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Abstract: A typhoon is a severe weather process in tropical oceans. Typhoon transit is often accompa-
nied by strong convective weather, such as gales and rainstorms, which threatens fishery, property,
and human safety. In this study, the effects of typhoon Chanthu on chlorophyll a (Chl a), temperature,
and ocean surface salinity are analyzed using remote sensing data. The results illustrate that before
the transit of Chanthu (6-12 September), the mean concentration of Chl a and sea surface salinity (SSS)
are low (0.74 mg/m?3, 30.59 psu, respectively), while the mean sea surface temperature (SST) is high
(29.01 °C). After the typhoon transits (13-30 September), the mean Chl a concentration and salinity
increase (1.29 mg/ m?3, 30.87 psu respectively), while the mean SST decrease (27.43 °C). The Ekman
pumping transports nutrients from the deep ocean to the surface layer, promotes the photosynthesis
of surface phytoplankton, and increases the concentration of sea surface Chl a. Typhoon Chanthu
causes the mixing and entrainment of the upper ocean, which causes the deep cold water of the ocean
to rise into the mixed layer and cause the SST to decrease. Severe vertical mixing transports deep
high-salt water to the surface, causing SSS to rise. The results of this study have important scientific
significance and application value for developing coastal economy, aquaculture, and fishery.

Keywords: Chanthu; chlorophyll a; temperature; salinity

1. Introduction

Chl a is an important indicator of phytoplankton and marine photosynthetic au-
totrophic biomass and plays an important role in the atmospheric carbon cycle, material
cycle and energy conversion, environmental monitoring, ocean current, fishery manage-
ment, and other related processes [1,2]. Seawater temperature is one of the most basic
variables in ocean and climate research. Together with salinity, it affects the density of
seawater and further affects the formation of ocean circulation and water mass [3,4]. Sea-
water temperature and salinity play an important role in the study of ocean heat and salt
transport, global ocean precipitation estimation, ocean mixing process, air-sea interaction,
and climate prediction and are widely used in marine scientific research [5,6].

Typhoons or tropical cyclones are affected by a strong air-sea interaction [7]. The low
pressure in the center of the typhoon and the huge wind stress in the periphery cause strong
mixing between the upper and lower water bodies in the ocean, which has an important
influence on the changes of Chl a, temperature, and salinity in the ocean [8,9]. The typhoon
process can cause changes in SST, change the state of seawater stratification, promote
phytoplankton growth, and increase marine primary productivity [10]. For example, the
study of Typhoon Katrina made landfall in the Gulf of Mexico in 2005, the long stay of the
typhoon in the Gulf of Mexico caused the sea surface temperature drop of 4 °C in the region,
which increased the Chl a concentration from about 0.3 mg/ m? to about 1.5 mg/ m3 [11].
In the study of moderate-sized tropical storm Kai-Tak, which passed through the Taiwan

Atmosphere 2023, 14, 1505. https:/ /doi.org/10.3390/atmos14101505

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos14101505
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-0784-8453
https://orcid.org/0000-0002-1210-0493
https://doi.org/10.3390/atmos14101505
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos14101505?type=check_update&version=3

Atmosphere 2023, 14, 1505

20f19

Strait of China in 2003, the surface Chl a concentration increased by nearly 30% during the
3 days stay of the storm [12,13]. Similar conclusions are obtained in the South China Sea
that a typhoon’s forcing on the oceans should be sufficiently long for a strong response
from the upper oceans [14]. The effect of Typhoon Parrot on the Chl a concentration in
the sea near the Pearl River Estuary and found that the increase of Chl a concentration
in the nearshore was much higher than that in the offshore area [15]. Therefore, it is of
great scientific significance to study the changes of Chl a, temperature, and salinity in
seawater during typhoons for systematically understanding the marine environment under
the influence of typhoons.

Although traditional ocean element observation methods (such as buoys, platforms,
and ships) can obtain relatively accurate data, they require a lot of manpower, material
resources, and time, and the measurement data has low spatiotemporal coverage and
uneven distribution, making it impossible to systematically describe marine physical
phenomena [16]. The theoretical method and numerical simulation can conveniently
study the change law of water temperature and salt, but the simulation results have
different degrees of deviation due to the limitation of model boundary conditions and
other factors [17]. Remote sensing technology is superior to other marine environmental
monitoring methods. It realizes dynamic and continuous observation of global or medium-
large scale marine environments [18-20]. Remote sensing has advantages in time-saving
and labor-saving, is not limited by climatic and hydrological conditions, and overcomes
the problem of lack of observation data during typhoons.

