastward transportation of high-concentration chl-a
(N0.3 mg·m−3). These factors eventually led to the accumulation of
high-value chl-a exceeding 0.4 mg·m−3 in the nearshore areas and
the disappearance of the high-value chl-a jet.

4.2. Discussions

Aswell known, in the tropical oceans, especially for deep basin areas
of the SCS, limited nutrient concentrations in the upper ocean are not
conducive to enhancing primary productivity, which can be indicated
by the variations in chl-a concentrations in phytoplankton (Bai et al.,
2005; Lomas et al., 2012). Typhoon-induced upwelling and vertical
mixing will bring relatively more phytoplankton and richer nutrients
from the subsurface to the sea surface layer; and together with the usu-
ally sufficient sunshine and strong photosynthesis after the passing of a
typhoon, there can be a marked increase in the surface chl-a concentra-
tion (Chacko, 2017; Lin et al., 2003; Liu et al., 2019; Ye et al., 2013). Our
present findings on chl-a bloom and SST cooling along typhoon's track
are highly consistent with previous studies (Lin et al., 2003; Sun et al.,
2010; Shang et al., 2015), which is an important driving factor for en-
hancing primary productivity in the SCS. More importantly, we have re-
vealed some new knowledges in typhoon wind-pump induced upper
ocean response processes, which exhibits dramatically regional dispar-
ities in the basin-scale SCS. That is, there are not only a locally direct bio-
physical response along the typhoon track, but also an indirect response
altering the environment of Beibu Gulf via Mangkhut-induced horizon-
tal advection, and even a remote response of offshore upwelling in the
southwest SCS via the opposite wind vector coupling of Mangkhut
and the monsoon.

In the context of global warming, particularly, observations show
that the number of typhoons generated in the SCS has decreased in
the past 40 years, while typhoons on the eastern coast of the mainland
have increased (Lee et al., 2012; Walsh et al., 2016). The life cycle of a
typhoon is about ten days, and its impacts can reach thousands of kilo-
meters, probably resulting in large-scale impact (Mei et al., 2015b). Al-
though the total number of typhoons has decreased, the number of
strong typhoons has tended to increase. Particularly, Mei and Xie
(2016) revealed that typhoons that strike Southeast Asia have intensi-
fied by 12–15% during the past 37 years, and the proportion of typhoons
of categories 4 and 5 had doubled at least (Mei and Xie, 2016). Our find-
ings suggest that, typhoons, especially super typhoons, could in reality
affect a wider area than we originally expected. Therefore, the potential
increasing impacts of more frequent super typhoon-induced changes in
regional marine biochemistry should be further paid attention to under
global warming scenario.

In summary, for the SCS at the basin scale, super typhoons can cause
anomalies in the upper marine area of the ocean over a large area (or
even the entire basin). Our findings have important implications in
that the impacts of typhoons on upper-ocean physics and the ecological
environment are clearly multifaceted and therefore need to be further
studied. Our research demonstrates the different roles of typhoon activ-
ities in different ocean region with the sea-atmosphere coupling, and
may also provide insights into the interaction among different spheres
of the earth. It would be worthwhile using multi-source satellite
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observations and oceanmodel methods to explore more super typhoon
cases in future work to fully understand the climatic-state impact of
super typhoons on the marine environment of the SCS. In addition,
the results presented in this paper have important implications for ty-
phoon responses in other basin areas (e.g., the Gulf of Mexico).

CRediT authorship contribution statement

ShuhongLiu:Methodology, Data curation, Formal analysis,Writing -
original draft, Writing - review & editing.Jiagen Li:Data curation, Writ-
ing - review& editing.Liang Sun:Methodology, Formal analysis,Writing
- review & editing.Guihua Wang:Writing - review & editing.Danling
Tang:Writing - review & editing.Ping Huang:Writing - review &
editing.Hong Yan:Writing - review & editing.Si Gao:Writing - review
& editing.Chao Liu:Writing - review & editing.Zhiqiu Gao:Writing - re-
view& editing.Yubin Li:Writing - review& editing.Yuanjian Yang:Con-
ceptualization, Methodology, Formal analysis, Writing - review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Thisworkwas supported by theNational Key Research andDevelop-
ment Program of Ministry of Science and Technology of China
(2018YFC1506405), National Program on Global Change and Air–Sea
Interaction (GASI-IPOVAI-04), National Foundation of Natural Science
of China (No. 41876013 and 41675009), Foundation of Natural Science
of Guangdong (No. 2019BT02H594), Open Funding of Guangdong Key
Laboratory of Ocean Remote Sensing (2017B030301005-LORS2001),
and Open Funding of State Key Laboratory of Loess and Quaternary Ge-
ology (SKLLQG1842). We thank Remote Sensing Systems for the SST
and SSW data (http://www.remss.com/), Japan Aerospace Exploration
Agency for the chl-a concentration product (https://www.eorc.jaxa.jp/
ptree/index.html), National Aeronautics and Space Administration's
Precipitation Processing System for the Integrated Multi-satellite Re-
trievals for GPM final precipitation product (https://pmm.nasa.gov/
data-access/downloads/gpm), Copernicus Marine and Environmental
Monitoring Service Center for the SSS data (http://marine.copernicus.
eu/services-portfolio/access-to-products/), and Archiving, Validation
and Interpretation of Satellite Oceanographic for the SSHA and Geo-
strophic Velocity data (https://www.aviso.altimetry.fr/en/data/
products/).

Appendix A. Acronyms
Acronyms
B
C
ch
C
G
LS
M
N
R
SC
SS
SS
SS
SS
TR
Full name
BG
 Beibu Gulf

E
 Cold eddy

l-a
 Chlorophyll-a (unit: mg·m−3)

MEMS
 Copernicus Marine and Environmental Monitoring Service

PM
 Global Precipitation Measurement

T
 Local standard time (LST = UTC + 8)

W_IR_OI
 Microwave and infrared optimally-interpolated

WP
 Northwest Pacific

SS
 Remote sensing systems

S
 South China Sea

HA
 Sea surface height anomaly (unit: cm)

S
 Sea surface salinity (unit: psu)

T
 Sea surface temperature (unit: °C)

W
 Sea surface wind (unit: m/s)

MM
 Tropical rainfall measuring mission
continued)
Acronyms
 Full name
TC
 Coordinated universal time

pw
 Upwelling caused by Ekman pumping (unit: m/s)

E
 Warm eddy
W
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