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Timely and accurate observations of harmful algal blooms dynamics help to
coordinate coastal protection and reduce the damage in advance. To date,
predicting changes in the spatial distribution of algal blooms has been challenging
due to the lack of suitable tools. The paper proposes that the development and
disappearance of algal bloom can be monitored by satellite remote sensing in a large
area from the diurnal variation of chlorophyll a. In this paper, 32 pairs of observed
data in 2011-2020 showed that it was most appropriate to outline the areas where
the diurnal variation (the standard deviation calculated from the daily chlorophyll a) in
chlorophyll @ was more than 2.2 mg/m?>. Among them, 30 pairs of data showed that
the high chlorophyll a diurnal variation could predict the growth of the algal bloom in
the next days. In these events, the median area difference between the two spatial
distributions was -0.08%. When there was a high diurnal variation in chlorophyll a in
the area adjacent to where algal bloom was occurred, a new algal bloom region was
likely to spread in subsequent days. Continuous multiday time series showed that the
diurnal variation in chlorophyll a can reflect the algal bloom’s overall
growth condition.

KEYWORDS

harmful algal bloom dynamics, diurnal variation of chlorophyll a, GOCI imager,
Southeast coast in China, predict

1 Introduction

Harmful algal blooms (HABs) are a global phenomenon that impacts virtually every
coastal nation (Kudela et al,, 2010). They are occurring in more locations with higher
frequency than before (Sellner et al., 2003), affecting the coastal aquatic environment and
resulting in water discoloration and water quality deterioration. HAB are caused by the
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explosive proliferation or high concentration of some
phytoplankton, protozoa, or bacteria in seawater under specific
environmental conditions. Nutrient availability, together with light
and temperature, are primary determinants of phytoplankton
growth and biomass accumulation (Kudela et al., 2010). There is
growing evidence that human activities and the associated increase
in nutrient loadings are likely the primary reasons for the increase
in HAB events and the increased magnitude of these events
(Anderson et al., 2002; Glibert et al., 2005). HABs occurring are
also directly or indirectly linked to some natural events, such as
oceanic and estuarine circulation, river flow, currents, and
upwelling (Sellner et al., 2003). Between the 1970s and 1980s,
the number of red tide records in China increased geometrically
(Yu and Chen, 2019), while the global input of land-based nitrogen
and phosphorus into the ocean tripled between the 1970s and 1990s
(Jennerjahn, 2012; Ulloa et al., 2017). For instance, a HAB event of
Prorocentrum donghaiense dinoflagellates in 2000 made huge losses
in the mariculture zone near Zhejiang coast (Sakamoto et al., 2021).
Furthermore, the 23-day bloom in 2011 caused by dinoflagellates oft
Zhejiang coast caused fish mortality and adverse impact on local
economy as well as on the marine environment (Lou and Hu, 2014).
Thus, it is important to have accurate and timely information on
monitoring and predicting HABs, which is central to developing
proactive strategies for algal bloom control and can also help reduce
economic losses (Coad et al., 2014).

The international community has focused on constructing an
integrated algal bloom monitoring and early-warning system in
recent decades (Stauffer et al., 2019; Guan et al., 2022). Various
regions and countries have worked together to establish the Global
Ocean Observing System (GOOS), the Ecology and Oceanography
of Harmful Algal Blooms Eutrophication (ECOHAB), Sentinel-3
satellite products for detecting eutrophication and HAB events in
the French-English CHANNEL (S-3 CEOHAB), and so on (Yu and
Chen, 2019). The United States Integrated Ocean Observation
System (IOOS) has also established a monitoring and early-
warning system for algal blooms in the Gulf of Mexico, California
offshore waters, and the Gulf of Maine (Anderson et al., 2019).
According to the monitoring results, flocculation using modified
clay has been widely applied in treating HABs, and it was proved to
be useful in removing harmful algae and inhibiting the growth of
residual algae (Liu et al., 2017). However, traditional field sampling
techniques are still scarce in both time and space (Ahn and
Shanmugam, 2006; Stumpf and Tomlinson, 2007). Over the past
years, technological advances in in situ monitoring and remote
sensing from satellites and aircrafts have helped some countries
expand their capabilities of observing coastal oceans with large areas
and multifrequency measurements, thus complementing the
limited field observations and providing unparalleled
opportunities for detecting algal blooms (Schofield et al.,, 1999
Guan et al, 2022). At present, algal blooms identification by
satellites is mainly based on special parameters (such as
chlorophyll concentration and temperature) or significant spectral
characteristics (such as high reflection near the green band)
(Siswanto et al.,, 2013; Choi et al., 2014). However, as a pivotal
way to develop effective strategies for managing and mitigating
HABs and their frequently devastating impacts on the coastal
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environment, it is still a major challenge to monitor and predict
the growth dynamics and spatiotemporal distribution
characteristics of HABs through remote sensing.

The prediction of HABs mostly includes numerical prediction
and empirical prediction (Cong et al., 2008). Based on the occurrence
mechanism of algal bloom, the former simulates the whole process of
HAB growth and obtains the prediction results. Based on many
monitoring data of HAB development and disappearance processes,
the latter selects different forecasting factors (such as pH, dissolved
oxygen, and transparency) for statistical analysis to predict HAB
growth. In recent years, neural network methods have been
increasingly used in HAB prediction. The prediction mechanism is
often formed by evolutionary computation (Recknagel et al,, 2014),
autoregressive fuzzy models (Kim et al., 2014), and artificial neural
network models (Zhao et al., 2022). Nevertheless, these models are
complex to establish and have limitations when dealing with
nonstationary data (Cannas et al, 2006; Wang et al,, 2011).
Previous studies have shown that algae growth is closely related to
nutrients, and diurnal variations in chlorophyll a (Chl a) as a proxy of
phytoplankton abundance that can reflect the limited state of
nutrients to some extent (Song et al., 2012; Chen et al, 2015;
Xu and Chen, 2022). Therefore, the development and
disappearance of HAB can be considered by studying the diurnal
variation in chlorophyll a and creating a hypothesis about the
relationship between them from a nutrient point of view.

