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Abstract: Qinhuangdao, a famous coastal resort city in northeastern China, has been affected by the
rapid growth of harmful algae. The brown tide induced by Aureococcus anophagefferens (A. anophagef-
ferens) first occurred along Qinhuangdao’s coastline in 2009, and it then developed into a harmful
alga for the Bohai Sea. Based on MIKE 21, we construct a 2D coupled hydrodynamic and transport
model to study the variation and distribution of total nitrogen (TN), and establish the relationship
between A. anophagefferens, dissolved organic nitrogen (DON), and TN to provide a fast forewarning
system for brown tide in Qinhuangdao. This model considers the decay, diffusion, and settling of
TN, and the model results are in good agreement with the measured tidal level, current, and TN,
indicating that the model is capable of capturing the observed TN distribution during the brown tide
period. The transfer function relating TN to A. anophagefferens leads to a reliable fast forewarning
and monitoring system. Moreover, the transferred A. anophagefferens cell density can be used to
forecast the regional risk level of brown tide with a specific color indicator. The implementation of
national policy relating to marine ecosystems decreases the nearshore concentration of N, P, and other
nutrients, and therefore decreases harmful algal blooms. The fast routine assessment of brown tide
by the present warning system provides robust guidance for the government to take action.

Keywords: brown tide; Bohai Sea; hydrodynamic and transport model; Aureococcus anophagefferens;
forewarning system; harmful algal bloom

1. Introduction

Rapid industrialization and aquaculture have taken place during the past few decades
in the Bohai Sea. The Bohai Sea has been one of the most important aquaculture areas
in China since ancient times, producing more than 40% of the fishery resources of China.
Qinhuangdao is located in Bohai Bay, a semi-closed area close to the M2 tide amphidromic
point where the water is too slow to achieve self-purification [1]. Due to the high nutrient
loads and organic wastewater discharges in surrounding areas and increasing sewage
and industrial effluent in the aquaculture, the offshore water in Qinhuangdao is subject to
frequent harmful algal blooms. Under high nutrient levels and sub-tropical temperatures,
phytoplankton concentration can grow rapidly to an alarming level. Harmful tides typically
last a few days to a week, depending on wind conditions, and lead to low dissolved oxygen
in the bottom layer of the water [2]. Harmful algal blooms including brown tide have
become more frequent, extensive, and severe worldwide [3–5].
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Aureococcus anophagefferens (A. anophagefferens)-induced algal bloom events have re-
ceived considerable attention for decades since their first occurrence in the 1980s along
the eastern coast of the USA [6–8], and they were also found in the coastal bays of South
Africa [9,10]. As a type of pico-sized red tide, this algal bloom has been named “brown tide”
to distinguish it from traditional red tide [11], as it can discolor waters into a dark brown
color. Brown tide is a discoloration of marine water due to the explosive reproduction or
aggregation of planktonic algae, protozoa, or bacteria in the ocean driven by anomalous
hydro-meteorological, hydrodynamic, and biological processes [12,13]. The brown tide
induced by the A. anophagefferens in Qinhuangdao was first observed in the coastal waters
near a scallop cultivation farms in 2009 [14–17], which motivated extensive investigations
on the geographic and historical presence of this species in the seas of China. Tang et al. [18]
investigated 3000 km of coastline and the 1500-year presence of A. anophagefferens and
revealed that it is an indigenous species in Qinhuangdao. It took several years to confirm
the causative species by microscopy, pigment chemotaxonomy, and genetic analyses [19].
Zhang et al. [12] found that all eight pelagophyte clones were similar to A. anophagefferens,
which caused the brown tides along the coasts of the eastern Unites States and South
Africa. Dissolved organic nitrogen (DON) and shellfish farms are mainly responsible for
brown tide [20,21]. Brown tide outbreaks have become a major ecological hazard in the
Bohai Sea, with significant impacts on the mariculture industry (scallops), coastal ecosys-
tems [14,20], and zooplankton [22–27]. The main tributaries to Qinhuangdao Bay have been
polluted to various degrees by industrial effluent, aquaculture wastewater, and domestic
sewage. During brown tide events, peak A. anophagefferens concentrations were always
observed along the Funing and Changli coast, where scallop cultivation farms are located
in Qinhaungdao Bay.

