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W N e

Abstract: Typhoon (hurricane) is the most influential process of ocean—air interaction on the synoptic
scale; it has a great influence on the heat exchange, mixing and ecological processes in the upper ocean,
which in turn affect sea surface temperature (SST), leading to chlorophyll-a (Chl-a) concentration
variation. SST is also an important factor affecting marine fishery resources. Chl-a is closely related
to the marine ecosystem and primary productivity. In this study, we analyzed the response of SST
and Chl-a to Typhoon Lekima (2019) process. The result indicates that the response of temperature
to typhoon decreases from the center to the outer edge, which has a good correlation with the
location, path and influence area of the typhoon center. The mean SST in the study area (14°~40° N,
116°~136° E) decreased during the typhoon’s passage, from 28.97 °C at the beginning (5 August) to
28.22 °C (15 August). The concentration of Chl-a was high in the northwest and coastal areas; its
mean value in the study area decreased from 2 to 8 August (on 2 and 8 August, the concentration
was 0.484 mg/m3 and 0.405 mg/m?, respectively). From 8 to 14 August, Chl-a decreased with the
increase in SST, and 10 and 14 August were the two peak values of Chl-a (while SST was low). Chl-a
concentration increased after the typhoon’s landfall (from 15 to 31 August); the Chl-a trend was
the same as that of SST. The stronger the typhoon and the longer the residence time, the greater
the contribution to the increase in Chl-a concentration at sea surface. Typhoon-induced rainfall
over the ocean surface, increased evaporation of seawater, enhanced mixing within the mixed layer
and upwelling of the pycnocline resulted in an increase in Chl-a quantity. This study describes the
spatial response of the upper ocean to typhoons. It provides a general method for the comprehensive
assessment of typhoons in marginal seas and upper open oceans, which has wide applicability and
good scientific application prospects.

Keywords: typhoon Lekima; SST; chlorophyll-a concentration; wind

1. Introduction

In the past few decades, typhoon frequency and intensity have increased, and its
translation speed has slowed down [1], which has a significant impact on the regional
marine environment. When a typhoon passes, the sea surface wind increases, and the
mixing intensifies; therefore, the mixing layer usually deepens [2]. The cyclonic wind stress
on the sea surface caused by the typhoon will lead to the upwelling of the lower seawater
within a radius of several kilometers, resulting in the uplift of the thermocline [3]. The
change in the thermocline will last for several inertial oscillation cycles after the typhoon [4].
After the typhoon, the heat flux from the ocean to the atmosphere is as high as 100 W/m?,
and there is a cooling process in the ocean mixing layer, which makes the temperature of
the surface mixing layer drop by 1 °C on average [5,6]. The influence of typhoon on the
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ocean can exceed 1000 m depth; the temperature decreases with depth, the stratification
is obvious at depth, and the exchange is weak at the bottom [7-11]. The stratification of
temperature hindered the transport of nutrients from the lower layer to the mixing layer,
resulting in lower nutrients in the surface layer and higher Chl-a concentration in the lower
layer [12]. Typhoon caused strong mixing of seawater, bringing the lower layer cold water
to the surface layer [13]. The spatial distribution of Chl-a depends on the relationship
among the thickness of the mixed layer, the trophic thermocline and the maximum Chl-a
concentration in the lower layer [12].

The responses of Chl-a and SST to typhoons are very different both in space and
between single typhoon events [14]. Typhoon Lekima formed on 4 August 2019. In this
study, the response of SST and Chl-a around the track of Lekima to the typhoon process was
studied. Chl-a is important for the study of primary productivity in the marine ecosystem,
which provides an important basis for the study of carbon cycle in the marine atmospheric
system and global heat effect circulation, and it is of great significance for the study of
ocean current (upwelling, coastal current, etc.) and marine fishery management [15-17].
Satellite remote-sensing data (such as MODIS, SeaWiFS, Goci, MERIS, etc.) have high
spatial-temporal resolution [7] and can be used for large-area synchronous observation;
therefore, they are widely used in marine Chl-a concentration estimation and spatial-
temporal dynamic analysis [15-17]. SST combined with other remote-sensing data, such
as chlorophyll a, wind field and sea surface height, has increasingly become an important
data source in oceanographic research, especially in severe weather conditions, such as
typhoons. Due to the severe weather of typhoon, it is difficult to measure the condition of
the ocean by conventional methods.