The Geostationary Ocean Color Imager (GOCI) (Ruddick et al.,
2014; Huan et al., 2021) is the first geostationary orbit ocean color
satellite sensor launched by the Korea Ocean Satellite Center
(KOSC) in 2010. It has an advantage over other ocean color
sensors in that it collects hourly images per day from 8:30 to
15:30 (Beijing time) with a 500-m resolution, and there are six
visible bands and two near-infrared (NIR) bands on the GOCI
(Xuetal, 2021). The unprecedented high-frequency measurements
of GOCI not only increase cloud-free observations but also provide
data critical to understanding short-term dynamics in highly
dynamic environments. Preliminary studies showed the potential
of using GOCI data to study diurnal changes in suspended
sediments, Chl a concentration, and floating macroalgae patches
(Xu and Chen, 2022). Lou and Hu (2014) and Shen et al. (2019)
developed different multiband difference models based on GOCI for
algal bloom detection in turbid coastal waters and observed the
distribution and variation characteristics of HAB over short and
long periods, respectively. Choi et al. (2014) investigated the
applicability of GOCI for monitoring HAB distribution and
propagation around the Korean Peninsula and found that HAB
formation and propagation were related to cold water masses in the
coastal region.

Generally, HAB growth can be divided into three parts:
initiation, development, and disappearance. Phytoplankton
growth in algal bloom requires rich nutrients that are in the
range of appropriate proportions (Dai et al., 2022).
Phytoplankton aggregation consumes many nutrients, which is
likely to lead to changes in the limited state of nutrients, which
will be shown by the diurnal variation in Chl a to some extent.
When the concentration of nutrients is high and the proportion is
appropriate, the diurnal variation in Chl a may be higher. When
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nutrient consumption is too large or the nutrient proportion
changes, it will not be enough to support phytoplankton growth,
and the diurnal variation in Chl a will decrease despite the effects of
tides and currents.

Therefore, in this study, the diurnal variation in Chl a was
compared with the development and disappearance of HAB, and it
was considered that the diurnal variation in Chl a could assist in
observing the development and disappearance of HAB. In addition,
three algal bloom indices which proposed by Lou and Hu (2014);
Lietal. (2020), and Shen et al. (2019) were selected for data analysis,
and the intersection of the HAB area extracted by the three
algorithms was regarded as the credible area where the HAB
occurred. The paper is structured as follows. The background is
described in Section 1. The data resources and study areas are
described in Section 2. Section 3 introduces the data processing
approach and algorithms used in this paper. And sections 4 and 5
show the main results and our viewpoints with figures and tables.
Conclusions are provided in Section 6.

2 Research area and used data

2.1 Study area

The sea area under China’s jurisdiction is adjacent to the edge of
the mainland, and the Bohai Sea (BS), the Yellow Sea (YS), the East
China Sea (ECS), and the South China Sea (SCS) are related to each
other, spanning temperate zones, subtropics, and tropics and
distributed in an arc from north to south. In the YS and ECS, HAB
disasters occurred mostly in a few sea areas before 1980, such as
coastal Fujian Province, coastal Zhejiang Province, and the Yellow
River Estuary (Zhao et al., 2004). After 1980, the areas where HABs
were found increased gradually and occurred in all of China’s coastal
provinces. A high-frequency HAB region in southeast coast of China
is between Ningbo, Zhejiang Province, and Xiamen, Fujian Province.
The Zhejiang-Fujian coastal current and Taiwan Warm Current
converge and mix here, and factors such as climatic change, tide,
coastal upwelling, and wave motion, all provide a favorable
environment for HAB outbreaks (Zhao et al, 2004). Monitoring
the timing, location, and magnitude of HABs is of great value to
coastal zone managers.

The coastal waters of the East China Sea are greatly affected by
human activities, and the surface runoff carrying much
phytoplankton, suspended sediment, and nutrients leads to
serious eutrophication and the frequent occurrence of HABs in
this area. We studied the coastal waters of Southeast China
(Figure 1), near the Yangtze River Estuary. The coastal currents
passing through this area carry more nutrients, and coupled with
the influence of upwelling, the region is rich in nutrients.

2.2 Supporting data
In this study, GOCI L2C data were obtained from the KOSC

(URL: http://kosc.kiost.ac/) for comparison. A practical
atmospheric correction algorithm for turbid waters using
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ultraviolet wavelengths (UV-AC) (He et al, 2004) was used to
retrieve the Remote Sensing Reflectance (R,,) data first, and then the
Chl g, Total Suspended Particulate Matter (TPM) data, and spectral
indices (RI;, RI,, RI;) were obtained. The UV-AC atmospheric
correction based on the assumption that the water-leaving radiance
at ultraviolet wavelengths could be neglected compared with longer
wavelengths, and it was suggested quite promising because its
performance has been validated in the Changjiang River Estuary
with strong spatial and temporal variability of both Chromophoric
Dissolved Organic Matter (CDOM) and detritus absorptions
(Tzortziou et al., 2008; He et al., 2012). Finally, the HAB
information (expressed by RI;) from 2011 to 2020 was extracted
by setting TPM and RI; thresholds. This study mainly used remote
sensing data from April to September during this decade. A total of
3896 images (410 days) were observed, and 30 pairs of continuous
data (the data obtained on June 15-17, 2018 can be regarded as two
continuous pairs) were used for analysis in this paper.

Temperature is an important environmental factor for
algal bloom occurrence, and it directly or indirectly controls the
growth and proliferation of algal bloom organisms. Information on
sea surface temperature (SST) data was obtained from the
Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) system (Good et al., 2020), which was developed at the
Met Office (https://www.metoffice.gov.uk/). The data used were
from a mixture of sources, including in situ data (observed by
drifting and moored buoy platforms and ships) and remote sensing
data (from satellite SST data), which were distributed through the
WMO GTS. Information on salinity, mixed layer thickness, and
ocean current velocity was obtained from the GLORYS12V1
product (https://resources.marine.copernicus.eu/). The CMEMS
global ocean eddy-resolving reanalysis products have a 1/12°
horizontal resolution and 50 vertical levels (Le Traon et al., 2019).
Moreover, the regional biases of sea surface salinity (SSS hereafter)
were less than 0.2 psu.

2.3 Records of harmful algal bloom events

There were 69 HAB data points collected in the HAB bulletin of
Zhejiang Province from 2011 to 2020. Then, according to the
matching results of remote sensing data, 32 well-matched cases
were selected for analysis based on the screened results of remote
sensing data. The details for some HAB cases that appeared near
Wenzhou and Taizhou cities (prefecture-level cities of Zhejiang
Province) from 2011 to 2020 are listed in Table 1. The collected
tracking dataset included the HAB position, intensity, dominant
species, and maximum area. According to the records, the duration
of these events ranged from 5 days to 24 days. The dominant algae
mostly include Karenia mikimotoi and Prorocentrum donghaiense,
although there were occasional outbreaks of multi species of
phytoplankton (recorded in 2017).

