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Abstract: Severe typhoon “In-Fa” passed through the northwestern region of East China Sea (ECS) in
July 2021, affecting oceanic variables such as seawater temperature, salinity, and chlorophyll-a (Chl-a)
concentration over the upwelling area. In this study, we analyzed the influence of the passage of
typhoon “In-Fa” on the marine environment over the Upwelling Area off the Yangtze River Estuary
(UAYRE) and the Upwelling Area of Zhoushan (UAZS). The results showed a significant decrease
in sea surface temperature (SST) during the “In-Fa” typhoon, with maximum SST reductions of
2.98 °C in the UAYRE and 1.46 °C in the UAZS, which showed a “right bias” (indicating a greater
cooling effect on the right side of the typhoon path compared to the left side). “In-Fa” influenced the
temperature and salinity structure of the study areas and deepened the mixed layer depth (MLD).
The MLD varied from the shallowest values of 2.02 m (18 July) to the deepest values of 19.4 m
(26 July) in the UAYRE and from 2.43 m (18 July) to 16.79 m (25 July) in the UAZS. Furthermore,
“In-Fa” led to an increase in sea surface Chl-a concentration, with a maximum Chl-a concentration
enhancement of 285.58% (from 20 July to 28 July) in the UAYRE and 233.33% (from 20 July to
27 July) in the UAZS. The Ekman suction effect of “In-Fa” strengthened the upwelling, facilitating
the transport of deep-sea nutrients to the upper ocean and providing favorable conditions for the
growth of phytoplankton, thus benefiting the reproduction and survival of zooplankton, fish, and
shrimp. This study contributes to understanding the mechanisms by which typhoons impact the
ocean environment in upwelling area and provides valuable insights for the sustainable development

of marine fisheries resources.
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1. Introduction

Tropical cyclones are intense weather systems occurring over tropical and subtropical
oceanic regions. Along the Northwest Pacific Coast, tropical cyclones with wind speeds
reaching or exceeding 12 on the Beaufort scale are referred to as typhoons [1,2]. Over the past
few decades, increasing carbon dioxide emissions from human activities have caused global
warming, resulting in weakened summer tropical circulation, leading to an increase in the
frequency and intensity of typhoons with a diminution in their movement [3-5]. Typhoons
significantly influence the oceanic dynamical system, generating vigorous vertical mixing
and inducing substantial heat, energy, and material exchange between the upper and deeper
water masses [6]. On one hand, typhoons induce strong physical and biological responses at
the sea surface, causing a decrease in SST and an increase in surface Chl-a concentration [5].
On the other hand, typhoon passages lead to upwelling and turbulent mixing, altering the
seawater temperature and salinity structure, and deepening the oceanic mixed layer [7,8].
Additionally, the intense precipitation associated with typhoons can increase river runoff,
affecting seawater temperature, salinity, and Chl-a concentration over the coastal areas [9].
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The East China Sea (ECS), as a marginal sea of the Northwest Pacific, and in its
northwestern part, exhibits an upwelling area influenced by the combined effects of wind,
topography, the Taiwan Warm Current, etc. [10-12]. This region is frequently influenced
by typhoons. Over a 30-year period from 1990 to 2019, a total of 20 typhoons traversed
the upwelling area in the Northwestern ECS, with 9 occurring between 2010 and 2019 [13].
Despite occupying only 5% of the world’s ocean area, the upwelling area contributes to 25%
of the global fish catches [14]. The upwelling brings up a substantial amount of nutrients
to the sea surface, enhancing primary productivity and promoting an increase in fish
abundance and diversity. The main fishing grounds in the ECS are predominantly located
within the upwelling area in the Northwestern ECS [15]. The upwelling plays a crucial
role in facilitating energy flow within the food web, sustaining air-sea CO2 exchange,
and carbon cycling [16]. Potential changes in the upwelling area could have significant
socio-economic and ecological implications [12].

During typhoon periods, cloud cover can cause data gaps in remote sensing observa-
tions [17]; fishing activities are quite frequent in the ECS, making it challenging to conduct
long-term on-site mooring observations [18]; additionally, the adverse sea conditions during
typhoons make it unfavorable for conducting observational voyages and in situ observa-
tions at sea [19]. Generally, reanalysis/model products combined multi-source satellite
remote sensing data with observations from across the world into a globally complete and
consistent dataset using the laws of physics have advantages of providing high resolution
and vertical information [20-22]. In this study, the reanalysis data from ERAS (the fifth
generation ECMWF (European Centre for Medium-Range Weather Forecasts) atmospheric
reanalysis of the global climate) and model products from Global Ocean 1/12° Physics
Analysis and Forecast updated Daily are used to analyze the effects of “In-Fa” on the wind
field, seawater temperature, salinity, MLD, and Chl-a concentration in the upwelling areas
of the Northwestern ECS (region: 121.0° to 124.0° E, 28.5° to 32.5° N). The study aims to
elucidate the mechanisms through which “In-Fa” influenced the marine environment of the
upwelling areas in the Northwestern ECS. The findings of this study will provide valuable
insights into the conservation of the ecological environment and the development of the
fisheries economy in the ECS.

2. Materials and Methods
2.1. Study Area

This study focuses on the two upwelling areas in the Northwestern East China Sea
(see Figure 1). The first area is the Upwelling Area off the Yangtze River Estuary (UAYRE),
which is located in the east of the Yangtze River Estuary, and UAYRE is formed by the
rise in Taiwan Warm Current due to various dynamic factors such as the offshore Ekman
transport, baroclinic effect, and tidal mixing [23-26]; the second area is the Upwelling Area of
Zhoushan (UAZS), which is located along the northern coast of Zhejiang Province, is formed
by a combination of southwestern monsoon, frontal upwelling, and tidal mixing [10,11,27,28].
In Figure 1, the two red dashed boxes represent the UAYRE (area: 122.5° to 123.0° E, 31.0° to
31.5° N, maximum depth of 64.91 m, north) and the UAZS (area: 122.5° to 123.0° E, 29.5°
to 30.0° N, maximum depth of 69.61 m, south). Moreover, in the following figures, the two
boxes also represent the two upwelling areas. UAZS is situated along the path of “In-Fa”,
and UAYRE is located to the right side of the “In-Fa” path (see Figure 2). In Figure 1, the
color variation in the ocean from white to blue indicates the increasing ocean depth, and in
this figure and the other figures below, white-gray indicates land.
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Figure 1. Study areas. The two red dashed boxes are UAYRE (region: 122.5° to 123.0° E, 31.0° to
31.5° N, maximum depth of 64.91 m, the northern box) and UAZS (region: 122.5° to 123.0° E, 29.5° to
30.0° N, maximum depth of 69.61 m, the southern box).
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Figure 2. The partial path of “In-Fa”. Different color lines and dots represent V,,;,x and cyclone intensity
levels (the magenta dots represent strong typhoon, the red dots represent typhoon, the yellow dots
represent strong tropical storm, and the green dots represent tropical storm).

