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Abstract: Based on both physical and biological data collected from multi-source satellite during
summer typhoon Linfa, we found that the typhoon triggered two phytoplankton declines and three
phytoplankton blooms in the northern South China Sea (SCS), where the waters were influenced by
coastal upwelling and the input of terrigenous materials from the Pearl River estuary (PRE). One
phytoplankton decline (about a 3-fold reduction) in the continental shelf region can probably be
attribute to the limited nutrient supply induced by the decayed coastal northeastern current and
onshore Ekman transport (OET) and Kuroshio intrusion water, as well as the uplifted subsurface’s low
chlorophyll-a (Chl-a) concentration driven by vertical mixing and upwelling. Another phytoplankton
decline (about a 3.5-fold reduction) in the eastern Leizhou Peninsula-coastal upwelling region is
probably caused by OET and a decayed coastal northern current. Conversely, the decayed coastal
current, OET, and the vertical mixing and upwelling could lead to the transport of nutrient-rich
water from the PRE to the nearshore region of the southwestern PRE mouth, and from the subsurface
layer to the surface, respectively, thereby stimulating the growth of phytoplankton in the nearshore
region (increased by about 4-fold) and the open ocean (increased by about 2.3-fold). In the Shantou
(the coastal upwelling region), the phytoplankton responses to nutrient supply were feeble when
phytoplankton was already growing in nutrient replete conditions. In addition, the OET and the high
turbidity barely resulted in moderate phytoplankton bloom (increased by 38%). In summary, the
physical driving forces associated with typhoons that modulates phytoplankton dynamics are the
nutrient and phytoplankton transportation in the northern SCS during the wet season.

Keywords: typhoon; Ekman transport; phytoplankton abundance; vertical mixing and upwelling

1. Introduction

The South China Sea (SCS) is the largest semi-enclosed marginal sea in the Pacific
Ocean, and its northern part is a tropical continental shelf sea, extending southwest from
the Taiwan Strait to the Leizhou Peninsula [1,2]. It is well known that physical and biolog-
ical dynamics in the coastal ocean can be strongly influenced by river input and coastal
upwelling [3-5]. The complex interactions between physical and biogeochemical factors
within the continental shelf ecosystem make it difficult to define the factors that regulate
the growth and distribution of phytoplankton. The Pearl River, the second largest river in
China and the world’s thirteenth largest river in terms of discharge [6,7], delivers about
3.5 x 10! m3 of fresh water and 85 x 10° tons of sediment per year [8]. The Pearl River
plumes (PRP), governed by summer monsoons, can transport and redistribute river-borne
materials such as nutrients and particles, and thus have a large effect on the biogeochem-
istry of the coastal ocean, which is associated with high phytoplankton biomass [9-14]. In
addition, the PRP can be entrained into the oligotrophic SCS basin by eddy, then be induced
by phytoplankton bloom belt in the open ocean [15]. For example, there are two well-
known upwelling regions, namely the Hainan Island upwelling [16,17] and the Guangdong
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coastal upwelling [10,18], which manifest in a systematic association between an enhanced
surface chlorophyll-a (Chl-a) concentration (indicative of phytoplankton abundance) and
a decreased sea surface temperature (SST) (indicative of cool, nutrient-rich, deep waters
reaching the surface) [19].

