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The abnormal reduction of kelp production occurred in Rongcheng area of the

Yellow Sea in 2021, which is closely related to the red tide. However, the

relationship between the red tide event and the hydrodynamic environment

remains unclear. In response to these issues, this study established a coupled

physical-biological model which coupling the ROMS dynamic model with the

RED_TIDE biological model for the Yellow Sea and Bohai Sea region, and

discussed driving factors of this red tide. Based on this coupled model, various

factors influencing the development of red tide were investigated, with a focus

on analyzing the key factors contributing to the occurrence of the red tide event

in the northern sea area of the Shandong Peninsula in 2021. The aggregation of

dinoflagellate cells triggers red tide events. The distribution characteristics and

concentration changes of dinoflagellate cells were studied by designing

simulation experiments under different conditions to reflect the contributions

of various influencing factors to red tide. According to observation data and

simulation experiments, this study explored the effects of factors such as light

conditions, tides, Yellow River runoff and wind field on the distribution and

concentration of dinoflagellate cells. The variation of wind field can promote the

proliferation and aggregation of dinoflagellate cells, serving as key factors in

triggering red tide. The occurrence of red tide is a complex ecological

phenomenon influenced by multiple factors, necessitating the comprehensive

consideration of these factors to more accurately predict and prevent red

tide events.
KEYWORDS

Yellow and Bohai Sea, red tide, coupled physical-biological model, dinoflagellate,
harmful algal bloom
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1 Introduction

The production of widespread kelp shows a significantly

variation in the offshore water of Rongcheng, Shandong Province,

China, in 2021. Previous study has shown that red tide is the direct

cause of significant environmental changes during the decay

process of kelp (Li et al., 2023). Studying the dynamic processes

affecting red tide algae and their spatial and temporal distribution

characteristics under the influence of external environmental

factors and their own metabolism is crucial to the understanding

of the structure and function of marine ecosystems. And by

exploring the important driving factors of the red tide event in

the sea area of Shandong Peninsula can improve the scientific

understanding of marine ecological dynamic processes.

K The diversity of phytoplankton in the coastal waters of

Shandong is very high, including many red tide species that can

cause red tide. The climate of Shandong Peninsula and the nutrients

input from land to offshore are conducive to the reproduction of red

tide species. Moreover, the marine hydrological condition in the

offshore waters of Shandong Peninsula is complex, affected by the

Yellow Sea Warm Current, the Bohai Coastal Current, the Subei

Coastal Current, and other currents, which provide conditions for red

tide (Hu, 2006). The combined effects of temperature, ocean currents,

eutrophication, tidal currents, runoff, and other factors make the

coastal area of Shandong become a frequent area for red tide.

Since the red tide event of Noctiluca scintillans at the Yellow

River Estuary recorded by Fei (1952), a total of 140 red tide events

have been recorded in the offshore areas of Shandong until 2021.

The red tide in Shandong mainly occurs fromMay to October every

year, with the highest frequency in July. The sea areas where red tide

occurred are mainly distributed in the coastal areas of Binzhou-

Dongying, the Xiaoqinghe estuary, the coastal areas of Laizhou and

Changdao, Sishili Bay in Yantai, Jiaozhou Bay in Qingdao, the

coastal areas of Rushan in Weihai, and the coastal areas of Rizhao

(Song et al., 2021). From November to December 2021, red tide

caused by Akashiwo sanguinea and Gonyaulax polygramma

bloomed in the northern sea area of Yantai and Weihai,

Shandong Province. The red tide flowed into the kelp farming

area of Rongcheng along the coastal currents, causing a widespread

ulcerative disaster of Rongcheng kelp (Li et al., 2023).

There are also many studies on the causes, dynamic processes of

generation and dissipation, and disaster prevention of red tide in

the coastal areas of Shandong (Wu et al., 2001; Song et al., 2011,

2021). Zhao et al. (2016) proposed that the continuous increase in

nitrogen input from land to the Yellow Sea and Bohai Sea has led to

the significant increase in the frequency and area of red tide. The

increase of nutrients such as nitrogen (N) and phosphorus (P) in

the ocean is primarily due to human agricultural and industrial

activities, which lead to the eutrophication. The increased input of

nutrients from rivers aggravates the eutrophication, resulting in

frequent red tide events (Xu et al., 2004). The formation mechanism

of red tide is very complex. Although the specific causes of red tide

have not been identified in detail, it is generally believed that the

eutrophication in the ocean is the material basis for the occurrence

of red tide, and temperature, salinity, nitrogen and phosphorus

content are the main conditions for the occurrence of red tide, while
Frontiers in Marine Science 02
air temperature, precipitation, and atmospheric pressure are the

inducing factors of red tide (Fang et al., 2018).