Since an extensive HAB monitoring network was established in
2000 (Wang and Wu, 2009), annual reports on HAB occurrence
have been issued by the Ministry of Natural Resources of the
People’s Republic of China (https://www.mnr.gov.cn//sj/sjfw/hy/
gbgg/zghyzhgb/). Reports on HAB occurrence (timing, location,
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FIGURE 1

A map showing the study area. The area is distributed near Zhejiang Province, affected by the Yangtze River and Oujiang River.

10.3389/fmars.2024.1357669

N ————
1205E  121°E 1205 122°E 1225

intensity) in the ECS have also been obtained from other public data
sources, such as the Department of Natural Resources of Zhejiang
Province (https://zrzyt.zj.gov.cn/). From these reports, the records
we used were found along the Zhejiang coast between 2011 and
2020. The records included the location, start time, end time, areal
extent, and species, which were used as the ground truth data to
validate HAB delineation on GOCI imagery.

3 Methodology
3.1 Data processing

The study of the correlation between Chl a time series and
dynamic changes in HABs based on remote sensing mostly consists
of three steps: GOCI image data processing, product generation,
and HAB growth prediction (Figure 2). Three different color boxes
frame the details of the three steps. Figure 2 was based on the
process of the RI; (Li et al., 2020) selected in this paper. The UV-AC

algorithm was used in the first step. He et al. (2012) discovered that,
through analyzing in situ spectra from major water bodies such as
the Yangtze River estuary and the Mississippi River, the
concentration of Total Suspended Matter (TSM) in China’s
coastal waters is relatively high. This causes strong scattering of
particles in the water, leading to an increased water-leaving
reflectance in the Visible Light (VIS) long wavebands and Near
Infrared (NIR) bands. However, the strong absorption of CDOM in
the UV spectrum results in a low water-leaving reflectance.
Consequently, the UV range is more suitable for atmospheric
correction than the NIR range, thus the UV method is
recommended. In previous research, the UV method was
successfully applied to the GOCI (Qiao et al., 2021). Since GOCI
does not possess a UV band, the 412nm wavelength was selected as
the reference band. The specific UV-AC algorithm procedure
comes from the paper written by Qiao et al. (2021);
Qiao et al. (2024).

In the process of GOCI image data processing, it is necessary to
screen the satellite remote sensing data with stringent criteria

TABLE 1 HABs that affected the coastal waters of Zhejiang provinces from 2011 to 2020.

Position Continue time Dominant species Area *(km?)
2011 Taizhou, Wenzhou 19, 8 Prorocentrum donghaiense 50, 50
2012 Taizhou, Ningde, Zhoushan 5,21, 5 Karenia mikimotoi 6, 130, 240
2014 Zhoushan 16 Prorocentrum donghaiense 300
2015 Wenzhou 10 Genicularia polyphylla 390
2016 Zhoushan, Wenzhou 14,9 Prorocentrum donghaiense Multiple regions, 100
2017 Zhejiang coast 21 Mix algae species 420
2018 Zhejiang coast 18 Pm:::z;’:z:z:;‘;fjme 100
2019 Zhejiang coast 24 Prorocentrum donghaiense Multiple regions
2020 Ningbo 29 Prorocentrum donghaiense 380

*The “Area” here is the red tide area recorded in the reports on HAB occurrence obtained from
analyzed later.
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FIGURE 2

Diagram illustrating the workflow. It mostly includes three modules: GOCI image data processing (green box), product generation (blue box), and
HAB growth prediction (red box). The detailed steps of each module are described in different boxes.

(Siswanto et al., 2011; Nazeer et al.,, 2020). In terms of time, the
satellite data acquisition time needed to be consistent with the HAB
growth time; in space, each target pixel of the remote sensing
product was taken as the center, and the observed values of the
pixels in the 3x3 window were selected for matching calculation. A
pixel was rendered invalid for the matching analysis when it
encountered one of the following criteria: a negative R, value,
land, clouds, a high satellite zenith angle (>60°), or a high solar
zenith angle (>75°). R, values outside the maximum limit
(Equation 2) were also discarded, which means that R needs to
meet the following Equation (1) (Concha et al.,, 2019):

(Med —1.50) < X; < (Med + 1.50) (1)

where X; is the ith filtered pixel in the 3x3 array, Med and o are
the median value and the standard deviation of pixels that satisfied
screening criterion mentioned before in the 3x3 array, respectively.

Then, if the number of effective pixels was greater than 1/3 of
the total pixels in the window (Nazeer et al., 2020), the mean of the
window was calculated as the matching value of the target pixel.

Many spectral indices have been developed to identify algal
blooms. Therefore, we use three frequently used indexes (Lou and
Hu, 2014; Li et al., 2020; Shen et al., 2019) in this paper, all of which
were proposed based on the HAB events along the coastal waters of
Southeast China. After the most suitable spectral index was selected,
HAB products (expressed as RI;) and Chl a products were obtained.
Here, we calculated the diurnal variation in chlorophyll a: the
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standard deviation calculated from the daily GOCI-derived
chlorophyll a observations. In the process of HAB growth
prediction, we mostly analyzed two observed objects (high Chl a
diurnal variation area; HAB area), and the area where Chl a diurnal
variation was greater than 2.2 mg/m> was defined as the high Chl a
diurnal variation area (the selection methods and standards of
thresholds are described in Section 5.2). We also analyzed the
correlation between two observed objects in continuous two-day/
multiday sequences. Finally, the long-term variation in HAB and
the influence of other parameters were discussed.

3.2 Ocean-color algorithms

Many scholars have used satellite-derived Chl a data to describe
the spatial extent of HABs. However, although various regionalized
Chl a algorithms have been developed, the current algorithm used
to retrieve Chl a products is still based on the high absorption of Chl
a at the blue band, which often shows high uncertainties in coastal
waters because of the high suspended sediments and/or colored
dissolved organic matter (Dai et al., 2022; Kim et al, 2016).
Moreover, HABs caused by algae with low cellular Chl a content
are not easily detectable (Cokacar et al., 2004), and harmless algal
blooms may result in a high Chl a signature, making it impossible to
distinguish HABs from non-HABs. Therefore, this paper does not
analyze the above methods.
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Related studies show that suspended sediment can affect the
phytoplankton community structure of coastal water, together with
nutrients. The high concentration of TPM will inhibit the outbreak
of HAB, and the water with high TPM will appear with strong
reflection in the infrared band and near-infrared band, which will
affect the accurate extraction of HAB in the coastal water.
Therefore, when extracting the HAB area, Li et al. (2020) set the
thresholds of TPM and RI; in the coastal waters of Zhejiang
Province to 17 mg/L and 0.23, respectively. The calculation
formula is the Equation 2.