In the northern SCS, the southwest monsoon prevails in summer, resulting in the
frequent occurrence of typhoons, with an average of more than six cyclones from June to
September [20]. Episodic events (typhoons) also play an important role in regulating the
temporal character of the abundance and distribution of phytoplankton [21-28], depending
on typhoon’s intensity and translation speed, as well as the pre-existing ocean stratifica-
tion [29-31]. Most previous studies have clarified that the vertical mixing and upwelling
induced by typhoons can uplift the deeper Chl-a to the surface and bring nutrient-rich
deeper water up into the euphotic layer, thereby triggering phytoplankton blooms and
increasing ocean productivity in the open ocean [32-36], whereas the coastal bloom events
are caused by increased terrestrial runoff and nutrient loads [14,26,37]. However, many
typhoon events have little contribution to, or even have negative effects on, phytoplankton
biomass [24,38—41]. In the nearshore region, Chang et al. [42] proposed that Synechococcus
abundance (Chl-a concentrations) was reduced by 56-81% (75-93%) after the typhoon on
the northern coast of Taiwan. Qiu et al. [41], suggested that strong vertical mixing induced
by typhoons Nangka and Soudelor gave rise to a sudden decrease in Chl-a and phytoplank-
ton abundance near the Pearl River Estuary (PRE). The vertical mixing not only brings
deep, low-phytoplankton water up to the surface water, but also increases water turbidity
in the nearshore region. Both are not conductive to the growth of phytoplankton. When
typhoons pass though the northern SCS, their winds also generate upper ocean Ekman
transport and trigger upwelling or downwelling, further enhancing or destroying the two
upwelling regions [43] depending on the direction of the typhoon path relative to the
coastline [44]. This probably results in increased or decreased Chl-a concentrations, which
can be partially attributed to nutrient transportation. In offshore regions, Mao et al. [45]
reported that Cyanophyta disappeared sharply after typhoon Roke.

The aforementioned studies have documented a typhoon'’s positive or negative impact
on phytoplankton diversity and distribution in certain regions, especially those near
the typhoon. However, the different impacts of a passing typhoon on phytoplankton
abundance within the coastal ocean and the continental shelf region of the northern SCS
still remain unclear when southwesterly winds prevail during the summer. Category-4
typhoon Linfa (2-9 July 2015) provided an opportunity to study such an event. In this
study, multi-source satellite data are used to investigate biological responses to typhoon
Linfa and the mechanisms behind it.

2. Materials and Methods
2.1. Data

The typhoon data was obtained from the China Meteorological website with a time
resolution of 6 h (http://tcdata.typhoon.org.cn/ accessed on 1 May 2021), including the
location of the typhoon center and the maximum sustained wind speed. Typhoon Linfa
was a strong typhoon that originated in the Philippine Sea. Linfa information is shown
in Figure 1, and its path presented a ‘Z’ shape (Figure 1). Linfa first formed as a tropical
storm at 14.7° N, 128.5° E on 2 July 2015. Then it moved westward and strengthened
gradually. Before arriving in the SCS, Linfa upgraded to a strong tropical storm. After
passing Luzon Island, Linfa moved slowly northward, with a mean translation speed of
2.1 m/s, and maintained itself as a strong tropical storm from 5 to 7 July. Thereafter, Linfa
quickly strengthened to a strong typhoon on 8 July, then quickly moved westward and
dissipated, ultimately landing on Guangdong (Figure 2). The variation of the Pearl River
discharge during this period is represented by data from the Gaoyao station of the Xijiang
River, which had the greatest discharge. The monthly runoff and the sediment runoff was
obtained from the China River Sediment Bulletin of the Ministry of Water Resources of the
People’s Republic of China (www.mwr.gov.cn/sj/tjgb accessed on 2 May 2021).
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Figure 1. Typhoon path in the northern SCS. The colored dots indicate the center of typhoon with 6-h interval. The red
triangle denotes Gaoyao station.
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Figure 2. Time series of typhoon intensity and transition speed.

The Chl-a concentration was obtained from multi-source sensors (SeaWiFS (National
Aeronautics and Space Administration: NASA), MODIS (NASA), MERIS (European Space
Agency: ESA), VIIRS-SNPP & JPSS1 (NASA), OLCI-S3A & S3B (ESA)) satellite observation.
The data are the daily Chl-a of level-3 products and binned into the same pixel resolution
of approximately 4 km x 4 km, which was downloaded from the global ocean color
(http:/ /hermes.acri.fr/index.php accessed on 1 May 2021).

The non-algal (inorganic) suspended particulate matter (SPM) product is based on the
Gohin algorithm [46]. It has been developed to provide an estimation of the mineral sus-
pended matter in the coastal zone. Satellite-derived SPM is more related to turbidity than to
algal SPM. The non-algal SPM product is of great utility for validating hydro-sedimentary
models. The daily SPM data was downloaded from Copernicus Marine Environmental
Monitoring Center (CMEMS, website http://marine.copernicus.eu/ accessed on 1 May
2021), with a spatial resolution of 4 km x 4 km.

