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Abstract: The ocean color elements refer to total suspended sediment (TSS) and chlorophyll-a (Chl-a),
which are important parameters for the marine ecological environment. This study aims to examine
the behavior of ocean color elements in response to a tropical cyclone in the case of typhoon Mangkhut
(2018), which passed over the northern South China Sea (NSCS) on 16 September 2018, using satellite
multi-sensor observations, Argo float profiles, and tidal gauge sea level data. The results indicate
that typhoon Mangkhut (2018) resulted in TSS and Chl-a concentrations increasing, with the spatial
and timing behavior different in the offshore, shelf, and basin areas. In the offshore area from the
coast to isobath 50 m, the mean TSS concentration, i.e., Ctsg, reached 13.9 mg/L on 18 September
2018, two days after typhoon landfall, against about 3.5 mg/L before typhoon landfall. In the shelf
area with depths from 50 m to 100 m, the mean Crsg reached 2.5 mg/L, against about 0.8 mg/L
before typhoon landfall. In the basin area with depths of 100 m and beyond, the mean Crgg had
only a little fluctuation. On the other hand, in the offshore area, the mean Chl-a concentration, i.e.,
CcChl-a, Was 7.3 mg/m3 on 21 September, five days after typhoon landfall, against 2.4 mg/m? as the
monthly mean value. Furthermore, TSS concentrations favorable for Chl-a bloom range from 6 to
7 mg/L in this area. In the shelf area, the mean Ccyy., increased from 0.2 mg/m3 to 0.6 mg/m?3 in two
days. In the basin area, the Ccpy., increased from 0.1 mg/m3 to 0.2 mg/m? during typhoon passage.
Concurrent dynamic condition analysis results indicate that, in the offshore area, typhoon-induced
solitary continental waves may play a dominant role in determining the spatial distribution features
of the TSS originating from the Pearl River runoff. The Chl-a bloom delayed rather than concurrently
occurred with the terrigenous nutrient peak, which is attributed to the nonlinear relation between
Cchl-a and Crsg. In the shelf and basin areas, typhoon-enhanced vertical mixing and upwelling may
play dominant roles in determining the spatiotemporal behavior of the TSS and the Chl-a.

Keywords: typhoon Mangkhut (2018); Northern South China Sea; resuspended sediment; Chl-
a bloom

1. Introduction

As typhoons pass over the ocean, tremendous wind force strongly impacts the upper
ocean. This process must first enhance ocean vertical mixing and upwelling [1-3]. Mean-
while, the typhoon-induced upwelling and dynamic processes of the eddy adjustment are
able to enhance the preexisting cyclonic eddy [4]. On the continental shelf, strong winds
and heavy rainfall that accompany the arrival of a typhoon directly affect the hydrody-
namic environment. The river runoff caused by heavy rainfall raises transporting fresh
water and terrestrial materials into the ocean. The winds cause high waves and increase the
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near-bottom currents, which resuspends the sediment on the sea floor [5]. The suspended
sediment is transported to the outer shelf with the current [6]. The coastal storm surges
event due to the passing typhoon generates continental shelf waves and Kelvin waves [7,8].
The wave could be amplified as the storm moves nearly parallel to the shelf, which would
be over the dam. The terrestrial material would be transported to the ocean with the
seawater. Weber [9] pointed out that the mean alongshore velocity associated with these
waves is typically 1 cm/s, and the non-linear mean transport may be important for the
transport of biological material. Furthermore, the particulate matter from land, together
with sea salt aerosol from breaking waves during whitecap formation, should be injected
into the shelf area with the rainfall when wind speed is significant [10-12]. These processes
would increase the concentration of the suspended sediment in the ocean.

The South China Sea (SCS) is a hallway of Pacific Ocean typhoons and a local typhoon
birthplace. There is an average of 6.0 typhoons a year that pass over the SCS, and among
them, 1.3 originate locally [13]. Shang et al. [14] investigated a Chl-a bloom induced by
typhoons in the SCS, and found that typhoon Lingling (2001) induced a large patch of
enhanced Chl-a concentration of 0.37 mg/m? against the background level of 0.08 mg/m?.
Chen et al. [3] investigated the ocean biological and physical responses to typhoon Megi
and found that a Chl-a bloom was triggered by strong vertical mixing and upwelling. Pan
et al. [2] found that the Chl-a blooms during a typhoon event may be attributed to multiple
factors related to the ocean dynamic conditions and cyclone characteristics.