In this paper, the remote sensing reanalysis data are used to analyze the variations in
the process of the marine environment in the vicinity of Typhoon Chanthu transit period
(6-30 September 2021), focusing on the response mechanism of marine Chl a concentration,
temperature, and salinity to the typhoon. The results are of great significance for studying
the heat, energy, and material exchange between the surface and deep layers of the ocean
and provide a theoretical basis for further understanding the mechanism of ecosystems
and red tide in this sea area.

Super Typhoon Chanthu (International Code: 2114) was the 14th named storm of the
2021 Pacific typhoon season (path given in Figure 1) [21]. At 8:00 on 7 September 2021,
Chanthu formed over the Northwest Pacific Ocean. At 17:00, it intensified into a strong
tropical storm. At 5:00 on 8 September, it intensified into a super typhoon. Its center was
about 1430 km (16.1° N, 133.0° E) off southeast of Ngoluanpi, Taiwan Province, China. The
maximum wind speed near the center was level 17 (wind speed 58 m/s), and the minimum
pressure was 925 hPa [22]. At 5:00 on 10 September, the typhoon center was located in
the northwest Pacific Ocean about 910 km east of Yilan County, Taiwan Province, China.
The maximum wind speed near the center was level 16 (wind speed 55 m/s), and the
minimum pressure was 930 hPa. At 5:00 on 11 September, the typhoon weakened, and
the maximum wind force near the center was above 17 (wind speed 62 m/s). At 11:30, it
weakened to a moderate typhoon. At 17:00, the maximum wind force near the center was
level 16 (wind speed 55 m/s) [23]. At 5:00 on 12 September, the maximum wind speed
near the typhoon center was level 16 (wind speed 52 m/s). At 15:00, the center was located
about 581 km south-southeast of Hangzhou on the southern surface of the East China Sea.
On 14 September, it weakened to typhoon level, located on the sea surface about 225 km
east of Shanghai. The maximum wind speed near its center was level 12 (wind speed
35m/s), and the minimum pressure was 970 hPa. On 17 September at about 19:00 local
time in Japan, Chanthu landed near Fujin City, Fukuoka Prefecture, Japan. At 8:00 on
18 September, Chanthu weakened to a tropical pressure in Mieno Prefecture, Japan, and
was about to change into an extratropical cyclone [24].
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Figure 1. Path of typhoon Chanthu. The left image illustrates the typhoon track (7-18 September),
and the right image illustrates the study area (119-127° E, 27-33° N).
depression, @ represents the tropical storm, ® represents the strong tropical storm, @ represents
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the typhoon, ® represents the strong typhoon, ® represents the super typhoon, and the circular size
represents the typhoon intensity.

2. Materials and Methods
2.1. Wind

Typhoon data from Japan’s National Institute of Information with a time resolution
of 6 h (http://agora.ex.nii.ac.jp/digital-typhoon, accessed on 14 June 2022), including the
location of the typhoon center, maximum sustained wind speed at 10 m above the sea
surface, the typhoon state, and satellite images.

The wind speed and wind direction data were calculated by the Royal Netherlands
Meteorological Institute (KNMI) based on the scatterometer L3 NRT wind observation
data (Metop-B and Metop-C ASCAT scatterometer observations) and Numerical Weather
Prediction (NWP). The wind speed and direction were measured at 10 m above the sea
surface, with a spatial resolution of 0.125° x 0.125° and a time resolution of 1 h. These data
were obtained from the Copernicus Marine Environment Monitoring Service (CMEMS)
with the product ID: WIND_GLO_PHY_L4 NRT_012_004.

2.2. Temperature and Salinity

Temperature and salinity data were provided by the operable Mercator Global Anal-
ysis and Prediction System, with a spatial resolution of 1/12° x 1/12°, a time resolu-
tion of one day, vertical coverage of 50 levels, from —5500 to 0 m from the ocean sur-
face. This study used temperature and salinity data from —85 m to 0 m. Its product ID:
GLOBAL_ANALYSIS_FORECAST_PHY_001_024.

2.3. Chl a Concentration

The concentration of Chl a on the sea surface was obtained by Toulouse (France)
based on the PICSES biogeochemical model after automatic and manual quality control.
The spatial resolution was 0.25° x 0.25°, and the temporal resolution was one day. Chl
a concentration was obtained from CMEMS with the product ID: GLOBAL_ANALYSIS_
FORECAST_BIO_001_028.