The through-cloud capabilities of satellite microwave radiometers provide a valuable
picture of the global sea surface temperature (S5T). The daily 9 km MW_IR OI SST product
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combines the through-cloud capabilities of the microwave data with the high spatial
resolution and the near-coastal capability of the infrared SST data at Remote Sensing
Systems (www.remss.com/ accessed on 1 May 2021) [47,48].

The NASA Soil Moisture Active Passive (SMAP) mission has been providing sea
surface salinity (55S) measurements since April 2015. The SSS measurements are produced
by Remote Sensing Systems (www.remss.com/ accessed on 1 May 2021) and sponsored by
the NASA Ocean Salinity Science Team [49]. The Level 3 SSS product with 8-day averaging
is gridded at 0.25° x 0.25°.

The cross-calibrated, multi-platform (CCMP) gridded 10 m winds are derived by
Remote Sensing Systems (www.remss.com/ accessed on 1 May 2021) from satellite, moored
buoy, and model wind data, and as such, are considered to be a Level-3 ocean vector wind
analysis product [50]. The 6 h wind data is gridded at 0.25° x 0.25°.

The Tropical Rainfall Measuring Mission (TRMM) produces global estimates of pre-
cipitation based on satellite observations. The product based on TRMM Multi-satellite
Precipitation Analysis (TMPA) (3B42 algorithm), which is high in spatial (0.25°) and tem-
poral (3 h) resolution, is widely used to study extreme weather rainfall [51]. This daily
accumulated precipitation product is generated from the research-quality 3-hourly TMPA
(3B42). It is produced at the NASA GES DISC, as a value-added product.

Archiving, validation, and interpretation of satellite oceanographic (AVISO) daily sea
level anomaly (SLA) and geostrophic velocity data with a spatial resolution of 0.25° x 0.25°
were downloaded from CMEMS (http://marine.copernicus.eu/ accessed on 1 May 2021).

2.2. Method
Wind stress curl induced Ekman pumping velocity (EPV) is calculated as follows [52]:

1 T
EPV=—V x | — 1
Po <f> @)

where p) = 1024 kg/m? is sea water density, f = 2w sin 0 is the Coriolis parameter, w is the
—|=

angular velocity of the earth’s rotation, 0 is latitude, T is wind stress,? = p,CpU|U|, p, is

air density, Cp = (0.73 + 0.691_5) x 0.001, and I_j is wind speed at 10 m.

The vertical entrainment caused by TCs can disrupt the water stratification and bring
the nutrients upward into the surface layer. For a typhoon, strong winds inject high kinetic
energy into the ocean, and therefore, the work done by the wind stress (W) to the ocean
surface could be calculated by [53]:

W:/\Txu+xyv|dt )

where u and v are the ocean surface velocity, and tx and Ty were components of wind
stress in x and y directions, respectively.

The translation speed of the TC was estimated based on Mei et al. [54]. The temporal
resolution of the wind fields was interpolated to 0.5 h, and the region with wind speeds
higher than 14 m/s was identified as a typhoon-influenced region. Cyclone wind forcing
time was determined using the existence period of the cyclone-influenced region [53].