Satellite remote sensing observations are a powerful data source for investigating
characteristics and mechanisms of ocean color element response to typhoons. In particular,
the Soil Moisture Active Passive (SMAP) sensor provides the sea surface salinity (SSS)
distribution data, which contain information about the river runoff spreading on the
continental shelf.

This case study aims to reveal the ocean color element responses to the passage of
typhoon Mangkhut (2018) over the NSCS in September 2018, based on satellite multi-sensor
observations, Argo float profile data, and tidal gauge sea level data. This paper is organized
as follows. The next section gives a brief introduction to the data and methodology,
including algorithms for the retrieval of the Chl-a and the total suspended sediment
(TSS) concentrations from satellite observations. Section 3 analyzes the spatiotemporal
distribution feature of the TSS and the Chl-a in the NSCS during the typhoon Mangkhut
(2018) passage. Section 4 analyzes the behavior of Chl-a blooms in three subareas: the
offshore, shelf, and basin areas. Section 5 contains a summary.

2. Data and Methodology
2.1. Study Area

The SCS is the largest semi-enclosed marginal sea of the northwest Pacific Ocean. The
area of the continental shelf and island occupies 48% of the total area [15]. In the NSCS, the
width of the continental shelf, with depths shallower than 200 m extending from the coast,
is about 200 km. The depth contour is generally parallel to the coastline. The Pearl River
contributes the biggest runoff for this shelf. The study area occupies an area with boundary
lines on two sides about 200 km to the typhoon track. According to the geological features
of the shelf and traditional Chl-a distribution, the study area is divided into three subareas:
the offshore, shelf, and basin areas, as shown in Figure 1. The depths of the offshore area
are shallower than 50 m. The shelf area is located on the continental shelf shallower than
100 m. The basin area extends from an isobath of 100 m to the SCS deep basin, with depths
near 3000 m. The average distance from the shelf and basin area to the coastline are 70 km
and 140 km, respectively.

2.2. Typhoon Mangkhut (2018)

Super typhoon Mangkhut (2018) formed in the central Pacific Ocean as a tropical
depression at 11:00 UTC on 7 September 2018. It rapidly strengthened into a typhoon,
and moved westward to the SCS, as shown in Figure 1. The size of typhoon Mangkhut
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(2018) was larger than 1000 km, and it sustained wind speeds above 65 m/s for a maximum
of 2 min. The minimum central pressure was less than 910 hPa. It landed on the south
coast of China with a wind speed higher than 48 m/s by 9:00 UTC on 16 September 2018.
Typhoon Mangkhut (2018), the strongest typhoon that landed on China in 2018, brought
heavy rainfall of 389 mm and a high storm surge water level of 2 m. The storm surge
superposed on the high waves, pushed by a strong wind that caused enormous damage to
the properties along the coast of China.

% Island 2o

105°E 110°E 125°E

Figure 1. MODIS visible band image of typhoon Mangkhut (2018) at 3:10 UTC on 16 September 2018.
Green curve with blue dots (every 3 h) represents the typhoon track. Red lines represent concurrent
satellite altimeter tracks. Pink polygons represent the study area consisting of three subareas: the
offshore, shelf, and basin areas. Black triangles along the coastline represent tidal gauge stations
Zhapo, Hongkong, and Shenzhen. The red triangle represents the landfall point of the typhoon
center in Taishan, Guangdong, China. Black curves show trajectories of the Argo floats, and black
triangles A, B, C, and D represent the float locations on 9, 13, 17, and 21 September 2018, respectively.
Numerals on the isobaths are in m.

The track of typhoon Mangkhut (2018) was obtained from the Tropical Cyclone Data
Center of the China Meteorological Administration (CMA) (http:/ /tcdata.typhoon.org.
cn) [16]. The data of typhoon center locations, minimum pressure, and two-minute mean
maximum sustained wind near the tropical cyclone center were gathered every 6 h and 3 h
after it entered the SCS.