PISCES is a biogeochemical model that simulates marine productivity and describes
the biogeochemical cycle of carbon and major nutrients (P, N, Si, Fe). This model can
be considered one of many Monod models [25], and the quota model is another marine
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biogeochemical model. Therefore, it is assumed that the red zone ratio is constant, and the
growth of phytoplankton depends on the concentration of external nutrients. This choice is
determined by the computational cost because describing the internal pools of different
elements (necessary for quota modeling) requires more predictors. It is estimated that in
the 1920s, PISCES was considered to apply to a wide range of spatial and temporal scales,
including simulations that typically lasted for thousands of years on a global scale.

In equation 1, chlorophyll biomass /<" (where / denotes P or D, typical units are
pg Chl L1 or mg Chl m~?) for both phytoplankton groups is parameterized using the
photoadaptative model of Geider et al. [26].

min

—sh x W///Chl _ eChl,/gZ(/)Z _ eChl’/gM(/)M

Chl Chl
o = (1-87) (120508 + (05 — 65 ) o/ ™ )/ / — m gLy /M) 0

eChL /

/ is the phytoplankton group and is the chlorophyll-to-carbon ratio of the

considered phytoplankton class. p/ < represents the ratio of energy assimilated to energy
absorbed as defined by Geider et al. [27].

o/ 1447/

/ /Chl PAR/
& / Lday

WEek )
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./ —o/ 0"/ PAR /
T
e Laaybpr/ m
In Equations (2) and (3), 144 is the square of the molar mass of C and is used to convert
from mol to mg as the standard unit for Chl is generally in mg Chl m~3. It should be noted
that for chlorophyll synthesis, the second parameterization of phytoplankton growth is

used to compute /. This is necessary because of the expression for p/ -
Most of the above data are from the CMEMS (http://marine.coprnicus.eu, accessed
on 20 June 2023).

2.4. Ekman Pumping Velocity (EPV)

Ekman pumping is when the air at the top of the Ekman layer rises (sinks) due to the
convergence (divergence) of the atmosphere due to friction in the Ekman layer. The Ekman
pumping effect enhances the exchange of momentum, heat, and water vapor between
the free atmosphere and the boundary layer [27]. The Ekman pumping velocity (EPV) is
calculated from the wind stress and the Coriolis parameter [28]. The formula is as follows:

Wek = (curlt)(Pf) 4

In Equation (4), Wk is the EPV (m/s), T is the surface wind stress (N), p is the seawater
density (1025 kg/m?), f is the Coriolis parameter (=2Qsin0, Q2 and 0 are the angular velocity
and latitude of the earth, respectively). The surface wind stress T represents the air-sea
momentum flux component, and its calculation requires air density, drag coefficient, and
wind speed to represent the air-sea dynamic exchange at a specific location. Since 1916,
wind stress has traditionally been calculated based on the product of air density, drag
coefficient, and wind speed [29]. The calculation method of wind stress is as follows:

T = [T, Ty] = paCpV[u, V] (5)

In Formula (5), T is the sea surface wind stress (N), Tx and Ty are the components of
the surface wind stress in the east-west and north-south directions, respectively. p, is the
sea surface air density, and Cp is the drag coefficient. V [u,v] is the wind speed (m/s) at
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(a) pre-typhon(6-12 Sep)

10 m above the sea surface, and u and v are the components of the sea surface wind speed
in the east-west and north-south directions, respectively.

3. Results
3.1. Variations in the Sea Surface Wind Field

Based on the wind speed and wind direction per hour at 10 m above the sea sur-
face, the vector average of the wind field in the area before and after the typhoon is
carried out, as shown in Figure 2. Figure 2a—f represents the wind field of the week before
(6-12 September), during (13-16 September), and the week after (17-23 September), respec-
tively. A week before the typhoon passed (Figure 2a), the wind speed was low (the mean
value is 2.20 m/s), and the wind blew onshore. The south of the study area is southeast
wind, the north is east wind, and the wind speed in the south is higher than in the north.
During the typhoon transit period (Figure 2b—e), the wind speed increased (the mean values
are 12.8 m/s, 10.9 m/s, 10.6 m/s, and 9.6 m/s, respectively), the cyclone appeared and
moved from south to north along the typhoon path. The wind speed in the center of the
typhoon was lower than that in the periphery of the typhoon, and the wind speed on the
right side of the typhoon was higher. One week after the typhoon passed (Figure 2f), the
wind speed decreased (the mean value is 1.44 m/s), the cyclone disappeared, the wind
direction was irregular, and the wind speed in the west was lower than that in the east.
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Figure 2. Spatial distribution of wind field (wind speed (m/s), wind direction) during typhoon
transit. (a—f) represent the spatial distribution of the sea surface wind field in the week before the
typhoon (612 September), during the period (13-16 September), and the week after the typhoon
(17-23 September). The direction of the black arrow indicates the wind direction, and the color from
blue to red indicates that the wind speed gradually increases. The black dotted line indicates the
typhoon path, and the black dot indicates the typhoon center.