Rrs(555) — Rrs(490)

I = ; Threshold 0.23 2
T Rrs(555) + Rrs(490)° o0 @)

Coastal waters are characterized by high turbidity caused by
suspended matter originating from resuspension of sediments,
coastal erosion, and river discharge (NeChad et al, 2010). He
et al. (2013) proposed a TPM algorithm based on GOCI data in
Zhejiang coastal sea areas. The error is small when comparing the
five typical algal bloom events in 2011 and 2016 with the algal
blooms area detected by the RI;. It was an empirical algorithm as
shown in Equation (3), and R was calculated by Equation (4).

TPM= 101A0578+1A1230><R (3)
_ Rrs(745) @
"~ Rrs(490)

Suppressing the effect of resuspended sediments by subtracting
the R(443) in the green to blue band ratio, the RI, reported by Lou
and Hu (2014) performed well for bloom detection in the ECS. The
RI, threshold is selected to be 2.8 for its application, and a higher
value implies a higher density of the bloom. The case study showed
that using GOCI data and a modified RI, approach appears effective
in delineating surface bloom patches in the sediment-rich coastal
waters off Zhejiang coast in the ECS. The specific calculation is
shown in the following Equation (5).

Rrs(555) — Rrs(443)

RIL, = ; Threshold 2.8 5
27 Rrs(490) — Rrs(443)” O )

The mathematical relationship of the three-band blended
reflectance and Chl a can mostly be regionally specific and
uncertain due to the algal diversity and the difference in water
types. To simplify practical operations, Shen et al. (2019) followed
the concept of the three-band model and defined RI; for the
detection of algal blooms. The results indicated that the RI; is
effective in detecting algal blooms when using GOCI data, through
verification using in situ investigations and cross-comparisons with
the multi-source data. The specific calculation is shown in the
following Equation (6).

RI; = ( S > X Rrs(745); Threshold 0.15 (6)
Rrs(660)  Rrs(555)

Chl a is an important parameter that we studied. Kim et al.
(2016) adjusted the coefficients of the Tassan (1994) algorithm
(Tang et al., 2004) according to different water turbidity. The results
showed that the absolute percent difference (APD) of Tassan (MS)
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designed for a TPM concentration of 0.5-10 g/m> can reach 35%,
the relative percent difference (RPD) is within +2%, and the
correlation coefficient is approximately 0.8 The calculation is
shown in Equation (7) and Equation (8) below.

Chl a= 1()f0+f1><l"gloR+fz><lang2 (7)
Rrs(443) _ Rrs(412)
R = 2 .

fo = 0.1235; f; = —1.6072;f, = 4.6815; f; = —1.0138

Based on an extensive in situ bio-optical dataset, several algal
bloom indices were proposed, which are related to the absorption
characteristics of HABs. In our study, the UV-AC algorithm was
used to process GOCI-L2C data, and then HAB could be identified
by Li et al. (2020) index. The further reasons for choosing these
index were discussed in Section 5.2.

4 Results

4.1 The relation between HABs and diurnal
variation of Chl a

Here, statistical analysis on two-day pairs (three consecutive
days of data can be regarded as two pairs of two-day sequences) and
multiday sequences was performed to test whether the diurnal
variation in chlorophyll a can help to predict the growth state of
HABs. In this paper, we extracted 32 pairs of two-day sequences, of
which 30 pairs showed that the Chl a diurnal variation retrieved by
remote sensing had a certain correlation with the development and
disappearance of HAB. Then, the consecutive multiday data were
monitored and analyzed, and some special conclusions
were obtained.

Table 2 shows the changes in the high Chl a diurnal variation
area and HAB area along the coast of Zhejiang Province. Taking
two consecutive days as a group, the change trend of the high Chl a
diurnal variation area was consistent with that of the HAB area.
When the high Chl a diurnal variation area increased, the HAB area
also increased. Therefore, we think that the trend of high Chl a
diurnal variation areas may help to predict the growth state of HAB.

Then, we explored the relationship between the high Chl a
diurnal variation areas and HAB areas in all continuous time series
(Figure 3). The abscissa in Figure 3 shows the initial and end dates
of each group of continuous time series, and the time span of the
series ranged from 2 days to 6 days. Except that the change trend of
the high Chl a diurnal variation area was basically consistent with
that of the HAB area, Figure 3 also showed that when the high Chl a
diurnal variation area was larger than the HAB area, the HAB area
would increase in the next day in most cases. In contrast, the HAB
area may decrease accordingly. For example, on July 11, 2014, June
15, 2015, and June 30, 2017, the high Chl a diurnal variation area
was larger than HAB area, and the area of HAB expanded
significantly the next day, while on June 30, 2017 and June 26,
2018, the HAB area decreased the subsequent day. However, from
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TABLE 2 Statistical results of high Chl a diurnal variation area and algal bloom area along the coast in areas near Zhejiang province.

High Chla diurnal

Algal bloom

High Chl a diurnal Algal bloom

variation 2 variation 2
e (Lt area (km?) e () area (km<)
2011.5.18 30185 2081.75 2017.7.5 4668.75 3542
2011.5.19 374 863.5 2018.6.15 5835 5187.25
2011.5.29 1056.5 747.25 2018.6.16 2363.5 1855.25
2011.5.30 4877.5 3417 2018.6.17 851.25 907.25
2011.5.31 4015 159.25 2018.6.24 3913 2687
2011.7.21 1042.25 1594.25 2018.6.25 135715 13960.5
2011.7.22 666.25 1043 2018.6.26 12575.75 179435
2011.7.23 675 85.25 2018.6.27 9601.75 12552.5
2011.7.24 1105 104.75 2018.7.28 5167.5 3158.75
2012.6.7 1161.25 284 2018.7.29 4884.5 23815
2012.6.8 1012.25 172.25 2018.7.30 265.75 79.25
2014.7.11 3010.5 1041.75 2018.7.31 2845 2225
2014.7.12 10676.75 135225 2018.8.6 9251 9617.5
2015.6.15 3693.75 1710.75 2018.8.7 8340 9420.75
2015.6.16 8264.25 7109.5 2018.8.8 6983.5 6750.75
2016.5.11 335.75 1745 2018.8.9 5646.75 38735
2016.5.12 1962.75 2025.75 2018.8.10 2867.25 1652.75
2016.5.27 2017 924.75 2018.8.11 91 2715
2016.5.28 5507.25 6149.75 2019.5.23 2696.25 1783.75
2017.6.30 4070.5 2612.75 2019.5.24 5449.75 7019
2017.7.1 11119.25 151945 2020.4.28 1660.25 698.75
2017.7.2 104935 13387.25 2020.4.29 3565.5 14275
2017.7.3 11764.5 13605 2020.5.24 2174.75 2528.25
2017.7.4 16355.5 16398 2020.5.25 2191.25 1990.25