2.2. Typhoon “In-Fa”

The No. 6 typhoon in the year 2021, “In-Fa”, was generated in the Northwestern
Pacific, east of the Philippines, at 18:00 UTC (Coordinated Universal Time, all times shown
below are in UTC) on 17 July, and moved westward for four days. On 21 July, “In-Fa”
intensified into a severe typhoon with a maximum central wind speed (Vju.x) of 42 m/s
and a minimum pressure of 955 hPa at the typhoon center. After reaching the ECS, “In-Fa”
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changed its trajectory to northwestward. At 04:30 on 25 July, “In-Fa” made its initial landfall
(Vinax was 35 m/s and the minimum pressure was 968 hPa) at Putuo, Zhoushan, Zhejiang
Province, then reduced in intensity (severe tropical storm). It then continued moving
towards Hangzhou Bay. It made a second landfall in Pinghu, Zhejiang Province, on 26 July.
Subsequently, “In-Fa” entered Zhejiang, Jiangsu, Anhui, Shandong and Hebei provinces,
and dissipated at 12:00 on 30 July. Typhoon path is shown in Figure 2 [29,30]. In Figure 2,
the multicolor line represents the path of “In-Fa” and V4, with the color change from blue
to red represents the variation in wind speed from low to high; the different colors of dots
indicate different cyclone intensity levels. The path of “In-Fa” was complex, characterized
by slow movement, heavy precipitation, widespread impact, and long residence time (it
lasted 95 h on land, the longest since 1949). It caused significant loss of life and inflicted
severe economic damages in the East China region [31].

2.3. Data

Typhoon-related data (time, longitude/latitude position, minimum central pressure,
Vinax, intensity level) are from the Tropical Cyclone Data Center of China Meteorological
Administration (http:/ /tcdata.typhoon.org.cn, accessed on 20 July 2023) and China Meteo-
rological Administration Typhoon Online (http:/ /typhoon.nmc.cn/web.html, accessed on
20 July 2023). The detailed information of typhoon “In-Fa” from 00:00 on 21 July to 00:00
on 27 July 2021, is given in Table 1.

Table 1. The path, minimum central pressure, Vj;;x, and intensity level of “In-Fa”.

Time (UTC) Long (°E) Lat (°N) Pressure (hPa) Vinax (m/s) Intensity Level
7/21/00 127.9 241 955 42 Severe Typhoon
7/21/12 126.6 24.0 955 42 Severe Typhoon
7/22/00 126.0 23.4 955 42 Severe Typhoon
7/22/12 125.8 23.6 955 42 Severe Typhoon
7/23/00 125.4 24.2 965 38 Typhoon
7/23/12 125.0 24.8 965 38 Typhoon
7/24/00 124.6 26.4 965 38 Typhoon
7/24/12 124.1 27.9 965 38 Typhoon
7/24/18 123.7 28.6 968 35 Typhoon
7/25/00 123.0 29.7 968 35 Typhoon
7/25/03 122.7 29.9 968 35 Typhoon
7/25/06 1222 30.0 970 33 Typhoon
7/25/09 122.1 30.0 972 30 Severe tropical storm
7/25/12 121.9 30.1 972 30 Severe tropical storm
7/25/18 121.5 30.4 975 28 Severe tropical storm
7/26/00 121.2 30.6 978 25 Severe tropical storm
7/26/06 120.9 30.8 978 25 Severe tropical storm
7/26/09 120.7 30.9 980 23 Tropical storm
7/27/00 119.4 313 985 20 Tropical storm

The typhoon-related information from 00:00 on 21 July to 00:00 on 27 July 2021 is shown in Table 1.

The precipitation and wind field data of 10 m above sea surface including wind speed
and direction are obtained from ERA5. The temporal and spatial resolution of precipitation
and wind field data are hourly and 0.1° x 0.1°, and the time period of data is from 17 to
31 July 2021. The river discharge data of Yangtze River used in the analysis are from the
Global Flood Awareness System (GloFAS). The temporal and spatial resolution of river
discharge data are daily and 0.05° x 0.05°, and the time period of data is from 22 to 30 July
2021. Detailed information can be found in Table 2 (http://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form, accessed on 20 July 2023), (https:
/ /cds.climate.copernicus.eu/cdsapp#!/dataset/cems-glofas-historical?tab=form, accessed
on 20 July 2023).
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Table 2. The wind, precipitation, seawater temperature, seawater salinity, and chlorophyll-a concen-

tration information of “In-Fa”.

Data Name Spatial Resolution Temporal Resolution Time Range Source
Pre(‘:/i\gir;:tion 017 > 0.1° 1h 121]1;11}1}72 g(z)élto ECMWF
River discharge 0.05° x 0.05° 1day zég‘}z yz%élto
Seaslvatf;é‘ififﬁfgl * 0.083° x 0.083° 1day 12{‘}3;%20 Copernicus

Chlorophyll-a
concentration

Temperature, salinity, and Chl-a concentration data are derived from Global Ocean
1/12° Physics Analysis and Forecast updated Daily model product, which covers 0.4940
to 5727.9170 m (divided into 50 layers) below the sea surface. The temporal and spatial
resolution are 1 day and 0.083 degrees, respectively. The data used in this study consists of
temperature, salinity, and Chl-a concentration measurements at different depths (0.4940 to
55.7643 m, divided into 19 layers) from 17 to 31 July 2021. Table 2 reveals the detail infor-
mation (http:/ /data.marine.copernicus.eu/product/ GLOBAL_ANALYSIS_FORECAST_
PHY_001_024/, accessed on 20 July 2023).