3. Results
3.1. Distribution of Chlorophyll-a and Surface Suspended Sediment Concentration

The average Chl-a and surface suspended sediment (SPM) concentration image
one week before typhoon Linfa displayed both high Chl-a (>1 mg/m?) and high SPM
(>0.8¢g/ m?3) distributed in the continental shelf region of the northern SCS, and also pre-
sented a tendency for them to gradually decline from the nearshore regions to the offshore
regions in the northern SCS (Figure 3). Phytoplankton bloom events with high SPM fre-
quently occurred in estuarine and coastal regions, where the waters were influenced by
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the input of terrigenous materials. The PRP extended northeastward offshore, with strong
vertical stratification against the ocean (high Chl-z and turbidity) under the southwestern
monsoon wind [4,5], inputting into the Taiwan Strait [9,55,56], thus inducing high Chl-a
and SPM in the northeastern SCS (Figure 2). This plume appeared to correspond to huge
freshwater discharges (340 and 425 billion cubic meters) and sediment discharges (540 and
690 ten thousand tons) from Gaoyao hydrological station in May and June 2015 (Figure 4).
After typhoon Linfa passage, compared to pre-typhoon, the Chl-a concentration averaged
for 11 July to 15 July was obviously lower in the offshore region of the northeastern SCS
(<0.4 mg/m?) and the coastal upwelling region-eastern Leizhou Peninsula (<0.28 mg/m?).
Conversely, the Chl-a concentration increased strikingly (>2 mg/m?) in the western PRE
mouth, but increased only slightly (>0.23 mg/m?3) in the coastal upwelling region-Shantou
of northeastern Guangdong (Figure 3c). The increased (and decreased) Chl-a coincided
with the patches of increased (and decreased) SPM (Figure 3f). In the open ocean, Chl-a
concentrations along the typhoon path ranged from 0.05 to 0.08 mg/m? during the pre-
typhoon period. The Chl-a concentration value increased by 0.05-0.15 in a cold eddy (near
the path) (Figures 3c and 5c), with a 1 to 3-fold increase.
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Figure 3. Spatial distribution of Chlorophyll-a (a—c) and SPM (d—f) concentrations during pre-typhoon (one week) and
post-typhoon (one week). The gray line represents the water depth (25 m, 50 m, 100 m, 200 m, 1000 m). The black line

denotes typhoon path.
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Figure 4. Time series of monthly runoff (unit: billion cubic meters) (blue) and sediment runoff (unit:
ten thousand tons) (orange) at Gaoyao hydrological station during the 2015 year.
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Figure 5. Spatial distribution of sea level anomaly (shading) and geostrophic current (arrow) during pre-typhoon (a) 1-5 July,
during typhoon (b) 6-9 July, and post-typhoon (c) 10-12 July, and difference (d) 10-12 July minus 1-5 July. The black line

denotes typhoon path.

3.2. Distribution of Geostrophic Current and SLA

Figure 5 shows the evolution of the SLA and the geostrophic current fields before and
after the passage of typhoon Linfa. The southwesterly monsoon induced a large-scope
negative SLA, which was the main pre-existing oceanic feature in the continental shelf
region, accompanied by a strong southwestward geostrophic current (>0.51 m/s), which
could transport the river plume to the offshore region of the northeastern SCS (Figure 5a).
In the open ocean, there was a cold eddy (119° E, 21° N) before typhoon Linfa on the right
side of path. After the typhoon entered the SCS, the southwestward geostrophic current
gradually weakened and disappeared on the southern PRE mouth, which may have given
rise to the change in the extension of PRP (Figure 5b—d). The increased SLA appeared in the
coastal region due to Ekman transport induced by the typhoon wind field. However, in the
open ocean, with the decrease in SLA, the cold eddy gradually enhanced, corresponding to
a high Chl-a patch near the typhoon path. In addition, the forming anticyclone eddy in the
Luzon Strait could be conducive to the Kuroshio intrusion, which could affect the physical
and biological response of the upper ocean in the northeastern SCS.

3.3. Distribution of SST and SSS

The most direct ocean response to typhoon Linfa along the path was the SST cooling.
Figure 6 shows the variation of the SST before and after the typhoon in the northern SCS.
The average SST in the study region before Linfa was 30.1°C, apart from the two costal
upwelling regions (Shantou upwelling: 27.4 °C; Hainan upwelling: 28.3 °C). On 5 July 2015,
Linfa began to affect the SCS, passing the open ocean with a strong air-sea interaction, thus
triggering a dramatic large-scale SST cooling by typhoon-induced upwelling and vertical
mixing [52] along the typhoon path. It produced a maximum SST cooling of 4.5 °C near
the cold eddy (Figure 6b—d), in agreement with earlier studies [34]. The typhoon slowly
moved northward, then turned westward, and the main cooling region (3—4.5 °C) was in
the cold eddy and near the inflection point of the path, corresponding to the decreased
and increased Chl-a concentrations, respectively. However, high SST appeared in the two
coastal upwelling regions, with a sea surface warming of 0.9 °C after the passage of the
typhoon (Figure 6d). This is likely attributable to an anomalous northeasterly destroying
the traditional coastal upwelling pattern when typhoon invaded south of the upwelling
system [43].
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Figure 6. Spatial distribution of sea surface temperature during pre-typhoon (a) 1-5 July, during typhoon (b) 6-9 July, and

post-typhoon (c) 10-12 July, and difference (d) 10-12 July minus 1-5 July. The gray line represents the sea level anomaly.