July 28 to July 31, 2018, the high Chl a diurnal variation area
decreased day-to-day, although the high Chl 4 diurnal variation
area was larger than that of HAB. At this time, it may have been in
the HAB disappearance period, and the high Chl a diurnal variation
area and HAB area changed with the growth state of HAB.

4.2 Changes in the spatial distribution
between the HAB and chlorophyll
a sequence

4.2.1 Continuous two-day sequences

For mapping and spatial analysis, we visualized the observed
results from consecutive remote sensing images. Figures 4, 5 show
the two-day HAB areas in different colors, and the high Chl a
diurnal variation area (greater than 2.2 mg/m’) for the day before in
the two-day sequence derived from GOCI was outlined by blue
closed curves. The changes in the bloom spatial patterns in inshore
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waters were represented by high spectral index values (RI;> 0.23,
orange and red colors on the images). From the comparative results
of the two observed datasets, the diurnal variation in Chl a could
indicate whether the HAB broke out or receded the next day to
some extent. When it was found that the HAB area coincided with
the high Chl a diurnal variation area or when there was a lower
diurnal variation in the HAB area, such as the results that appeared
on June 15-17, 2018, the HAB area did not increase or even
decreased the next day. However, if the two observed areas were
different, a new HAB may have occurred the next day in areas where
chlorophyll a had a high diurnal variation but no HAB was
detected, as in the case of June 15-16, 2015.

From the HAB cases shown in Figure 4, there were some
dynamic changes in the results of HABs. From June 12 to June
21,2015, HABs dominated by Gonyaulax polygramma broke out in
the coastal waters of Zhejiang Province. Figure 4A shows the
satellite-observed spatial distribution of HABs in the study areas.
On June 15, 2015, the area of HAB detected was small (the red area
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FIGURE 3

Changes in the high Chl a diurnal variation area and HAB area in all continuous time series. The abscissa shows the start and end dates of each
continuous time series. The solid line represents the change in the high Chl a diurnal variation area, and the dotted line represents the change in the

HAB area.

in Figure 4A), while the high Chl a diurnal variation area was larger.
Then, a larger HAB area was detected in the high Chl a diurnal
variation area on June 16 (the orange area in Figure 4A). The period
from June 15 to 16 was in the prophase of the whole HAB life cycle,
during which the nutrients in the study area were likely to be rich.
Therefore, the high diurnal variation in Chl a was larger, and the

26°N

HAB area also increased. This phenomenon was particularly

obvious along the coast of Wenzhou. On June 16, 2015, a large
area of HAB broke out in and around the areas with high Chl a

diurnal variation.

Similarly, the same observation was obtained in the images
from September 10 to 11, 2015. HABs dominated by Phaeocystis

B
120° 121°E 122°E E
z
gk
o
&
z
Y
&
z
z &
R
&
- [
z : .
100 & .
Kilometers - . 0 25 50
h mmmmm—— Kilometers |7
[ High Chl a diurnal variation area 3 =
I 4B area on June 15 2015 o vy * I:l High Chl a diurnal variation area
[ HAB area on June 16 2015 ) §. e s
: - tember 10 2015
. t . o .‘ . - area on September
S #5204 0 || HAB area on September 112015
. v ~a, "‘.
i § 1 [ 2N . .
120°E 121°E 122°E 121°E 122°E

FIGURE 4

Some results of HAB in 2015. The two subimages show the changes in HAB areas and high Chl a diurnal variation areas along the coast of southern
Zhejiang and northern Fujian (A) from June 15 to 16, 2015, and (B) from September 10 to 11, 2015. The area surrounded by dark blue lines is the area
where the diurnal variation in Chl a is more than 2.2 mg/mz, the red area is the area where HAB was detected, and the orange area is the area where

HAB was detected the next day.
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FIGURE 5

Some results of HAB in 2018. The two subimages show the changes in HAB areas and high Chl a diurnal variation areas along the coast of southern
Zhejiang (A) from June 15 to 16, 2018, and (B) from June 16 to 17, 2018. The area surrounded by dark blue lines is the area where the diurnal variation in
Chl a is more than 2.2 mg/m?, the red area is the area where HAB is detected, and the orange area is the area where HAB is detected the next day.

globosa broke out in the ECS from September 10 to 19, 2015. From
the images, the total HAB areas detected in the two-day sequence
were smaller than those in June 2015, especially in the waters of
eastern Wenzhou. Most of the areas along the coast of Wenzhou
and Ningde showed multipoint HAB outbreaks on September 10,
while a massive HAB area was detected the next day.

Several HABs broke out along the coast of Zhejiang Province in
June 2018, and the dominant algae were mostly composed of
Prorocentrum donghaiense and Karenia mikimotoi. Many remote
sensing images were available for analysis in that year, as shown in
Figure 5. From June 15 to 17, 2018, the outbreak areas of HAB in
the first two-day sequence were generally smaller than those in the
latter group. The HABs in the coastal area were distributed in a
strip, and the HAB areas decreased day-to-day. These days, the high
Chl a diurnal variation area and the HAB area observed had a high
coincidence degree, and the HAB area showed a decreasing trend
the next day. The HAB areas in Figure 5 were mainly concentrated
along the coasts of Taizhou and Wenzhou cities. In Figure 5B, the
HAB area on June 17 was smaller than that of the previous day, and
the high Chl a diurnal variation area was also smaller than that of
HAB on June 16. Notably, the area of the dark blue boundary line
was similar to that of the HAB on June 17 with a slight deviation. It
may be the reason for the change of flow field.