2.3. Satellite Multi-Sensor Data

The Chl-a concentration data from 1 to 30 September 2018 are downloaded from
http://oceandata.sci.gsfc.nasa.gov/. The dataset is a level two product, with a spatial
resolution of 1 km derived from an empirical algorithm and the ocean color index (OCI)
for Terra and Aqua MODIS sensors [17]. The data from the two platforms are merged for
improving the coverage of the Chl-a data [18]. In this study, the average Chl-a concentration
is calculated by the following algorithm [19]:

Cehl-aTerra + CchlfaAqua

Cchl—a = > (1)

where CeppaTerra @d Cenl-aaqua are the Chl-a concentration data derived from the Terra and
Aqua observations, respectively. The monthly mean chlorophyll-a concentration from 2002
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to 2016, with a spatial resolution of 5 km, is also used to calculate the mean state of the
chlorophyll-a in the SCS.

The remote sensing reflectance (Rrs) at 443, 488, 555, and 645 nm with a spatial
resolution of 1 km was obtained from the NASA Ocean Biology Processing Group, which
could be used to calculate the TSS concentration.

The sea surface temperature (SST) data from 1 to 26 September 2018 are downloaded
from https://podaac-opendap.jpl.nasa.gov/. The dataset is a level two product from
Advanced Microwave Scanning Radiometer-2 (AMSR-2) on board the Global Change
Observation Mission-W1 (GCOM-W1). The temporal resolutions of AMSR-2 at a frequency
of 6.9 GHz are once every two days, and the spatial resolution is 25 km [20]. Since the
microwave has a certain penetration performance through cloud cover, the data have
advantages for ocean observation, particularly during typhoon passage.

The sea surface wind data containing measurements of the wind direction and wind
speed at 10 m above the sea surface are obtained from http://oceandata.sci.gsfc.nasa.
gov/. The data are derived from level two processing of scatterometer data with a spatial
resolution of 25 km, measured by the Advanced Scatterometer (ASCAT) instrument on
EUMETSAT Metop-A satellite.

The level two SSS observations of the SCS in September 2018 derived from the soil
moisture active passive (SMAP) mission are downloaded from http://oceandata.sci.gsfc.
nasa.gov/ [21]. The SMAP dataset is a gridded product with a temporal resolution of eight
days and a horizontal resolution of 40 km.

The along-track significant wave height (SWH) is produced and distributed by the
Copernicus Marine Environment Monitoring Service (CMEMS), using altimeter along-
track data of Sentinel 3a and Saral-AltiKa, with repeat ground tracks every 4 d and 35 d,
respectively [22]. The temporal resolution is 1 s, and the spatial resolution is about 7 km in
the study area. The eight-point moving average is applied to the data to filter out ocean
processes with a length scale less than 50 km. Sentinel 3a passed over the study area
twice at 2:29 UTC on 16 September and at 13:59 UTC on 19 September 2018, respectively.
Saral-AltiKa passed over once at 10:39 UTC on 17 September.

The Argo float profile data were obtained by the Argo float (ID 2901481) that was
deployed at 16.67°N, 116.22°E on 28 April 2016. The float is designed to measure the
temperature and salinity profiles from about 5 m to 1200 m every four days. The float
drifted to the northwest of the Philippines on 13 September 2018 before the typhoon arrived.
Another profile was obtained on 17 September, one day after the typhoon passed by.

2.4. TSS Retrivial

Previous studies have developed various algorithms for estimating the water quality,
as shown in Table 1 [23-26]. One can see that the TSS concentration can be calculated
with retrieval algorithms using Rrs (443), Rrs (488), Rrs (555), and Rrs (645) data. These
algorithms are applied to the data of Rrs (645) distribution on 20 September 2018, as shown
in Figure 2.

Table 1. TSS concentration (Ctsg) retrieval models.

Order Algorithm Model
1 Crss = —1.91 + 1140.25 x Rrs645 Miller
2 Crss = 0.6455 + 1455.7 x Rrs645 Miller (adjusted)
3 1gCrss = 0.6311 + 22.2158 x (Rrs555 + Rrs645) — 0.5239 x (Rrs488/Rrs555) Zhang
4 lgCrsg = 2.4618 4 0.9905 x 1g(Rrs555 + Rrs645) — 1.2073 x 1g(Rrs488/ Rrs555) Tassan
5 Crss = 3.2602 x (Rrs443/Rrs555) 9322 Pan