The abnormal reduction of kelp production occurred in

Rongcheng area of the Yellow Sea in 2021, which is closely

related to the red tide. However, the relationship between the red

tide event and the hydrodynamic environment remains unclear.

This study discusses the main influencing factors of this red tide in

the sea area to the north of Shandong Peninsula in 2021 by using the

coupled physical-biological model.

The remainder of this paper is organized as follows. Section 2

describes the model configurations of physical and biological.

Section 3 presents the modeling results. Section 4 discusses the

contributions of various influencing factors to the concentration of

dinoflagellate cells in the sea area of Shandong Peninsula. Finally,

the conclusions are drawn in section 5.
2 Methods

2.1 Physical model

The circulation module is based on the Regional Oceanic

Modeling System (ROMS), which is a three-dimensional

hydrostatic, free-surface, primitive equation ocean model in an s-

coordinate system (Shchepetkin and McWilliams, 2005). In the

horizontal direction, the primitive equations are evaluated using

boundary-fitted, orthogonal curvilinear coordinates on a staggered

Arakawa C-grid. In the vertical direction, the primitive equations

are discretized over variable topography using stretched terrain-

following coordinates (Song and Haidvogel, 1994). The model

domain is bounded by 36°N–41°N and 117°E–127°E (Figure 1)

with a horizontal resolution of 1/30°×1/30°cosj (where j is

latitude) and 26 sigma layers in the vertical direction.

The bottom topography is extracted from the General Bathymetric

Chart of the Oceans (GEBCO), which is a continuous global ocean and

land topography model that provides elevation data in meters on a 15

arc-second interval grid (https://www.gebco.net/data_and_products/

gridded_bathymetry_data/). Since the topography and shoreline

distribution of the Yellow River Estuary can greatly affect the

model results, we refined the topography based on the latest

satellite images from the Google Earth Engine. The model is

forced by climatological monthly heat flux, freshwater flux from

the Comprehensive Ocean-Atmosphere Data Set (COADS) and

tidal forcing (eight constituents, including M2, S2, N2, K2, K1, O1, P1,

Q1) from the TPXO8, which is derived from Oregon State

University Tidal Inversion Software (Diaz et al., 2002; Egbert and

Erofeeva, 2002). The open boundary conditions and initial fields of

temperature, salinity, current and elevation are interpolated from

the coarse-resolution ocean model covering the Pacific Ocean

(Yang et al., 2011). In addition, the model also considers the

influence of the Yellow River runoff by setting the two grid points

of the Yellow River runoff to be located at (119.30°E, 37.79°N) and

(119.30°E, 37.81°N). The monthly-mean water discharge of the

Yellow River is used from the measurements at Lijin Hydrological

Station from the Yellow River Water Resources Bulletin of Yellow

River Conservancy Commission of the Ministry of Water Resources
frontiersin.org
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(http://www.hwswj.com.cn/, Figure 2B). The monthly-mean

temperature of this river is prescribed based on the

climatological data.
2.2 Biological model

The red tide biological model (RED_TIDE) is coupled with the

physical model. The configuration conditions of the coupled model,
Frontiers in Marine Science 03
including the calculation sea area, horizontal resolution, and

vertical stratification, are identical to those of the physical model

described in the previous section. The sea surface daily wind stress is

calculated using the sea surface wind field data from the ERA5

reanalysis dataset produced by the Copernicus Climate Change

Service (C3S) at ECMWF (Hersbach et al., 2023). To ensure that the

simulation results are as close as possible to the actual situation in

2021, the input runoff file for the model uses the monthly mean

runoff data of Yellow River at the Lijin Station in 2021, and the two-
FIGURE 2

Monthly average (A) nutrient concentrations of ammonium, silicate, nitrate, phosphate (µmol/L), and (B) water discharge of the Yellow River (m3/s).
The solid gray and black lines represent the monthly average discharge from 2010 to 2020 and 2021, respectively. The dashed gray and black lines
represent the annual average discharge from 2010 to 2020 and 2021, respectively.
FIGURE 1

Bathymetric features of the Bohai Sea and the Northern Yellow Sea. The gray solid lines are the 20 m and 40 m isobaths. The black dashed box
represents the main study area.
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year average monthly nutrient concentrations data of the Yellow

River in 2018 and 2019 from the survey based on Wang Y. et al.