The development of remote-sensing technology provides an effective means for the
study of such extreme events. There are many studies on the use of satellite data to detect
the ocean surface characteristics over the area of typhoon passage, while there are few
studies on the Chl-a concentration, temperature and the relationship between them before
and after the typhoon [18-21]. In this study, remote-sensing technology was used to study
the temporal and spatial variations in Chl-a concentration and temperature in the sea area
where Lekima (Typhoon No. 9 in 2019) passed through.

2. Materials

The study site is the sea area around Typhoon Lekima path, with a range of 14°~40° N,
116°~136° E (Figure 1). The data used in this study include wind, sea surface temperature
(SST) and chlorophyll-a (Chl-a). The wind, sea surface temperature (SST), Chl-a and Ekman
pumping velocity (EPV) were analyzed using MATLAB R2023a software.
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Figure 1. The route of Typhoon Lekima No. 9 in 2019.
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2.1. The Overview of Typhoon Lekima No. 9 in 2019 [22,23]

On the afternoon of 30 July 2019, a tropical disturbance formed over the eastern waters
of the Philippines. On the afternoon of 3 August, this developed to a tropical depression.
On the afternoon of 4 August, the tropical depression officially strengthened to Lekima, the
ninth typhoon of the year, and strengthened to super typhoon status at 23:00 on 7 August
(Beijing time, the same below). It landed in Chengnan Town, Wenling City, Taizhou City,
Zhejiang Province, China, on 10 August at 01:45, ranking as the third strongest typhoon
landing in Zhejiang since the founding of the People’s Republic of China (the intensity of
landing was a super typhoon, and the maximum wind speed near the center was 52 m/s,
level 16). After landing, the intensity gradually weakened, passing through Zhejiang
and Jiangsu Province and then moving northward through the Yellow Sea. At 20:50 on
11 August, it made a second landing in the coastal area of Huangdao District, Qingdao
City, Shandong Province, and then dissipated in the Bohai Sea, with a life span of 9 days.
The specific path is shown in Figure 1. In Figure 1, the black line from the southeast to the
northwest is the track of Typhoon Lekima.

The black line represents Lekima’s path, and the red dot represents the typhoon center.

From 08:00 on 8 August to 08:00 on 11 August, the average rainfall in Zhejiang Province
was 165 mm. There are mainly two heavy rainfall areas: one is located near the typhoon
center, and the other is located in the area from the north of Taizhou to the south of Ningbo.
In addition, there are some heavy rainfalls in the northwest of Zhejiang Province. In
Taizhou, the typhoon landed in 9 counties (cities, districts); there were 5 areas with rainfall
exceeding 300 mm; and the maximum rainfall was 370.9 mm in Huangyan District. The
maximum precipitation measured by a single station was Kuocangshan station in Linhai
City, and the accumulated precipitation during the process was 834.3 mm. The maximum
hourly rainfall intensity was 896.6 mm in Ximen island of Yueqing, Wenzhou City.

2.2. Wind

Wind data were acquired from the dataset of the Navy Global Environmental Model
(NAVGEM), which is a global numerical weather prediction computer model run by
NOAA. In mid-February 2013, it replaced NOGAPS as the primary model for FNMOC
weather model weather sites. NOGAPS is the global weather forecast model from the
“Fleet Numerical Meteorology and Oceanography Center” (USA). It is located 10 m above
the sea surface (spatial resolution of 1 degree) and is provided by the Navy Fleet Numerical
Meteorology and Oceanography Center (FNMOC). This study period is from 3 August
to 12 August 2019 (https:/ /coastwatch.pfeg.noaa.gov/erddap/griddap/erdNavgem1D1
0mWind_LonPM180.html, accessed on 22 June 2024).

2.3. Sea Surface Temperature (SST)

The study period is from 1 July to 31 August 2019. The SST used in this study is from
the dataset of Advanced Very High-Resolution Radiometer (AVHRR) Pathfinder Version
5.3 Level 3-Collated (L3C) SST, global, 0.0417°, daytime (1 Day Composite), provided
by the National Centers for Environmental Information, USA. This is a retrospectively
processed skin-level SST dataset available from 1981 to the present for climatological
application [24]. This dataset comprises twice-daily (day/night) data, which are generated
with measurements combined from a single AVHRR instrument (at a time) into a space-
time grid. Thus, a dataset for time is a combination of multiple channels/scenes grouped
together (https://coastwatch.pfeg.noaa.gov/erddap/griddap/nceiPH53sstd1day.html,
accessed on 22 June 2024).