4.2.2 Continuous multiday time series

Furthermore, we analyzed several continuous multiday time
series (3 consecutive days or more). The results showed that
continuous multiday diurnal variation in Chl a could reflect the
HAB’s overall growth condition. If the high Chl a diurnal variation
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area increased gradually over several consecutive days, the HAB
areas would also increase on these days; in contrast, the HAB areas
would decrease, and it may have been during the period of
HAB disappearance.

As shown in Figure 6, from August 7 to August 10, 2018, the high
Chl a diurnal variation area in the coastal waters of Taizhou and
Wenzhou decreased each day, as did the areas where HAB was
detected during this period. On August 8, 2018, the HAB in the
waters near the Oujiang River appeared to be larger and stronger than
that on August 7. Then, the HAB area declined rapidly on August 9.
From August 7, 2018 to August 10, 2018, the diurnal variation in Chl
a in the sea area between 27.6°N to 28°N and 120.5°E to 121°E
continued to be high, as did the Chl a diurnal variation in the area
between 28.3°N to 29°N and 122°E to 122.5°E. Scattered HAB points
could still be detected in these two areas on August 10 (when the
HAB basically disappeared).

From Figures 6(al), (a2), (b2), the high Chl a diurnal variation
area on August 7, 2018 was slightly larger than the area where the
HAB was detected, especially in the sea area between 28.5°N to 29°
N and 122°E to 122.6°E, but the HAB area detected in this area did
not increase on August 8. However, from the results of continuous
multiday time series, the high Chl a diurnal variation area
continued to decrease, and the HAB was in a state of gradual
disappearance, so this phenomenon was still reasonable.

Table 3 shows some statistical results (median RI, and 90%
median line of Chl a concentration) in the area near Zhejiang
Province. The median results can avoid the influence of some
extremes on the analysis results, and the 90% median line of Chl
a concentration can roughly represent the Chl a concentration in
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Some results of Chla and HAB on (a) August 7, 2018; (b) August 8, 2018; (c) August 9, 2018; (d) August 10, 2018. The submap with suffix 1 is the area
with high Chl a variation, and the submap with suffix 2 is the HAB result represented by Rl;.

the HAB area, which helps us to understand the state of
phytoplankton. The calculated median results of the HAB areas
were consistent with the image observation results. The median RI;s
of the HAB area were all in the range of 0.25-0.50. Interestingly, the
changing trend of most median RI; values corresponded to the
development and disappearance of HABs, and the changing trend
of the 90% median line of Chl a was also roughly the same. From
the satellite image, some HAB breakpoints were often retrieved in
offshore waters, which may have affected the calculation results in
this paper. The occurrence of breakpoints might be due to the
interference caused by the algorithms used in the image processing.
Therefore, in the case of the overall disappearance of the HABs (as
shown in Figure 6), the median value of the RI; calculated on
August 11 was larger than that of the previous days, which may have
been mainly affected by the above interference.

5 Discussion

5.1 The selection of the spectral index
and threshold

Since the HAB area retrieved by spectral index is almost larger
than the actual area reported by the HAB records, we compared
three frequently cited HAB retrieval algorithms and applied one of
them. In this paper, the intersection of the HAB area extracted by
the three spectral indices was considered the area where the HAB
occurred. Figure 7 shows the HAB area extracted from three
spectral indices on June 11, 2018. We also show the Chl a
concentration map as a comparison to assist the analysis.

From the retrieval results of the three algorithms, the HAB area
detected by Li et al. (2020) index was smaller than that of the other
two algorithms. As shown in Figure 7A, a smaller HAB was detected
in the southern part of the coast of Wenzhou, which was slightly
pronounced at 12:30 and 13:30. In addition to the larger HAB area
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detected in coastal water (Figure 7B), it was also detected on the far
shore at 11:30 and 12:30. Figure 7C shows that Shen et al. (2019)
index could also detect HAB at the far shore. This may be because
the atmospheric correction algorithm used was the infrared
atmospheric correction algorithm, which is not particularly
suitable for coastal water. From the result of Chl a concentration
(Figure 7D), the place with high Chl a concentration is not
necessarily identified as the area where algae bloom occurs. The
results showed that Li et al. (2020) index best met our needs.

5.2 Threshold of diurnal variation in
chlorophyll a

The diurnal variation in Chl a will have different results in
different regions. In the regions where the nutrients are rich and the
proportion of nutrients is suitable, the photosynthesis of
phytoplankton is often strong, and the Chl a diurnal variation
may be greater. We calculated the Chl a diurnal variation area of the
day on which the HAB was detected and the HAB area on the next
day, and then calculated the area difference (km?) between the two
values. Figure 8 shows the change in the absolute value after
calculating the mean (Figure 8A)/median (Figure 8B) of all the
area differences (km?) in the case of selecting different threshold
values of diurnal variation in Chl a. The range of Chl a diurnal
variation in the analysis was 1.5-6 mg/m’, and the interval was 0.1
mg/m’. The results showed that if the threshold was selected from
the absolute values of the mean, the diurnal variation threshold of
Chl a should be 1.9 mg/ m?, and the difference between the two areas
was the smallest. If the absolute value of the median value was
calculated, the result is shown in Figure 8B (the threshold was 2.2
mg/m?). The results of Figure 8 show that no matter the mean or
median of the area difference is calculated, the two result graphs
under different thresholds have obvious minimum results. When
the diurnal variation of chlorophyll is 1.9-2.3 mg/m’, the mean or
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TABLE 3 Statistical results in areas near Taizhou and Wenzhou cities.

Year Date

90% median line of

10.3389/fmars.2024.1357669

90% median line

Median Rl "1 3 (mg/m?)
6.15 0.29 5.51
2015 6.16 0.37 10.92
6.17 0.32 11.62
6.11 0.26 8.70
6.13 0.26 4.60
6.15 0.31 7.24
6.16 0.28 7.38
2018
6.17 0.27 6.14
6.24 0.29 7.29
6.25 0.33 21.11
7.28 0.26 19.15

Year Date Median R/, of Chl a (mg/ms)
7.29 0.26 7.97
7.30 033 6.04
7.31 0.39 4.40
8.6 030 18.43
8.7 0.30 18.35

2018 8.8 0.29 1522
8.9 027 8.70
8.10 027 6.36
8.11 0.41 473
8.14 0.34 12.29
8.15 036 12.33

*The same date in the table indicates that the location is not in the same location, and each act is a separate case.

median value of the area difference between the high diurnal
variation region and the next day HAB region is relatively small.
Considering that the mean value of area difference may be greatly
affected by special values such as maximum/minimum, we think
that the threshold that can obtain the minimum of the median value
of area difference can be regarded as the most appropriate
threshold, and we chose the threshold of diurnal variation in
Chl a to be 2.2 mg/m”.