(2022), which are relatively close to the simulation time (Figure 2).

Considering the relatively small annual mean nutrient

concentration and runoff of other rivers in the study area, their

influence is negligible. Therefore, this coupled model only considers

land-source nutrient input from the Yellow River and excludes the

nutrient input from atmospheric deposition and other rivers.

The biological module used in this study is the red_tide model

for Alexandrium fundyense (Stock et al., 2005; He et al., 2008). This

model contains parameterizations of dinoflagellate germination, as

well as subsequent growth, swimming behavior and mortality

(summarized in Table 1). Previous studies have shown that the

red tide in the northern area of the Shandong Peninsula in 2021 was

dominated by Akashiwo sanguinea and Gonyaulax polygramma (Li

et al., 2023), both of which belong to the species of dinoflagellate.

Thus, we use the same framework as that for the Alexandrium

fundyense. The detailed description of these parameters can be

referred to Stock et al., 2005. The evolution of dinoflagellate can be

expressed as an advection-diffusion-reaction equation:

∂C
∂ t

+ (~u +Wa) ·mC = m · K m C + (G −m)C + Fg

where C is the concentration of dinoflagellate cell,~u andWa are

the fluid velocity and dinoflagellate cell upward swimming speed, K

is the diffusivity, G andm are the cell growth rate and mortality, and

Fg is the germination flux from the sediment layer (cyst stage) to the

water column (vegetative cell stage). Swimming velocityWa is set at

10 m/day, a value determined by the laboratory work in early

studies (Bauerfeind et al., 1986; Kamykowski et al., 1992). The
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growth rate G is dependent on temperature, salinity, and irradiance

and nutrient concentration. The parameterizations for G, m and Fg
can be referred to Stock et al. (2005).

The initial cell concentration is set to zero everywhere. The

biological module involves the processes of encystment and

excystment between cysts and vegetative cells. The setting of

input cyst concentration can be referenced in Section 3.2.

According to Li et al. (2023), water sample analysis of the area

where the red tide occurred in 2021 indicated phosphorus

limitation, with no nitrogen or silicon limitations detected.

Therefore, the nutrient input for the model is set as phosphate.

The three-dimensional dissolved inorganic phosphate (DIP) field

for the initial and forcing files is obtained by interpolating the

climatological monthly-averaged nutrient data from the World

Ocean Atlas 2018 (WOA18, https://www.ncei.noaa.gov/data/

oceans/woa/WOA18/).

The physical model was run for five years driven by

climatological monthly-mean forcing, and then the coupled

model was run for another year driven by repeated realistic

forcing of 2021. The daily outputs of the model year were

extracted for analysis.
3 Results

3.1 Model validation

The temperature data for model validation are derived from

MODIS-Aqua (Moderate-resolution Imaging Spectroradiometer)

and the observation data collected by the buoy of the Yellow Sea

ocean observation and research station from OMORN (Offshore

Marine Observation and Research Network) of the Chinese

Academy of Sciences. The location of the buoy can be referred in

Figure 1. Due to the water depth in the study area is relatively

shallow, the distribution characteristics of temperature and salinity

in the surface layer and bottom layer are similar. Therefore, this

section mainly focuses on verifying the spatial distribution of sea

surface temperature and salinity.

Figure 3 shows the comparison of the monthly mean sea surface

temperature obtained from MODIS and the model simulation in

January 2021. It can be seen that the spatial distribution of sea

surface temperature simulated by ROMS is basically consistent in

the Bohai Sea and the Yellow Sea. The simulated temperature in

some areas of the Bohai Sea is slightly higher, while the simulation

in other regions is in a better agreement with observations. Overall,

due to the influence of solar radiation heat, the temperature

gradually increases from northwest to southeast in the study area.

The coastal waters are affected by the cold air from the land,

resulting in lower temperature.

There is a continuous low-temperature coastal zone in the

Bohai Sea, which is mainly located at the Laizhou Bay, Bohai Bay,

and Liaodong Bay, with a minimum of 0°C. The temperature in the

internal sea area of the Bohai Sea is higher, and gradually decreases

from the center to the surrounding. From the Bohai Bay to the

Bohai Strait, the temperature gradually increases with the

deepening of water depth, exhibiting the distribution
TABLE 1 Relevant parameters in the red tide biological model.