The black line denotes typhoon path.

Figure 7 displays the variation of sea surface salinity based on SMAP level 3 products
during the passage of the typhoon. In the continental shelf region of the northern SCS, the
salinity mainly ranged from 26 to 33 psu prior to the arrival of the typhoon (Figure 7a).
The lower salinity and high-temperature water stemmed from the nutrient-rich PRP which
was transported eastward on the shelf [55] under strong costal currents, and on the open
ocean under eddy-entrained currents [15]. The maximum salinity increase was 3 psu in the
eastern PRE, while the minimum salinity decrease was 2.6 psu in the western PRE after
the passage of typhoon Linfa (Figure 7b—d). This indicated the surface plume water was
entrained in the PRE under the weak eastward coastal current, increasing the residence
time of freshwater, and then subsequently gradually transported to the western PRE. A
large-scale decrease in salinity due to the freshwater from heavy precipitation appeared on
the central SCS. An increase in salinity of 0.5-1 psu occurred on both sides of the typhoon
path in the open ocean (Figure 7d). This is because strong vertical mixing and upwelling
could bring saltier water from the deep ocean to the surface. In addition, decreased salinity
appeared in the two coastal upwelling regions, with a decrease of 0.35 psu, corresponding
to SST warming after the typhoon (Figures 6d and 7d).

3.4. Distribution of Wind and Rainfall

Prior to the typhoon’s arrival, the southwesterly monsoon was prevailing over the
region. The 10 m wind was weak (<8 m/s) during 1-4 July (Figure 8a). During Linfa’s
intrusion into the northern SCS, strong winds prevailed over the northeastern SCS, with a
maximum wind speed of 16 m/s (Figure 8b—e), whereas the winds over the northwestern
SCS promptly decreased (2.8 m/s) (Figure 8b). The favorable southwesterly was clearly
substituted with an anomalous northeasterly in the coastal region during 5-9 July.

Before typhoon Linfa, the cumulative rainfall was low (<10 mm) in the northern
SCS (Figure 9a). During typhoon Linfa, large-scale rainfall occurred near the typhoon
path. The precipitation was remarkably asymmetric, with more (less) cumulative rainfall
located on the left (right) of the path, which is consistent with a previous study [57].
The cumulative rainfall (>300 mm) on the left increased by 10-30-fold that before Linfa
(Figure 9b). This asymmetry was attributed to the active southwest monsoon over the SCS
and topography [57,58]). As the typhoon approached land, the rainfall gradually decreased.
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The cumulative rainfall (<150 mm) in the coastal region was much less than in the open
ocean (Figure 9b). After the typhoon passed, there were still rain belts in the open ocean
(Figure 9¢). Heavy rainfall can introduce a considerable amount of fresh water into the
offshore region, diluting surface salinity.
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Figure 7. Spatial distribution of sea surface salinity during pre-typhoon (a) 1-5 July, during typhoon (b) 6-9 July, and
post-typhoon (c) 10-12 July, and difference (d) 10-12 July minus 1-5 July. The gray line represents the water depth (25 m,
50 m, 100 m, 200 m, 1000 m). The black line denotes the typhoon path.
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post-typhoon (c) 10-13 July. The black line denotes typhoon path.
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4. Discussion
4.1. Typhoon Induced-Upwelling and Mixing