2.4. Chl-a

The data used for this study are from the typhoon period. The daily Chl-a concentra-
tion was obtained from the National Oceanic and Atmospheric Administration (NOAA)
Coast Watch. The NOAA Multi-Sensor Level-1 to Level-2 (MSL12) Ocean Color, with qual-
ity science, multi-sensor global gap-filled analysis, includes Chl-a products. The data gaps
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were generated by using the data interpolating empirical orthogonal function (DINEOF)
method [25]. The data currently come from 3 instruments: the Visible Infrared Imaging
Radiometer Suite (VIIRS) sensor (aboard the Suomi National Polar-Orbiting Partnership
Satellite), the VIIRS on the NOAA-20 satellite and the Ocean and Land Color Instrument
(OLCI). The level 3 Chl-a (mass concentration) data over the sea surface used for this study
have a spatial resolution of 4 km and are obtained daily from the National Oceanic and
Atmospheric Administration (NOAA) Coast Watch/Ocean Watch. The data obtained for
this study period are from August 2019.

Light reflected from or transmitted through a volume of water can be measured on
a large scale to determine the average or mean influence of particles interacting with the
light field; the approaches to characterizing the individual particle’s size and optical char-
acteristics show heterogeneity that is not addressed by large-scale or bulk measurements; it
is typically not appropriate to determine the average properties of a whole volume solely
on the average properties of individual particles or elements in the medium because most
biological optical processes are non-linear [26]. The model needs to take this heterogeneity
into account in a rigorously mathematical manner to link observations taken at different
scales [27]. Logarithmic transformations are frequently employed when working with
data that are obviously not regularly distributed, particularly in the biological and opti-
cal sciences; for bio-optical variability over a range of space-time scales, the lognormal
model is helpful; these kinds of data can be analyzed using a rigorous statistical frame-
work that the lognormal model offers; since log-converted bio-optical data tend to be
normally distributed in many circumstances, the technique was based on the lognormal
distribution [28]. Because the value range of sea surface Chl-a is large, it is not conve-
nient for cartographic analysis; therefore, it is standardized (its logarithm is calculated)
to achieve the compression range and facilitate the analysis of its temporal and spatial
changes (https:/ /coastwatch.star.nesdis.noaa.gov/pub/socdl/mecb/coastwatch/viirs/
science/L3/global/chlora/dineof/2019/, accessed on 22 June 2024).

2.5. Ekman Pumping Velocity (EPV)

Ekman pumping refers to the convergence (divergence) of air at the top of the Ekman
layer due to turbulent friction. The Ekman pumping effect enhances the exchange of mo-
mentum, heat and water vapor between the free atmosphere and the boundary layer [29].
The Ekman pumping velocity (EPV) is calculated from the wind stress and Coriolis pa-
rameters by using Climate Data Toolbox for MATLAB [1,30-32]. The formula is shown in
Equation (1) [2]:

Wik = (curl ) (p £) (1)

In Formula (1), Wgxk represents the EPV (m/s); T is the surface wind stress (N); p is
the seawater density (1025 kg/m?); f is the Coriolis parameter (=2 sin 0, Q) and 0 are the
angular velocity and latitude of the earth, respectively). The calculation method of surface
wind stress is shown in Equation (2) [1]:

T=[t, ty]=paCp V[u, v] (2)

In Formula (2), tx and Ty represent the east-west and north-south components of
wind stress (N); pa is the density of sea surface air; Cp is the drag coefficient; V [u, v]
is the wind speed (m/s); and u and v are the east-west and north-south components of
wind speed.

3. Results
3.1. Wind Variation during the Movement of Typhoon Lekima

Lekima formed in the northwest Pacific Ocean and dissipated over the Bohai Sea [23].
It had the characteristics of “strong landing intensity, long land retention time and wide im-
pact area”, which caused serious casualties and economic losses to many coastal provinces
of China [22].
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The wind is measured at 10 m above sea level with a spatial resolution of 1 degree
and a temporal resolution of 6 h; the period is between 3 and 12 August 2019. The vector
average analysis of the daily wind speed and direction in the passing area during the
typhoon is carried out by using MATLAB software (see Figures 2 and 3). Figure 2 illustrates
the variation in wind speed and direction in the area affected by the typhoon. The blue
line indicates the typhoon path; the red dots represent the typhoon center; and the vectors
(in black) represent wind direction and speed. Figure 3 shows the spatial distribution of
wind speed; the transition from blue to red indicates that the wind speed increases from
low to high. From 3 to 12 August, the typhoons experienced formation, strengthening and
extinction. The wind speed is high in the area around the typhoon. In Figure 3, yellow
or red-orange is the location of the typhoon center (from 3 to 12 August; some areas in
the southeast from 10 to 12 August, which is the strong wind area affected by Typhoon
Krosa No. 10, 2019). As the typhoon approaches closer to the center, the wind speed will be
higher, and the wind direction will be counterclockwise.