Figure 3 shows the average TSS concentration for the offshore, shelf, and ocean area
using five retrieval models on 20 September 2018. One can see that the average TSS
concentrations in the shelf area derived from five algorithms are similar (green curve). In
the offshore area, the average TSS concentration (red curve) is about 3~7 mg/L from the
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first four models, and 24 mg/L from the fifth algorithm. Thus, the results from the first
four algorithms should have more statistical weight. In the ocean area, the algorithms
could be divided into three categories according to the average TSS concentrations: (1) a
high concentration model, i.e., the first two models, (2) a moderate concentration model,
i.e., the third and fourth models, and (3) a low concentration model, i.e., the last model. Li
et al. [12] found that the suspended sediment concentration in the deep sea basin of the
SCS increases from 0.48 to 1.4 mg/L during a typhoon passage. Moreover, the observed
TSS concentration from our cruise investigation in August 2020 in the north of the SCS is
~0.8 mg/L. Moreover, it is obviously unreasonable that model 1 gives negative values of
TSS concentration for the small values of Rrs (645). Thus, we used model 2 to calculate the

TSS concentration in the study case [24].

24°N 0.02
0.016
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Figure 2. Rrs (645) (st 1) derived from MODIS images on 20 September 2018. Pink polygons
represent the study area consisting of three subareas: the offshore, shelf, and basin areas.
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Figure 3. Average TSS concentration using five retrieval models for offshore, shelf, and ocean areas
on 20 September 2018.
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2.5. Tidal Gauge Data

The de-tided sea level data measured at tidal gauge stations Shenzhen, Hong Kong,
and Zhapo from 1 to 25 September 2018 were used to calculate the sea level anomaly (SLA)
with respect to a 25-day mean sea level. The temporal resolution is 1 h.

2.6. Ekman Pumping

The concurrently strong winds produce an Ekman transport in the ocean surface layer,
which leads to an Ekman pumping. The velocity of upwelling is calculated by the following
equations [27]:

1
=—(Vx
We of (V x1), 2
where We is the velocity of Ekman pumping and p, f, and 7 are the seawater density,
Coriolis parameter, and wind stress, respectively.
The wind stress curl is:

1 oty 9

VXT—Rcosq)(aA(,)q)(TxCOS(P)), (3)
where R is the earth radius, ¢ and A are the geographic latitude and longitude, respectively,
and Ty and Ty are the zonal and meridional wind stress, respectively. In order to calculate
the wind stress curl, a finite difference scheme is applied [3]:

Vi 1 ((Ty)i+1,/’ - (Ty>z;1,j B (Tvcos @); ;41 — (Txcos (P)i,jl>, @

7~ Reos Pij 2AM 2A¢

The wind stress curl is [28]:
T = p,CpU|U|, &)

where p;, Cp, and U are the air density, drag coefficient, and 10 m wind, respectively.

3. Spatial Distribution Analysis

The TSS and Chl-a time series images during the typhoon Mangkhut (2018) passage
are shown in Figure 4. From Figure 4a, one can see that on 15 September 2018, one day
before typhoon landfall, the high TSS values in the offshore area were concentrated in the
Pearl River Estuary. The mean value was about 3.5 mg/L with the maximum of 15.0 mg/L.
This means that the rushing river water is the primary source of suspended sediment. The
TSS concentration in the shelf area was 0.9 mg/L, much lower than that in the estuary. The
TSS data in the basin area were missing due to the heavy clouds.

Figure 4b shows the distribution of TSS on 18 September 2018, two days after typhoon
landfall. A high-concentration TSS plume was distributed from the Pearl River Estuary
to the offshore water with depths of about 70 m. The maximum TSS concentration of
about 40.0 mg/L was distributed near the Hong Kong coast, located inside the Pearl River
Estuary. The mean TSS concentration in the offshore area was higher than 13.9 mg/L,
against 3.5 mg/L on 15 September before typhoon landfall. Meanwhile, the distribution
extent of high TSS concentration was remarkably expanded to the southwest of the Pearl
River Estuary. In the shelf area, the mean TSS concentration increased by three times,
reaching 2.5 mg/L. Furthermore, one can see a high TSS plume with a concentration
higher than 15 mg/L, five times higher than that before typhoon landfall. In the basin area,
however, the mean TSS concentration increased only a little.

The TSS was deposited slowly after typhoon landfall, as shown in Figure 4c,d. In
the offshore area, the mean TSS concentration decreased slowly from 6.7 mg/L on 20
September (Figure 4c) to 6.3 mg/L on 21 September (Figure 4d). In the shelf and basin
areas, it remained at 0.8 and 0.9 mg/L on 20 and 21 September, respectively.

