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Abstract: This study utilizes satellite data, including HY-1C/D, along with reanalysis data, to unveil
the typical environmental characteristics of the sea surface in the middle of Zhoushan fishery. The
article addresses three main issues. The first one is the development of an ocean primary productivity
(OPP) inversion algorithm model. The second one is the study of chlorophyll-a (Chl-«) concentration
and OPP distribution characteristics in Zhoushan fishery using China’s domestically produced ocean
satellite HY-1C/D CZI data. The last one is the revelation of the characteristics of typical environmen-
tal factors on the sea surface at Zhoushan fishery by combining HY-1C/D with multi-source data.
The results show the following: (1) The middle part of Zhoushan fishery exhibits significant seasonal
and regional variations in Chl-« concentration and OPP. Chl-o« concentration ranges mainly between
0.2 and 2.9 pg/L, with higher concentrations in spring and summer and lower Chl-« concentrations
in autumn and winter. Spatially, Chl-a concentration gradually decreases from west to east. The
OPP in the study area ranges from 100 mg-m_zd_1 to 1000 mg-m_zd_l, with high OPP values
distributed on the western side, ranging from 400 mgm_zd_1 to 1000 mg-m_zd_l, and gradually
decreasing seaward. The highest OPP occurs in summer and the lowest in winter. (2) The correlation
analysis between Chl-« concentration and OPP revealed a strong positive relationship. Consequently,
this study developed an empirical model for estimating OPP based on Chl-a concentration and
validated its feasibility. The model applies to areas with Chl-« concentrations ranging from 0.2 to
4 ug/L. (3) The convergence of freshwater injection, multiple ocean currents, and seasonal upwelling
in the study area brings about a rich supply of nutrients. Additionally, the region is characterized
by suitable conditions, including optimal Chl-« concentrations, OPP, SST, salinity, currents, and
geological water depths. The synergistic effect of these factors together contributed to the formation
of Zhoushan fishery.
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1. Introduction

The ocean environment has a significant impact on the distribution of fishery resources.
Changes in water environmental factors such as chlorophyll-a (Chl-x) concentration [1],
ocean primary productivity (OPP) [2], sea surface temperature (SST) [3], salinity [4], nutri-
ents, and phytoplankton can affect the activity and growth of fish resources.

Chl-« concentration is one of the crucial parameters for the remote sensing of ocean
color. It is also an important parameter for measuring the distribution of phytoplankton
and assessing the level of eutrophication in seawater [5].

The convergence zone between the Kuroshio and Subarctic Boundary Current in
the North Pacific Ocean exhibits distinct frontal features in terms of Chl-« concentration.
The gradient distribution pattern of Chl-« concentration correlates with the distribution
of the central fishery [6]. Prior studies found that squid fisheries occur at the edges of
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the frontal zone of Chl-« areas during summer and autumn [7]. ]J. Lumban Gaol [8]
analyzed Chl-a concentration and Sardinella lemuru catch in the Bali Strait from 1997 to
1999. The study revealed a fluctuating trend in sardine catch, with Chl-o concentration
showing a significant positive correlation with sardine capture. Zhu Wenbin [9] analyzed
the distribution characteristics of Engraulis japonicus fry resource density along the coast
of Zhejiang and investigated the environmental factors influencing its distribution. The
results indicated a positive and linear correlation between Chl-« concentration and the
resource density of Engraulis japonicus fry.

OPP plays an important role in the formation of fisheries. Estimating OPP is of great
significance to fishery resource management. OPP refers to the ability of producers such as
phytoplankton, benthic plants (including stationary seaweeds, mangroves, and seaweeds),
and autotrophic bacteria to produce organic matter through photosynthesis [10]. OPP
is influenced by light intensity [11], nutrients [12], temperature [13], salinity [14], and
human activities [15]. OPP affects the spatial distribution and abundance of phytoplankton.
Therefore, it determines the potential output of marine fisheries.

There are many studies focused on the method of estimating fishery resources by
using OPP. Taking mackerel as an example, studies have shown that OPP and standardized
Catch Per Unit Effort (CPUE) have a significant non-linear relationship (p < 0.05), which is
an inverted parabola. The amount of mackerel resources increases with an increase in OPP,
but when OPP further increases, the amount of mackerel resources shows a downward
trend [16]. Meanwhile, the relationship between OPP and fish resources in the Northwest
Pacific Ocean shows a significant positive correlation (p < 0.05) between the average latitude
of the optimal OPP and the latitude of fishing effort from July to November. The position
of fishing effort is not randomly distributed in fisheries, and may be affected by the latitude
distribution of the optimal OPP [17].

Apart from Chl-« and OPP, measurements of SST have practical value in the research
around marine fisheries. Fish tend to swim to areas with suitable temperatures if there
is a significant temperature change in the environment [18]. In the East China Sea, the
production of Japanese Spanish mackerel is concentrated in the southern fishing ground
with higher SST, as well as in the northern fishing ground near the mouth of the Yangtze
River with lower SST [10]. Prior studies have found that tuna catch has increased in Eastern
Pacific countries with rising SST [19]. The suitable SST for Chilean jack mackerel is 9 °C
to 16 °C, and its abundance is positively correlated with the abundance of planktonic
organisms [20]. Over the past 15 years, the SST in the Flores Sea has increased by 2.5 °C.
This change has impacted the habitats of upper-middle-layer fish in these waters, leading
to a decrease in catch volume in areas with a higher than usual temperature [21]. These
three key factors combined with other environmental factors join together to contribute to
the formation of fisheries.

Traditional monitoring methods often lack effective spatiotemporal analysis, making
it challenging to comprehensively monitor spatial, temporal, and representative marine
environmental factors, as well as conduct macro-scale research [14]. Satellite remote sensing
technology, which is capable of acquiring surface information on a continuous, large scale
on a high-precision basis around the clock, is an effective solution to this problem [22]. In
recent years, many researchers have analyzed the relationship between various marine
environmental factors and fishery resources by combining satellite data [23].