3.2. SST Changes during Typhoon Lekima’s Passage

In a large-scale air-sea interaction, the effect of the atmosphere on the ocean is mainly
dynamic, while the effect of the ocean on the atmosphere is mainly thermal. SST represents
the comprehensive results of ocean thermal and dynamic processes and the interaction
between the ocean and the atmosphere [33]. SST is an important parameter, reflecting the
heat, dynamic and water vapor exchange between the sea and air, and it is an important
factor affecting climate change, marine nutrient concentration and primary productivity. In
recent years, tropical storms have become more and more intense, which is closely related
to the rise in ocean temperature [34].

Typhoon Lekima, which formed at 17:00 (Beijing time) on 4 August, became a strong
tropical storm at 02:00 on 6 August, evolved into a typhoon at 05:00 on 7 August, strength-
ened into a strong typhoon at 17:00 and became a super typhoon at 23:00 on 7 August, and
landfall occurred in Zhejiang Province at 01:00 on 10 August. In the process of typhoon
formation and evolution, the regional temperature changed a lot. In the area where the
typhoon passes, the SST decreases to varying degrees. The changes in the ocean and atmo-
sphere are coupled as a whole, not isolated from each other. MATLAB software was used
to analyze the spatial changes in SST during Lekima (from 3 to 12 August) and the changes
in daily mean SST in the study area in August. The results are shown in Figures 4 and 5.

Figure 4 shows the spatial (14°~40° N, 116°~136° E) variation in SST before and after
Lekima. In Figure 4, the white solid line is the path that the typhoon had passed; the red
dotted line is the path that the typhoon will pass; and the black dot is the typhoon center.
The SST change in the typhoon-affected area is obvious. In Figure 4, the temperature in
the area near to the typhoon’s path dropped significantly from 6 to 12 August. Before
Lekima (3 August), the SST in most parts of the north (32°~40° N) was lower than 28.3 °C;
however, in most parts of the middle and south (14°~32° N), the SST was higher than this.
On 4 August, the SST in most of the area was in the range of 28.8~30.0 °C (14°~40° N,
116°~136° E); when Lekima passed through, the SST dropped significantly after 5 August,
especially in the track area of Lekima. From 6 August, a low SST zone (around 28 °C)
appeared on both sides of the typhoon track, and then, the low temperature zone gradually
expanded. SST gradually increased until 15 August; however, it was still lower than before
the typhoon had passed through. Another phenomenon is that as the typhoon moves
forward, the SST in the early track area gradually rises.
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Figure 2. Wind direction and track of Typhoon Lekima. The blue line is the typhoon path; the red dot is the typhoon center; and the black arrow is the wind direction
and speed (long arrows have higher wind speed and vice versa).
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Figure 5. Changes in daily mean SST over the passage of Lekima from 1 to 31 August 2019.

Figure 5 shows the daily mean SST in the area (14°~40° N, 116°~136° E), which was
affected by Lekima in August 2019; the mean monthly SST was 28.5 °C in August. From 1 to
5 August, the daily mean SST was higher than 28.89 °C, and the maximum was 28.97 °C on
5 August. With the strengthening of Lekima, the daily mean SST decreased from 28.97 °C
(5 August) to 28.22 °C (15 August). After 15 August, the SST increased slightly. The
SST drop is due to the increase in wind and seawater mixing when the typhoon passes,
and strengthened wind can cause the deepening of the mixing layer [35]. The cyclonic
wind stress on the sea surface triggered will cause the upwelling of the cold seawater in
the lower layer within a radius of hundreds of kilometers, resulting in the uplift of the
thermocline. Such changes in the thermocline will last for several inertial shock cycles
after typhoons [21,22]. The daily mean SST in the study area dropped 0.75 °C during
Lekima’s passage (see Figure 5). The typhoon not only affects the SST but also the Chl-a in
the seawater.