In this paper, the area differences between two observed objects in
consecutive two-day sequences were compared. “Areagigerence(%)”
was expressed as the difference between the previous day’s high Chl a
diurnal variation area and the next day’s HAB area divided by the
percentage of high Chl a variation area. The specific calculation is
shown in the following Equation (9).

Areadifference( % )

_ Areadayz HAB — Ar ea‘dayl high Chl a diurnal variation

)

% 100( %)
Areadayl high Chl a diurnal variation

Areag,, yap represents the next day’s HAB area, and
Areadayl high Chl a diurnal variation represents the previous day’s hlgh
Chl a diurnal variation area.

We calculated the Areaigerence(%) near Zhejiang coasts. Taking the
median of all the results involved, it could be found that the area
difference between the two observed objects was approximately -0.08%.

5.3 Variation in HAB along the coast
of Zhejiang

5.3.1 Diurnal variation in HAB along the coast
of Zhejiang

The vertical migration of phytoplankton can be divided into
active migration and passive migration. Among the organisms
causing HAB in the Yangtze River Estuary and its adjacent
waters, the most dominant HAB algae are considered to be
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Prorocentrum donghaiense, Skeletonema costatum and Noctiluca
scintillans (Liu et al., 2011). Most of the cases selected in this paper
were HAB events caused by the accumulation of Prorocentrum
donghaiense and Krorolimus michaeli, both of which are
dinoflagellates. These algae have strong ability of autonomous
movement and can adjust their position in the water body
independently. We extracted the HAB in the sea area near
Zhejiang Province on June 15, 2018. Figure 9 shows the 8 RI,
images derived from hourly GOCI data, which showed spatial
patterns and changes in HABs in the coastal waters in a day.
It can be seen from Figure 9 that the overall position and the center
point of the HAB on 15 June changed over time. That is, in addition
to changing with time, the HAB also changed in space.

The whole area of HAB first increased and then decreased,
which was in accordance with the law of diurnal vertical migration
(Lou and Hu, 2014). It appeared that the bloom size always reached
a maximum at 13:30 or 14:30. The environmental factors affecting
the diurnal distribution and vertical migration of phytoplankton
include light intensity, water stratification, water disturbance caused
by wind, feeding pressure of zooplankton, individual size of algae,
etc. While the changes in bloom size were likely due to the vertical
migration of algae, horizontal movement between 8:30 and 15:30
appeared to be driven by physical processes, specifically by tides,
which could be important in modulating the initiation,
development, and disappearance of HABs.

5.3.2 Long-term variation in HAB along the coast
of Zhejiang

Before the HAB breaks out, the population of algae organisms
in the sea area has a certain number of individuals. When external
conditions such as temperature, salinity, light, and nutrition reach
the optimum range for the growth and proliferation of HAB
organisms, algae enter the exponential proliferation period and
rapidly develop into a HAB (Deng et al., 2009). The HAB growth
areas we studied were basically in the Zhejiang coastal area, which is
affected by land fresh water. When the Yangtze River, sediment, and

frontiersin.org


https://doi.org/10.3389/fmars.2024.1357669
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Xu et al.

A
12018.6.11 2018.6.11
30 o7 J &7
27?§O°EW 121°E 0
B N 30°N
" 2018.6.11 . 2018.6.11
9:30 12:30
122°E 0 123°E 27?’50“5' 121 30 122°E 0 123°E
c N 30°N
2018.6.11 ‘ 2018.6.11
“1 9:30 0 12:30
D 30°N;

122°E 123°E

FIGURE 7

0 P, Pt e
271’%0"!5 300 121°E 30 122°E 30 123°E

o £ — ——
TYoE w0 121 0

10.3389/fmars.2024.1357669

2018.6.11
| e

123°E

2018.6.11
13:30

122°E % 123 2 0°E

Some results of HAB on June 11, 2018. They were HABs retrieved by (A) Li et al. (2020) index; (B) Lou and Hu (2014) index; and (C) Shen et al. (2019)

index, and (D) Chl a.

nutrients exit the estuary, large portions of them are transported
southwards by the coastal current along the inner continental shelf
of the ECS, which means that the coastal waters of the ECS are
affected by the Yangtze output (Xu et al,, 2012; Yang et al., 2023),
especially in the Zhejiang coastal area. Eutrophication fueled by
riverine runoff of fertilizers will exacerbate primary production in
coastal zones. In this paper, we considered that nutrients were
closely related to the diurnal variation in Chl g, and from the above
results, it was also concluded from the data that the Chl a diurnal
variation can predict the next-day growth of HAB.

Figure 10 shows the change in the median GOCI-derived RI;s
along the Zhejiang coast from May to August 2011 to May to
August 2020. The reason why the median value is selected as the
result is also to reduce the interference of special values. The change
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in the median GOCI-derived RI, in the study area where HAB was
detected from 2011 to 2020 showed that the development intensity
of HAB fluctuated steadily in these years. Among them, the high
value in 2014 mainly occurred in July. Moreover, as shown in
Figure 10, we found that the median RI; along the coast of Zhejiang
showed an increasing trend from May to September (there are
relatively few data for April).

5.4 Analysis on the change of other
influencing factors

Figure 11 shows the environmental results for some typical
days. On June 11, 2018, a weak HAB was detected, and the area of
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the HAB expanded on June 13, 2018. According to data, typhoon
Gaemei passed the northern part of the South China Sea on June 14,
2018, and then made landfall near Taiwan on June 15, which may
have impacted this area. The results showed that the coastal
currents on June 11 and 15 flowed from north to south, and
during this period, the current on June 13 flowed from south to
north. From Figure 11A, the area with a deep mixed layer (> 13 m)
in the whole region expanded on June 15. According to Figure 5, the
HAB area was also large. On June 16, the depth of the mixed layer
reached its strongest value, while the HAB area was much smaller
than that on June 15. We inferred that the reason for this
phenomenon may be nutrient consumption or the increase in
water turbidity caused by typhoons. From the results of the flow
field, the coastal current moving southwards accounted for a large
area on June 15 and 16, which may be mixed with some Yangtze
River flushing fresh water carrying many nutrients. Then, on June

30

122°E 12

FIGURE 9

o 27Ng

17, the northwards-moving TWWC became stronger, bringing a
large amount of high-temperature and high-salinity water.
Figure 11B shows that during this period, phenomena such as
heavy precipitation accompanied by typhoons led to a brief cooling
of the water, but the water temperature of the area with detected
HAB was in a relatively stable range of 24-26°C.