Figure 4e shows the distribution image of Chl-a on 15 September. One can see that,
in the offshore area, the Chl-a concentration of about 15 mg/m? was distributed in the
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estuary and along the coast. In the shelf area, it decreased to about 0.5 mg/m?3. In the basin
area, it further decreased to less than 0.3 mg/ mS.

24°N

21°N

18°N

111°E 114°E

24°N

219N

111°E 114°E

1M11°E 114°E
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Figure 4. Time series images of (a—d) TSS concentration and (e~h) Chl-a concentration in the NSCS

on 15, 18, 20, and 21 September 2018. Three polygons from the coast to the deep basin are defined

as the offshore, shelf, and basin areas, respectively. Color codes for TSS concentration and Chl-a

concentration (logarithmic scale) are in mg/L and mg/m?, respectively. Numerals on isobaths are

in m.

Figure 4f shows the Chl-a concentration distribution on 18 September. One can see
that, in the offshore area, the mean Chl-a concentration was 3 mg/m?, against 15 mg/m?
on 15 September. On the other hand, in the shelf area, the Chl-a concentration was double
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that on September 15. Meanwhile, in the basin area, the Chl-a also bloomed, with a peaked
concentration of 1.4 mg/m3.

From Figure 4g h, one can see that, in the offshore area, the Chl-a bloom delayed to 20
and 21 September. The maximum Chl-a concentration reached as high as 40 mg/m? on
21 September, against 15 mg/m3 before typhoon landfall.

The time series of TSS concentrations are shown as red curves in Figure 5. From
Figure 5a, one can see that, in the offshore area, the mean TSS concentration (red curve)
remained lower than 6 mg/L before 15 September and peaked up to 13.9 mg/L on 18
September, then reduced quickly to 2.9 mg/L on 23 September. In the shelf area, it
remained lower than 1 mg/L before 15 September, peaked up to 2.5 mg/L on 18 September,
and decreased to 1.0 mg/L on 22 September, as shown in Figure 5b. The high standard
deviations (SDVs) of TSS values in the offshore and shelf areas were greater than 10
and 1 mg/L from 18 to 22 September, indicating that the TSS concentration fluctuated
considerably. In the basin area, the mean TSS concentration only had a little fluctuation,
especially during the typhoon passage, as shown in Figure 5c.

The time series of mean Chl-a concentrations are shown as blue curves in Figure 5.
From Figure 5a, one can see that, in the offshore area, the mean Chl-a concentration was
lower than 5 mg/m? before 15 September. It sharply increased from 3.2 mg/m3 on 18
September to 7.3 mg/m? on 21 September, then sharply decreased to 2.5 mg/m> within
two days. Figure 5b shows that, in the shelf area, the mean Chl-a concentration increased
from 0.2 mg/m? before typhoon landfall to 0.6 mg/m? after typhoon landfall. Figure 5c
shows that, in the basin area, the mean Chl-a concentration increased from 0.1 mg/ m?3 to
0.2 mg/m? during typhoon passage.

20 T T T 30
= |7+ : e
E 10 + E
@ } , T + :_:P
AR A ©
O 1 * 1 1
5 10 15
B s AR T
b - =
= E
E o7 i £
% 3
= =
o
0 1 1
5 10

Chl-a (mg/m°)

15 20 25 3(9

Time (day in Sep.)
Figure 5. Time series of TSS and Chl-a concentrations for (a) the offshore, (b) shelf, and (c) basin
areas in September 2018. Red and blue curves with dots and plus signs represent the mean and the
SDV of TSS and Chl-a concentrations, respectively. Black vertical lines represent passing times of
typhoon Mangkhut (2018).
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The above time series analysis indicates that the Chl-a blooms in the offshore and
shelf areas lagged by four to five days behind the TSS peak. As shown in Figure 5a,b, the
TSS concentration peaked on 18 September, two days after typhoon landfall. On the other
hand, the Chl-a concentration in the offshore area peaked on 20 September, and, in the
shelf area, peaked on 21 September, i.e., the Chl-a blooms had delayed for four and five
days, respectively.

4. Chl-a Bloom Timing Analysis

As shown in Figure 5, the Chl-a blooms in three subareas were not concurrently
occurring. In this section, the mechanisms to cause Chl-a bloom timing are analyzed using
multi-sensor data.