2.4. Method
2.4.1. The Calculation Method of Ekman Pumping Velocity (EPV)

The strong vortex shear of typhoon can cause Ekman pumping/suction (i.e., down-
ward/upward velocity) in ocean [32]. In this study, Ekman pumping velocity (EPV) wg is
adopted to represent the strength and direction of typhoon-induced vertical transport of
seawater. The value of EPV represents the vertical transport velocity of seawater, indicating
either downward convergence or upward divergence. When EPV is negative, it indicates an
anticyclonic wind pattern above the ocean, exerting a pumping effect on the seawater and
causing it to descend. Conversely, when EPV is positive, it indicates a cyclonic wind pattern
above the ocean, exerting a suction effect on the seawater and causing it to ascend [32-34].

The Climate Data Toolbox for MATLAB [35-37] is used to calculate the EPV, and it can
be calculated based on the Formula (1):

WE = curlﬁ 1)

in Formula (1), py is the seawater density, and in this paper, it is 1028 kg/m? [36]. f is
Coriolis frequency (f = 2w sin ¢, w is the angular velocity of the earth rotation, ¢ is the
latitude). T is the wind stress, and it can be calculated using the zonal and meridional wind
speed of 10 m above the sea surface, calculated using the Formula (2) given below:

T = pairCp (u%o + 0%0) )

in Formula (2), o, = 1.225 kg/ m3 [36]. 119 (m/s) and vy (m/s) are the zonal and merid-
ional wind speed of 10 m above the sea surface, respectively. Cp = 1.25 x 1073 specifies
a drag coefficient for wind stress calculation [36], and it can be a scalar or a matrix whose
dimensions match w19 and vyg.

2.4.2. The Calculation Method of Mixed Layer Depth (MLD)

There are two methods used to calculate the MLD: the difference method and the
gradient method [38]. In this study, the difference method is used, where the density is
calculated from the sea surface salinity and the temperature that is one AT (temperature
difference criterion, measured in °C) lower than the sea surface temperature, and the
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depth associated with this density is considered as the MLD. In this paper, the temperature
difference criterion AT is set at 0.5 °C for the ECS [18].

The algorithm is implemented by using the ra_mld function of MATLAB [39]. The
density difference Ac (the unit is kg/m?) can be calculated using Formula (3):

Ao =0o(S,AT +t,p) —o(S,t,p) ®)

in Formula (3), o is density excess (or density anomaly, the unit is kg/m?); S is practical
salinity (PSU), and p is pressure (the unit is decibars), where S and p are set to zero; t is
seawater temperature (the unit is °C). The density difference Ac is obtained from Formula (4):

o(S,t,p) =p(S,t,p) — 1000 4)

in Formula (4), p is the density of seawater (the unit is kg/m?), the calculation method is
shown in Formula (5):

p(S,t,p) =p(S,t,0)/[1 — p/K(S,t,p)] (5)

in Formula (5), p(S, t,0) is the density of seawater at a standard atmosphere, and K(S, t, p)
is the secant bulk modulus.

2.4.3. Min—Max Normalization

To facilitate the analysis of the relationship between seawater temperature and surface
wind speed, both datasets were subjected to normalization. The Min—-Max Normalization

is shown in Formula (6):
_ x—min(x) 6
y= max(x)—min(x) ©
in Formula (6), x and y represent the data before and after conversion, respectively, and
max(x) and min(x) represent the maximum and minimum values of the dataset, respec-
tively [17].

3. Results
3.1. EPV

The EPV is an essential index for characterizing the vertical movement of seawater [40].
Based on wind vector data at 10 m above the sea surface, the EPV in the Northwestern ECS
was calculated using the Formulas (1) and (2), and the results are illustrated in Figure 3.
Figure 3a—d are the variations in EPV, wind speed, and wind direction before the impact
of “In-Fa” (03:00 on 17 July), during the peripheral influence of spiral rain band of “In-Fa”
(05:00 on 21 July), the imminent landing of “In-Fa” (23:00 on 24 July), and after the transit
of “In-Fa” (11:00 on 28 July), respectively. In Figure 3 and the following figures, the colored
area is the ocean. In Figure 3, the color change from green to red indicates the variations in
EPV, in which the green represents negative values and the red represents positive values.
The magnitude is in the order of 107> and the unit is m/s. The blue arrows represent
the wind direction, and the length of the arrows indicates the wind speed (shorter to
longer indicating increasing wind speed). In Figure 3 and the following figures, the grey
line indicates the path of “In-Fa”, and the white dot on the path of “In-Fa” in Figure 3¢
represents the typhoon center.

Before arrival of “In-Fa” (Figure 3a, 17 July), the predominant wind direction in the
Northwestern ECS was southeast, with wind speeds ranging from 3.5 to 7.14 m/s; the
EPV was relatively small and mostly negative, and the ocean was under less wind stress at
that time. When the Northwestern ECS was under the peripheral influence of the spiral
rain band of “In-Fa” (Figure 3b, 21 July), the wind direction shifted northeasterly, and
the wind speed increased compared to that before “In-Fa” (Figure 3a, 17 July), ranging
from 5.35 to 13.1 m/s; and the EPV of UAZS increased. While the EPV in UAYRE changed
little, similar to the condition on 17 July, and during this time, the wind field above the sea
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surface exerted a stronger pumping effect on the ocean. At the imminent landing of “In-Fa”
(Figure 3¢, 24 July), the wind field in the Northwestern ECS strengthened, with wind speeds
ranging from 6 to 25 m/s; the EPV became positive in both upwelling areas, with the EPV
in UAZS exceeding 1.5 x 107> m/s, while the EPV in UAYRE remained relatively small.
On the third day after the landfall of “In-Fa” (Figure 3d, 28 July), the wind direction in
the Northwestern ECS returned to its state before “In-Fa” (southeasterly winds), and the
wind speed decreased, ranging from 4.4 to 10.7 m/s; the EPV in both upwelling areas
gradually decreased.