The Haiyang series satellites are ocean water color satellites independently developed
and launched by China. HY-1C was launched on 7 September 2018, and HY-1D was
successfully launched on 11 June 2020. The latter will carry out joint observations with the
HY-1C satellite in the morning and afternoon [24]. The HY-1C/D CZI boasts a resolution of
up to 50 m and a swath width exceeding 950 km [25]. Compared to most satellites used in
ocean studies, the HY-1C/D CZI can provide clearer images, aiding in the identification and
monitoring of smaller oceanic features. Additionally, it enables extensive environmental
monitoring. With multiple spectral bands, the HY-1C/D CZI can capture various types of
environmental information. It excels in specific applications such as green algae blooms,
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sea ice, nearshore aquaculture, and typhoon remote sensing monitoring, providing more
accurate monitoring results [24]. Hongquan Xie et al. [26] used HY-1B satellite L2 data in
the Yellow Sea region in 2014 with VGPM and GIS technology to estimate marine primary
productivity and analyze the temporal and spatial changes in ocean environmental factors.
HY-1C and HY-1D, combined, have great application potential in investigating fishery
environmental factors.

Zhoushan fishery possesses unique geographical conditions that make it an excellent
fishing ground and the largest offshore fishing ground in China [27]. The abundant aquatic
resources in Zhoushan fishery support a diverse ecosystem, including over 300 species
of fish. It is well known for its abundant production of large yellow croaker, little yellow
croaker, hairtail, and cuttlefish [28].

This study delves into the environmental features of fishing grounds, taking into
account a range of factors such as Chl-o concentration, OPP, seawater temperature, the
dynamics of current, wind, and salinity, and the depth of the water. This study aims to
achieve three main objectives: (1) To establish an OPP inversion algorithm model, exploring
the application potential of China’s domestic water color satellite HY-1C/D. (2) To utilize
domestic marine satellite HY-1C/D CZI data to deeply investigate the spatiotemporal
distribution characteristics of Chl-oc concentration and OPP in Zhoushan fishery, providing
references for regional marine environmental management. (3) To integrate HY-1C/D and
other multi-source data to systematically analyze the characteristics of and variations in
surface environmental factors in Zhoushan fishery, revealing the interrelationships between
fisheries and environmental factors, and providing a scientific basis for future fisheries’
environmental monitoring and protection.

2. Data and Method
2.1. Study Area

Zhoushan fishery, with an approximate area of 53,000 square kilometers, is the largest
fishery in China (Figure 1) [28]. Zhoushan fishery is famous for its rich biodiversity, making
it a crucial habitat for numerous species [29]. Benefiting from its unique geographical
location, this area is shaped by the intricate interplay of ocean currents and topography,
creating habitats conducive to the survival of diverse marine organisms (Figure 1a) [30].
It serves as a vital spawning and feeding ground for a multitude of economical fish and
shrimp species [31].
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Figure 1. (a) Location of East China Sea. (b) Bathymetric map of Zhoushan fishery, with the black
box indicating the study area.
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2.2. Satellite Data

HY-1C and HY-1D were launched on 7 September 2018 and 11 June 2020. Two satellites
for combined morning and afternoon observations can increase the number of observations
and improve global coverage capability [32]. HY-1C and HY-1D are sun-synchronous
orbit satellites with an orbit altitude of 789 km. They are equipped with five sensors:
a coastal zone imager (CZI), a Chinese ocean color and temperature scanner (COCTS),
an ultraviolet imager (UVI), an on-board satellite calibration spectrometer (SCS), and an
automatic identification system (AIS).

The CZI can acquire real-time data in areas of sea-land interaction, monitor offshore
waters, islands, and coastal zones, and study the distribution of ocean colors in important
estuaries and harbors. The spatial resolution is less than 50 m and the width is greater than
950 km. The sensor contains 4 bands, and the parameters are shown in Table 1.

Table 1. Parameters of HY-1C/D CZI.

Spatial
Sensor Band Spectral Range/um Resolution/m
Band1 (Blue) 0.421-0.500
Band2 (Green) 0.517-0.598
2 Band3 (Red) 0.608-0.690 50
Band4 (NIR) 0.761-0.891

The HY-1C/D satellites provide different levels of products. The L1A products are the
DN values for each band, and are radiometrically calibrated to obtain the L1B products.
L1B products are atmospherically corrected to obtain the L2A products, which are the basis
for the inversion of various oceanographic elements. L2B and L2C data have different
application products: L2B contains suspended sediment concentration (SSC) data and
the normalized difference vegetation index (NDVI), and L2C products include Secchi
disk depth (SDD) and Chl-« concentration. In this study, L2A data from the CZI carried
by the HY-1C/D satellite were obtained from the China Ocean Satellite Data Service
(https://osdds.nsoas.org.cn/ (accessed on 16 December 2023)).

The Moderate-resolution Imaging Spectroradiometer (MODIS) is a large-scale space-
borne remote sensing instrument developed by NASA (National Aeronautics and Space
Administration) and NOAA (National Oceanic and Atmospheric Administration) of the
United States. It was first launched aboard the Terra satellite in 1999, and subsequently on
the Aqua satellite. MODIS functions as a multispectral sensor, featuring 36 spectral bands
with moderate resolution levels (ranging from 0.25 um to 1 um), conducting earth surface
observations every 1-2 days [33].

MODIS satellite data consist of different levels of products, including raw data (LO),
radiometric data (L1A), radiance data (L1B), surface products (L2), statistical data (L3),
and model data (L4). Each level of data has different processing and application purposes.
MODIS data is obtained from NASA Ocean Color (https://oceancolor.gsfc.nasa.gov/
(accessed on 5 July 2023)).

2.3. In Situ Data and Process

The in situ data comprise two seasonal cruises: one in summer from 10 August to 17
August 2020, and the other in winter from 29 November to 10 December 2020.