3.2. Distribution of SST

Based on the daily SST, the spatial distribution of SST before and after the typhoon is
plotted and shown in Figure 3. Figure 3a—d represents the spatial distribution of SST in the
week before (6-12 September), during (13-16 September), the week after (17-23 September),
and the two weeks after (24-30 September). A week before the typhoon passed (Figure 3a),
the SST was high, with an average SST of 29.01 °C. The SST in the northern part of the
study area was lower than that in the south, and the SST near the coast was high, and
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offshore was low. During the typhoon transit period (Figure 3b), the SST in the study area
decreased, with an average SST of 27.62 °C. The SST decreased from north to south, and
there was a cold tongue on the left side of the typhoon path extending from north to south.
One week after the typhoon passed (Figure 3c), the SST decreased, the average SST was
27.43 °C, and the cooling area appeared on the right side of the typhoon track. Two weeks
after the typhoon passed (Figure 3d), the SST rose, with an average SST of 27.56 °C, lower
than the SST before the typhoon passed. The spatial distribution of the SST before the
typhoon passes is restored, and the north-south cold tongue disappears.
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Figure 3. Spatial distribution of SST (°C) during typhoon transit. (a—d) represent the spatial dis-
tribution of SST in the week before (6-12 September), during (13-16 September), the week after
(17-23 September) and the two weeks after (24-30 September). The black dotted line indicates the
typhoon path, and the black dot indicates the typhoon center.

3.3. Distribution of SSS

Based on the daily SSS, the spatial distribution of the SSS before and after the typhoon
is plotted and shown in Figure 4. Figure 4a—d represents the spatial distribution of SSS in the
week before (6-12 September), during (13-16 September), the week after (17-23 September),
and the two weeks after (24-30 September), respectively. One week before the typhoon
passed (Figure 4a), the SSS was low, with an average of 30.59 psu, and the SSS gradually
increased from the nearshore to the ocean. During the typhoon transit (Figure 4b), the SSS
increased, with an average value of 30.87 psu. The spatial distribution of SSS is consistent
with that in the early stage, but the value increased. One week after the typhoon passed
(Figure 4c), the SSS decreased, averaging 30.39 psu. The spatial distribution of SSS remained
unchanged, but the value decreased. Two weeks after the typhoon passed (Figure 4d), the
SSS decreased, with an average SSS of 30.34 psu.
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Figure 4. Spatial distribution of SSS (psu) during typhoon transit. (a—d) represent the spatial
distribution of SSS in the week before (6-12 September), during (13-16 September), the week after
(1723 September) and the two weeks after (24-30 September). The black dotted line indicates the
typhoon path, and the black dot indicates the typhoon center.

3.4. Distribution of Sea Surface Chl a

Based on the daily sea surface Chl a concentration, the spatial distribution of Chl a
concentration during typhoon transit is plotted and shown in Figure 5. Figure 5a—d repre-
sents the spatial distribution of Chl a concentration in the week before (6-12 September),
during (13-16 September), the week after (September 17-23), and the two weeks after
(24-30 September), respectively. One week before the typhoon (Figure 5a), the concentra-
tion of Chl a was low, with an average of 0.74 mg/m?>. The concentration of Chl a decreased
from the coast to the ocean, and the concentration of Chl a in the Yangtze Estuary and
Hangzhou Bay was the highest. During the typhoon transit period (Figure 5b), the con-
centration of Chl a increased, with an average value of 1.29 mg/ m?3, and the concentration
of Chl a around the typhoon track and in the coastal waters increased significantly. One
week after the typhoon passed (Figure 5c), the concentration of Chl a decreased with an
average value of 1.12 mg/m3. The distribution of Chl a concentration was consistent with
the previous period, but the value decreased. Two weeks after the typhoon (Figure 5d), the
concentration of Chl a decreased, the average concentration of Chl a was 0.80 mg/m?, and
the concentration of Chl a gradually returned to the level before the typhoon.
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Figure 5. Spatial distribution of sea surface Chl a concentration during typhoon transit.
(a—d) represent the spatial distribution of Chl a concentration in the week before (6-12 Septem-
ber), during (13-16 September), the week after (17-23 September), and the two weeks after
(24-30 September). The black dotted line indicates the typhoon path, and the black dot indicates the
typhoon center.