2021 July 17 03:00 2021 July 21 05:00

121°E 122°E . 123°E 124°E  121°E 122°E 123°E 124°E %
2021 July 24 23:00 2021 July 28 11:00 0z
e a a = =
c d =
32°N o =« 32N
=i |

31°N

/;—1‘—& 31°N

30°N - - 30°N

29°N 29°N

121E 122 123E 124 121E 122E  T2FE 120

Figure 3. Variations in wind speed, wind direction, and EPV before, during, and after “In-Fa”. (a—d) are
the wind speed, wind direction, and EPV changes at 03:00 on 17 July, 05:00 on 21 July, 23:00 on 24 July,
and 11:00 on 28 July, respectively. The red dashed boxes represent upwelling areas, and the white dot on

the path of “In-Fa” in Figure 3c represents the typhoon center.

3.2. The Change in Seawater Temperature during “In-Fa” Period
3.2.1. SST

The intense air—sea interaction during the typhoon can have an impact on SST [5]. We
analyzed the spatial variations in daily average SST in the Northwestern ECS before (from
17 to 23 July), during (from 24 to 26 July), and after (from 27 to 31 July) the transit of “In-Fa”,
and the results are presented in Figure 4. In Figure 4a—c, the color of the ocean from blue to
red represents the SST variation (range: 23 to 30 °C). Before the transit of “In-Fa” (Figure 4a,
from 17 to 23 July), there was a narrow “cold water belt” (region: 122.5° to 123.0° E, 31.0°
to 31.5° N) in the Northwestern ECS, which contrasted with the warm water areas near the
coast and in the southeastern part of UAZS. During the transit of “In-Fa” (Figure 4b, from
24 to 26 July), the SST dropped extensively in the Northwestern ECS, while a “cool pool”
appeared in the eastern waters of Shanghai, and the SST in UAYRE was lower compared to
UAZS. After the transit of “In-Fa” (Figure 4c, from 27 to 31 July), the SST in both upwelling
areas gradually increased, but there still remained a widespread low-temperature waters
in the north of the Yangtze River Estuary, and the warm water area in the southeastern part
of UAZS gradually expanded.
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Figure 4. Changes of SST before, during, and after “In-Fa”. (a—c) are daily average SST in the North-
western ECS before (from 17 to 23 July), during (from 24 to 26 July), and after (from 27 to 31 July) the
transit of “In-Fa”, respectively. The red dashed boxes represent upwelling areas.

To illustrate the variation in SST during “In-Fa” period, the diurnal SST of the North-
western ECS, UAYRE, and UAZS were analyzed separately and the results are given in
Figure 5. In Figure 5, the green, blue, and red curves represent the diurnal variations in
SST in the Northwestern ECS, UAYRE, and UAZS from 17 to 31 July, respectively. The
red dashed ellipse indicates the time when “In-Fa” passed through the Northwestern ECS
(same applies to the following). As displayed in Figure 5, the SST increased in the North-
western ECS and both upwelling areas from 17 to 19 July. The SST in the two upwelling
areas began to decline on 19 July and reached its minimum value in UAYRE on 26 July and
in UAZS on 27 July. The maximum decrease in SST was 2.98 °C in UAYRE and 1.46 °C
in UAZS. UAYRE, located on the right side of the typhoon’s path, experienced a greater
impact from “In-Fa”. The SST of UAYRE and UAZS began to recover after 26 and 27 July,
respectively.

29

Northwestern ECS
==UAYRE
281 —UAZS 77>

23 1 I I 1 I 1 I 1 1 I 1 I 1
717 718 719 720 721 722 723 724 725 726 727 728 729 730 731

Date(mm,dd)

Figure 5. Variations in SST in the Northwestern ECS and the two upwelling areas from 17 to 31 July.
Green, blue, and red curves are the diurnal variations in SST in the Northwestern ECS, UAYRE, and
UAZS, respectively. The red dashed ellipse indicates the time when “In-Fa” passed through the
Northwestern ECS.

3.2.2. Vertical Distribution of Seawater Temperature

The decrease in SST during the typhoon process is not only caused by strong wind
stress-induced evaporation and wind-induced cooling but also related to the uplift of cold
deep water caused by Ekman suction [41]. The effect of “In-Fa” on the water temperature
below the sea surface was analyzed by using the daily average seawater temperature at a
depth of 10 m below the sea surface (10 m SWT) in the Northwestern ECS, and the results
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are displayed in Figure 6. In Figure 6a—c, the color of the ocean changes from blue to red
to indicate an increase in temperature (range: 22 to 30 °C). The blank areas near the coast
represent the continental shelf, where data for 10 m SWT are not available. Before the
transit of “In-Fa” (Figure 6a, from 17 to 23 July), the 10 m SWT was lower in the nearshore
and higher in the offshore areas. During the transit (Figure 6b, from 24 to 26 July), the
low-temperature area near UAYRE gradually expanded; however, the low-temperature
area of 10 m SWT near UAZS gradually decreased, and the seawater temperature increased.
After the transit of “In-Fa” (Figure 6¢, from 27 to 31 July), the low-temperature area of
UAYRE sea area expanded, the low-temperature area gradually extended northward, while
the seawater temperature in the UAZS region began to recover.

10m SWT(°C)

121°E 122°E 123°E  124°E121°E .122°E 123°E 124°E121°E ‘122°E 123°E 124°E

Figure 6. Changes of 10 m SWT before, during, and after “In-Fa”. (a—c) are daily average 10 m SWT
in the Northwestern ECS before (from 17 to 23 July), during (from 24 to 26 July), and after (from 27 to
31 July) the transit of “In-Fa”, respectively. The red dashed boxes represent upwelling areas.

To elucidate further influence of “In-Fa” on seawater temperature, the Min—-Max
Normalization was applied to the 10 m SWT and 10 m wind speed above the sea surface
within the two upwelling areas, and the results are exhibited in Figure 7a,b. In Figure 7a,b,
the red curve represents the 10 m SWT, and the cyan curve represents the wind speed. The
10 m SWT in both upwelling areas began to increase on 17 July and continued to rise until
23 July. From 23 to 26 July, the 10 m SWT in UAYRE experienced a decline, followed by a
gradual increase after 26 July. While the 10 m SWT in UAZS showed a decline from 23 to
27 July, followed by a gradual increase after 27 July. The maximum 10 m wind speed above
the sea surface of UAYRE and UAZS appeared on 25 July and 24 July, respectively.