To further explore the influence of the ocean’s internal dynamic mechanisms on
phytoplankton blooms, we first estimated the EPV caused by the typhoon. EPV represents
the intensity of upwelling: positive EPV indicates upwelling, and negative EPV indicates
downing. Before the typhoon, the average EPV in the study region was 4.56 x 107° m/s
(Figure 10a). The EPV gradually increased during the typhoon (Figure 10b-h). The average
EPV magnitude reached 10~* within 100 km on both sides of its path, with the maximum
value of 2 x 10~ m/s appearing at 00:00 UTC on 8 July (Figure 10f), and the EPV then
decreased rapidly after the typhoon entered the continental shelf region, with its magnitude
being only 10~° m/s (Figure 10g,h). The integral EPV (IEPV) was calculated to represent
the vertical transport distance of subsurface seawater through upwelling (Figure 10i). The
stronger IEPV (10-21 m) was in the open ocean where the typhoon passed, rather than
in the continental shelf region. The high EIPV region and maximum SST cooling region
were essentially located in the same region, corresponding to the slow translational speed.
This indicates that the SST cooling was largely the result of the uplifting of cold water
(Figures 6d and 10i). The range of IEPV in the continental shelf region was —6 m to 5 m,
and presented a tendency of gradually increasing from the nearshore to the offshore
regions in the northern SCS (Figure 10i). This suggests that the downwelling dominated
the nearshore region, including the two coastal upwelling regions, but the weak upwelling
dominated the offshore region.
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Figure 10. Spatial distribution of 10 m wind vector (arrows) and Ekman pumping velocity (shading) during pre-typhoon
(a) 14 July, on 12UTC 5 July (b), 12UTC 6 July (c), 12UTC 7 July (d), 18UTC 7 July (e), 00UTC 8 July (f), 12UTC 8 July (g),
00UTC 9 July (h) and 00UTC 9 July (i), and Integer Ekman pumping velocity. The black line denotes typhoon path.

According to the wind speed at 10 m, a forcing time is obtained by integrating the
forced region time [53]. The spatial distribution of forced time and wind work is shown in
Figure 11, which was related to typhoon intensity, translation speed, and scale. The range
of forced time and wind work within a few hundred kilometers of the typhoon path were
3 h to 45 h and 10 K] to 70 K], respectively, suggesting that a huge input of mechanical
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energy was introduced into the ocean, and strong mixing could easily occur in the open
ocean (Figure 11). Instead, in the continental shelf region, the typhoon quickly moved
westward, thereby reducing forcing time and wind work compared to that in open ocean.
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Figure 11. Spatial distribution of forcing time (arrows) and wind work (shading) during typhoon Linfa. The black line
denotes typhoon path.

4.2. Phytoplankton Bloom in Two Regions

Figure 12 shows that there were three phytoplankton bloom regions, which were located
in the open ocean near the typhoon path and the nearshore of the western Pearl River Estuary
mouth, and the Shantou-coastal upwelling region. A number of studies [14,21,24,25,27] have
illustrated that there has been a strong upwelling and turbulent mixing in the ocean with
long forcing time and high IEPV region, which could easily carry nutrient-rich cold water
into the mixed layer, promoting phytoplankton growth. Although large-scale, dramatic
SST cooling and decreased SLA appeared after the passage of the typhoon, Linfa triggered
a two-fold increase in Chl-a, SST cooling (>4 °C), and SLA was reduced 10 cm within a
small-scale region in the open ocean, corresponding to strong winds (>15 m/s) and EPV
(8 x 1072 m/s), rather than those within large-scale regions. The major causes for the
difference were ocean stratification, pre-existing nutrient conditions, and typhoon features
(intensity and translation speed) [29-31]. In addition, a typhoon-enhanced Kuroshio
intrusion with denser water may have suppressed typhoon and eddy-induced upwelling,
inhibiting nutrient supply [59]. This is probably the reason for phytoplankton blooms
appearing in small-scale regions.
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Figure 12. Time series of Chl-a concentration, sea surface temperature, sea level anomaly, Ekman pumping velocity, and
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wind speed (vector) in the open ocean where the typhoon passed.
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The nearshore region was still affected by Linfa even though it was far from the center
of the typhoon path, and was associated with weak EPV and winds (Figure 13). The SST was
spatially homogeneous, and decreased by 1.2 °C, but salinity and SLA changed markedly
along the axial coastline of Guangdong Province after the typhoon (Figures 7 and 13). The
sea surface salinity varied from 27 to 31.2 (32.1 to 29.4) psu in the eastern (western) PRE
mouth (Figure 7d). Given the duration of the huge discharge of water runoff, combined
with the heavy rainfall into the PRE, the moderate northeasterly winds and reduced eastern
coastal current modified PRP distribution through onshore Ekman transport (OET), and
then modulated phytoplankton distribution patterns. The nutrients in the PRP contributed
about 70% of the total annual nutrient load and 80% of the total annual biomass in the
shelf waters [4]. The westward extension of PRP could trigger high phytoplankton biomass
(increased from 0.72 to 3.1 mg/ m?) in the southwestern PRE mouth.
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Figure 13. Time series of Chl-a concentration, sea surface temperature, sea level anomaly, Ekman pumping velocity and
wind speed (vector) in the nearshore region of PRE mouth.
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The coastal upwelling region, including the Taiwan Bank (<40 m), and the high Chl-
a occurring in summer were caused by the southwest wind and bathymetry-induced
upwelling. The shift in wind directions associated with the typhoon intrusion south of the
upwelling system could destroy the upwelling patterns and give rise to OET, corresponding
to increasing SLA. Subsequently, the strong cyclonic wind stress induced vertical mixing,
which alters water stratification, resulting in significant SST cooling and the resuspension of
seabed sediments, which increase SPM concentration and nutrient supply (Figure 14). Light
is the major regulator of biological production. The high turbidity caused by enhanced
vertical mixing can suppress phytoplankton growth [40,60,61]. This is the reason why
Chl-a concentration did not significantly change between the pre-typhoon period and
10 July. Given that the phytoplankton responses to external nutrient inputs were not
strong when the phytoplankton was already growing in nutrient replete conditions [62],
the Chl-a concentrations ultimately increased by 38% (from 0.86 to 1.26) 4 days after the
typhoon passed, which is far less than the magnitude of its increases in other bloom regions
(Figure 14).