4. Discussion
4.1. Effect of Typhoon on EPV

To explore the influence of the typhoon on EPV, based on the hourly wind speed at
10 m above the sea surface, according to Formulas (1) and (2), the spatial distribution of
EPV before and after the typhoon was obtained by calculating vector average (Figure 6).
Figure 6a—f represents the spatial distribution of the EPV in the week before (6-12 Septem-
ber), during (13-16 September), and the week after (17-23 September), respectively. The
positive value of EPV indicates an upward flow, and the negative value indicates a down-
ward flow. One week before the typhoon passed (Figure 6a), the downdraft was dominant,
and the EPV was weak, with an average rate of —6.84 x 107% m/s. The updraft is obvious
in the south of the study area, and the downdraft was obvious in the north. During the
transit period (Figure 6b—e), the updraft was dominant, and the EPV increased, with a
maximum rate of 6.83 x 107> m/s. Along the typhoon track, a large-scale updraft area
appeared on the north and south sides of the typhoon center, and a large-scale downdraft
area appeared on the east and west sides. One week after the typhoon passed (Figure 6f),
the study area was dominated by upwelling, and the EPV decreased, with an average rate
of 6.10 X 1077 m/s.
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Figure 6. Spatial variation of EPV (m/s) during typhoon transit. (a—f) represent the spatial dis-
tribution of EPV in the week before typhoon transit (6-12 September), during typhoon transit
(13-16 September), and the week after typhoon transit (17-23 September), respectively. The black
dotted line indicates the typhoon path, and the black dot indicates the typhoon center.

4.2. Effect of Typhoon on Temperature

To quantitatively analyze the variation of SST with time during typhoon transit, the
SST from 1 to 12 September was the mean SST before typhoon transit. Based on this mean
value, the variation of SST after wind transit (13-30 September) is analyzed (Figure 7). In
Figure 7, a positive value indicates an increase in SST, and a negative value indicates a
decrease. During the typhoon period, the SST indicated a downward trend as a whole.
When the typhoon passed through (13th), the SST decreased, and the lowest SST decreased
to 1.91 °C on the 17th. Two weeks after the typhoon, the SST rebounded; however, it still
revealed a downward trend compared with the typhoon, with a decrease of 1.22 °C.

2.0
1.5
1.0

0.5
0.0

SST (°C)

-0.5
-1.0
-1.5

13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Date (Sep)

Figure 7. Variations in SST during typhoon transit compared with the mean value (13-30 September).
The abscissa represents the time (13-30 September), and the ordinate represents the SST variation.



Atmosphere 2023, 14, 1505

10 of 19

In order to analyze the spatial distribution characteristics of SST variations during ty-
phoon transit, the SST difference between the week before typhoon transit (6-12 September)
and the week after typhoon transit (17-23 September) is calculated and presented in
Figure 8. The negative (positive) value indicates a decrease (increase) in SST. After the
typhoon passes through, the overall SST difference in the study area is negative; that is,
the SST decreases. There is a significant cooling zone on the right side of the typhoon path,
and the maximum SST difference is —2.90 °C.

°C

0.5

33°N

31°N

29°N

27°N

120°E 122°E 124°E 126°E

Figure 8. Spatial distribution of SST difference before and after typhoon transit.

To analyze the impact of typhoon transit on ocean temperature, this study selected
a point on the typhoon path (27.6° N, 123.1° E) to analyze the longitudinal section tem-
perature variations based on the temperature between —85 m and 0 m before and after
the typhoon transit (1-30 September) depicted in Figure 9. As shown in Figure 9, the
bottom water temperature is lower than the surface water temperature. Before the typhoon
passed (1-12 September), the isotherm was gentle, and the temperature of the section at
one point was higher than in other periods, and the range was 19.52-29.91 °C. After the
typhoon passed through (13-22 September), the isotherm rose, and the profile temperature
decreased, with a range of 17.85-28.34 °C. From 23 to 30 September, the isotherm decreased,
and the profile temperature increased but was still lower than before the typhoon, with a
range of 17.70-28.01 °C.