Two sections were selected at 31.5° N (located in the northernmost part of UAYRE)
and 30.0° N (located in the northernmost part of UAZS) to analyze the vertical variations
in seawater temperature (0 to —55.76 m, divided into 19 layers) in the two upwelling areas
during different phases of “In-Fa” process (before, from 17 to 23 July; during, from 24 to
26 July; after, from 27 to 31 July), and the results are presented in Figure 8. Figure 8a,d
are the vertical distributions of daily average seawater temperature in the two upwelling
areas before the transit of “In-Fa”, Figure 8b,e are the vertical distributions during the
transit of “In-Fa”, and Figure 8c,f are the vertical distributions after the transit of “In-Fa”.
In Figure 8, the change in color of the ocean from blue to red indicates an increase in
seawater temperature (range: 20 to 28 °C), and the white dotted ellipses represent the two
upwelling areas. From Figure 8a,d, it can be observed that the seawater temperature in the
horizontal direction before the transit of “In-Fa” (from 17 to 23 July) indicated “high value
near the shore, low value in the upwelling areas, high value offshore,” with the presence of
a “cool water tongue” in both upwelling areas. During the transit (from 24 to 26 July), the
upwelling of cold water from the bottom of the ocean due to the stirring effect of “In-Fa”
caused the upwelling area to become a “cold pool”, and the seawater temperature in the
non-upwelling area also decreased significantly (Figure 8b,e). After the transit of “In-Fa”,
the seawater temperature gradually returned to its pre-transit state (Figure 8c,f).
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Figure 7. Min-Max Normalization of the 10 m SWT and the 10 m wind speed above the sea surface
in the two upwelling areas from 17 to 31 July. The results of Min-Max Normalization are shown as
(a,b), and the red curve represents the 10 m SWT and the cyan curve represents the wind speed.
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Figure 8. The vertical distribution of seawater temperature in two upwelling areas during the “In-Fa”
period. (a—c) are the sea temperature of the 31.5° N section before (from 17 to 23 July), during (from
24 to 26 July), and after (from 27 to 31 July) the transit of “In-Fa”; (d—f) correspond to the seawater
temperature of the 30.0° N section in the three stages of UAZS, respectively. The white dotted circles
are two upwelling areas.
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3.3. Variation in Sea Surface Salinity (SSS) during “In-Fa” Period

The SSS affected by precipitation, evaporation, mixing, and Ekman pumping when ty-
phoon passes. The intense or slow-moving typhoon can cause widespread increases in SSS,
and the response of SSS to typhoons exhibits asymmetry [42]. In this study, we analyzed
the impact of “In-Fa” on SSS in the sea areas passed through, and the results are given in
Figure 9. In Figure 9, the green, blue, and red curves represent the diurnal variations in SSS
in the Northwestern ECS, UAYRE, and UAZS from 17 to 31 July, respectively. The SSS in
both upwelling areas was higher than that in the Northwestern ECS, and before the transit
of “In-Fa” (17 July), the SSS in the Northwestern ECS, UAYRE, and UAZS were 29.29, 33.07,
and 33.82, respectively. Affected by “In-Fa”, SSS in the Northwestern ECS demonstrated
an increasing trend from 17 to 25 July, reaching its peak on 25 July, and the SSS of UAYRE
conformed a similar trend to that of the Northwestern ECS, while the SSS of UAZS did not
change significantly during this period. When the center of the “In-Fa” passed UAZS (after
25 July), SSS decreased in all three regions. After 28 July, the SSS decreased significantly
in the Northwestern ECS and UAYRE, with a decrease of 1.02 and 1.99, respectively, by
31 July. However, the SSS in UAZS decreased by only 0.19. The SSS extreme values of
UAYRE and UAZS were 2.07 and 0.75, respectively, indicating that the SSS of UAYRE was
more significantly affected by “In-Fa”.
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Figure 9. Variations in SSS in the Northwestern ECS and the two upwelling areas from 17 to 31 July.
Green, blue, and red curves are the diurnal variations in SSS in the Northwestern ECS, UAYRE, and
UAZS, respectively. The red dashed ellipse indicates the time when “In-Fa” passed through the
Northwestern ECS.

3.4. The Change in Mixed Layer Depth (MLD) during the “In-Fa” Period

The air-sea interaction occurs through the exchange of heat and momentum between
the atmosphere and the mixed layer of ocean [43]. Typhoons can alter the temperature
and salt structure of seawater and thus affect the MLD [8]. Using the Formula (3)—(5), the
MLD in the Northwestern ECS was calculated based on seawater temperature and salinity,
and the results are presented in Figure 10. Figure 10a—c represent the MLD of the three
days before (19 July), during (25 July), and after (30 July) the transit of “In-Fa”, respectively.
In Figure 10, the color of the ocean region changes from yellow to blue, representing an
increase in MLD (range: 0 to 30 m). The MLD in the coastal water cannot be calculated due
to severe wind and cooling, precipitation, and increased runoff during “In-Fa”. Therefore,
the MLD information in the nearshore seas is lacking during this period. Before “In-Fa”
(Figure 10a), the MLD in both upwelling areas was less than 5 m. During the transit of
“In-Fa” (Figure 10b), the MLD in the Northwestern ECS deepened. After the passage of
“In-Fa” (Figure 10c), the MLD in the Northwestern ECS returned to a similar state as before
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the typhoon. Whether or not affected by “In-Fa”, the nearshore MLD in the Northwestern

ECS is smaller than that in the offshore region.
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Figure 10. Spatial variation in MLD in the sea affected by “In-Fa”. (a—c) are the MLDs of the three
days before (19 July), during (25 July), and after (30 July) the transit of “In-Fa”, respectively. The red
dashed boxes represent upwelling areas.