4.1. Offshore Area

Figure 6a—d shows the time series images of the SSS distribution in the NSCS from 10
to 21 September 2018. From Figure 6a, one can see that on 10 September, before typhoon
arrival, a low salinity water plume with an SSS lower than 30 and a length of about
150 km was distributed in the west of the Pearl River Mouth. Figure 6b shows that on
17 September, after typhoon landfall, the low SSS water plume disappeared, and instead,
the major study area was occupied by high SSS water, with a salinity of 34-35. On 18
September, the SSS recovered to the level of that before typhoon landfall, as shown in
Figure 6¢c. Figure 6d shows that on 21 September, five days after typhoon landfall, the
low SSS water plume reappeared in the offshore area. It expanded to about 300 km and
spread southwestward along the coast, which resulted in heavy rainfall of 389 mm, with
the maximum hourly rainfall intensity reaching 74 mm along the coast of Guangdong
during the typhoon Mangkhut (2018) passage [29]. The river discharges of fresh water and
terrigenous nutrients should be favorable to phytoplankton blooms [30]. In addition, the
typhoon-induced local vertical mixing and upwelling could provide extra vertical nutrient
transport to further enhance the ocean primary productivity [31].

24°N 24°N

21°N| 7 21°N L 30

18°N 18°N |l

111°E 114°E 117°E 120°E

24°N 24°N

21°N 1

111°E 114°E 117°E 120°E 111°E 114°E 117°E 120°E

30 31 32 33 34 35 36

Figure 6. Sea surface salinity (SSS) distribution images in the NSCS on (a) 10, (b) 17, (c) 18, and (d) 21
September 2018. Color codes are in practical salinity units (PSU). Numerals on isobaths are in m.



Remote Sens. 2021, 13, 687

10 of 17

Figure 6¢ shows a low salinity water plume, with the SSS lower than 30 and a length
of about 150 km, distributed in the west of the Pearl River Mouth on 18 September. On the
other hand, Figure 4b shows high concentration TSS water of a mean concentration higher
than 15 mg/L distributed in the same area. A combination of above two observations
reveals that the low salinity and high TSS water plume was originating from the Pearl
River runoff, which contains rich terrigenous nutrients. However, the Chl-a bloom did
not happen concurrently with high concentration nutrient inputs, instead, it was delayed,
reaching a maximum of 40.0 mg/m3 on 21 September, about five days after typhoon
landfall. Pan et al. [32] also found a similar Chl-a bloom delay phenomenon by numerical
modeling.

To explain the mechanisms for the Chl-a bloom delay phenomenon, we propose the
following scenario. In the view of ocean primary productivity, as chlorophyll carriers,
phytoplankton blooms rely on two key conditions: nutrient concentration increase and
underwater sunlight radiance intensification. During typhoon landfall, heavy rainfall
causes the rivers to discharge a sharply increased quantity of sediments into the offshore
water. The effects of terrigenous sediments on the marine ecologic environment are two-
fold: (1) raising the nutrient supply level, and (2) increasing the turbidity of seawater. Point
one is favorable for phytoplankton blooms, while point two restrains the phytoplankton
bloom by the attenuation of sunlight radiance in seawater. In addition, heavy cloudiness
and heavy rain attenuate the sunlight incident on the sea surface. Thus, the phytoplankton
bloom must delay for a couple of days until the TSS redeposits to a favorable level.

Figure 7 shows a curve of the Chl-a concentration vs. TSS concentration in the offshore
subarea from 18 to 23 September 2018, after typhoon landfall on the coast near the Pearl
River Estuary on 16 September. One can see that the TSS concentrations favorable for Chl-a
bloom range from 6 to 7 mg/L in the study case.

22 4 6 8 10 12 14

CTSS (mg/l)

Figure 7. Chl-a concentration vs. TSS concentration in the offshore area from 18 to 23 September 2018,
after typhoon Mangkhut (2018) landfall on the coast near the Pearl River Estuary on 16 September.

Figure 8 shows the time series of SLA derived from tidal gauge data measured at
coastal stations in September 2018. At station Shenzhen, the SLA reached 2.5 m at 4:00 UTC,
5 h before typhoon landfall on 16 September (no data after that). At station Hong Kong,
the SLA showed a maximum surge of 1.91 m at 7:00 UTC, 2 h before typhoon landfall on
16 September. Station Zhapo, which is located in the south of the typhoon track, showed a
surge of 1.17 m at 9:00 UTC, just the time for typhoon landfall. The time lags of the SLA at
the three stations imply that there was a typhoon-forced solitary continental shelf wave
propagating southwestward along the coastline [33]. The waves carrying low salinity and
high TSS concentration water discharged from the Pearl River spread southwestward along
the coast.
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Figure 8. SLA time series at tidal gauge stations Shenzhen (red curve), Hong Kong (blue curve), and Zhapo (black curve) in

September 2018.