Before the typhoon passed (Figure 3a), the temperature was high, the temperature
difference between the north and the south was significant, and the upwelling character-
istics in the coastal waters were obvious. The bottom cold water mixed with the surface
water under the carrying of the upwelling [30], resulting in a low temperature in the coastal
waters. Affected by the high-temperature water of the Taiwan Warm Current moving
northward and the cold water moving southward along the coast, the temperature in the
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southeast sea area was high, and that in the northern sea area was low. During the typhoon
(Figure 3c), the temperature decreased, and the water temperature decreased due to the
mixing of the mixed layer and the top layer of the thermocline caused by wind stress.
The largest temperature drop area was distributed on the right side of the typhoon path
(Figure 8). After the typhoon (Figure 3d), the temperature rose, and the spatial distribution
of temperature was consistent with that before the typhoon. Affected by the weakening of
the upwelling, the temperature rose but was lower than before the typhoon.

°C
30

28

126

124

122

8 10 12 14 16 18 20 22 24 26 28 30
Sept(day)

Figure 9. Temperature profile at a point (27.6° N, 123.1° E) on the track during typhoon transit.
The abscissa represents the date (1-30 September), the ordinate represents the seawater depth
(—851-300 m), the dotted line represents the isotherm, and the color from blue to red indicates that
the temperature gradually increases.

The SST has a close response to the wind field. When Chanthu transited, due to its
central low pressure and huge wind stress, it caused strong mixing and divergence in the
upper ocean [31]. The typhoon deepened the mixed layer by entrainment and induced
upwelling to force the redistribution of surface seawater stratification [32], resulting in a
decrease in temperature.

4.3. Effect of Typhoon on Salinity

To quantitatively analyze the variation of SSS with time during typhoon transit, from
1 to 12 September, as the mean value of SSS before typhoon transit. Based on this mean
value, the variation of SSS after typhoon transit (13-30 September) is analyzed (Figure 10).
In Figure 10, a positive value indicates an increase in SSS, and a negative value indicates a
decrease in SSS. In Figure 10, the SSS increases from 13 September to 18 and reaches the
maximum on 15 September, with a difference of 0.31 psu. The SSS decreased from 19 to 30
and decreased to its lowest on 22 September, and the difference was —0.50 psu. Two weeks
after the typhoon passed, the SSS rebounded, but it still illustrated a downward trend.
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Figure 10. Variations in SSS during typhoon transit compared with the mean value (13-30 September).
The abscissa represents the date (13-30 September), and the ordinate represents the SSS variation.

To analyze the spatial distribution characteristics of SSS variations during typhoon
transit, the SSS difference between the week before typhoon transit (6-12 September) and
the week after typhoon transit (17-23 September) is calculated (Figure 11). The negative
value indicates that the SSS decreased, and the positive value indicates that the SSS in-
creased. After the typhoon passed, the overall SSS difference in the study area was positive;
that is, the SSS increased. The SSS outside the Yangtze Estuary increased significantly, with
a difference of 7.75 psu. However, the SSS in the coastal waters south of Hangzhou Bay
decreased significantly, with a difference of —12.00 psu.

33°N

31°N

29°N

27°N

psu

120°E 122°E 124°E 126°E

Figure 11. Spatial distribution of SSS difference during typhoon transit. The abscissa represents the
date, and the ordinate represents the depth. The color from blue to red indicates an increase in SSS.
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In order to study the influence of typhoon transit on the salinity of different ocean
depths, a point on the typhoon path (27.6° N, 123.1° E) was selected to analyze the salinity
variations in the longitudinal section. Based on the salinity of —85 m to 0 m from before
and after the typhoon transit (1-30 September), the profile variation of salinity is plotted
(Figure 12). As shown in Figure 12, the bottom salinity was higher than the surface
salinity. Before the typhoon passed (1-12 September), the isohaline was gentle, and the
salinity of a section was low, with a range of 33.07-34.39 psu. After the typhoon passed
(13-21 September), the isohaline uplifted, and the salinity at the same depth increased,
with a range of 32.92-34.56 psu. From 22 to 30 September, the isohaline decreased, and
the salinity at the same depth on 25 September was lower than before the typhoon, with a
range of 32.85-34.58 psu.

psu
35

345

1335

133

1325

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Sept(day)

Figure 12. Salinity profile at a point (29.1° N-123.6° E) on the track during typhoon transit. The
abscissa represents the time (1-3 September), the ordinate represents the depth of seawater (—85-0 m),
the dotted line represents the isotherm, and the color from yellow to red indicates that the salinity
increases gradually.