The measurement of in situ Chl-« concentration was conducted using spectrophotom-
etry, with the specific steps completed as follows [34]: (1) Collect 500 mL of surface seawater
using polyethylene bottles. Add 0.2 mL of magnesium carbonate suspension to a specific
volume of the sample, thoroughly mix, and filter using a 60 mm diameter microporous
membrane filter. After ensuring the filter is free from moisture, continue suctioning for
several minutes. Place the filter membrane containing the concentrated sample in a dark,
dry freezer for storage. Proceed with the next steps after the completion of the voyage.
(2) Place the filter membrane containing the concentrated sample into a mortar, add 3ml of
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acetone solution until the filter paper is dampened, grind the filter membrane, and then add
a small amount of 90% acetone solution to fully grind the filter membrane. Next, wash the
ground filter membrane and acetone solution into a graduated centrifuge tube using 90%
acetone solution, with a total volume not exceeding 6 mL, and soak in the dark at 4 °C for
24 h. (3) Place the centrifuge tubes in the centrifuge and centrifuge at a speed of 4000 r/min
for 20 min. Transfer the supernatant to a calibrated 10 mL graduated tube, add a small
amount of 90% acetone solution to the centrifuge tube containing the original extraction
solution, suspend the precipitate again, and centrifuge. Combine the supernatants. Repeat
this process 2-3 times until the precipitate is free of pigment. Adjust the volume of the
supernatant to 10 mL. (4) Calculate the final Chl-a concentration using spectrophotometry.
Set up two parallel samples for all samples, and take the average of the two measurements
as the final result.

The measurement of water primary productivity was conducted using the light and
dark bottle method, with the specific operational steps completed as follows [35]: First,
surface water samples are collected, ensuring an adequate quantity for experimental
repeatability. These collected water samples are promptly transferred into pre-prepared
light and dark bottles, ensuring they are filled to avoid the formation of air bubbles. The
initial dissolved oxygen concentration at the time of bottling is then recorded. Subsequently,
these bottles are returned to the environment at a depth of 0.5 m. The white bottles
are exposed to natural light for photosynthesis, while the dark bottles are covered to
facilitate only respiration. After 24 h of exposure, the dissolved oxygen concentration
in the water samples within the bottles is measured again. By comparing the changes
in dissolved oxygen concentration between the light and dark bottles, we calculated the
primary productivity of the water.

2.4. Temperature, Wind, Salinity, Current, and Chl-a Concentration Data

SST, wind, salinity, and current data were analyzed to assess the environmental factors
in Zhoushan fishery. SST data were derived from the Jet Propulsion Laboratory’s (JPL)
Multi-Sensor Level 4 foundation SST merged analysis product. This dataset boasts global
multi-scale coverage with exceptional ultra-high spatial resolution, reaching up to 1 km.

The wind data were derived from the Global Ocean Hourly Reprocessed Sea Surface
Wind and Stress dataset, which combines scatterometer observations with ECMWF ERA5
reanalysis model variables to provide hourly sea surface wind and stress fields. These
data were corrected for biases using temporally averaged difference fields, ensuring the
accuracy of the wind measurements. The spatial resolution of these data was 1/12 degree.

The salinity and sea-bottom water potential temperature data were obtained from the
Global Ocean Physics Reanalysis dataset, which relies on the real-time global forecasting
system of CMEMS. It utilizes the NEMO platform model, driven by ERA5 reanalysis for
recent years, and assimilates various observational data through a reduced-order Kalman
filter. The spatial resolution of these data was 1/12 degree.

The current data originated from the Global Ocean Physics Analysis and Forecast
dataset, provided by the Operational Mercator global ocean analysis and forecast system,
with a spatial resolution of 1/12 degree.

Chl-« concentration data were obtained from the biogeochemical hindcast for global
oceans dataset, which is produced at Mercator Ocean (Toulouse, France). It uses a PISCES
biogeochemical model (available on the NEMO modeling platform). The spatial resolution
of these data was 0.25° by 0.25°.

These satellite-derived datasets emanate from multiple reputable institutions, show-
casing high spatial resolution and extensive temporal coverage. The accuracy of these data
has been verified by institutions and numerous scholars [36—40]. Additionally, in many
scientific studies, monthly average data like these are also utilized to unveil the seasonal
variation characteristics of environmental elements in a region [38,41,42]. Thus, they enable
an in-depth understanding of the environmental conditions within Zhoushan fishery.
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2.5. Data Processing

Geometric correction is first performed using a polynomial geometric correction model
to remove geometric distortion in the satellite images [43]. Then, the image brightness
grayscale values are converted to absolute radiometric brightness, and this process is called
radiometric calibration [44]. Atmospheric correction involves removing the radiometric
errors caused by atmospheric effects, which mainly include the effects of Rayleigh scattering
and aerosol scattering [45]. We choose clear and dry images, which can effectively reduce
the influence of aerosols. Rayleigh correction can eliminate most of the atmospheric effects,
after which Chl-« concentration and OPP can be effectively inverted [46].

The model [32] used for Chl-x concentration inversion in the waters of Zhoushan
fishery, based on HY-1C/1D CZI data, is presented as Equations (1) and (2):

p=—1281 x X3 438.17 x X2 —39.17 x X + 149 (1)

X = (B1/B2) x (B3/B2) "% )

Here, p represents Chl-« concentration, measured in pg/L. B, B2, and B3 correspond
to the remote sensing reflectance in the first, second, and third bands of the CZI, respectively.

To investigate the relationship between the primary productivity and fishery resources
in Zhoushan fishery, this study utilizes MODIS data to infer the OPP of Zhoushan fishery
based on the VGPM. The VGPM is a reference model for physiological processes that has
the advantages of high estimation accuracy and practicality and has become the main
research method for remote sensing research on primary productivity.

Behrenfeld [47] later validated the VGPM, and finally simplified the depth-integrated
primary productivity equation as Equation (3).

E
PP,y = 0.66125 x P8, x ﬁo“ X Zeu X Copt X Dipy )

where PP, is the primary productivity (in mgC/m?) integrated from the surface layer to
the true photic zone; prtt is the maximum rate of carbon fixation in the water column (in
mgC/(mgChl-h)); Eg is the PAR intensity (in mol quanta/ m?) at the sea surface; and Z,, is

the depth of the photic zone (in m). Cy is the chlorophyll concentration at prt, which can
be replaced by the surface Chl-a concentration (in ug/L). D;,, is the photoperiod (in h).

B (0.071xT —32x1073x T24+3.0x10°x T%)
Popt = C + (4)
(104017 x T—25x 1073 x T+ 8.0 x 107 x T?)

Kameda [48] expressed prt as a function of SST and Chl-« concentration, based on an
analysis of the observed data, as Equation (4), where T represents SST and C represents
Chl-o concentration.

To enhance the applicability of the VGPM to Case Il water, Ye et al. [49] refined the
calculation method for euphotic layer depth. They adjusted the computation by utilizing the
diffuse attenuation coefficient at 490 nm to estimate the euphotic layer depth, as delineated
in Formula (5).