—Chl-a
—SST
—SLA
—EPV
Wind

3
mg/m
°

7.1 5 79 7.13 Date FA: 7.21 7.25 729

Figure 14. Time series of Chl-a concentration, sea surface temperature, sea level anomaly, Ekman pumping velocity, and
wind speed (vector) in the coastal upwelling region—-Shantou.
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4.3. Phytoplankton Decline in the Two Regions

The Chl-a concentration strikingly decreased after the typhoon’s passage in the con-
tinental shelf region (reduced by about 3-fold) and in the upwelling region (reduced by
about 3.5-fold), especially in the two regions southeastern the PRE (around the typhoon
path) and in the eastern Leizhou Peninsula.

During June and July, because of the strong river discharge, nutrient enrichment in
the plume stretched over a broad extent of the shelf during the summer monsoon, and
this produced significant biomass on the continental shelf of the northeastern SCS, where
low salinity, high temperatures, and high SPM appeared (Figures 5-7). As the typhoon
entered the SCS, the southwest monsoon turned to the northwest, which lasted for 4 days.
The northeasterly wind induced-Ekman transport led to increased salinity and SLA, and a
weaker eastern coastal current in the eastern PRE mouth. This may suppress the nutrient
supply from the river discharge [11]. The SST cooling and decreased SLA corresponded
to reduced Chl-a and increased wind and EPV in both the eastern PRE mouth and in the
continental shelf region where the typhoon passed (Figure 15). Due to the strong ocean
stratification caused by the PRE plume and rainfall, which may suppress vertical mixing
and upwelling, the intensity of the vertical mixing and upwelling was weak compared to
that in the open ocean. Therefore, the typhoon induced-upwelling, vertical mixing, and
horizontal advection were not enough to lift deep nutrient-rich water to the surface layer,
but further reduced pre-existing, nutrient-rich water in the surface layer when the typhoon
passed though the continental shelf. These data suggest that the decayed coastal current
inhibiting the nutrient supply and the typhoon directly reducing the nutrient supply were
significant factors for the phytoplankton decline. In nearshore regions, light conditions
caused by the high turbidity after the typhoon are considered to be a factor affecting the
phytoplankton biomass [63]. In addition to nutrient conditions, the pre-existing vertical dis-
tribution of phytoplankton determine the response of Chl-a concentrations under typhoon
conditions. Qiu et al. [41] demonstrated that strong vertical mixing caused by typhoon
Nangka led to a sudden decrease in the phytoplankton abundance in surface water near
the PRE environment. As proposed by Mao et al. [45], it was found that the vertical distri-
bution of phytoplankton in 196 seawater samples gradually decreased in abundance with
increasing depth in the northeastern SCS. After typhoon Haitang, the total phytoplankton
cell abundance (e.g., Cyanophyta) in the surface layer was significantly reduced, and cell
abundance in the subsurface layer did not change significantly [45]. Consequently, the
phytoplankton decline was attributed to OET-interrupted nutrient supply, accompanied by
the vertical redistribution of phytoplankton with reduced nutrients, by typhoon induced
physical processes. Other factors, however, may also play roles in the phytoplankton
decline. The enhanced Kuroshio intrusion into the northeastern SCS happened under
typhoon conditions (Figure 5d). The Kuroshio intrusion water, with high salinity and few
nutrients, was able to inhibit nutrient uplift driving by typhoon-induced vertical mixing
and upwelling [59], thus resulting in phytoplankton decline.
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Figure 15. Time series of Chl-a concentration, sea surface temperature, sea level anomaly, Ekman pumping velocity, and