Before the typhoon passes (Figure 4a), salinity is low, and the salinity contours expand
outward parallel to the coastline. Affected by the Yangtze River’s diluted water and the
high salt water of the Taiwan warm current [33], the spatial distribution of salinity was
high in the southeast and low in the northwest, and the salinity in the Yangtze Estuary
was the lowest. During the typhoon transit (Figure 4c), the salinity increased, and the
vertical mixing caused by wind stress increased the nutrient-rich cold water in the bottom
layer to the surface layer, and the salinity near the typhoon path increased. After the
typhoon (Figure 4d), the salinity decreased, and the spatial distribution characteristics
were consistent with those before the typhoon. Affected by the substantial increase of
phytoplankton in the coastal waters, the salinity in the coastal waters decreased, which was
lower than that before the typhoon, and the salinity in the adjacent waters of the Yangtze
River estuary was higher than that before the typhoon.

The variation of salinity was closely related to the variation of the wind field. When
Chanthu transited, strong wind stress caused a wide range of strong Ekman pumping, and
the upwelling and vertical mixing were strengthened [34]. The upwelling flipped the deep
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cold water rich in nutrients into the upper mixed layer of the ocean through entrainment,
increasing salinity [35].

4.4. Effect of Typhoon on Chl a Concentration
To quantitatively analyze the variation of Chl a concentration over time during ty-
phoon transit, the sea surface Chl a concentration from 1 to 12 September was the mean
value of sea surface Chl a concentration before the typhoon. Based on this mean value, the
variation of sea surface Chl a concentration after the typhoon transited (13-30 September)
was analyzed (Figure 13). In Figure 13, a positive value indicates an increase in Chl con-
centration, and a negative value indicates a decrease. The concentration of Chl a on the
sea surface increased after the typhoon and reached the highest value of 0.86 mg/m? on
the 17th. After 17 days, the concentration of Chl a on the sea surface decreased slowly, but
it was still higher than before the typhoon. Two weeks after the typhoon (30 September)
passed, the concentration of Chl a returned to pre-typhoon levels.
1.0
0.8
0.6
0.4
02}
0.0
—=-0.2
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Ch
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Figure 13. Variations of sea surface Chl a concentration during typhoon transit compared with the
mean value (13-30 September). The abscissa represents the date (13-30 September), and the ordinate
represents the difference in Chl a concentration (mg/m?3).

In order to analyze the spatial distribution of sea surface Chl a concentration variations
during typhoon transit, based on the mean value of Chl a concentration in the week before
typhoon transit (6—12 September), the variation of sea surface Chl a concentration in
the week after typhoon transit (17-23 September) was analyzed, as shown in Figure 14.
In Figure 14, the negative value indicates the decrease of Chl a concentration, and the
positive value indicates the increase. After the typhoon passed, the difference in Chl a
concentration in the study area was positive (that is, the Chl a concentration increases).
Chl a concentration in the coastal waters and the right side of the typhoon path increased
significantly, and the maximum difference was 2.63 mg/m?3.

In order to study the effect of typhoon transit on Chl a concentration in different depth
profiles, a point on the typhoon path (27.6° N, 123.1° E) was selected to analyze the variation
of Chl a concentration in the longitudinal section. Based on the Chl a concentration of
—90 m to 0 m from the sea surface depth before and after the typhoon (1-30 September),
the profile variation of Chl a concentration was drawn (Figure 15). From Figure 15, it can
be seen that the area with high Chl a concentration was located in the middle layer, and
the Chl a concentration in the surface and bottom layers was low. The Chl a concentration
illustrates a ‘Subsurface Chla maximum’ variation from the bottom layer to the sea surface.
After the typhoon passed through, the high-value area of Chl a concentration increased
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compared with that before. Before the typhoon (1-12 September), the concentration of Chl
a in the profile was the lowest, and the range was 0.12-1.23 mg/m?3. The value was the
highest 10 days after the typhoon (25 September), the range was 0.09-2.94 mg/m?, and the
concentration of Chl a in other periods was in the middle.

mg:v'm3

2.5

33°N
T

@
31°N

—

29°N

27°N 120°E 12°E 124°E 126°E

Figure 14. Spatial distribution of Chl a concentration difference during typhoon transit.

mg/m3

0
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Sept(day)

Figure 15. Chl a concentration profile at a point (27.6° N, 123.1° E) on the track during typhoon
transit. The abscissa represents the time (1-30 September), the ordinate represents the depth of
seawater (—90-0 m), the dotted line represents the isoline of Chl a concentration, and the color from
light green to dark green indicates an increase in Chl a concentration.
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Before the typhoon (Figure 5a), the concentration of Chl a was low. Due to the
eutrophication caused by the large amount of nutrients carried by the Yangtze River diluted
water, the concentration of Chl a indicated the spatial distribution characteristics of high
near shore and low offshore, and the concentration of Chl a in the Yangtze River Estuary
was the highest. During the typhoon transit period (Figure 5b), the concentration of Chl
a increased. Affected by the upwelling caused by the typhoon, the cold water rich in
nutrients in the deep layer was transported to the surface of the ocean, creating favorable
conditions for the reproduction and growth of phytoplankton. After the typhoon passed
(Figure 5d), the concentration of Chl a decreased, and the spatial distribution characteristics
of Chl a concentration on the sea surface were consistent with those before the typhoon.
The vertical mixing of water bodies weakened, the concentration of nutrients on the sea
surface decreased, and the concentration of Chl a decreased. Two weeks after the typhoon
(30 September) passed, the concentration of Chl a returned to the pre-typhoon level.