To better understand the diurnal variations in MLD during the “In-Fa” transit, the
daily average MLD analysis of the Northwestern ECS and the two upwelling areas are
shown in Figure 11. From Figure 11, it can be observed that the MLD in UAYRE increased
from its shallowest value of 2.02 m (18 July) before “In-Fa” to its deepest value of 19.4 m
(26 July), while the MLD in UAZS increased from 2.43 m (18 July), its shallowest value,
to a maximum depth of 16.79 m (25 July). The increase in MLD was greater in UAYRE
compared to UAZS. The maximum MLD in UAZS occurred on 25 July, while in UAYRE,
it reached the highest value on 26 July. After the transit of “In-Fa” (30 July), the MLD
of UAYRE and UAZS decreased to 1.57 m and 3.64 m, respectively. Overall, the results
indicate that “In-Fa” had a greater impact on the MLD of UAYRE.
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Figure 11. Variations in MLD in the Northwestern ECS and two upwelling areas from 17 to 31 July.
Green, blue, and red curves are the diurnal variations in MLD in the Northwestern ECS, UAYRE,
and UAZS, respectively. The red dashed ellipse indicates the time when “In-Fa” passed through the
Northwestern ECS.

3.5. The Change in Chl-a during “In-Fa” Period

Typhoon processes are accompanied by change in sea surface Chl-a concentration,
which is more pronounced for the Northwestern ECS near the Yangtze River Delta [44].
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Using the monthly average sea surface Chl-a concentration in July as the reference, the de-
viations of the daily average concentration from the reference (July average) were analyzed
for the periods before (from 17 to 23 July), during (from 24 to 26 July), and after (from 27
to 31 July) the “In-Fa” transit. The positive values of Chl-a indicate an increase compared
to the reference (July average), while negative values indicate a decrease compared to
the reference. The analysis results are depicted in Figure 12a—c. The transition from blue
to green color in the ocean area in Figure 12 represents a decrease in sea surface Chl-a
concentration (negative values) and the transition from orange to red represents an increase
in sea surface Chl-a concentration (positive values), with a range of —2 to 2 mg/m3. Before
the transit of “In-Fa” (Figure 12a), compared to the monthly average sea surface Chl-a
concentration in July, the sea surface Chl-a concentration in the Northwestern ECS was
generally decreasing, except for the area west of UAYRE, near the Yangtze River estuary,
where the Chl-a concentration was increasing. During the transit of “In-Fa” (Figure 12b),
the pattern of sea surface Chl-a concentration change reversed compared to before the
transit of “In-Fa”. In the Northwestern ECS, especially in the coastal waters, the Chl-a
concentration increased. The Hangzhou Bay and the western region of UAZS experienced
significant increases in Chl-a concentration, while the Chl-a concentration in the Yangtze
River Estuary decreased. After the transit of “In-Fa” (Figure 12c), the Chl-a concentration
in the Northwestern ECS continued to increase, with UAYRE exhibiting a predominant
increase compared to UAZS.

AChl-a(mg/m®)

121°E 122°E 123°E  124°E121°E 122°E  123°E  124°E121°E  122°E  123°E 124°E

Figure 12. Variation in the sea surface Chl-a concentration from reference (July average). (a—c) are
variations in the sea surface Chl-a concentration in the Northwestern ECS before (from 17 to 23 July),
during (from 24 to 26 July) and after (from 27 to 31 July) the transit of “In-Fa”, respectively. The red
dashed boxes represent upwelling areas.

To analyze the effect of “In-Fa” on sea surface Chl-a concentration, the daily variations
in Chl-a concentration in the Northwestern ECS and the two upwelling areas were analyzed
and the results are shown in Figure 13, where the green, blue and red curves represent
the diurnal variations in Chl-a concentration in the Northwestern ECS, UAYRE and UAZS
from 17 to 31 July, respectively. From 17 to 20 July, the sea surface Chl-a concentration in
both upwelling areas decreased. After 20 July, the concentration of Chl-a began to rise,
and the sea surface Chl-a concentration of UAYRE reached its first peak on 24 July, and
the concentration decreased within two days (from 24 to 26 July) of “In-Fa” reaching the
Northwestern ECS, while the sea surface Chl-a concentration of UAZS was still rising dur-
ing this period. After “In-Fa” (after 26 July), the Chl-a concentration of UAYRE continued
to rise, reaching the second peak on 28 July, and the Chl-a concentration of UAZS reached
the peak on 27 July. The sea surface Chl-a concentration of both upwelling areas did not
reach the peak on the day of the arrival of “In-Fa” (25 July), indicating a delayed response
of Chl-a concentration to the typhoon. The maximum increase in the sea surface Chl-a
concentration was 285.58% in UAYRE (compared to 20 July and 28 July), and 233.33% in
UAZS (compared to 20 July and 27 July).



Atmosphere 2023, 14, 1226

14 of 20

3:5

Northwestern ECS
sk —UAYRE  _ _
==UAZS & s

Chl—a(mg/m3)

1 1 1 1 1 1 1 1 1 1 1 1 1

0
717 7.8 7.9 720 721 722 723 724 725 726 727 728 729 730 731
Date(mm,dd)

Figure 13. Variations in the sea surface Chl-a concentration in the Northwestern ECS and the two
upwelling areas from 17 to 31 July. Green, blue, and red curves are the diurnal variations in the
sea surface Chl-a concentration in the Northwestern ECS, UAYRE, and UAZS, respectively. The red
dashed ellipse indicates the time when “In-Fa” passed through the Northwestern ECS.

3.6. The Change in Precipitation

Extreme heavy precipitation can occur due to the influence of various typhoon in-
tensities, paths, and underlying surface conditions, and the heavy precipitation exhibits a
significant asymmetry [45]. The variation in precipitation during the “In-Fa” period was an-
alyzed using precipitation data in the Northwestern ECS and along the coast, and the results
are presented in Figure 14. Figure 14a,b illustrate the spatial distribution of daily average
precipitation before (from 20 to 23 July) and during (from 24 to 27 July) the transit of “In-Fa”.
Before the transit of “In-Fa”, there was relatively low precipitation in the Northwestern ECS
and the adjacent coastal areas (Figure 14a), with a daily average precipitation of 3.25 mm for
UAYRE and 10.24 mm for UAZS. During the transit of “In-Fa”, the precipitation increased
(Figure 14b), and the daily average precipitation rose to 62.28 mm in UAYRE, 45.85 mm in
UAZS, 83.55 mm in Shanghai and near the Yangtze River Estuary, and 65.47 mm in the south
coast of Hangzhou Bay. The daily average precipitation in the region along the typhoon
path was relatively lower, with heavier precipitation on the right side of the typhoon path
compared to the left side. Higher rainfall occurred over the coastal area.