Parameter Range Units Definition

Gmax 1.0−1.6 day-1
Maximum growth rate at optimal

temperature and salinity

Dg 0.5−1.5 cm Germination depth

Kn 0−3 mM Nutrient half-saturation constant

Geff
0.017
−0.056

day-1

W-1 m2 Growth efficiency

Gr
0.15
−0.25

day-1 Respiration rate

Kw
0.15
−0.25

m-1 Mean diffuse attenuation coefficient
in the water column

Ks 2−5 mm-1 Mean diffuse attenuation coefficient
in the sediment

Elgt 1.2−3.6 W m-2 Light level for germination under
light conditions

Edrk

0.1% of
Elgt to
10%
of Elgt

W m-2 Light level for germination under
dark conditions

m 0.2−0.5 day-1 Mortality

Wa 5−15 m day-1 Vertical swimming speed
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characteristic of low temperature in shallow water and high

temperature in deep water. It can be seen that there is a warm

water tongue extending from the Yellow Sea to the Bohai Sea. It is

generally believed that the axis of the tongue is the location of the

residual current of the Yellow Sea Warm Current (Le and Mao,

1990). At the same time, the water temperature in the eastern part

of the Bohai Sea is higher than that in the western part due to the

influence of the residual current of the Yellow Sea Warm Current.

Compared with the Bohai Sea, the sea surface temperature of the

Yellow Sea is higher, ranging from 0 to 8°C, with the lowest

temperature occurring in the West Korea Bay and the Kanghwa

Bay. The most significant characteristic of the surface temperature

distribution in the Yellow Sea is a high-temperature water tongue

extending towards the interior of the Yellow Sea. The axial direction

of the northward extending tongue of warm water is basically

consistent with the Yellow Sea Trough, with the end of the

tongue reaching the Bohai Sea, affecting most of the Yellow Sea.

Moreover, there are southward coastal currents along the east and

west sides of the Yellow Sea in winter, resulting in lower sea

surface temperature.

In summer, the seawater temperature in Bohai Bay and Laizhou

Bay can reach up to 28°C. There are cooler areas located off the

southeast coast of the Liaodong Peninsula, the eastern tip of the

Shandong Peninsula, and the western coast of the Korean

Peninsula. The surface temperature distribution in the remaining

sea areas is relatively uniform.

Because the focus of this study is the red tide event in the sea

area to the north of Shandong Peninsula in the Rongcheng offshore

area in 2021, the simulation results of the sea surface temperature in

this area are compared with the measured temperature from the No.
Frontiers in Marine Science 05
16 buoy of the Yellow Sea Station. Figure 4A shows the daily

variation of sea surface temperature in November 2021. The trends

of both the simulated and measured temperatures changing with

time are generally consistent with the gradual decrease in

temperature, and the difference of monthly mean temperature is

0.12°C. The root mean square error (RMSE) and correlation

coefficient are 0.56°C and 0.94, respectively. The simulation

results of sea surface salinity in this area are compared with the

measured salinity results from No. 16 buoy at the Yellow Sea

Station. Figure 4B shows the daily variation of sea surface salinity

in November 2021. The trends of both the simulated and measured

salinity changing with time are generally consistent with the gradual

increase in salinity, and the difference of monthly mean salinity is

0.95 PSU. The RMSE and correlation coefficient are 0.95 PSU and

0.98, respectively.
3.2 Distribution of dinoflagellate cells
under different cyst simulation conditions

According to the results shown in Figure 5, compared with the

average chlorophyll-a concentration over the years, the

concentration of chlorophyll-a in December 2021 significantly

increased, which was closely related to the red tide event that

occurred in the northern sea area of Shandong Peninsula in

December 2021. In order to explore the causes of this red tide

event, the following studies were conducted.

Previous studies have shown that the red tide in the northern

area of the Shandong Peninsula in 2021 was dominated by

Akashiwo sanguinea and Gonyaulax polygramma (Li et al., 2023),
FIGURE 3

The monthly mean sea surface temperature of MODIS satellite observation data and model simulated in January and July 2021. MODIS data is from
Parkinson (2003) (https://aqua.nasa.gov/modis).
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both of which belong to the species of dinoflagellate. The cysts play

an important role in the occurrence and disappearance of

dinoflagellate cells, and under suitable conditions, they can

germinate and provide a large number of swimming cells to the

water, causing the occurrence of red tide events (Anderson et al.,

1983; Anderson, 1998; Kremp, 2000).

