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Abstract: Upwelling, which mixes deep and surface waters, significantly enhances the productivity
of surface waters and plays a critical role in marine ecosystems, especially in key fishing areas like
Zhoushan. This study utilized merged sea surface temperature data and an upwelling edge detection
algorithm based on temperature gradients to analyze the characteristics of upwelling in Zhoushan
and the Yangtze River Estuary over the past 28 years. The results indicate that upwelling in Zhoushan
begins in April, peaks in July, gradually weakens, and disappears by October. The phenomenon is
most pronounced during the summer months (June to August), with significant spatial distribution
differences in April and September. Notably, high probability values of upwelling centers and core
areas are mainly concentrated near Ma’an Island, Zhongjieshan Island, and Taohua Island. In these
areas, upwelling remains stable during the summer, forming a unique “footprint” distribution pattern,
and these are also the locations of the Zhoushan National Marine Ranch. From April to August,
the extent of the upwelling area gradually decreases and stabilizes. These findings emphasize the
frequent upwelling activity around Zhoushan and its significant contribution to the formation of
local fisheries. Additionally, considering that the formation of natural upwelling in the East China
Sea depends on the southern monsoon, the study suggests establishing artificial upwelling systems
during periods unfavorable for natural upwelling, based on high probability areas, to enhance fishery
yields and support the development of local fisheries.

Keywords: upwelling; Zhoushan; Sea Surface Temperature (SST); probability; Yangtze River

1. Introduction

There are many types of seawater movement in the ocean, which together maintain
the ecological balance of the ocean. Upwelling is one of these, which contributes greatly to
the vertical mixing of deep water and surface water with a weak vertical velocity (107 to
10~* m/s). When upwelling occurs in a certain place, the deep-sea water rich in nutrients
exchanges and mixes with the surface sea water, which promotes the reproduction of
plankton, increases the primary productivity of this sea area, and provides abundant food
for fish and other marine organisms, attracting them to stay and breed [1]. The upwelling
along the coast of Somalia and the eastern part of the Arabian Peninsula is one of the
strongest in the world, and this area is considered one of the richest in fishery resources
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in Africa [2]. The strong upwelling along the coast of Peru also makes this sea area the
world’s largest anchovy producer, and breeds large seabirds. There are also upwellings
in the coastal waters of Taiwan and Zhejiang in China and the outer sea of the Yangtze
River estuary (YRE). Both Zhoushan waters along the coast of Zhejiang and the outer sea of
the YRE have important fishing grounds, and the Zhoushan fishing ground’s large yellow
croaker and small yellow croaker are precious fishery resources. Upwelling is undoubtedly
a key factor in the formation of fishing grounds.

The waters around Zhoushan are known for their upwelling and their unique geo-
graphical location, which have drawn much attention. Mao Hanli [3] was the first to point
out the existence of upwelling in the Zhoushan sea area. Pan [4] and Xu [5] successively
investigated and studied the coastal upwelling in Zhejiang, and believed that upwelling
could also occur at the western boundary of the ocean. They obtained relevant evidence
and characteristics of the coastal upwelling in Zhejiang through the analysis of temperature,
salinity, density, and other factors. Later studies have demonstrated that this upwelling
varies seasonally in summer and winter, and also fluctuates on other timescales [6,7]. The
phenomenon starts in late May, intensifies in June, reaches its peak during July and August,
and slowly diminishes from September to October [7]. Besides the significant seasonal vari-
ability, satellite data indicate that this upwelling exhibits both interannual and short-period
variability [8,9].