32°N 1 32°N

31°N 1 31°N

30°N 1 30°N

Precipitation(mm)

29°N 1 29°Nf

120°E 121°E  122°E 123°E  124°E 120°E  121°E  122°E  123°E  124°E

Figure 14. Precipitation distribution before and during the transit of “In-Fa”. (a,b) are the average daily
precipitation before (from 20 to 23 July) and during (from 24 to 27 July) the typhoon, respectively. The
red line represents the typhoon path. The blue line represents the Huangpu River, and the white dot on
the Huangpu River represents the Mishidu Station. The red dashed boxes represent upwelling areas.
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From 23 to 27 July, 2021, Shanghai experienced continuous heavy to torrential rainfall,
and the Mishidu Hydrologic Station, located in the upper stream of the Huangpu River
in Shanghai, was at a high level of water rise from 25 to 27 July (see Figure 15) [46]. In
this study, data from the section located at 121.025° E near the Yangtze River Estuary were
used to analyze the river discharge. As shown in Figure 15, the river discharge of the
Yangtze River increased during the “In-Fa” period. It rose from 6.8 x 10* m3/s on 22 July to
7.7 x 10* m3 /s when the center of “In-Fa” reached the study area (25 July). Even after the
passage of “In-Fa”, the river discharge of the Yangtze River remained at a relatively high
level (the river discharge remained above 7.5 x 10* m3/s from 25 to 30 July).
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Figure 15. Process of water rise at Mishidu Station and river discharge variation in the Yangtze River
from 22 to 30 July. Green and blue curves are the process of water rise at Mishidu Station and river
discharge variation at 121.025° E section of the Yangtze River, respectively.

4. Discussion

The passage of a typhoon induces Ekman suction/pumping, leading to vertical mixing
of seawater, which drastically affects the marine dynamic environment, resulting in changes
in seawater temperature, salinity, and Chl-a concentration [47-49]. Before the transit of
“In-Fa” (Figure 3a), most of the regions above the two upwelling areas were dominated by
anticyclonic wind, where the EPV was relatively small and mostly negative, indicating a
weak Ekman pumping effect of the wind field and a minor influence on the strength of the
upwelling. Under the peripheral influence of spiral rain band of “In-Fa” (Figure 3b), the
EPV in UAZS exceeded 1.5 x 10~° m/s and was negative, indicating that the wind field
exerted a pumping effect on UAZS, suppressing the upwelling intensity. During the transit
of “In-Fa” (Figure 3c), most regions over the study area were dominated by cyclonic wind,
resulting in positive EPV values. The wind field acted as a suction force and strengthened
the upwelling intensity in the study area. After the transit of “In-Fa” (Figure 3d), the EPV
in UAYRE returned to a lower value. Compared to UAYRE, UAZS exhibited higher EPV
values, indicating that the wind field continued to strengthen the upwelling intensity at
UAZS. Ekman suction promotes oceanic upwelling, so the upwelling during a typhoon is
much stronger than usual, facilitating the transport of subsurface nutrients to the upper
ocean layers [17,50].

Typhoons cause modifications in oceanic elements by influencing the oceanic dynam-
ical system, and the cooling of SST is one of the main features of “In-Fa” transiting the
upwelling areas in the Northwestern ECS (Figures 4 and 5). In Figure 5, the increase in SST
in both upwelling areas from 17 July to 19 July was attributed to the thermal advection
mixing of non-upwelling warm water driven by the peripheral wind before the center of
“In-Fa” reached the study area [51-53]. The effect of thermal advection mixing on the SST
will be replaced by vertical mixing with the approaching typhoon [54,55]. After 19 July,
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as “In-Fa” gradually approached the study area, the upwelling caused by “In-Fa” and the
vertical mixing of seawater transported the deep cold water to the sea surface. However, the
intensified sea surface evaporation during typhoon can release more oceanic latent heat
into the atmosphere [51,56]. Under the combined effects of vertical mixing and strong
evaporation, the SST in the study area started to decline on 19 July. In other studies, a strong
correlation between the decrease in SST and the Ekman effect has been observed [55,57,58].
However, the SST of UAYRE and UAZS began to recover from 26 July and 27 July, respec-
tively. This was due to the decrease in offshore wind and weakened vertical mixing of
seawater after the transit of “In-Fa”, causing the previously upwelled cold, high-density
water to sink to deep layer and an increase in solar radiation on the ocean surface after the
typhoon [59]. Consequently, the SST in both upwelling areas gradually increased. As for
the subsurface temperature at 10 m (Figure 7), from 17 to 23 July, before the center of “In-Fa”
reached the study areas, the peripheral wind field vertically mixed the water below the sea
surface with the warmer surface water, leading to an increase in 10 m SWT. The seawater
temperature decreased during 23 to 26 July for UAYRE and 23 to 27 July for UAZS, which
reflected that the wind field enhanced the vertical mixing of seawater as “In-Fa” reached
the study areas, causing deeper cold water to rise. After the transit of “In-Fa”, with the
decrease in offshore wind, weakened vertical mixing of seawater and the increase in heat
transfer from the sea surface, the 10 m SWT of UAYRE and UAZS began to rise on 26 July
and 27 July, respectively.