Zey = 4.605/[1.3386K;(490) + 0.4215] )

where Z,, represents the euphotic depth and K;(490) refers to the attenuation coefficient
of the 4990nm wavelength in the water column.

The model is suitable for Case Il water, making it applicable to the study area addressed
in this study. After processing and calculating the satellite data, we obtained the monthly
average OPP of Zhoushan fisheries in 2017 and 2018.
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3. Results
3.1. Chl-a Concentration in Study Area

In this study, MODIS monthly mean Chl-« concentration data for Zhoushan fishery
for 24 months in 2017 and 2018 were obtained and analyzed for the study area.

In the study area, we observed distinct seasonal variations in Chl-« concentration,
with the highest levels typically occurring in summer, followed by spring and autumn, and
the lowest in winter (Figure 2). The Chl-« concentration predominantly ranged from 0.2 to
5 ug/L (Figure 2). Specifically, Chl-« concentration was generally between 1 and 5 ug/L in
summer, occasionally reaching up to 7 pg/L in certain offshore regions (Figure 2e—g,q-s).
During spring and autumn, Chl-« concentration was similar, approximately spanning from
0.5 to 3 ug/L, with potential increases to around 4 ug/L in some areas (Figure 2b—d,n-p).
In winter, Chl-« concentration typically varied between 0.2 and 2.5 ug/L, and could peak
at about 3 ug/L in certain western areas (Figure 2a,k—-m,w,x).

33°N
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122°E 124°E 126°E 122°E 124°E 126°E 122°E 124°F, 126°E, 122°E " 124°F, 126°E 122°E 124°E 126°E 122°E 124°E 126°E
121°E 123°E 125°E 121°E 123°E 125°E  121°E  123°E  125°E 121°E 123°E 125°E  121°E 123°E 125°E 121°E 123° 125°E

Figure 2. The monthly average distribution of Chl-« concentration in Zhoushan fishery in 2017 and
2018. Solid black rectangles indicate the study area. The white areas are due to missing data.

From October to April, the distribution of Chl-« concentration in the study area
was relatively uniform, predominantly ranging from 0.2 to 3 ug/L (Figure 2a—d j—p,v—x).
Notably, in April, the concentration showed a significant increase, reaching up to 5 pg/L
(Figure 2d,p). Conversely, from May to September, the Chl-« concentration distribution
was more heterogeneous. In the western area of the study area, the concentration was
higher, typically varying from about 3 to 5 ug/L, and occasionally peaking at 6 ug/L in
certain areas (Figure 2e-i,q—u). Meanwhile, the eastern region exhibited the year’s lower
concentration level, ranging from 0.2 to 2 pug/L (Figure 2e-i,q—u).

Meanwhile, we selected a total of 40 HY-1C and HY-1D CZI images from 2019 to 2023
to obtain the Chl-« concentrations in Zhoushan fishery by using the chlorophyll model
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inversion applicable to Zhoushan fishery, and analyzed the study area. Twenty-five of
these images are shown as examples in Figure 3.

29°N
32°N
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(1)Apr.09.20 |
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Figure 3. Chl-o concentration distribution retrieved from CZI of HY-1C/D from 2019 to 2023. The
labeled images are obtained from HY-1D, and the other images are obtained from HY-1C. Black
squares indicate the study area. The white areas are the result of missing data or cloud cover.

In the study area, Chl-a concentration varied between approximately 0.1 and 2.9 ug/L,
exhibiting distinct seasonal differences (Figure 3). In spring and summer, Chl-« concentra-
tion was higher, typically ranging from 1 to 2.9 ug/L, with peak values observed in summer,
occasionally soaring to 5 ug/L in western offshore areas (Figure 3d—p). Conversely, in
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fall and winter, the Chl-« concentration was comparatively lower, spanning from 0.1 to
1.4 pug/L (Figure 3a—c,q-t). Particularly in winter, most areas recorded Chl-« concentrations
below 1 pug/L, with the lowest observed concentration being merely 0.1 pg/L (Figure 3t).

The distribution of Chl-« concentration in the study area has a clear regional character.
The Chl-« concentration shows a decreasing trend from west to east (Figure 3). In spring
and summer, the distribution of Chl-oc concentration is more uniform, with levels slightly
higher in the western and southern sides of the study area than in the northern part
(Figure 3d—p). In fall, Chl-« concentration is higher in the western side of the study area
than in the eastern side (Figure 3g-s). In winter, Chl-oc concentration is lower in the central
and southeastern parts of the study area and higher in the western and northern regions
(Figure 3a—c,t).

After obtaining the Chl-o concentrations in Zhoushan fishery using the HY-1C/D
CZI, we validated the remotely sensed Chl-o concentration data against the in situ Chl-o
concentration measurements. The results are depicted in Figure 4. Following a correlation
analysis, we achieved a determination coefficient (R?) of 0.90 and a root mean square error
(RMSE) of 0.21, which indicates that the chlorophyll data acquired by HY-1C/D for the
Zhoushan fishery are reliable.

4.5 n=60
r?=0.90

| [ ]
4 T RMSE=0.21 7
[
2.5} .
o0
~ 4l
S ° o5
g ®
© 25T
= i "
S o .
= L ]
o @
= 15} o S

0 | | 1 1
0 1 2 3 4 4.5

Modeled Chl-a(pg/L)

Figure 4. Comparison of modeled Chl-a concentration value and in situ Chl-« concentration value.
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We obtained the distribution of Chl-« concentration at a water depth of 40 m in the
Zhoushan fishing grounds using reanalysis data (Figure 5).
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Figure 5. Monthly average chlorophyll-a concentration at a depth of 40 m in Zhoushan fishery.

In the study area, Chl-« concentration at a depth of 40 m was significantly lower than
that at the sea surface, yet it exhibited similar seasonal variation characteristics. Periods
of high concentration were predominantly concentrated in the summer season, with the
highest concentration typically found in the eastern side of the study area. The maximum
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Chl-o concentration value reached up to 3.5 pug/L during the peak of summer (Figure 5f-h).
As autumn approached, the high-concentration areas remained on the eastern side of the
study area but decreased to around 2 pg/L (Figure 5i). In January, the distribution of Chl-o
concentration at a depth of 40 m was more uniform, with an average value of 1.8 ug/L
(Figure 5a). For the majority of the time and across most of the study area, the Chl-«
concentration remained below 1 pg/L.