3.3. EPV Changes during Typhoon Lekima’s Passage

Based on the hourly wind speed at 10 m sea surface, the EPV and its spatial distribution
before and after the typhoon were calculated by MATLAB according to Formulae (1) and (2).
The EPV spatial variations (14°~40° N, 116°~136° E) during Typhoon Lekima are given
in Figure 6. A positive EPV value indicates an upward flow, while a negative EPV value
indicates a downward flow (see Figure 6). The EPV over the ocean can clearly be seen in
the figures around the typhoon. However, when the typhoon reaches the coast, the EPV
is clearly seen along the coast on the right side of the typhoon, which is due to typhoon
winds. When the typhoon made the landfall, the wind pattern changed, as well as the EPV,
on 10 August; however the EPV disappeared on 12 August.

When a typhoon passes through, a strong wind stress acts on the upper ocean, caus-
ing strong vertical mixing in the upper ocean to deepen the depth of the mixing layer.
Upwelling and downwelling caused by the convergence and divergence of mixed layer
waters are the main dynamic processes of the ocean. In this paper, the EPV during the
transit of Typhoon Lekima is calculated according to Formulae (1) and (2) based on wind
field data acquired 10 m from the sea surface. The EPV is proportional to the wind speed
in Formulae (1) and (2). Table 1 shows the maximum, average and minimum values of
EPV during typhoon transit. The maximum value (positive value) indicates the upward
direction of Ekman suction; the minimum value (negative value) indicates the downward
direction of Ekman suction; and the mean value represents the average value of EPV within
the study range (14°~40° N, 116°~136° E). On 3 August 2019, the typhoon just entered the
country; the cyclone intensity increased; and the EPV increased too. The maximum, average
and minimum EPV values were 1.45 x 104 m/s, 6.19 x 1077 m/s and —1.48 x 10~* m/s,
respectively. Afterward, the wind speed gradually increased, and the cyclone intensified.
On 8 August 2019, the cyclone intensity was the strongest, and the corresponding maxi-
mum, average and minimum values of the EPV were 7.79 x 10~% m/s, —3.47 x 10~* m/s
and —5.31 x 10~* m/s, respectively. On 9 August 2019, the cyclone approached the coast
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until landfall; the wind speed decreased; and the Ekman suction weakened. On 12 August,
the cyclone disappeared, and the corresponding maximum, average and minimum EPV
values were 3.43 x 1074 m/s, 4.40 x 1077 m/s and —1.51 x 104 m/s, respectively.

3.4. The Spatial Variation in Chl-a during Lekima’s Passage

MODIS inversion of Chl-a’s algorithm is based on the absorption and reflection effects
of Chl-a in seawater. Chl-a in water shows a strong absorption effect at 440-490 nm (blue
light) and high reflectivity peak at 500-550 nm (green light) [36]. Because green light can
reflect the Chl-a of phytoplankton in seawater, the reflectivity of green light band will
increase with the increase in Chl-a concentration [37]. The inversion formula of Chl-a
concentration is based on the correlation between reflectance and Chl-a concentration in the
two bands [38,39]. The formula is based on the logarithmic form of the regression equation,
such as Formula 1. This formula is also applicable to Chl retrieval from the coastal zone
color scanner (CZCS), ocean color and temperature scanner (OCTS) and MODIS water
color remote-sensing data [40]. The coefficients in Formula (1) correspond to different
satellites, and the coefficient values are calculated and determined according to the Chl-a
concentration measured at fixed points and the reflectance of blue-green bands.

1
log,y(chlor_a) = ag + 24:1 a;logqy RisRotue) 3)
' Rys ()\green )

In Formula (3), Rys(Mpje) is the higher value of reflectivity in the blue band—that is,
the higher value in MODIS Band 9 (A = 443 nm) or Band 10 (A = 488 nm); Rys(Agreen) is the
reflectivity of the green band—that is, MODIS B and 11 (A = 550 nm); 4; is the coefficient.
ayg — ag are 0.242, —2.7423,1.8017, 0.0015, —1.2280, respectively; these were determined by
the NASA Bio-Optical Marine Algorithm Dataset [39].