Human activity-induced eutrophication offshore is well-recognized as the main cause
of harmful algal bloom [28–30]. Lee and Qu [31] investigated algal blooms in Hong
Kong and found that red tide can be formed under the right temperature, nutrient, and
hydrodynamic conditions and transported to other locations. Zhang et al. [32] studied the
relationship between A. anophagefferens distribution and environmental factors and found
that certain temperature and salinity levels are required for intensive brown tide to occur in
Qinhuangdao coastal water with high DON and low dissolved inorganic nutrients (DIN).
Anderson et al. [28] and Glibert and Burford [33] found that eutrophication is induced
by nutrient pollution close to the harmful algal area offshore. Eutrophication can impact
the distribution and diversity of species and then change the preponderant algae. Wong
et al. [34] proposed that algal blooms are strongly controlled by the interaction of physical
and biological process. In a changing climate, an increased carbon dioxide concentration in
the atmosphere is expected to intensify global warming and ocean acidification, therefore
altering the distribution, frequency, and occurrence season of the red tide [35]. Brown tide
events will become more frequent due to urbanization along the coast.

Previous studies into harmful algae mainly focused on species invasion or ecology
deterioration. There is a lack of understanding of the formation and outbreak mechanisms
of brown tide, which would be critical for establishing a reliable monitoring, forewarning,
and treatment system for hot spots to prevent and reduce brown tide events. Gastrich [36]
proposed a three-level hierarchy of effects of brown tide based on algal cell components.
He used 35,000 and 200,000 cells/mL as concentration criteria to identify the risk level.
Zhang et al. [37] used traditional modified clays to remove A. anophagefferens and found
the removal efficiency to be low. Randhawa [38] used H2O2 to control brown tide in the
laboratory and found that it can remove high-density A. anophagefferens efficiently, but the
cost is high. In recent years, advanced technology has been developed to monitor harmful
algae and to create a warning system. Remote sensing and satellite observations have been
applied to track the spatial distribution and growth of algae. Numerical models have been
applied to provide harmful algal warnings [39,40]. Using physical and chemical methods
to treat brown tide and other harmful algal bloom events, however, is still in its infancy.
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In this study, a coupled hydrodynamic and particulate transport model based on
MIKE21 is employed to predict the temporal and spatial distribution of the total nitrogen
(TN). This model considers the decay, diffusion, and settling of TN, and the model results
are in a good agreement with the measured tidal level, current, and TN, which indicates
that the model is capable of capturing the observed TN distribution during the brown tide
period. A relationship between A. anophagefferens, dissolved organic nitrogen (DON), and
TN is obtained from field observations and combined with numerical simulation results of
TN to establish a fast forewarning system for brown tide in Qinhuangdao. The objective
is to make full use of the observation data to establish a reliable relationship between A.
anophagefferens and TN to represent the complex process of algal growth in order to provide
fast alerts for the stakeholder. The main simulated area in this study is shown in Figure 1.
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Figure 1. (a) The Bohai Sea area; (b) the main study area and the field observation stations (the
black circle represents the tidal level station, the red triangles are the current stations, and the blue
pentagrams show the position of TN stations). (c) Google Earth view of Qinghuangdao and the
Bohai Sea.

2. Materials and Methods

MIKE 21 was developed by the DHI Group and can continuously simulate tidal
circulation and mass transport. In this study, we established a two-dimensional coupled
hydrodynamic and mass transport model of Qinhuangdao using a flow model (FM) based
on the flexible unstructured mesh method, which was developed for applications within
oceanographic, coastal, and estuarine environments. The spatial discretization of the
primitive equations was performed using an element-centered finite volume method. The
spatial domain was discretized by the subdivision of the continuum into non-overlapping
elements. The MIKE FM has been used in many studies, and the governing equations and
details of this model can be found in the MIKE User Manual [41].
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2.1. Study Area and Mesh

Brown tides commonly occur in summer, especially in July and August, along the
Qinhuangdao coastline. This model included two parts with different scales. A double-
level scheme of unstructured triangular meshes with different refinements and scales was
set up as shown in Figure 2. The large mesh (Level 1) covered the whole Bohai Sea to ensure
a correct tidal flow field, and it provided the water level and current boundary to the small
mesh (Level 2). The small mesh covered Qinhuangdao coastal waters, including the main
river outlets. The Bohai Sea model was driven by the time series of the tidal level at Dalian
and Yantai (two ends of the open boundary in Figure 2) from the tidal table published by
the National Marine Data and Information Service of China. The Qinhuangdao model was
driven by the time series of the water level, current speed, and direction extracted from the
computational results of the Bohai Sea model along three open boundaries. The boundary
of the small mesh was from the Luan River to the Shi River Estuary, along the coastline
with a length of 16.5 km in the northeast and 35.6 km in the southeast. The large and small
meshes had 14,183 and 13,606 nodes with 23,419 and 25,301 elements, respectively. The
mesh size generally decreased from the sea toward the coast and estuary when considering
both computational time and accuracy.
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2.2. Hydrodynamic Model