3.2. Distribution of Monthly Mean OPP

The OPP mainly ranged from 100 to 1000 mg-m~2 d~! (Figure 6). It was higher closer
to the islands, with values of 400 to 1000 rng~rrf2 d~! (black-dashed ellipses in Figure 6). It
decreased towards the open sea, with values in the range of 100 to 700 mg-m~2 d ! (black-
dashed squares in Figure 6). The OPP in the study area region exhibited a distinct seasonal
variation. The lowest OPP occurred in winter (Figure 6a,b,1-n,x), around 300~400 mg-m’2
d~!, and then gradually increased month by month. The highest values were observed in
July and August (Figure 6g,h,s,t). The OPP in spring and autumn was approximately the
same, ranging from 400 to 700 mg-m~2 d~!(Figure 6¢c—e,j-k,0-q,u-w).

mg-m2d?!
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Figure 6. The monthly average distribution of OPP in the Zhoushan fishery in 2017 and 2018. Solid
black rectangles indicate the study area. The black-dashed ellipses indicates the area west of 124°E
where the OPP is higher. The black-dashed squares indicate the areas where OPP is lower most of the
time. Red-dashed circles: Areas north of 31° N where OPP has a pattern of being highest in summer,
second highest in spring and fall, and lowest in winter. The white areas are due to missing data.

The areas with higher OPP (black-dashed ellipses in Figure 6) were concentrated in the
coastal regions west of 124° E, parallel to the coastline. In the area east of 124° E and south
of 31° N (black-dashed squares in Figure 6), the OPP was generally below 200 mg-m~2 d !,
except in spring when it increased to around 400 mg-m~2 d~!, in some areas even reaching
700 mg-m~2 d~! (Figure 6d,p). In the regions closer to the open sea and at higher latitudes
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(red-dashed circles in Figure 6), the OPP followed a similar pattern, with the highest values
in summer, followed by spring and autumn, and the lowest in winter (Figure 6).

3.3. The Relationship between Chl-a Concentration and OPP

To investigate the relationship between Chl-« concentration and OPP, we employed a
pixel-by-pixel method to compute their correlation within the study area. We have included
an additional analysis correlating in situ Chl-a concentration with OPP to further confirm
the relationship between the two.

Based on the correlation analysis of Chl-a and OPP obtained by MODIS, we calculated
a Pearson correlation coefficient of 0.78 between Chl-a concentration and OPP. Simultane-
ously, we conducted an in situ correlation analysis of Chl-a and OPP, yielding a correlation
coefficient of 0.83. The combination of these two results demonstrates a significant positive
correlation between the variables (Figure 7). This means that as the Chl-o concentration
increases, the OPP also shows an increasing trend. Chl-«, as a key indicator of marine
phytoplankton abundance, has a direct impact on OPP. Phytoplankton convert inorganic
carbon into organic matter through photosynthesis [50]. Therefore, under appropriate
environmental conditions such as sufficient light and adequate nutrition, the increase in
Chl-o concentration usually affects the enhancement of OPP.
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Figure 7. Chlorophyll-a concentration and ocean primary productivity correlation analysis.
(a) Analysis of the correlation between Chl-a and OPP obtained from MODIS data. (b) Analysis of
the correlation between in situ Chl-a and OPP.

3.4. Establishment of OPP Inverse Model

This study established an empirical model for the inversion of OPP based on Chl-a
concentration, aiming to reveal detailed distribution patterns of OPP in the study area.
Linear, exponential, and logarithmic fitting were conducted separately on the selected
60 sets of in situ OPP data and Chl-« concentration data. The results are shown in Table 2.

From the table, it can be seen that the fitting of the polynomial models is better
compared to other models. According to the distribution pattern of OPP, as well as the
comprehensive evaluation based on R? and RMSE, the exponential fitting model of Model
3 is the best model, with a coefficient of determination R? of 0.8377 and an RMSE of 107.65.
Therefore, the final empirical inversion model for estimating OPP based on the Chl-a
concentration in Zhoushan fishery is determined as shown in Equation (6).
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Table 2. Inversion model of ocean primary productivity and the corresponding R? and RMSE.

Number Function Fitting Model R? RMSE
Modell polynomial y =296.57x — 87.21 0.8249 115.95
Model2 polynomial y = 42.59x2 + 133.7x + 29.63 0.8367 108.02
Model3 polynomial y = 60.66 + 55.9x + 91.3x% — 8.24x> 0.8377 107.65
Model4 Exponential y = 0.77e*449 0.7689 159.69
Model5 logarithmic y = 323.24In(x) + 292.00 0.5627 182.10
Model6 logarithmic y =190.8In(2.41x) + 155.6 0.4932 209.79
Model7 power y = 0.9698x>% 0.8018 144.16
y = 60.66 + 55.9x + 91.3x% — 8.24x° (6)

where y represents OPP, and x represents Chl-a concentration.

This is an empirical algorithm for estimating OPP based on Chl-« concentration. The
model is developed based on satellite data and in situ measurements from Zhoushan
fishery and is applicable to case II water. It is specifically tailored to Zhoushan fishery,
where the Chl-a concentration ranges from 0.2 to 4 ng/L. To validate the feasibility of the
new model, in situ OPP data were used for model verification. The correlation coefficient
between the modeled OPP and the in situ OPP data was computed, resulting in R? = 0.83
and RMSE = 135.19 (Figure 8), indicating that the new model is suitable for estimating OPP

in Zhoushan fishery.
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Figure 8. Comparison of inverted ocean primary productivity and available ocean primary produc-
tivity data.

Based on the newly established OPP model, we selected 25 Chl-« concentration images
to obtain the distribution of OPP in Zhoushan fishery from March 2019 to March 2023, as
shown in Figure 9.
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Figure 9. Ocean primary productivity distribution retrieved from CZI of HY-1C/D from 2019 to 2023.
The labeled images are obtained from HY-1D, and the others are obtained from HY-1C. The white
areas are the result of missing data or cloud cover.