Different opinions exist in the literature about the factors that contribute to the
Zhoushan upwelling [10]. Upwelling usually occurs in coastal areas. Ekman [11] pointed
out that the high productivity and low temperature water along the continental shelf is the
result of wind stress. Jing et al. used quickscat wind field data to simulate the structure
and seasonal variation of upwelling along the coast of Zhejiang and Fujian in the East
China Sea (ECS), and believed that wind field is an important factor affecting Zhoushan
upwelling [12]. In the northern hemisphere, coastal wind mainly drives the sea surface
water by blowing it and adding the Coriolis force, resulting in a transport effect of 90° to
the right of the wind direction. At the same time, the continuity of seawater forces the deep
seawater to replenish upward, and upwelling is thus generated. In addition, according to
the Ekman suction principle, when wind stress curl is positive, Ekman suction will also
cause upwelling. According to Yin's study, wind field is one of the causes of upwelling
in Zhoushan waters. When the coastal wind stress curl is positive, upwelling occurs, and
changes in the curl generally align with changes in the intensity of the upwelling [13].
Zhoushan upwelling is also affected by the erosion of coastal circulation. Lii et al. studied
the causes of Zhoushan upwelling by the numerical simulation method; he believed that
Taiwan’s warm current is the main factor in Zhoushan upwelling formation and that about
40% of upwelling is related to Taiwan’s warm current [14]. He pointed out in another article
that tides also contribute to Zhoushan upwelling [15]. In previous studies, YRE upwelling
has been considered to be mainly influenced by tidal mixing, Yangtze River discharge,
Taiwan warm current, and topography. In addition, the studies on YRE upwelling also
focus on its chlorophyll, plankton, nutrients, and other aspects [14-19].

Generally speaking, aside from the water that rises due to high temperature and low
density, the sea water temperature in upwelling areas is lower than that of the surrounding
waters because deep water itself is cold. Thus, areas of upwelling always display a low-
temperature state in satellite imagery, making sea surface temperature (55T) an important
research subject for characterizing upwelling [20]. From SST data, Hu [7] discovered that
the upwelling zone in the Zhoushan marine area has an average temperature difference
of 1.4 °C from the non-upwelling zone. Consequently, the SST in upwelling areas is
significantly lower than that in nearby areas, forming a spatially footprint-shaped cold-
water patch in satellite imagery of the sea surface (Figure 1). Based on the positive feedback
of sea surface temperature on upwelling, as well as the successful outcomes of previous
studies using temperature [21-23], this paper also employs sea surface temperature data to
study upwelling. Although research on upwelling in Zhoushan began early, many scholars
mentioned concepts like the upwelling center when studying upwelling [15,24,25], but
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early data limitations meant little statistical analysis of these structural features. Building
on the research on Zhoushan upwelling, this paper, utilizing the distribution pattern
of sea surface temperature in upwelling areas, develops a temperature-gradient-based
upwelling edge detection algorithm. It extracts and statistically analyzes the surface
structural features of upwelling, calculating probabilities using 28 years of daily data to
analyze the characteristics of Zhoushan upwelling across multiple time scales. This aims
to provide references for the site selection of artificial upwelling and marine ranching in
Zhoushan, supporting the development of local fisheries.
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Figure 1. August SST of 28-year average from 1989 to 2016: red box a covers the Ma’an Island area
(122.5°E < longitude < 122.9° E; 30.6° N < latitude < 30.9° N); red box b covers the Zhongjieshan
Island area (122.3° E < longitude < 122.9° E; 30.15° N < latitude < 30.3° N); red box c covers the
Taohua Island area (122° E < longitude < 122.5° E; 29.6° N < latitude < 30° N); Yangtze River
Upwelling (YRU).

2. Materials and Methods
2.1. Study Area

The investigation in this paper encompasses the Zhoushan Sea area (29° N-31° N,
121.5° E-123.5° E) and the YRE sea area (31° N-32° N, 121.5° E-123.5° E). Positioned on
the ECS continental shelf, to the east of Hangzhou Bay and southeast of the YRE, the
Zhoushan Islands form the southwestern marginal sea area of the ECS. They represent
the largest archipelago in China, consisting of a dense cluster of islands, situated within
the subtropical monsoon climate zone, and are known for their strong seasonality. This
region hosts China’s largest fishing grounds and several national-level marine ranches. The
YRE, the world’s third-largest estuary, is sited in the ECS coast in eastern China, where
the Yangtze River meets the sea [26]. The waters of the YRE are influenced by various
marine water masses, characterized by complex and variable temperature conditions, rich
nutrients, and high productivity. Human activities have had a negative impact on the
ecological environment of the YRE sea area. Research has shown that 75% of China’s red
tide occurrences are in the YRE sea area [27], highlighting the significance of research in
these areas. The four regions labeled a, b, ¢, and YRU in Figure 1 correspond to Ma’an
Island, Zhongjieshan Island, Taohua Island, and the Yangtze River Upwelling, respectively,
which are the main focus of this study.
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2.2. Data
2.2.1. ESA SST