Due to the lack of survey data on the distribution of

dinoflagellate cysts in the sea area of the Shandong Peninsula in

2021, the spatial distribution of dinoflagellate cysts is hypothesized

in this section. We discuss the impacts of dinoflagellate cysts located

in the Yellow River Estuary, Laizhou Bay, and the northern areas of

Shandong Peninsula on the distribution of dinoflagellate cells. The

cysts concentration is set to be 4×108 cells/m2 based on the average

cyst abundance in the Sishili Bay area of northern Shandong

Peninsula, according to Liu et al. (2012). The distribution

conditions of artificial benthic cysts are designed for areas size of

0.2°×0.2° located in different positions for simulation experiments

(Figure 6). The distribution of cysts field closest to the actual

situation is obtained by analyzing the simulation results.

By comparing the distribution of chlorophyll-a concentration

and dinoflagellate cell concentration on December 7, 2021

(Figure 7), it can be seen that when the dinoflagellate cysts are

concentrated at the Yellow River Estuary, they germinate into

dinoflagellate cells and then enter the water and gradually spread

and accumulate with the Yellow River runoff to Laizhou Bay,

increasing the concentration of dinoflagellate cells. When the

dinoflagellate cysts are concentrated in the eastern side of the

Laizhou Bay, the dinoflagellate cells show a trend of spreading

towards the western side of the Laizhou Bay. As a relatively closed
Frontiers in Marine Science 06
bay, the Laizhou Bay has relatively slow water exchange, which can

lead to the retention and accumulation of dinoflagellate cells within

the bay. When the dinoflagellate cysts are concentrated in the

northern sea area of Penglai, the coastal currents in winter drive

the germinated dinoflagellate cells in the seawater to flow eastward,

reaching as far as the waters near Jiming Island. When the

dinoflagellate cysts are concentrated near Jiming Island, the

dinoflagellate cells show an obvious eastward flow phenomenon

during the flow of seawater, and there is also a trend of bypassing

the Shandong Peninsula and flowing southward.

The analysis results indicate that when the high-value region of cyst

abundance is mainly distributed in the sea area between Penglai and

Jiming Island, the simulated results of dinoflagellate cell concentration

are consistent with the significant increase of chlorophyll-a

concentration in the offshore area of Yantai and Weihai in early

December. Additionally, the distribution of chlorophyll-a

concentration along the coast of the Laizhou Bay is also relatively

prominent, which may be related to the existence of some cysts in the

Yellow River Estuary and the Laizhou Bay area. Based on the above

analysis results, the distribution of cysts is improved to simulate the

more realistic distribution of dinoflagellate cell concentrations.

According to the results shown in Figure 8, the improved cysts

field is closer to the actual situation, and the simulated distribution

of dinoflagellate cells is consistent with the spatial distribution

characteristics of chlorophyll-a. And the simulated dinoflagellate

cell concentration can reach up to 109 cell/m3, which is consistent

with the magnitude of the algal cell density of up to 3.5×109 cell/m3

obtained by Li et al. (2023) according to the counting results of

field samples.
FIGURE 4

(A) Temperature and (B) salinity at 2m depth of Huanghai No. 16 buoy and model simulated in November 2021. The buoy data is from Yellow Sea
ocean observation and research station of OMORN.
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3.3 Distributions of dinoflagellate
concentration under different conditions

The factors influencing the growth and distribution of

dinoflagellate cells include light conditions, tides, Yellow River

runoff, and wind field. These factors all play crucial roles in the

growth and reproduction of dinoflagellate cells. By designing

experiments under different conditions, the distribution of

dinoflagellate concentrations can be analyzed in response to these

environmental factors.

The experiment using the improved cyst field simulation in

Section 3.2 is regarded as the control run, and the results are

compared with the simulation results without tidal forcing to study

the effect of tides on the distribution of dinoflagellate cells.

According to the results shown in Figure 9, there are significant

differences in the distribution characteristics and concentrations of

dinoflagellate in Laizhou Bay area in early and late December, while

the differences in other areas are relatively small.
Frontiers in Marine Science 07
According to Figure 2B, compared with the multi-year average

Yellow River runoff, the runoff in 2021 increases significantly.