wind speed (vector) in the continental shelf region where the typhoon passed.
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The coastal upwelling region, the eastern Leizhou Peninsula, was affected by typhoon
Linfa’s peripheral wind field. As shown in Figure 16, the SST, wind speed, and EPV did
not change significantly, but the Chl-a concentrations were reduced by about 3.5-fold. The
typhoon-induced abnormal wind vectors were opposite to the summer monsoon, giving
rise to offshore Ekman transport, which subsequently gradually weakened, eventually
being replaced by OET [28,43]. The role of OET and the weak northern coastal current was
to reduce the nutrient supply from terrestrial sources and increase SLA, thereby leading to
phytoplankton decline.
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Figure 16. Time series of Chl-a concentration, sea surface temperature, sea level anomaly, Ekman pumping velocity, and

wind speed (vector) in the coastal upwelling region—the eastern Leizhou Peninsula.

5. Conclusions

Based on the multi-satellite datasets, we presented here the significant biophysical
changes in the northern SCS during the passage of typhoon Linfa. Typhoon Linfa gave
rise to two phytoplankton declines and three phytoplankton blooms in the northern SCS.
The phytoplankton dynamics are summarized in Figure 17. The phytoplankton declined
in two regions: the continental shelf region where the typhoon passed and the eastern
Leizhou Peninsula. Due to the huge freshwater discharge and the sediment discharge
from the PRE prior to the arrival of typhoon Linfa, phytoplankton bloom events with
high SPM frequently occurred in the continental shelf region, which may have led to high
(low) phytoplankton abundance in surface (subsurface) layer. Afterwards, the continental
shelf phytoplankton decline was mainly caused by the nutrient reduction induced by
the decayed northeastern coastal current, OET, and Kuroshio intrusion water, combined
with the uplifted subsurface of low Chl-a, driven by typhoon-induced vertical mixing and
upwelling. The eastern Leizhou Peninsula coastal upwelling region phytoplankton decline
was attributed to reduced nutrients, triggered by OET and the decayed northern coastal
current. In addition, three phytoplankton blooms were observed during the post-typhoon
period: in the open ocean where the typhoon passed, in the coastal upwelling region of
northeastern Guangdong, and in the southwestern PRE mouth. First, nutrient uplifting
caused by strong mixing and upwelling contributed to the small-scale blooms in the open
ocean. Second, the northeasterly winds and reduced northeastern coastal current could
result in the westward extension of PRP, thereby triggering high phytoplankton biomass in
the southwestern PRE mouth. Finally, in the coastal upwelling region, the phytoplankton
responses to external nutrient inputs were not strong when phytoplankton was already
growing in nutrient-replete conditions. OET and the high turbidity induced by enhanced
vertical mixing barely gave rise to a moderate phytoplankton bloom.

It remains uncertain whether climate change would lead to an increase in the number
of typhoons, but there is more confidence that warmer ocean temperatures and higher sea
levels are expected to intensify. The strong winds associated with typhoons initiate intense
upwelling and mixing, which results in the enhancement of phytoplankton biomass in
the open ocean after the passage of typhoons. Presently, the quantitative estimation of the
response of phytoplankton dynamics to typhoons in the northern SCS is difficult because
satellite data can only reflect surface conditions. Further in situ observations and model
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simulations are required to explain the role that typhoons play in enhancing or reducing
phytoplankton abundance.
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Figure 17. Schematic diagram illustrating phytoplankton dynamics in the northern SCS during the passage of typhoon

Linfa.
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