The ESA SST data used in this paper are provided by the E.U. Copernicus Ma-
rine Service. The CCI and C3S global SST utilizes satellite data from various sensors,
including (A)ATSRs, SLSTR, and AVHRR, to produce daily, gap-free maps of average
SST at a depth of 20 cm, with a horizontal grid resolution of 0.05° x 0.05° [28]. These
data are obtained by fusing multiple satellite data (the same as free maps) through the
OSTIA system [29]. The temporal resolution is daily data, and the spatial resolution
is 0.05° x 0.05° (about 5 km). Since statistical methods are needed, the data quantity
should be large. The data time range used in this paper is 1989-2016, and the down-
load address is: https://data.marine.copernicus.eu/product/SST_GLO_SST_L4_REP_
OBSERVATIONS_010_024/download?dataset=ESACCI-GLO-SST-L4-REP-OBS-SST_2022
11, accessed on 31 March 2023. This fusion product only uses satellite data, so it is
very stable.

2.2.2. GHRSST and MODIS SST

The second part of the SST data utilizes the NOAA/AVHRR global daily average
high-resolution SST data (GHRSST), which originates from the NASA JPL Data Center.
The data are available for the time range from 2003 to 2017, with a temporal resolution
of daily and a spatial resolution of 0.01° x 0.01° (download address: https://podaac.jpl.
nasa.gov/dataset/ MUR-JPL-L4-GLOB-v4.1, accessed on 11 November 2023). Additionally,
the Moderate-resolution Imaging Spectroradiometer (MODIS) SST data are sourced from
NASA Ocean Color, with a spatial resolution of 0.04° x 0.04°. Due to the scarcity of effective
data in the Zhoushan sea area for this product, 8-day daily data (0801, 0812, 0813, 0814,
0815, 0817, 0820, and 0829) for August 2013 were downloaded. The download address is:
https://oceancolor.gsfc.nasa.gov/13/order/, accessed on 14 December 2023.

2.2.3. Wind Data

The wind field data come from the Koninklijk Netherlands Meteorological Institute
(KNMI), downloaded from the Copernicus website (https://doi.org/10.48670/moi-00181,
accessed on 31 March 2022). The product is monthly average data, with a spatial resolution
of 0.25° x 0.25°. The product is based on the monthly average ECMWF ERAb5 reanalysis
field, and uses all available level 3 scatterometer observations from the Metop-A, Metop-B,
and Metop-C ASCAT satellite instruments to correct persistent biases, thus obtaining the
wind field data.

2.3. Method
2.3.1. An Upwelling Edge Detection Algorithm Based on Temperature Gradient

The downloaded SST data can only meet part of the work requirements. We need to
process the data to obtain sub-data necessary for other work aspects. The sub-data include
the position of the SST lowest-temperature center (defined as the Upwelling Center, UPC,
Figure 2), the position cluster of the low-temperature water mass (defined as the Upwelling
Core Area, Figure 2), and the temperature difference between the average temperature of
the core area and the outer boundary (SST(r) in Figure 2, defined as the Upwelling Intensity
Index, UPI), among other elements.

For the low-temperature sea area caused by upwelling, it usually shows a low-
temperature state on the satellite image, and the temperature difference with the sur-
rounding seawater is relatively obvious. We cannot intuitively see the position of the
lowest temperature value from the satellite image, nor can we judge the boundary of seawa-
ter with different temperatures. Therefore, we need to design a reasonable discrimination
and extraction method based on the temperature distribution pattern of this sea area. As
can be seen (Figure 2), the circular surface in the figure represents an idealized upwelling
sea area, and the center of the circle represents the upwelling center and also the position of
the lowest temperature value. The temperature increases continuously from the center to
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the outside along the radius, and when it rises to the sea area outside the upwelling (@ in
Figure 2), the temperature gradually becomes uniform and stable. This rise in temperature
is not linear, so in the process of rising, the temperature gradient is also changing constantly.
Based on the temperature gradient change curve (Figure 2), we developed an upwelling
edge detection algorithm based on temperature gradient. The so-called edge detection is to
determine and extract the temperature values of the low-temperature water core and the
outer boundary of the upwelling sea area [22].

SST Gradient

UPC y r

@: Peripheral seawater area
@: Transition seawater area
®: Upwelling core area

Figure 2. The ideal seawater temperature distribution in the upwelling area; y represents the
boundary of the core seawater area (blue circle), r represents the boundary of the peripheral seawater
area (red circle), and the arrow represents the detection path (radius).