Therefore, we studied whether the red tide event in the northern sea

area of Shandong Peninsula in December 2021 is related to the increase

of freshwater input from the Yellow River. As shown in Figure 10, the

overall distribution characteristics of dinoflagellate cells remain

unchanged in the experiment using the multi-year average Yellow

River runoff compared with the result of the control run, and there is

still a tendency to spread around the Shandong Peninsula to the

offshore area of Rongcheng in late December. After reducing the

input of the Yellow River runoff, the concentration of dinoflagellate

cells decreases significantly in Laizhou Bay and increases in the Yantai

andWeihai coastal area. The experimental results without Yellow River

runoff are similar to those of the multi-year average Yellow River runoff.

According to the results shown in Figure 11, neither the

climatological wind field nor the simulation experiment without

wind stress forcing can simulate red tide in the northern sea area of

Shandong Peninsula in December 2021.
FIGURE 6

Five artificial benthic cysts distributions used in the simulated experiments (cell/m2).
FIGURE 5

(A) The multi-year mean (2011-2020), (B) monthly mean chlorophyll a concentration (mg/m3) in December 2021, (C) multi-year mean, and (D)
monthly mean chlorophyll a concentration in January 2022. The data is from MODIS.
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4 Discussion

The evolution pattern of red tide is closely related to the variations

of environmental factors. This section discusses the contributions of
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various influencing factors to the concentration of dinoflagellate cells in

the sea area of Shandong Peninsula. The external environmental factors

that affect the growth and distribution of dinoflagellate cells, including

light conditions, tides, Yellow River runoff and wind field, all of which
FIGURE 8

The distribution of (A, C) chlorophyll-a concentrations (mg/m3) and (B, D) surface dinoflagellate cells concentrations (cell/m3) in the northern sea
area of Shandong Peninsula in December 2021.
FIGURE 7

(A) The distribution of chlorophyll-a concentration (mg/m3) based on NOAA CoastWatch remote sensing data in the northern sea area of Shandong
Peninsula on December 7, 2021 and (B–F) surface dinoflagellate cells concentrations (cell/m3) corresponding to the five simulated experiments
under benthic cyst conditions at different locations (from west to east) in Figure 6. The NOAA CoastWatch data is from https://coastwatch.noaa.gov/
erddap/griddap/noaacwNPPN20VIIRSchlociDaily.graph.
frontiersin.org
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FIGURE 10

(A, B) The surface dinoflagellate cell concentration in the simulation experiment with multi-year average Yellow River runoff and (C, D) the difference
between it and the control run. (E, F) The surface dinoflagellate cell concentration in the simulation experiment without Yellow River runoff and (G,
H) the difference between it and the control run.
FIGURE 9

(A, B) The surface dinoflagellate cell concentration in the simulation experiment without tides and (C, D) the difference between it and the
control run.
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play important roles in the growth and reproduction of dinoflagellate

cells and affect their distribution. The study of these influencing factors

can help us better understand and predict the distribution patterns of

dinoflagellate cells.
4.1 Light conditions

Light is one of the key factors for the photosynthesis of

dinoflagellates. Adequate light can promote the growth and

reproduction of dinoflagellates, so the light intensity will directly

affect the distribution of dinoflagellate cells.

The concentration of total suspendedmatter (TSM) is an important

indicator for water quality monitoring in coastal areas, and its

distribution directly affects the transparency of seawater. The TSM

concentration data used in this study are obtained from the European

GlobColour Project (Maritorena et al., 2010). The concentration values

are derived using a weighted average method from observations made

by two satellites, OLCI-A and OLCI-B. The data possess a temporal

resolution of 8 days and a spatial resolution of 4 km. Figure 12 shows

the variations of TSM concentration in Ailian Bay (37.2°N, 122.6°E) in
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the offshore area of Rongcheng in December from 2019 to 2022. It can

be seen that the TSM concentration in the offshore area of Rongcheng is

mainly ranges from 10 to 70 g/m3 in December, and the monthly mean

TSM concentrations from 2019 to 2022 are 52, 34, 21, and 44 g/m3,

respectively. The variations of TSM concentration in most years show

the increasing trend, while the concentration in 2021 shows a decreasing

trend. Based on the MODIS data of Photosynthetically Available

Radiation (PAR), the photosynthetically available radiation values in

December from 2019 to 2022 in this region were calculated as 15, 15, 17,

and 16W/m2, respectively, with the PAR intensity in 2021 being higher

than other years. Additionally, the Euphotic Zone Depth (Zeu) values in

this region from 2019 to 2022 were estimated using the method

proposed by Lyu et al. (2022) based on the Remote sensing

reflectance (Rrs). The calculation formula is as follows:

Zeu = 100:43X
3−1:38X2+1:69X+0:68

where X = log10(Rrs(443)=Rrs(667)). The Rrs data and PAR data

used in this section from the Level 3 product of the MODIS sensor

on the Aqua satellite, with a spatial resolution of 4 km. After

calculation, the euphotic zone depths in Ailian Bay in December

from 2019 to 2022 were 2.3, 2.6, 3.0, and 1.4 m, respectively. The
FIGURE 12

Variations in Total Suspended Matter (TSM) concentrations from December 2019 to December 2022 in Ailian Bay.
FIGURE 11

(A, B) The surface dinoflagellate cell concentration in the simulation experiment with climatological wind fields and (C, D) the surface dinoflagellate
cell concentration in the simulation experiment without wind stress forcing.
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euphotic zone depth in 2021 was significantly higher than in

other years.

The previous study showed that the dominant red tide algae

(dinoflagellates), which occurred in the northern sea area of

Shandong Peninsula in December 2021, exhibited strong

phototaxis by indoor pure culture experiments. Therefore,

compared with other years, the TSM concentration in December

2021 decreases significantly, resulting in high seawater transparency

and increases the light intensity, which prompts the massive

reproduction of surface dinoflagellate cells and triggers red tide.
4.2 Tidal forcing

The seawater movement induced by tides can affect the

transport and distribution of dinoflagellate in the seawater, thus

influencing the formation and development of red tide. As shown in

Figure 9, according to the analysis of surface tidal currents in the

Yellow River Estuary and Laizhou Bay by Wang H. et al. (2022), the

high-velocity areas in this region are mainly concentrated in

the Yellow River Estuary and the northern part of Laizhou Bay.

Therefore, when no tidal forcing is applied, the eastern flow of

dinoflagellate cells in the water along the northern sea area of

Shandong Peninsula is weakened, and the number of dinoflagellate
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cells reaching the northeastern sea area of Shandong Peninsula

decreases, while more dinoflagellate cells gradually accumulate in

Laizhou Bay. In addition, tides can also affect the vertical mixing

and stratification structure of seawater. When there is no tidal effect,

the water exchange is slow, and the seawater in the Laizhou Bay area

is in a weakly stratified state, which is favorable to the formation of

dinoflagellate cells and leads to the massive accumulation and

reproduction of them in the bay (Wen et al., 2023).

Tides are one of the important hydrodynamic driving factors in

the ocean. They can transport nutrients, organic matters, and other

substances to different sea areas through the movement of tidal

currents, providing nutrients for the growth of dinoflagellate cells.

Tides may also affect the distribution characteristics of nutrients

input from the Yellow River and the ocean by changing the

transport of nutrients, which in turn influences the growth of

dinoflagellate cells. However, the bloom of dinoflagellate still

exists in the offshore waters of Rongcheng without tidal forcing,

indicating that tides are not the cause of this red tide event.
4.3 Yellow River runoff

The Yellow River runoff can affect the flow field, temperature and

salinity distribution, suspended matter content, and other factors at
FIGURE 13

(A) The actual wind field in 2021 and (B) the climatological wind field in December.
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the estuary, and further influence the distribution of dinoflagellate

cells. As shown in Figure 10, the reduction of the Yellow River runoff

has an impact on the freshwater input to Laizhou Bay. As one of the

important water sources in Laizhou Bay, the decrease of the Yellow

River runoff directly affects the freshwater supply within the bay,

leading to changes in salinity and affecting the growth environment of

dinoflagellate. Dinoflagellate cells have a certain adaptability range for

salinity, and their growth and reproduction may be inhibited when

the salinity exceeds this range.