4.2. Shelf Area

Figure 9 shows time series images of SST and sea surface wind, as well as latitudinal
distributions of the along-track SWH in the NSCS after typhoon Mangkhut (2018) passage
on 16, 17, and 18 September 2018. One can see a remarkable SST cooling event (about 3 to
5 °C) along the typhoon track. In the shelf area, the wind speed was over 30 m/s during
typhoon passage, and decreased to lower than 10 m/s after typhoon landfall. However,
the highly variable wind directions were not favorable for the seaward Ekman transport.
Meanwhile, the sea state was coming down from the SWH, from greater than 11 m to about
2m.

Figure 10d—f shows the Ekman pumping velocity on 15, 16, and 18 September
2018, respectively. One can see that the upwelling on 15 September was weak (about
0.3 x 107% m/s) on the continental shelf of the NSCS. On 16 September, when typhoon
Mangkhut (2018) reached the shelf area, the upwelling was apparently stronger. The ve-
locity of the upwelling was as high as 8 x 107® m/s, which increased about twenty times,
similar to the results from mooring observation analysis for typhoon Washi (2005) [34].
Three days after typhoon passage, the Ekman pumping velocity returned to the same
level as 15 September in the shelf area. We can also see that the velocity was negative (i.e.,
downwelling) in the left side of the typhoon track, which should be the reason that SST
dropped in the right side of the typhoon track, and was much larger than that in the left
side [35].

Figure 5b shows that the concentration of Chl-a increased three times from 0.2 mg/m3
on 15 September, before typhoon landfall, to 0.6 mg/m? on 18 September, only two days
after typhoon landfall, and sustained a level higher than 1.0 mg/m?3 for four days. Thus,
it is reasonable to attribute this immediate Chl-a bloom to the direct response of the shelf
area to typhoon passage. The vertical mixing enhanced by the sea surface waves, with
the SWH as high as 11 m and upwelling induced by typhoon pumping, brought the
phytoplankton in the subsurface layer up to the surface layer within a short time, and
maintained the Chl-a bloom for four days [36]. The direct injection of TSS transported by
the strong winds, together with sea spray aerosols into the atmosphere through breaking
waves during whitecap formation, should be accounted for such a significant resuspension
of sea floor sediment [10,11]. Concurrently, the TSS concentration increased by 3.3 times,
from 0.8 mg/L to 2.5 mg/L, as shown in Figure 5b, and high SSS water with a salinity of
34-35 occupied the major study area, as shown in Figure 6b, providing additional evidence
for the above interpretation.
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Figure 9. (a—c) Time series images of SST (color codes) and sea surface wind (arrows) in the NSCS on 16, 17, and 18
September 2018. Red lines represent satellite altimeter tracks in (a) Sentinel 3a, passed over at 2:29 UTC on 16 September,
(b) Saral-AltiKa, passed over at 10:39 UTC on 17 September, and (c) Sentinel 3a, passed over at 13:59 UTC on 19 September.
Color codes of SST are in degrees Celsius. Numerals on isobaths are in m. (d-f) Latitudinal distributions of the along-track
SWH.
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Figure 10. (a—c) Sea surface wind (arrows) in the NSCS on 15, 16, and 18 September 2018. (d—f) Ekman pumping velocity
on 15, 16, and 18 September 2018. The unit of velocity is m/s. The green curve with blue dots (every 3 h) represents the
typhoon track. Numerals on isobaths are in m.

4.3. Basin Area

In the basin area, the Chl-a concentration was 0.1 mg/m? on 15 September, before
typhoon Mangkhut (2018) passage, and increased to 0.2 mg/m? after typhoon passage,
against the 0.1 mg/m?3 monthly mean Chl-a concentration in September from 2002 to
2016. Therefore, the passage of typhoon Mangkhut (2018) induced an increase in the Chl-a
concentration in the basin area that was twice the monthly mean value.