First, the position with the lowest temperature within the latitude range of 29.5° N to
31° N and the longitude range of 121.75° E to 123.25° E is identified as the upwelling center.
After pinpointing the low-temperature center, a circle with a radius of 150 km centered
on this point is drawn, marking 360 discrete points uniformly along the circumference.
Each discrete point is connected to the center, forming a detection line for obtaining
temperature gradients. The point with the maximum temperature gradient (y in Figure 2) is
selected as the sampling point for the core area boundary, and the point with the minimum
temperature gradient (r in Figure 2) is chosen as the sampling point for the boundary of the
transition water area. Among the 360 detection lines, only those with more than 70% of
valid temperature values (non-NAN values) are considered effective. After all the sampling
points for the boundaries of the core area and transition water area are obtained on these
detection lines, the temperatures at the corresponding positions in the temperature field
are recorded as boundary temperature sampling points. The average temperature of all the
sampling points is calculated to determine the temperature value of the core area boundary.
The same method is applied to determine the temperature value of the transition water
area boundary. This boundary is essentially a temperature contour line.

2.3.2. The Statistical Method and Probability Calculation for the Upwelling Centers and
Core Area in Zhoushan Upwelling

(1) The longitude and latitude of the upwelling center points will be counted into
arrays, respectively. The longitude and latitude will be divided into 0.05° x 0.05° pixels, and
then the longitude and latitude of the upwelling will be determined. When the longitude
and latitude of a center point belong to a certain pixel area, the number of upwelling centers
contained in this pixel will be increased by one. By this method, all the positions will be
determined, and finally the number of upwelling centers corresponding to all pixels will be
obtained. (2) There is one center point position information every day, but the core area
contains several pieces of position information every day. The determination method is the
same as that of the upwelling center, but the difference is that the statistical workload of
the core area is larger. Dividing the number of positions of each pixel by the total number
of days counted can obtain the probability value of the corresponding pixel area [30].

N, upwellingpoints

UPP(Upwelling probability) = N
days
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Nupwellingpoints 1 the number of positions in each pixel area, and Nays is the total count
of days counted.

Since the data spatial resolution is 0.05° x 0.05°, one position is equivalent to an area
of 25 km?. The core area can be obtained by converting the count of positions contained in
the core area into area. The number of positions contained in the a, b, and ¢ areas (Figure 1)
are extracted, respectively, and the count of center points in the area is obtained.

3. Results
3.1. 28-Year Average SST Distribution

It’s evident that a substantial cold-water mass appeared in April, as depicted in
Figure 3. Compared to the distribution of low-temperature seawater from May to Septem-
ber, the cold water in April intruded into Hangzhou Bay, nearing the coast. Although
the southward monsoon, which facilitates upwelling formation, had just emerged, as a
transitional month for the monsoon shift, the residual cold water along the coast before
April also influenced the distribution of low-temperature water. Under the joint influence
of both factors, the shape of the cold-water mass in April was significantly different from
other months, with the upwelling center (30.1250° N, 122.0250° E) close to Hangzhou
Bay. From May to August, the cold-water mass presented a “footprint” shape, and the
upwelling became more concentrated and stable over time. The shape of the upwelling
in September differed from other months; the “heel” part of the “footprint” disappeared,
and the upwelling dissipated in October. The process of formation, development, and
dissipation of the Zhoushan upwelling is consistent with the numerical simulation and ob-
servational results of Huang et al. [31]. This low-temperature phenomenon is likely caused
by vertical seawater exchange, having little to do with advection from the surrounding
warmer regions. From the white line wrapping state, it can be seen that in April, May,
June, and September the core area boundary line extracted from the Zhoushan sea area can
be extended to higher latitudes, wrapping the cold-water mass of the YRE. The two mix
together and are distributed in a slanting strip between 29.5° N and 31.5° N. The upwelling
in Zhoushan is strong and stable from July to August, less affected by mixing.
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Figure 3. From 1989 to 2016, the 28-year multi-year average sea surface temperature distribution, red
dots represent the upwelling center positions in the climatic state, white lines represent the core area
boundary lines of the upwelling, and red lines represent the peripheral boundary lines.
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3.2. 1989-2016, 28-Year UPI Change