In most cases, the logarithmic transformation of bio-optical data tends toward normal
distribution. The logarithm of Chl-a was normally distributed; Chl-a was converted
by log,, for drawing and analysis [39]. In this study, the logarithmic transformation of
Chl-a concentration was carried out in MATLAB software, as shown in Figure 7 [27,39].
The common logarithm is a monotonically increasing function. Figure 7 is the Chl-a
concentration (common logarithm) in the sea surface during Lekima’s passage (from 4 to
11 August). The distribution pattern of Chl-a (Figure 7) is different from that of SST. The
high values of Chl-a were greater than 0.5 log;, mg/m?, which were found near the coast,
and the lower values were found far offshore. The high value area is 27°~40° N, 120°~128°
E, especially in the estuary area of the Yellow River and the Yangtze River (38° N, 119° E;
31° N, 121° E). The red dot in Figure 7 is the typhoon center, and the line is the moving
track (the white solid line is the path that the typhoon had passed, and the red dotted
line is the path that the typhoon will pass). It can be seen that Chl-a in the nearshore
changes significantly before and after the typhoon’s passage. Before the typhoon’s passage,
the Chl-a concentration is low in the nearshore, while it increases significantly after the
typhoon passes. On 10 August, Lekima landed in Chengnan Town, Wenling, Taizhou city.
On that day, the Chl-a concentration in this area increased significantly compared with the
previous value (the value was in the range of 0.5-1.5 log;, mg/m?).
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Figure 6. Spatial variation in EPV during Lekima’s passage (2019). The direction of the arrow represents the wind direction, and the length represents the wind
speed. The background color ranges from blue to red, indicating a gradual increase in wind speed.
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Figure 7. Spatial and temporal distribution of sea surface Chl-a concentration during Lekima’s passage. Chl-a was converted to a logarithmic scale. Chl-a (log;,
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Table 1. Variation in EPV during Lekima’s passage (2019).
Time Maximum (m/s) Minimum (m/s) Mean (m/s)
3 August 2019 18:00 1.4463 x 1074 —1.4769 x 1074 6.1895 x 1077
4 August 2019 06:00 1.9781 x 1074 —1.1461 x 10* 9.9883 x 10~/
5 August 2019 06:00 1.9332 x 1072 —1.8586 x 1072 1.0662 x 1077
6 August 2019 12:00 5.9190 x 107> —4.6737 x 107° 3.3041 x 1077
7 August 2019 06:00 1.1307 x 1074 —1.2251 x 1074 2.0743 x 1077
8 August 2019 12:00 7.7927 x 104 —5.3071 x 1074 —3.4666 x 107°
9 August 2019 12:00 2.3698 x 104 —1.3785 x 1074 —1.5624 x 107©
10 August 2019 12:00 1.5550 x 1074 —1.5578 x 107+ —6.4482 x 1078
11 August 2019 18:00 2.2333 x 104 —6.3961 x 107° 1.3612 x 107°
12 August 2019 18:00 3.4288 x 104 ~1.5077 x 10~* 4.3975 x 1077

Maximum, maximum upward EPV in the area. Minimum, maximum downward EPV in the area. Mean, the
average EPV in the area.

4. Discussion

Typhoons can affect the ocean’s dynamic factors and subsequently cause changes in the
ocean’s parameters. The decrease in SST and the rise in Chl-a were the main characteristics of
the typhoon’s passage over the area (Figures 2—4 and 7). This is mainly because the mixing
and upwelling caused by typhoons weaken the stratification of the water column [41].

4.1. Response of SST to Typhoon Lekima

After Lekima had passed, there was an obvious low-temperature area around the typhoon’s
path. A warm sea surface can provide favorable conditions for the upward transportation of
heat and water vapor. Under the influence of the typhoon, the temperature in the region
(14°~40° N, 116°~136° E) where the typhoon passed decreased by a maximum of 5 °C [42,43].
In the formation and infancy of Lekima (1-5 August), the daily average SST in the study
area (14°~40° N, 116°~136° E) was over 28.9 °C; the lowest was 28.2 °C on 15 August, which
decreased by 0.7 °C. During the period from Lekima entering the East China Sea to the offshore,
the SST was maintained at 28~30 °C, which means that the lower atmosphere over the East
China Sea had abundant warm and humid air energy and vigorous sea surface evaporation.
This not only ensured the maintenance of the intensity of Lekima before landing but also
created favorable conditions for the generation of heavy precipitation. The changes in the ocean
and atmosphere during typhoons are a coupled whole rather than isolated from each other.
Typhoons receive energy from the ocean, intensify and then act on the ocean, forming large
areas of low SST. As the ocean cools, it provides less energy, and the typhoons weaken.