The OPP in the study area ranged from 100 to 950 mg-m~2 d !, exhibiting significant
seasonal variations (Figure 9). OPP levels were highest in summer, typically ranging from
300 to 950 mg-m~2 d 1. In spring and autumn, OPP was lower than in summer, ranging
from approximately 200 to 500 mg-m~2 d ~!. During winter, OPP in the study area was at
its lowest, with most areas ranging only from 50 to 300 mg-m~2 d . On 18 January 2023,
OPP levels were relatively high compared to the winter average, with most areas exceeding
500 mg-m~2d~L.

The distribution of OPP in the study area exhibits significant regional characteristics.
Overall, there is a decreasing trend from west to east. The distribution is relatively uniform
in spring and summer. In autumn, OPP is higher on the west side of the study area
compared to the east side. In winter, OPP is lower in the central and southeastern parts of
the study area, while it is higher in the western and northern parts.
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3.5. Temperature in Study Area

The SST in Zhoushan fishery is generally in the range of 5 °C to 31 °C, showing
significant seasonal and spatial variations (Figure 10).

A
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Figure 10. The monthly average distribution of SST in the feeding ground of Zhoushan fishery from
March 2017 to February 2018. White circles indicate the location of upwelling. Red circles indicate
tongue-shaped warm front.

During the summer, the average temperature reaches 29 °C. Near the region of 122.5° E
and 30.5° N (black circles), an upwelling phenomenon occurs, causing the water tempera-
ture in that area to be lower than in the surrounding areas (Figure 10b—d). In the spring
and autumn seasons, the water temperatures in the feeding area region are similar, ranging
from 20 to 22 °C (Figure 10a,e-g k,1). However, during the winter, the SST in this area is at
its lowest, ranging from only 10 to 18 °C. During winter, in the maritime region near 123° E
and 31° N (red circles), a conspicuous tongue-shaped warm front is observed, characterized
by isotherms protruding northward (Figure 10h—j).

The temperature variation in the bottom seawater throughout the year is less pro-
nounced than that of the surface seawater (Figure 11). The lowest monthly average tempera-
ture at the seabed within the study area occurs in February, with the minimum temperature
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being around 10 °C (Figure 111). Conversely, the highest temperature at the seabed, which is
approximately 24 °C, is observed in September (Figure 11g). Similar to the surface seawater,
the bottom layer also exhibits distinct seasonal changes, with higher temperatures during
the summer and autumn, and lower temperatures in the winter and spring. The greatest
difference between the surface and bottom temperatures occurs in the summer, reaching
up to a 10 °C differential in August (Figure 11f). In contrast, during the spring and winter,
the surface and bottom temperatures are more closely aligned, and their distribution and
trends are also similar.
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Figure 11. Monthly average sea-bottom water potential temperature in Zhoushan fishery.

3.6. Hydrological Factors and Salinity

In addition to SST, Chl-« concentration, and OPP, other environmental factors includ-
ing hydrological conditions and salinity were also analyzed in Zhoushan fishery (Figure 7).
The velocity and direction of currents in Zhoushan fishery undergo significant seasonal
variations. During spring (Figure 12a), seawater primarily flows in the northeast direction
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with relatively slow currents. In summer (Figure 12b), the current velocities increase and
shift towards the north, particularly around the nearshore islands and reefs where the
currents can be stronger. In autumn (Figure 12c), the predominant current direction is
southward and southwestward, accompanied by reduced current velocities. In winter
(Figure 12d), the current direction shifts northwestward, resembling the patterns observed
in summer.
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Figure 12. Other environmental factors: (1) current, (2) wind, (3) salinity. Black arrow: the direction
of the currents.

In the Zhoushan fishery, wind speed and direction vary throughout the year due to
seasonal changes, weather patterns, and geographical factors. In spring (Figure 12e), the
prevailing winds come from the northeast, with an average speed around 6 to 7 m/s. Areas
near Hangzhou Bay and the Yangtze River estuary may experience slightly higher speeds of
around 11 m/s. During summer (Figure 12f), the wind speed in the Zhoushan marine area
remains relatively stable, mainly influenced by southeast winds typically ranging from 7 to
10 m/s. Winter brings stronger winds to the Zhoushan marine area due to the influence of
cold air masses, with north and northeasterly winds being the dominant directions during
this season (Figure 12h).

The salinity of the Zhoushan fishery is subject to various influencing factors, including
season, tides, freshwater input, and oceanic meteorology. During the summer, salinity
exhibits a relatively uniform distribution, with most areas having salinity levels around 33
(Figure 12j). In the Zhoushan archipelago region, there is a dense distribution of isohaline
lines. During the spring and autumn seasons, salinity ranges from 30 to 33 (Figure 12i k).
In the winter, the salinity in the study area can exceed 34 (Figure 121).

4. Discussion
4.1. Factors Contributing to the Formation of Zhoushan Fishery

The study area is located south of the Yangtze River estuary along the western Pacific
Ocean. It is a typical spawning and feeding ground, with fertile water, abundant feeding
organisms, and a suitable hydrological environment, so it is a good place for various aquatic
organisms to reproduce, find bait, and grow [51].

The capacity of Zhoushan fishery to function as a premium feeding ground is deter-
mined by a multitude of factors, including SST, depth, Chl-« concentration, OPP, currents,
salinity, and wind.
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4.1.1. Temperature

The thermal adaptability of different fish species varies significantly, and SST is one of
the crucial influencing factors in the formation of fish feeding grounds [52,53]. Zhoushan
fishery is located at the convergence of warm and cold oceanic currents, with SST fluctuating
between 10 and 30 °C, providing an ideal habitat for fish [54].