To better analyze the source of the increase in Chl a concentration at the sea surface
during the typhoon transit, Chl a concentration at depths of 20 m, 40 m, and 80 m in the
study sea area was selected to analyze the concentration changes. As shown in Figure 16,
the highest Chl a concentration was found at 20 m, with a mean value of 0.805 mg/m?;
the lowest Chl a concentration was found at 80 m, with a mean value of 0.301 mg/ m?;
and the second highest was found at 40 m, with a mean value of 0.661 mg/m?3. During
the typhoon’s passage, the concentration of Chl a varied considerably at 20 m and 40 m,
and the concentration of Chl a generally increased for 5 days after the typhoon’s passage
(18th day). The Chl a concentration at 80 m showed a small change, and after the 13th day,
the Chl a concentration generally showed an increasing trend. Therefore, the main source
of the increase in Chl a concentration at the surface during the typhoon’s transit was not
due to upwelling carrying bottom Chl a to the surface.

—®— Chl-20m
—®— Chl-40m
~4  Chl-80m

1 " " " 1 1 "
4 6 8 10 12 14 16 18 20 22 24 26 28 30
Date (Sep)

Figure 16. Variation of chlorophyll a concentration at different depths (20 m, 40 m, 80 m) during
typhoon transit.

The rapid increase of Chl a concentration in the short term was related to the variation
of the wind field in the same period. The strong wind event caused by Chanthu caused
strong disturbance and water surge in the upper layer of the ocean in the shallow waters
of the nutrient layer, so that the oligotrophic and euphotic layer in the upper layer was
supplemented by a large amount of nutrients [36—40]. The heavy precipitation caused by
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Chandu transported nutrients from the coastal waters to the sea, resulting in the rapid
reproduction of phytoplankton in the typhoon path and the southern coastal waters.

5. Conclusions

In this paper, the variations of temperature, salinity, and Chl a concentration in some
sea areas affected by typhoon Chanthu are analyzed by remote sensing reanalysis data
before and after the passage of typhoon Chanthu, and the modification mechanism is
studied. The conclusions are as follows:

(1) The transit of Chanthu reduced the SST by an average of 1.58 °C, and the cooling
process lasted more than two weeks. The SST on the right side of the typhoon
track decreased significantly, and the cooling was right-skewed. The SST rebounded
two weeks after the typhoon, but it was still lower than before. The SST drop was
mainly affected by the deep cold water upwelling and seawater mixing caused by
the typhoon;

(2) The SSS of the sea area affected by Canhtu increased by an average of 0.28 psu. The
SSS growth continued for six days and reached its highest on the third day. The
SSS decreased one week after transit and decreased to the lowest on the 10th day.
The whole decline process lasted for two weeks. The SSS rising area was mainly
concentrated in the coastal waters of the Yangtze River estuary, and the falling area
was mainly distributed in the south of Hangzhou Bay. The increased SSS was mainly
affected by the upwelling of deep, high salt water. The decreased SSS was mainly
affected by the weakening and disappearance of upwelling caused by the departure
of the typhoon and the rainfall caused by the typhoon;

(3) The influence of Chanthu increased the concentration of Chl a in the study area to
0.74 times higher than before. The whole growth process lasted for two weeks, and the
maximum value appeared on the fifth day after the typhoon. The response of Chl a to
the typhoon had a certain delay, and the increased area was mainly concentrated near
the typhoon path and offshore waters. The increase of Chl a concentration was mainly
affected by the strengthening of marine dynamic mechanisms, such as seawater
mixing and upwelling caused by the typhoon and the influence of continental runoff.

Chl a concentration is an important indicator of the amount of marine photoau-
totrophic organisms and plays an important role in the material cycle and energy conversion
process of marine ecology. The results of this paper are of great significance for the study of
the carbon cycle, environmental monitoring, red tide disaster monitoring, ocean current
(upwelling, coastal current), and fishery management in the ocean-atmosphere system.
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