Based on the daily average SST in July and August 2019 in the study area, the spatial
distribution of the monthly average SST was calculated. In order to better understand the spatial
variation in SST during the typhoon’s passage, SST during the typhoon process was compared
with the average SST in July and August 2019. The anomalies of SST on each day during
Lekima’s passage are shown in Figure 8. The figure indicates SST variation in the affected
region compared with the mean SST in July and August, and the range of temperature change
is approximately 0~5 °C (increase and decrease). Before the typhoon (2—4 August), the SST in
the north was 1~2 °C higher than that in the center, south and also on both sides of the typhoon
track. As the typhoon progressed (starting on 5 August), the SST in the typhoon path decreased
significantly. In the typhoon track area, the maximum cooling range occurred during the arrival
of the typhoon and one day later, and SST dropped approximately 1~3 °C; then, SST gradually
increased near the typhoon track. From 7 August, there was widespread cooling in the south,
with SST dropping approximately 2 °C in the area where the typhoon passed. However, in most
northern areas where the typhoon did not pass (such as on 8 August), the SST increased by
more than 2 °C. As the center of the typhoon approached (8-14 August), the SST in the northern
region dropped from south to north. After Lekima’s passage, the SST gradually increased but
still kept the temperature lower than before. This shows that SST did not return to the initial
state during this period, and the increase in SST took time.
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The location of the main low-temperature water region caused by the typhoon basically
corresponds to the area with the strongest wind speed (combining Figures 2—4 and 8). The
higher the wind speed is, the greater the wind stress will be, and the stronger the mixing
that will be generated in the upper ocean. Due to the diffusion effect of ocean currents
on the low-temperature zone, this area will be slightly larger. Upwelling, vertical mixing,
suction, rainfall, low solar radiation and high latent heat flux are the main causes of sea
surface cooling caused by typhoons [4,44]; the stronger the typhoon intensity, the stronger
the suction of the ocean [45].

4.2. Response of SST to Typhoon Lekima at Zhejiang Coastal Region

Figure 9 shows the daily mean SST in the area, which was affected by Lekima in
August 2019, at Zhejiang coast (115~135° E, 15~35° N). On 1 August, the daily mean SST
was 28.9 °C, and the maximum was 29.5 °C on 17 August. With the strengthening of
Lekima, the mean SST decreased from 28.97 °C (6 August) to 13.7 °C (9 August). After
6 August, the SST increased. The SST drop is due to the increase in wind and seawater
mixing when the typhoon passes. The cyclonic wind stress on the sea surface triggered will
cause the upwelling of the cold seawater in the lower layer within a radius of hundreds
of kilometers, resulting in the uplift of the thermocline. Such thermocline variations will
last for several days after typhoons [21,22]. The average SST in the Zhejiang coastal area
dropped 15.2 °C during Lekima’s passage over the coastal area (see Figure 9) due to strong
upwelling and rainfall, attaining the maximum value on 17 August. The typhoon not only
affects SST during passage; it also affects the Chl-a in the seawater after passage.
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Figure 9. Changes in daily mean SST over the passage of Lekima in Zhejiang coastal area from 1 to
31 August 2019.

4.3. Response of Chl-a to Typhoon Lekima

The variation in Chl-a is influenced by the SST, wind speed and ocean current, etc., and
its spatial distribution reflects the large-scale vertical transport of nutrients driven by these
factors [46—48]. The upwelling, suction and entrainment caused by typhoons (please refer
to Figure 6, where the EPV is located along the coast) bring the nutrients in the subsurface
layer to the upper layer and promote the growth of phytoplankton and Chl-a, which has
an important impact on the primary productivity and carbon cycle in the oligotrophic sea
area [49]. When the EPV is located along the coast, there is upwelling occurring near the
coastal areas, and further, the Chl-a increases due to the surface water moving away from
the coast and subsurface nutrient water appearing on the surface. The typhoon caused a
significant increase in the concentration of Chl-a on the sea surface in the cold-water area,
which was related to the bringing of nutrients and biological pigments to the surface and
would last for 2~3 weeks before returning to the level before the typhoon [50]. Typhoon
enhanced Chl-a and affected the ecosystem mainly by changing nutrient content through
vertical mixing and transportation. In addition, typhoon-related rainfall will increase
the river flow into the sea and then increase the intensity of land nutrients as input [50].
However, the response of Chl-a to typhoons varies greatly, which depends on water depth,
typhoon speed and intensity [51].
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Chl-a variation is obvious in the coastal area of Typhoon Lekima’s passage (Figure 10,
range: 14°—40° N, 116°-136° E). Chl-a in the nearshore is higher than that in the offshore.
Chl-a is low before Lekima’s passage, while it is high after the typhoon’s passage over
the coastal area. After the typhoon’s passage, there was an obvious increase in Chl-a
around the typhoon’s path, which increased rapidly in a short time, and the location was
consistent with the low-temperature area. Figure 10 indicates the variations in average
Chl-a concentration and mean SST over the study area in August 2019. Following Lekima’s
passage, the mean SST oscillated, while the Chl-a concentration tracked fluctuations in the
SST. The change in SST was negatively correlated with the change in Chl- a concentration
before and during the typhoon (from 1 to 14 August); however, the Chl-a concentration
increased rapidly from 15 August (see Figure 10). As mentioned in the previous work of Fu
et al. [52], the Chl-a concentration in coastal waters increased with a lag of 3-6 days. During
Typhoon Lekima, the Chl-a increased after 5 days over the coastal areas of Zhejiang. Before
the typhoon (2 August), Chl-a reached a peak value (0.48 mg/m?) and then continued
to decline. It reached a trough value (0.40 mg/m?) on 8 August and increased over the
following two days. It reached a peak value (0.45 mg/m?) on 10 August and increased
after 17 August, remaining at a higher value for the next 3 days.
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Figure 10. Chl-a concentration variation with SST during Lekima’s passage.