The impact of the Yellow River runoff on the growth of

dinoflagellate cells is complex, which may either promote or have a

negative impact on the growth of dinoflagellate cells. The degree of

impact depends on the combined effect ofmultiple factors. However, the

existence of dinoflagellate bloom in the offshore waters of Rongcheng

under different conditions of Yellow River runoff, indicating that the

Yellow River runoff is also not the cause of this red tide event.
4.4 Wind field

The wind field mainly drives the sea surface currents, such as

coastal currents and offshore currents, causing the drift and

diffusion of dinoflagellate cells in the water, thereby changing

their distribution characteristics. According to the results shown

in Figure 11, neither the climatological wind field nor the simulation

experiment without wind stress forcing can simulate red tide in the

northern sea area of Shandong Peninsula in December 2021. This
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indicates that wind field condition is one of the important

environmental factors for the occurrence of this red tide event.

According to the results shown in Figures 13 and 14, there are

significant differences in the current field distribution under

different wind conditions. The sea surface current field is mainly

controlled by the wind field. In winter, under the control of the

northerly wind, the current mainly flows southeastward along the

coastline of Shandong Peninsula. When there is no wind stress,

there is only the flow of the Yellow River into the sea. The nutrients

input by the Yellow River runoff will promote the germination of a

large number of dinoflagellate cells in the Yellow River Estuary and

nearby sea areas. However, due to the limitation of the flow region,

the dinoflagellate cells cannot flow with the water to the eastern area

of Shandong Peninsula, and mainly accumulate in Laizhou Bay and

the northern sea area of Yantai and Weihai. Compared to the

current field results under actual wind condition, the surface

current field distribution under climatological wind condition is

more uniform, the concentration of dinoflagellate cells that should

have been gathered in the northern sea area of Yantai and Weihai

and triggered the red tide is significantly reduced, while the high

concentration area of dinoflagellate cells moves southward. In

addition, the high-value area of dinoflagellate cells in Laizhou Bay

also shows a trend of moving eastward. It is speculated that the

reason for this phenomenon may be that the variation of wind field

causes the change of current field, further altering the intensity and

direction of ocean currents, which leads to changes in the

distribution of dinoflagellate cells.
FIGURE 14

Sea surface current fields in (A, B) the control run, (C, D) the simulation experiment with the climatological wind field, and (E, F) the simulation
experiment without wind stress forcing.
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The influence of wind field on the concentration and

distribution of dinoflagellate cells is multifaceted, involving many

aspects such as mixing effect and nutrient distribution. Wind-

induced waves and turbulence can enhance the vertical mixing of

seawater, causing the water exchange at different layers. This mixing

effect can change the vertical distribution of nutrients, thereby

affecting the acquisition of nutrients by dinoflagellate cells. In

addition, the mixing effect can also affect environmental factors

such as the water temperature and salinity, which also have an

important impact on the growth and reproduction of dinoflagellate

cells. Under the effect of wind stress, nutrient-rich coastal waters

may be transported to offshore areas or cause the accumulation of

nutrients in specific areas. These changes can affect the utilization of

nutrients by dinoflagellate cells, thereby affecting their growth rate

and abundance.

In summary, the wind field is the main cause of this red tide

event, which affects the concentration and distribution of

dinoflagellate cells through several aspects. These influencing

factors interact and restrict each other, jointly determining the

dynamic changes of dinoflagellate cells in the marine environment.

Therefore, the role of the wind field needs to be fully considered in

the study of dinoflagellate cells.
5 Conclusions

The purpose of this study is to reproduce the timing and

magnitude of the red tide event near the Shandong Peninsula and

to find the key factors that affect the development of red tide, and to

focus on analyzing the key causes of the red tide event in the

northern sea area of Shandong Peninsula in 2021. The aggregation

of dinoflagellate cells can trigger the red tide events, and the

distribution characteristics and concentration variations of

dinoflagellate cells are studied to reflect the contributions of

various influencing factors to red tide by designing simulation

experiments under different conditions.

The distribution of dinoflagellate cells concentration is

influenced by multiple factors such as light conditions, tides,

Yellow River runoff and wind field conditions. The interaction of

these factors determines the growth, reproduction and aggregation

patterns of dinoflagellate cells. Studies have shown that the key

factor contributing to the red tide in the northern sea area of the

Shandong Peninsula in 2021 is the wind field. Variations in the

wind field served as the direct driving force behind this red tide

event. By affecting ocean currents, mixing, and the distribution of

algae, the wind field ultimately led to the occurrence of this red tide.

Therefore, wind field is indispensable condition in the process of

red tide occurrence.
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In summary, the occurrence of red tide is a complex ecological

phenomenon affected by multiple factors. It is necessary to

comprehensively consider these factors to better predict and

prevent the occurrence of red tide events in the future.
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