Figure 4 shows the changes in the upwelling intensity index for the periods 1989-
1998, 1999-2008, and 2009-2016 (from left to right) from April to September. The results
indicate that the intensity index is lowest in most years in April and September, peaks from
Apiril to July, and gradually declines from July to September, with different values each
year indicating interannual variability in upwelling intensity. Table 1 shows the average
intensity for each period, consistent with the change pattern in most years. One of the
reasons for this phenomenon is the effect of wind field forcing. In the Northern Hemisphere,
if coastal seawater is pushed northward by surface winds, it results in the phenomenon
of deep-sea water replenishing the surface, known as upwelling. Therefore, the direction
of the wind field affects the formation of upwelling. The monthly average wind field
map from January to December 2008 shows that from January to March and October to
December, the Zhoushan sea area is dominated by north or northerly winds, which impedes
the formation of upwelling. This also accounts for the absence of a significant cold-water
mass (Figure 3) in these six months. The wind field map (see Figure 5) for April showcases
the wind fields in March and April, with blue arrows indicating March and red arrows for
April. It can be observed that the wind direction transitions from the March wind field to
the April wind field. Almost all wind directions undergo clockwise changes, particularly
in the Zhoushan Islands area, with the change angle typically exceeding 30°, shifting
from northeast wind to southeast wind. Southeast wind favors upwelling formation.
The wind field map in September includes the wind fields for August (blue arrow) and
September (red arrow), with the wind direction deflection between August and September
being substantial, almost entirely showing a counterclockwise change of more than 90°,
transitioning from southward wind to northward wind. This is also one of the reasons for
the contraction and weakening of upwelling range and intensity in September.

3.3. 28-Year Monthly Average Upwelling Center

In Figure 6a, the positions of the upwelling centers in April are partially close to
Hangzhou Bay, with others scattered in various locations. By May, the upwelling centers
are concentrated in sea area c. In June, July, and August, they are concentrated in three areas
(a, b, and c in Figure 1), with almost all the upwelling centers falling within these areas. By
September, the upwelling center in area c is not detected, and the center positions are highly
concentrated in area a and partly in area b. The concentrated distribution of upwelling
centers indicates frequent occurrence of upwelling. This distribution pattern is related to the
distribution of sea temperature. For example, in April, there are bulges of low-temperature
seawater near Hangzhou Bay, which is consistent with the presence of some average
monthly center points near Hangzhou Bay in April. In September, the disappearance of
low-temperature seawater in area c also matches the zero count of upwelling centers in area
c. These phenomena could be related to the legacy of winter cold water and the turning of
the monsoon.
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Figure 4. Histogram of UPI change from 1989 to 2016.
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Table 1. The multi-year average upwelling intensity (unit/°C) for three time periods of 10 years,
10 years and 8 years, respectively.

Period/Month Apr May Jun Jul Aug Sep
1989-1998 0.94 1.19 1.27 1.85 1.55 0.96
1999-2008 1.10 1.17 1.31 1.78 1.52 0.89
2009-2016 1.00 1.12 1.03 1.79 1.59 0.87

3.4. The Probability of Daily Center Position and Core Area Position for Each Month from April to
September in 28 Years

In Figures 7 and 8, the probability of occurrence of upwelling centers in Hangzhou
Bay and near area c in April is slightly higher, with area ¢ experiencing 117 occurrences,
while areas a and b almost have few of upwelling centers. The probability distribution in
September is essentially the opposite of April, with the number of central points in area an
increasing by 203, in area b by 51, and in area c decreasing by 102. From May to August,
the distribution gradually concentrates in these three areas, with area b being relatively less.
From June to August, the probability values of the upwelling centers in the three areas are
higher, stabilizing at 6-8 x 10~3. This is close to the results of Yin and Xiao et al. [13,30].

10?

o

30°N

30 1 £l

121°E B 122°E : 123°E

121°E 30 122°E 3 123°E

121°E E 122°E ¥ 123°E

Figure 7. The probability of daily center position for each month from April to September in 28
(1989-2016) years.