After the typhoon, the Chl-a concentration increased significantly in the early typhoon
center area (especially in the nearshore; see Figure 7), which was caused by the increase
in evaporation, the enhancement of mixing and the upwelling of phytoplankton in the
deep layer caused by the upwelling of thermocline. Meanwhile, the surge of cold water in
the lower layer brought rich nutrients to the barren upper ocean. In addition, the sunny
weather after the typhoon provides favorable conditions for phytoplankton photosynthesis
and reproduction, which may also be one of the reasons why the Chl-a concentration
exhibited a high value over the next few days. Because the change in the thermocline
will last for several inertial cycles after the typhoon, the Chl-a on the ocean surface in the
central area will fluctuate with the overall increase after the typhoon. The wind force on
the periphery of the typhoon is small, which leads to mixing and thermocline surge being
small; therefore, the increase in Chl-a on the periphery of the typhoon is small.

In this study, the error of the Chl-a derived from VIIRS is within 30%, and most Chl-a
data are more accurate, such as the median ratio between 0.982 and 1.142 and the median
error between 2 and 14% [53].
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5. Conclusions

In this paper, we analyzed the impact of Typhoon Lekima on the SST and sea surface
Chl-a. Typhoons can affect the ocean dynamically and then cause changes in the ocean’s
parameters. A decrease in SST and a rise in Chl-a were the main characteristics caused by
the typhoon in the study area.

The main reason is that the mixing and upwelling caused by typhoons can attenu-
ate the stratification of the water column [41]. Therefore, as cold and highly nutritious
subsurface water rises to the surface, the SST will decrease, and Chl-a will increase [54].
When a typhoon passes by, the surface wind increases, and the mixing intensifies; therefore,
it usually causes a deepening of the mixing layer. The cyclonic wind stress on the sea
surface caused by typhoons can lead to cold water in the lower layer rising within a radius
of hundreds of kilometers, resulting in the uplift of the thermocline [4]. The change in
the thermocline will last for several inertial oscillation cycles after the typhoon’s passage.
After the typhoon’s passage, there was a cooling process in the ocean mixing layer, and the
temperature of the surface mixing layer decreased by 1 °C on average [55-57].

Typhoon Lekima increased the concentration of Chl-a on the sea surface, which was
related to the nutrients and biological pigments being brought to the surface, and this
would last for a period of time before returning to normal before the typhoon’s passage.
The upwelling, entrainment and suction caused by the typhoon bring the phytoplankton in
the subsurface and the nutrients in the lower layer to the upper layer, which promotes the
growth of phytoplankton and the increase in Chl-a concentration in the sea surface. Heavy
rainfall, increased evaporation, enhanced mixing layer and the thermocline surge induced
by the typhoon all contributed to the increase in Chl-a to varying degrees. Rainfall caused
by typhoons will increase the river flow and then increase the intensity of nutrient input
on land [50], which will also affect the distribution of chlorophyll near the shore. When
Lekima passed through, the heavy rainfall caused land runoff and offshore flow, which
carried a large amount of suspended matter, phytoplankton and dissolved organic matter
into the sea, forming a higher chlorophyll area in the nearshore. This is also the reason for
an increase in Chl-a concentration in the nearshore after a typhoon. Areas near the typhoon
track illustrate obvious changes after the typhoon passes; the temperature decreases, and
the nutrients and Chl-a increase. The response of Chl-a generally occurs later than that of
the SST because the growth of phytoplankton takes several days.
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