Fish reproduction and feeding behaviors are significantly influenced by water temper-
ature [55]. Most of the fish typical of Zhoushan fishery spawn in spring and summer, and
will be active in spawning ground areas after March and April, when SSTs have warmed
significantly compared to winter. Silver pomfret is a warm-water pelagic cluster economic
fish [56] that is a good example of this phenomenon. The distribution of silver pomfret is
closely related to SST. Every spring, as the SST rises, the silver pomfret stock will migrate
seasonally from east to west from the deep-water area into the offshore estuarine area. This
leads to an increase in silver pomfret stock in Zhoushan fishery in spring (Figure 13). On
the contrary, in winter, silver pomfret will go to the deep-water area to overwinter, so the
distribution number in Zhoushan fishery will gradually decrease (Figure 13). Additionally,
from the monthly catch distribution of silver pomfret, it can be observed that after the
decrease in sea temperature, silver pomfret mainly distribute in areas with relatively higher
sea temperatures (Figure 14). During the months with higher SSTs, silver pomfret exhibit
significant aggregation to both the 30° N and 31.5° N areas. After the SST decreases, the
distribution of silver pomfret in the area of 31.5° N becomes less frequent, yet there is still
a high-density aggregation at 30° N (Figure 14). The Japanese mackerel is an important
pelagic fish in the East China Sea. Research indicates that variations in SST can influence the
migratory routes of Japanese mackerel, leading to an uneven distribution of resources [57].
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Figure 13. (a) Monthly catch of silver pomfret in Zhoushan fishery from October 2017 to April
2018. (b-h) Distribution of silver pomfret in Zhoushan fishery from October 2017 to April 2018.
Black square indicates study area. Red circles and black circles indicate dense distribution areas of
silver pomfret.
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Figure 14. Overlay of environmental factors and silver pomfret catch volume. (a—c) The overlay of
SST with silver pomfret catch volume. (e—g) The overlay of Chl-a with silver pomfret catch volume.
(h—j) The overlay of OPP with silver pomfret catch volume.

4.1.2. Chl-x and OPP

Chl-a and OPP are directly linked to the formation of marine food chains [58-60].
Phytoplankton serves as a key food source for many fish species, and their growth and
reproduction are driven by OPP [2,61,62]. Consequently, seasonal variations in Chl-«
and OPP levels directly impact the availability of food resources for fish. Spring and
summer emerge as periods of elevated Chl-a concentration in Zhoushan fishery, coin-
ciding with heightened OPP during these seasons. In the nearshore region, OPP can
exceed 1000 mg-m~2d~!. Abundant sunlight, suitable temperatures, and the injection
of Changjiang Diluted Water and other tributaries collectively provide optimal growth
conditions, fostering phytoplankton reproduction [63,64]. Fish tend to select areas with
higher OPP as feeding grounds due to the abundance of food resources. This phenomenon
positions Zhoushan fishery as a thriving feeding area [65].

The silver pomfret has a complex diet, loving aquatic grasses as well as animal bait,
with zooplankton and phytoplankton being the favorite foods of this fish [66]. April
through June is the breeding season for silver pomfret. Chl-a concentration and OPP,
two key marine environmental factors, mutually influence the distribution of silver pomfret.
In winter, when Chl-« concentration and OPP are at their lowest, silver pomfret migrate to
their overwintering grounds. As spring arrives, the increase in Chl-« concentration and
OPP indicates a surge in phytoplankton and other primary producers, attracting silver
pomfret to feed. At this time, silver pomfret are distributed in areas with a high Chl-«
concentration and a high level of OPP. During the spring and summer, they are active in
foraging and spawning grounds, which are characterized by high Chl-« concentration and
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high OPP. By autumn, after spawning, silver pomfret begins to prepare for the winter. Chl-oc
concentration and OPP are lower in autumn than in summer, and combined with the high-
density aggregation of fish and predation, this results in lower Chl-« concentrations and
OPP in areas where silver pomfret are more abundant. In winter, factors such as the drop
in SST prevent phytoplankton growth, leading to a decrease in Chl-a concentration and a
decline in OPP [67]. Prior to this, silver pomfret were already feeding and reproducing in
feeding and spawning grounds, so they were able to migrate to deeper waters to overwinter
by winter.

4.1.3. Current and Wind

Zhoushan fishery is situated within a convergence zone of ocean currents, encom-
passing the influence of Changjiang Diluted Water discharge, the Taiwan Warm Current,
and coastal cold currents [68]. The influx of nutrient-rich and organic-laden waters from
the Yangtze River and Qiantang River fosters the proliferation of planktonic organisms
upon entering the ocean [69]. These planktonic organisms constitute a vital component
of the primary food sources for fish. The confluence of cold and warm currents offers
fish species a wider array of temperature choices. Thermophilic fish can thrive in the
warm current, while cold-water species can inhabit the cold current. Consequently, this
favorable condition fosters the survival and proliferation of numerous fish populations in
the vicinity of Zhoushan. The convergence of warm and cold currents also generates water
turbulence, leading to an influx of copious nutrients, planktonic organisms, and benthic
organisms [70,71]. This amalgamation of factors has consequently transformed Zhoushan
fishery into a foraging ground.

Zhoushan fishery experiences pronounced seasonal variations in winds, especially
during the summer when southerly winds predominate (Figure 7f). According to Ekman’s
drift theory, the persistent southerly winds lead to offshore movement of the surface sea-
water along the southeastern coast, causing a compensatory upwelling of deeper seawater
towards the shore. This process creates coastal upwelling (Figure 6d—f). Because upwelling
can bring a substantial amount of minerals from the seafloor to the surface, it provides
abundant nutrients for aquatic plants near the coast, leading to their luxuriant growth. This
flourishing growth of aquatic plants attracts various fish species for feeding and spawning.
Consequently, it plays a significant role in the formation of feeding grounds.

4.1.4. Other Factors

Other factors such as water depth and salinity also play a significant role in influencing
the distribution of fishery resources and are a crucial factor in the formation of feeding
grounds [72-74]. The water depth in the feeding ground area ranges from 30 to 80 m. Water
depth influences the distribution of planktonic and benthic organisms in the ocean. Shallow
waters are more likely to accumulate planktonic organisms, thereby attracting fish in search
of food [75]. Suitable water depth provides an optimal habitat, and certain fish species
may require specific depth ranges for reproduction and egg hatching [76]. The topography
of the Zhoushan fishing ground also has a profound effect on upwelling by guiding the
bottom flow upward and regulating the position and intensity of the tidal front [77].

Salinity also influences the distribution of fisheries resources. Within the optimal
salinity range, the energy consumed by fish to maintain internal osmotic pressure can
be minimized [78]. Changes in salinity beyond the adaptive range of silver pomfret will
make the fish show a stress response, but will also affect the silver pomfret’s digestive
enzymes, antioxidant enzymes, and the vitality of important regulatory enzymes [79].
Silver pomfret generally spawns near coastal reefs and sandy beaches at a water depth of
10 to 20 m and a salinity between 26.00 and 31.00 [80]. So, Zhoushan fishery’s seawater
salinity distribution is suitable for silver pomfret reproduction. Salinity is a major factor
promoting the formation of silver pomfret spawning grounds.
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Due to the limitations of the data, the types of data we can analyze are limited. In
future studies of fishing grounds, we will analyze more data to conduct a more in-depth
study of the fishery.