Figure 11 shows the temperature and salinity profiles measured by the Argo float in
the west of Luzon Strait on 9, 13, 17, and 21 September 2018. The four vertical distribution
profiles of the water temperature and salinity were measured within 21 km. One can see
that the temperature (salinity) at a pressure less than 40 dbar (~depth < 40 m) was almost
homogeneous at 28.8 °C (33.1) on 9 and 13 September. At the deeper layer, the temperature
decreased with the depth. After the typhoon passed 20 km away from point A at 12:00 UTC
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on 15 September, the temperature dropped from 28.8 °C to 26.9 °C on 17 September, and
the salinity increased from 33.1 to 33.8. On 21 September, the temperature increased to
27.4 °C. During the period of typhoon passage, the depth of the mixed layer was deepened
from the original 40 m to 80 m.
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Figure 11. (a)Temperature and (b) salinity profiles measured by the Argo float in the basin area on 9,
13, 17, and 21 September 2018.

Zhao et al. [37] showed that the Chl-a concentration west of the Luzon Strait was
low in all seasons, except winter. Chen et al. [3] attributed the enhancement of the Chl-a
concentration to the strong vertical mixing and upwelling during a typhoon process in this
area. From Figure 11, one can see that, in this case, the mixed layer depth was deepened by
40 m. It is reasonable to attribute the phytoplankton bloom to the nutrient supply brought
up by the vertical mixing and upwelling [36]. On the other hand, the observation results
showed that the maximum Chl-a concentration existed in the subsurface water at depths
of 50-70 m [38—40]. It is strong vertical mixing that transports the phytoplankton in the
subsurface layer up to the surface layer, and causes the Chl-a concentration to increase.

Like the case observed in the shelf area, the Chl-a concentration in the basin area
increased immediately after typhoon Mangkhut (2018) passed, then decreased gradually,
implying that the nutrient supply by typhoon-induced vertical mixing and upwelling was
gradually consumed. Thus, the observed Chl-a bloom in the basin area was a transient
event in response to the passage of typhoon Mangkhut (2018).

5. Conclusions

This study investigates the behavior of spatiotemporal distributions of ocean color
elements, including the TSS and the Chl-a, in response to tropical cyclones. The case of
typhoon Mangkhut (2018) passing over the NSCS on 16 September 2018 is examined using
satellite multi-sensor observations, Argo float profiles, and tidal gauge sea level data. The
major findings and results are summarized as follows.

Typhoon Mangkhut (2018) resulted in transient events of TSS concentration peaks and
Chl-a blooms, with the spatial distribution and timing behavior different in the offshore,
shelf, and basin areas. In the offshore area from the coast to isobath 50 m, the mean TSS



Remote Sens. 2021, 13, 687

150f 17

References

concentration reached 13.9 mg/L on 18 September 2018, two days after typhoon landfall,
against about 3.5 mg/L before typhoon landfall. In the shelf area with depths from 50 m to
100 m, the mean TSS concentration reached 2.5 mg/L, against about 1 mg/L before typhoon
landfall. In the basin area, the mean TSS concentration had only a little fluctuation. On the
other hand, in the offshore area, the mean Chl-a concentration reached 7.3 mg/ m?3 on 21
September, five days after typhoon landfall, against the 2.4 mg/m? monthly mean value.
In the shelf area, the mean Chl-a concentration increased from 0.2 mg/m? to 0.6 mg/m? in
two days, implying a direct response to vertical mixing and upwelling enhanced by the
typhoon. In the basin area, the Chl-a concentration increased from 0.1 mg/m3 to 0.2 mg/m?
during typhoon passage.

Concurrent dynamic conditions, including SST, SSS, SLA, SWH, wind fields, wa-
ter depth, Argo float temperature, and salinity profiles are analyzed for exploration of
spatiotemporal distribution features of the TSS and the Chl-a, as well as the timing lags
between their peaks and blooms. The results indicate that, in the offshore area, typhoon-
induced solitary continental waves may play a dominant role in determining the spatial
distribution features of the TSS originating from the heavy loaded Pearl River runoff. The
Chl-a bloom was delayed rather than concurrent occurring with the terrigenous nutrient
peak, attributed to the nonlinear relation between the Chl-a concentration and the TSS
concentration. In the shelf and basin areas, typhoon-induced vertical mixing and upwelling
may play dominant roles in determining the spatiotemporal behavior of the TSS and the
Chl-a. Furthermore, the direct injection of the particulate matter from land transported by
strong wind should be a possible mechanism for the TSS increase in the shelf area.
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