This paper considers the lowest point of sea surface temperature in a marine area
as the center of upwelling and assumes that upwelling always occurs around this center.
As a result, the distribution of the core area closely matches the distribution of the center
position. The superimposed distribution state of the multi-year daily core area shown in
Figure 9 is similar to the sea temperature distribution from April to September shown in
Figure 3. The multi-year statistical results show that from May to August, the shape of
upwelling in the Zhoushan sea area always resembles “footprints”, and the colors of areas
a, b, and c are always darker, corresponding to higher probability values. In April, the
core area is mainly distributed near Hangzhou Bay and area ¢ with high probability values,
while areas a and b have lower probabilities. By September, the probability in area ¢ drops
to zero, consistent with the characteristics of area c in Figures 3 and 7. The more often a
position is covered by the upwelling core area, the higher the probability of upwelling
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occurring at this position. This also inspires us to flexibly adjust the layout according to
the shape of the upwelling core area in each month when developing fishery resources in
the Zhoushan sea area, to plan the resources reasonably. The changes in the area of the
upwelling core zone at each stage described in Table 2 are generally consistent. In April,
influenced by the low-temperature waters along the coast and the YRE, the area is the
largest. From May to August, the upwelling gradually stabilizes, and its area progressively
decreases, with signs of contraction in area ¢ in August. The area values in August are
generally around 10,000 square kilometers, which aligns with the upwelling area given by
Yin when discussing the short-term variations of the Zhoushan upwelling [13]. Although
area c has dissipated by September, as the cold water gradually mixes with the cold water
from the YRE, the area is larger than in August.

Daily Upwelling Center

4 a(Ma'an area) 4 b(Zhongjieshan area) » c(Taohua area)

323 328
232
. ‘ 217 5o 223
< 146 18
S 117
Pz 81 86
76 52 57
20 6 ' 18 15
P
Apr May Jun Jul Aug Sep
Month

Figure 8. The number of upwelling centers in different regions for each month.
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Figure 9. The probability of daily core area position for each month from April to September in 28
(1989-2016) years.
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Table 2. The multi-year average core area areas (unit/km?) for three periods of 10, 10, and 8 years
and 28 years, respectively.

Period/Month Apr May Jun Jul Aug Sep
1989-1998 18,948 17,355 14,939 12,629 10,245 12,626
1999-2008 21,164 19,759 16,037 13,047 10,384 12,957
2009-2016 19,448 17,830 13,352 13,098 12,139 13,978
1989-2016 19,883 18,350 14,878 12,912 10,836 13,131

3.5. 28-Year Daily Center Position and Core Area Position Probability

Figure 10, by integrating the data points from Figures 7 and 9, displays the probability
distribution of the upwelling centers and core areas over 28 years on a daily basis. It can be
observed from Figure 10 that areas a, b, and ¢ consistently exhibit high probability values
in both Figure 10a,b, indicating that from April to September, upwelling frequently covers
these three regions. The figure does not show the high-value areas near Hangzhou Bay,
nor does it reflect the disappearance of upwelling in area c in September. This strongly
demonstrates the stable presence of upwelling in the Zhoushan sea area, specifically in the
areas of Ma’an Archipelago, Zhongjieshan Archipelago, and Taohua Island. The action of
monsoons facilitates vertical water exchange in these areas, while changes in the direction
of the monsoons affect the shape of the upwelling. These findings suggest that due to
the frequent occurrence of upwelling, the marine productivity in areas a, b, and ¢ could
be exceptionally high. In fact, these three regions correspond to the national marine
pastures of Ma’an Island, Zhongjieshan Islands, and Taohua Island, making the research
findings particularly reasonable. The concentration of chlorophyll-a is often associated
with productivity. According to the research by Tang et al., the chlorophyll-a concentration
in multiple datasets shows high values in these three pasture areas, which coincides with
the high probability values presented in this study [32].

20 32N
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Figure 10. 1989-2016, 28-year daily center (a) and core area (b) probability distribution.

4. Discussion
4.1. Winter Upwelling

In Figure 3, we deduce that the upwelling occurs from April to September based on
the presence and absence of the cold-water region. The subsequent work is also carried
out according to this time range, including the detection of the center point, the core area,
etc. Most people’s research also focuses on the summer upwelling. It cannot be denied
that there is also upwelling in winter. Qiao [33] believes that the vertical distribution of
temperature, salinity, dissolved oxygen, and nutrients in each section of the ECS is dome-
shaped, indicating that the seawater has an upward trend in winter. Hu [34] also thinks
that there is upwelling in winter after analyzing the dynamic structure of the upwelling.
The distribution of sea water temperature in winter is different from that in summer. The
low-temperature sea water exists along the Zhejiang coast, which does not match well with
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the theoretical three-layer structure of the upwelling. Therefore, there are difficulties in
identification and extraction. This low-temperature distribution is considered to be related
to the Yangtze River plume. In winter, the low-salinity Yangtze River diluted water flows
along the Zhejiang coast, forming a low-salinity layer on the surface. The low-salinity layer
then hinders vertical convection mixing, causing low-temperature fresh water to stay in
the upper layer and form a plume. The research by Wu et al. indicates that the Yangtze
River plume follows two primary routes, with the Zhejiang coast being one of them [35].
Fernandez-Noévoa believes that the water brought by the Yangtze River plume lowers the
coastal water temperature compared to the seawater farther from the coastline [36].