4.1.5. Relationships between Different Environmental Factors

Sea temperature not only affects the metabolism and distribution of organisms, but
also has a close relationship with Chl-a concentration [81]. Warm seawater can promote
the reproduction of plankton, thereby increasing Chl-a concentration, providing abundant
food sources for fish. At the same time, Chl-a concentration is an indicator of primary
productivity [82]. A high Chl-a concentration indicates a high abundance of phytoplankton,
which may in turn increase OPP. OPP forms the basis of the marine food web, directly
affecting the abundance of fishery resources [83]. Regions with high OPP often support
more fish and other marine organisms, forming fishing grounds.

Salinity is closely related to water density, playing a crucial role in ocean currents and
circulation [84]. Currents and wind play important roles in regulating the distribution of
sea water temperature and salinity, while also affecting the transport of nutrients and the
aggregation of organisms within the water. Water depth affects the distribution of light,
temperature, and pressure in the ocean, exerting a significant influence on habitat selection
and the distribution of marine organisms [85]. Different depth zones are suitable for the
life of different biological populations [86].

The interaction of these environmental factors constitutes the dynamic balance of the
marine ecosystem. Changes in any one of these factors may cause a chain reaction that will
have an impact on marine ecology and fishery resources.

4.2. Advantages of the Model

The new OPP model utilizes HY-1C/D CZI data, which feature a high spatial resolu-
tion of 50 m, allowing for a detailed study of the characteristics of marine environmental
elements. This model is simpler in composition, more convenient in use, and more efficient
in calculation than previous models. The model can derive OPP based on chlorophyll data
alone, without the need for excessive parameters, thus avoiding errors that can arise from
having too many parameters. Other existing models for retrieving OPP require multiple
parameters and also have lower resolution. We validated the results obtained from the
model using in situ OPP data, indicating that the model has high accuracy and practical
application value.

4.3. Suggestions for the Protection and Development of Zhoushan Fishery

Scientific fry release involves the strategic deployment of fish fry based on monitoring
data on the fishing environment, taking into consideration the optimal growth conditions
and varying life cycles of different fish species. By selecting appropriate timing and loca-
tions for fry release, this approach significantly enhances the effectiveness of fry stocking,
replenishing losses incurred through fishing activities in the fishery. Given the gradual
depletion of nearshore fishery resources, coupled with the underutilization of deep-sea
resources, the development of deep-sea marine ranching emerges as a promising avenue
for the fisheries industry. The sustainable exploitation of deep-sea marine resources not
only serves as a novel direction for fisheries development, but also helps alleviate the strain
on nearshore marine resources, contributing to a more balanced and sustainable approach.
The implementation of these two measures holds great promise for fostering the sustainable
development of fishery resources.

Remote sensing technology holds significant potential for application in fisheries man-
agement. Therefore, based on remote sensing technology, we propose three suggestions
for the development of Zhoushan fishery: (1) The establishment and enhancement of a
marine ecological environment monitoring system. We suggest leveraging remote sensing
technology to establish a comprehensive marine ecological environment monitoring system.
This system would monitor key indicators such as seawater temperature, chlorophyll con-
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centration, and ocean acidification levels. By integrating field survey data, we can establish
a precise assessment system for fishing ground environments and provide data support for
the scientific management of fishery resources. (2) Establishing an environmental change
early-warning system based on remote sensing data. This system would monitor sudden
environmental events such as red tides and marine pollution in real time, mitigating their
adverse impacts on fishery resources. (3) Marine ranch planning and management. This
would involve utilizing remote sensing technology to assist in the site selection, plan-
ning, and management of marine ranches, optimizing their layout to enhance the natural
recovery capabilities of marine biological resources.

5. Conclusions

This study analyzed the detailed variations in Chl-a concentration in Zhoushan
fishery using HY-1C/D and multi-source data, revealing the detailed distributions of Chl-
o concentration and OPP in the middle part of Zhoushan fishery. The feeding ground
exhibits significant seasonal and regional variations in Chl-« concentration and OPP. Chl-«
concentration ranges mainly between 0.2 and 2.9 pg/L, with higher concentration in spring
and summer and lower Chl-o concentration levels in autumn and winter. Spatially, Chl-o
concentration gradually decreases from west to east. The OPP in the study area ranges from
100 mg-m~2d~! to 1000 mg-m~2d !, with high OPP values distributed on the western side,
ranging from 400 mg-m~2d ! to 1000 mg-m 2d !, and gradually decreasing seaward. The
highest OPP occurs in summer and the lowest in winter.

In this study, a correlation analysis was conducted between Chl-a concentration and
OPP, and a significant positive correlation was found between the two. This suggests that
as Chl-« concentration increases, there is a corresponding upward trend in OPP. Such a
relationship highlights the critical role of Chl-« as a proxy for phytoplankton biomass,
which directly influences OPP in marine ecosystems. Essentially, higher Chl-« levels
typically reflect greater phytoplankton abundance, leading to increased photosynthetic
activity and thus, elevated OPP.

Based on the study of the correlation between Chl-« concentration and OPP, we
developed an empirical model for the retrieval of OPP based on Chl-a concentration. The
feasibility of this model has been validated and it is applicable to marine areas where the
Chl-a concentration ranges from 0.2 to 4 ug/L.

The confluence of various environmental factors collectively contributes to the forma-
tion of feeding grounds and spawning grounds. The region is characterized by suitable
conditions, including optimal Chl-« concentrations, OPP, SST, salinity, currents, and geo-
logical water depths. Situated in a convergence zone of multiple ocean currents, including
coastal currents, upwelling currents, and the Kuroshio, the interactive effects of these cur-
rents, along with inland runoff, further supply the feeding ground with abundant nutrients,
promoting the formation of the fishery.

This study integrates Chinese ocean color satellite HY-1C/D CZI data with multisource
information to investigate detailed environmental elements of fishery, thereby exploring the
potential application of Chinese ocean color satellites. Simultaneously, it provides valuable
insights for the environmental monitoring and sustainable development of coastal fisheries.
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