The increase in sea surface Chl-a concentration is another feature of “In-Fa” transiting
the upwelling areas in the Northwestern ECS (Figures 12 and 13). The Chl-a concentration
in the subsurface layer of the ocean is relatively high [60], and the intense vertical mixing
during the “In-Fa” period carried the Chl-a from the subsurface layer to the sea surface,
leading to an increase in sea surface Chl-a concentration in both upwelling areas. On the
other hand, the vertical mixing can transport large amounts of nutrients from the subsurface
to the sea surface, promoting the growth of phytoplankton [9,61], thereby increasing the
Chl-a concentration at the sea surface. Phytoplankton reproduction requires appropriate
temperatures [62,63], and during the “In-Fa” period, the mixed layer depth in the study
areas deepened (Figures 10 and 11) and the seawater temperature gradient was lower than
normal, which was more suitable for increase in phytoplankton blooms. With the increase
in phytoplankton, the abundance of zooplankton and other marine organisms that feed on
phytoplankton also increases [64]. Phytoplankton rely on the nutrient supply in the surface
layer of the ocean for their growth and reproduction, and the supply of nutrients decreased
after “In-Fa” [5], both of which limited the growth and reproduction of phytoplankton.
Therefore, after the transit of “In-Fa”, the sea surface Chl-a concentration started to decrease
with the decrease in phytoplankton and the weakening of vertical mixing (Figure 13, UAYRE
and UAZS on 28 July and 27 July, respectively). And the suspended matters concentration
increases after typhoon, which leads to the decrease in seawater transparency, while the
deficiency light could also limit the growth of phytoplankton in high turbidity areas [65].
In summary, after experiencing a typhoon, the sea surface Chl-a concentration tends to
increase. However, as the typhoon moving away and under the influence of various factors,
the Chl-a concentration gradually returns to normal levels [9,40,61,66].

There was a delay in the response of Chl-a concentration to “In-Fa” compared to
SST (the SST began to decline on 19 July, and the sea surface Chl-a concentration began
to rise on 20 July), and this is attributed to the fact that phytoplanktons need a period
of time to grow and their reproduction is affected by nutrients, temperature, and other
factors [64]. In contrast to Chl-a concentration, the change in SST is mainly affected by
physical factors and is more evident. Spatially, before the arrival of “In-Fa” (Figure 5,
17 July), the average SST in the Northwestern ECS, UAYRE, and UAZS were 25.27 °C,
23.46 °C, and 22.91 °C respectively, which were lower compared to non-upwelling areas.
During the period of “In-Fa”, in the non-upwelling area (region: 123.0° to 123.5° E, 29.0° to
29.5° N) along the typhoon, the maximum and minimum SST were 29.12 °C and 28.11 °C,
respectively, with a maximum SST decrease of 1.01 °C. Compared to UAZS, the SST change



Atmosphere 2023, 14, 1226

17 of 20

in this non-upwelling sea area was relatively less affected by “In-Fa” (Figures 4 and 5).
From Figures 12 and 13, it can be observed that, similar to the spatial variation in SST, the
increase in sea surface Chl-a concentration in the upwelling areas is more pronounced
when compared to non-upwelling areas.

During typhoons, heavy precipitation and extensive cloud cover are typically ob-
served [66], leading to changes in temperature, salinity, and Chl-a concentration in the
Northwestern ECS. Due to the continuous precipitation during the transit of typhoons, the
air temperature decreases and the solar radiation weakens, so that the ocean heat transport
will reduce [67,68], which also leads to the decrease in SST in the two upwelling areas
during the period of “In-Fa” (Figure 5). Heavy precipitation can cause an increase in runoff
from rivers [66]. The variation in river discharge of Yangtze River and the water rise at
the Mishidu station on the Huangpu River indicate that the heavy precipitation associated
with “In-Fa” has significantly increased the amount of freshwater transported from the
Yangtze River into the ECS (Figure 15), which affect the SST of both upwelling areas after
19 July. Typhoon-induced vertical mixing will increase SSS, while precipitation leads to a
decrease in SSS [69-71]. The heavy precipitation and its resulting increase in runoff from
the Yangtze and Qiantang rivers brought the freshwater into the ECS and reduced the SSS
(from 24 to 27 July). With the decrease in salinity, the ocean stratification is strengthened,
which inhibits the vertical mixing of seawater [72], and the SSS will gradually decrease,
which is the indirect effect of precipitation on the modifications of SSS. Typhoon-induced
heavy precipitation can increase river runoff and terrestrial nutrient input and can bring
a large amount of terrestrial nutrients into coastal areas [61,66], promoting the growth of
phytoplankton, and enhancing nearshore Chl-a concentration.

5. Conclusions

The variations in oceanic variables within the upwelling areas can have implications
for the marine ecosystem, which in turn affects fishery resources. In recent years, climate
anomalies have increased the frequency of typhoons, which will have an impact on the
temperature and salinity structure of the upwelling areas and the marine ecosystem. In this
study, we analyzed the effects of “In-Fa” on temperature, salinity, MLD, and Chl-a concen-
tration in the two upwelling areas in Northwestern ECS using reanalysis data and model
products. The results indicate that during the “In-Fa” process, the SST in the upwelling
areas of Northwestern ECS decreased due to the combined effect of the strong vertical mix-
ing, the widespread heavy precipitation, and the rising river runoff. The SST decrease was
more pronounced in UAYRE, located on the right side of the typhoon path, compared to
UAZS. Cooling delays and gradual temperature recovery were observed after the typhoon
passage. The salinity within the two upwelling areas exhibited asymmetric changes affected
by precipitation, evaporation, mixing, and Ekman effects, with a more significant impact
observed in SSS at UAYRE, located on the right side of the typhoon path. The temperature
of seawater below the sea surface was affected by typhoon, resulting in the upwelling of
cold deep water and mixing of subsurface and surface waters, leading to deepened MLD.
The deepening of MLD was more pronounced in UAYRE compared to UAZS. The increase
in nutrient concentration due to Ekman processes and river-borne nutrients resulted in
elevated surface Chl-a concentration. “In-Fa” strengthened the upwelling intensity in the
Northwestern ECS, increased the nutrient concentration in the region, enhanced the pri-
mary productivity, provided favorable environment for the growth and reproduction of
fish, improved fishing yields within the upwelling areas, and accelerated the nutrients cycle
and marine energy conversion process. This study provides important data support and
theoretical reference for the ecological conservation and fisheries economic development
in the ECS. The severe weather conditions during “In-Fa” made it challenging to conduct
in situ observations or utilize remote sensing methods in the upwelling areas along its
path. Although relatively accurate reanalysis and model products provided support for
our research findings, we hope that with the advancement of technology and continuous
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progress in data analysis techniques, we will have more precise methods and data available
for analyzing oceanic elements under extreme and adverse weather conditions in the future.
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