The surface water in the coastal waters of Zhejiang is mostly
affected by the Zhejiang-Fujian coastal current, the Taiwan warm
current, the fresh water of the Yangtze River, etc. During June, the
image results showed that the Zhejiang-Fujian coastal current was
dominated by low temperature and low salinity, while seawater with
high temperature and high salinity occupied a large area in August.
From August 9 to August 11 2018, the high Chl a diurnal variation
area gradually decreased, and the area where HAB was detected also
decreased. From the observation results of other environmental
conditions in the coastal waters of Zhejiang (Figure 11A), the depth

121°E

HAB area represented by RI;

(A—H) RI; and Chl a images derived from hourly GOCI data on 15 June 2018. The green area is the extracted HAB areas near Wenzhou and

Taizhou cities
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The median RI; of HAB detected near Wenzhou and Taizhou cities in GOCI images from 2011 to 2020. (A) The broken lines of different colors
represent the results of the median values of HABs retrieved during different years. Among them, all the numerical results are connected by date
sorting. (B) Dots of different colors represent the results of different months from April to September. The red straight line indicates the trend line.

FIGURE 11

Other environmental factors for several days on the coast of Zhejiang in 2018. (A) Depth of the mixed layer and the flow field. The direction of the
arrow indicates the direction of the flow field, while different colors show the depth of the mixed layer of water, ranging from 5 m (green) to 15 m
(yellow). (B) Water temperature (unit: °C) and salinity (unit: psu) for several days on the coast of Zhejiang in 2018. Different colors show the water
temperature ranging from 23°C (green) to 28°C (yellow) in June and 27°C (green) to 32°C (yellow) in August. Salinity is represented by contour lines.
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of the mixed layer was almost unchanged, which was approximately
10 meters, and the flow field was mainly controlled by the flow from
south to north along the coast. In Figure 11B, the coastal waters of
Zhejiang were basically in the range of 30-31°C during this period,
and the water temperature changed only slightly. Therefore, we
believe that the initiation of HAB is mainly due to external
conditions such as temperature and salinity, but the dominant
factor affecting the development and disappearance of HAB may be
related to nutrients. Combined with Figures 10, 11, we identify that
water temperature may be an important factor affecting the
intensity of HAB development.

Based on the above results, it can be considered that the
previous diurnal variation in Chl a observed from GOCI can help
predict HAB dynamics. As shown in Figure 12, solar radiation, flow
and nutrients all affect the growth of HABs. Solar radiation and
nutrients mainly play a role in biochemistry, and nutrients may
come from the Yangtze River flushing fresh water, or from various
upwelling. The current physically dissipates or aggregates the algal
bloom. The observed areas were categorized as the high Chl a
diurnal variation area (A) and the HAB area (B) for comparison.
We observed that in the sea area where the diurnal variation in Chl
a was high but no HAB was detected, the algae may break out the
next day and form a new HAB region. As previously reported, the
high diurnal variation in chlorophyll a may reflect that the nutrients
in this area were suitable for the mass reproduction of algae.
Coupled with suitable temperature and salinity conditions, there
was a great possibility for the rapid propagation and growth of algae
in this area. However, if the diurnal variation in Chl a was low in the
area where the HAB was detected, the HAB in these areas was likely
to remain or even disappear the coming day. The nutrients in this
area may have been greatly consumed.
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6 Conclusions

Harmful algal blooms have recently become a serious problem
in Chinese coastal waters, causing water quality deterioration. We
investigated the applicability of GOCI for monitoring and
predicting HAB distributions. The intersection of the HAB area
extracted by the frequently cited HAB index was regarded as
the remote sensing observed area where the HAB occurred.
After comparing the three spectral indices, it is considered that
Li et al. (2020) index was more suitable for our needs. In addition,
according to the analysis results, the high Chl a diurnal variation in
this paper was defined as 2.2 mg/m>. The conclusions drawn from
this study are as follows.

From the comparison of the high Chl a diurnal variation area and
HAB area, it was found that the diurnal variation in Chl a could be used
to predict the spread and growth of HAB the next day. In the observed
area where the diurnal variation in Chl a was high but no HAB was
detected, the algae may have broken out the sequent day or formed a
new HAB region. However, if the area covered by the high diurnal
variation is smaller than the area where the HAB breaks out, the HAB in
these areas is likely to persist and even decrease the next day.

The multiday observations of the Chl a diurnal variation can
reflect the HAB’s overall growth state. The multiday results showed
that if the relationship between HAB and Chl a time series does not
conform to the above law, it is probably because the time series is in
the initiation or disappearance stage of HAB. Then, phytoplankton
in the disappearance period of HAB continue to consume nutrients
under suitable environmental conditions (when Chl a varies greatly
during the day), but there will be no new HAB the next day. The
diurnal variation area of Chl a in the disappearance period also
decreased day-to-day.

Harmful Algal Bloom Areas with a high
A AL A A
P P P P

diurnal variation of
chlorophyll

Nutrients

il

Observation

Condition

(A) High Chl a
diurnal variation
area

(B) HAB area

FIGURE 12
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Subsequence
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HAB area expansion

The HAB area
decreases or remains
unchanged.

HAB growth analysis and schematic diagram of the study. Rich nutrients with other suitable conditions (light, temperature, and so on) will affect the
growth state of HAB. HAB can be predicted by comparing the differences between (A) high Chl a diurnal variation areas and (B) HAB areas.
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The overall area of HAB agrees with the law of diurnal vertical
migration in time, which will first increase and then decrease; in
spatial view, there will also be some horizontal movement. We infer
that the high Chl a diurnal variation area where the HAB was not
detected may have rich nutrients for algae growth, so a new HAB
will break out the next day. When the high Chl a diurnal variation
area coincided with the HAB area, the nutrients that can be used for
growth by these HAB dominant algae in the nearby area may be
consumed or can no longer meet the needs of algae growth.
Coupled with the comparison of other environmental conditions
in the coastal waters of Zhejiang coast, we understand that HAB
initiation is mainly due to external conditions such as temperature
and salinity, but the dominant factor affecting the development and
disappearance of HAB may be nutrients.
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