4.2. Comparison of Upwelling Feature Extraction Results from MODIS and ESA SST Data Based
on Algorithms

Since ESA SST is merged data, to explore the universality of the extraction algorithm
developed in this article for data and the rationality of the Zhoushan upwelling extraction
results, the study selected 8 days of MODIS daily SST data from the same date. Initially,
these data were averaged, and then an upwelling edge detection algorithm based on
temperature gradients was used to extract upwelling features from the 8-day average SST
for both data types. The results show that, despite differences in sea surface temperature
values and upwelling center, the extracted upwelling boundary shapes are quite consistent
(Figure 11). The upwelling intensity from MODIS data is 2.0137 °C, while that from ESA
data is 2.0103 °C, with a minimal difference of only 0.0034 °C. Therefore, the structural
characteristics of the Zhoushan upwelling are genuinely present, and the extraction results
of the Zhoushan upwelling through ESA SST are reasonable, proving that the algorithm
can adapt to different types of data.

- / | % g
121°E 122°E 123°E 124°E 12s5E 295 Mo 121°E 122°E 123°E 124°E 1255 20

Figure 11. 8-day average SST upwelling feature extraction results (h represents the results from
MODIS, and i represents the results from ESA).

4.3. Zhoushan Upwelling and Yangtze River Estuary Upwelling

Most previous studies have focused either on the Zhoushan upwelling or on the YRE
upwelling alone, with few considering both. In Figure 7, upwelling centers near 31° N can
also be observed, with the core areas surpassing 31° N in all months except July and August,
mixing with the cold water from the YRE. Therefore, this paper extends the detection range
of upwelling centers to 32° N to compare with the distribution state of upwelling centers
when excluding the YRE area.

Here, the detected upwelling center is termed the merged upwelling center, repre-
senting the strongest upwelling position. From Figure 12, it's observed that from April
to September, there is a certain reduction in both the number and probability of low-
temperature center locations, shifting towards the YRE waters. However, the Zhoushan
area still maintains its original spatiotemporal distribution characteristics. The high prob-
ability distribution of the YRE upwelling center indicates that, during the study period,
there were times when the low-temperature center of the YRE cold water mass was lower
than in areas a, b, and c. Despite many center locations having shifted to the YRE, the three
marine ranch areas in Zhoushan remain high-frequency upwelling areas, providing strong
support for the findings of this paper.
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Figure 12. The probability distribution of the location of the upwelling center after joining the
upwelling in the Yangtze River estuary (1989-2016).

When using GHRSST data for statistics, similar distribution changes are also observed
(Figures 13 and 14). The high probability areas of the Zhoushan marine upwelling center
maintain their distinctive characteristics, particularly from July to September, under the
filtering effect of the low temperature area at the YRE.
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Figure 13. The probability distribution of the location of the upwelling center from GHRSST (2003—
2017).
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Figure 14. The probability distribution of the location of the upwelling center after joining the
upwelling in the Yangtze River estuary from GHRSST (2003-2017).

5. Conclusions

This study analyzes the phenomenon of upwelling in the Zhoushan area over a period
of 28 years. The findings indicate that the upwelling occurs from April to September. The
intensity of the upwelling is significantly influenced by the monsoon, increasing from
April to July, reaching 1.78-1.85 °C, and gradually decreasing from July to September,
with noticeable interannual variations each year. The area of upwelling initially decreases
and then increases over time. The centers and core areas with high probability values
are mainly located around Ma’an Island, Zhongjieshan Island, and Taohua Island, all
national-level marine ranches. During the monsoon transition periods, specifically in April
and September, the spatial distribution of upwelling shows significant differences from
the summer season. To enhance the contribution of upwelling to fishery resources, it is
recommended to deploy artificial upwelling devices in key areas when wind conditions
are insufficient or unfavorable, to promote the formation of upwelling, strengthen fishery
development, and plan marine ranches.
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