The transport model was based on the currents calculated by a hydrodynamic model.
Given that the coverage area of brown tides is restricted to the shallow intertidal and sub-
tidal zones, a 2DH model mesh was adequate to simulate the hydrodynamics of the study
area, considering the balance of computational speed and model precision in Qinhuang-
dao [42,43]. The model solved the two-dimensional incompressible Reynolds-averaged
Navier–Stokes equations with assumptions of Boussinesq and hydrostatic pressure. The
computational mesh used in this research was unstructured triangular mesh with the
spatial discretization adopting the cell-centered finite volume method. The continuity
and momentum equations were converted into nonlinear shallow water equations by
integrating them over depth, and the 2DH equations are shown as follows:

∂h
∂t

+
∂hu
∂x

+
∂hv
∂y

= hS (1)

∂hu
∂t

+
∂hu2

∂x
+

∂hvu
∂y

= f vh− gh
∂η

∂x
− h

ρ0

∂pa

∂x
− gh2

2ρ0

∂ρ

∂x
+

τsx

ρ0
− τbx

ρ0
− Fu + husS (2)
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∂hv
∂t

+
∂huv

∂x
+

∂hv2

∂y
= − f uh− gh

∂η

∂y
− h

ρ0

∂pa

∂y
− gh2

2ρ0

∂ρ

∂y
+

τsy

ρ0
−

τby

ρ0
− Fv + hvsS (3)

where t is the time; x and y are the Cartesian coordinates; u and v are the depth-averaged
velocity components in the x and y directions; h is the sum of the still water depth, d, and
the time-varying water level, η; S is the discharge of the point sources; f is the Coriolis
parameter related to the angular velocity of Earth’s rotation and the geographic latitude;
g is the gravitational acceleration; ρ is the water density; ρ0 is the reference water density;
Pa is the atmospheric pressure; τsx and τsy are the surface stresses induced by wind; τbx and
τby are the bottom stresses; Fu and Fv are the horizontal stress terms due to eddy viscosity;
and us as well as vs are the discharge velocities of the point sources.

The model adopted wet–dry dynamic boundary processing technology, and the crit-
ical water depths of dry and wet points were 0.005 m and 0.05 m, respectively. The
computational time step was in the range of 0.1–30 s and was adjusted to meet the Courant–
Friedrich–Lewy (CFL) condition with a limited value of 0.8 in the model calculation process,
where CFL =

(√
gh + |u|

) ∆t
∆x +

(√
gh + |v|

) ∆t
∆y . The horizontal eddy viscosity coefficient

used the Samagorinsky model to calculate the grid scale, and the Samagorinsky coefficient
was 0.28. The initial velocity and water level were 0 m/s and 0 m, respectively. The Man-
ning number was 74 m1/3/s, by which the model bed resistance was determined. Based on
the Bohai Sea model, the boundary condition at the tidal inlet and open sea boundaries was
adopted for the medium tidal range and Flather condition, respectively [42]. The boundary
condition at the river outlet was set as the specified discharge value of 1 m3/s, and the initial
condition was set as 0, including values of surface elevation, u-velocity, and v-velocity. The
time step interval could self-regulate itself, ranging from 0.01 to 30 s to meet the CFL restric-
tion as velocity changed with time at all computational nodes and time steps. The wind and
temperature data were downloaded from the European Centre for Medium-Range Weather
Forecasts (ECMWF (http://apps.ecmwf.int/datasets/data/interim-full-daily, accessed on
1 January 2021)) with a spatial resolution of 0.25◦.

2.3. Transport Model

We set the TN as a component of the transport model. There was no dispersion across
open boundaries, as the gradient of the concentration here was assumed to be 0. The linear
decay of a component is generally defined as:

∂c
∂t

= −kc (4)

where c is the specific concentration and k is the decay constant.
For simulating the variation of TN distribution, after conducting many tests, we set

the parameter of decay as 1.157 × 10−7/s. The time step was the same as that of the
hydrodynamic simulation. The initial component of TN was set as 5 mg/L according to
the measured data. The discharge and TN components of the main rivers were based on
the field-measured data collected.

2.4. Model Validation

Field observations of tidal level and current were used to verify the hydrodynamic
model. The water levels were collected from the Shanhaiguan station during the spring
tide (11–12 May 2013) and neap tide (16–17 May 2013). The current data were collected
at five field stations, SDL01 to SDL05, during the neap tide, 16–17 May 2013. These
observation stations are shown in Figure 1. Figure 3 shows the comparison of simulated
results and measured data including tidal level and current speed and direction. The
hydrodynamic model results were quantitatively assessed against observed values using
the skill model [44].

skill = 1− ∑|Xm − Xo|2

∑
(∣∣Xm − Xo

∣∣+ ∣∣Xo − Xo
∣∣)2 (5)

http://apps.ecmwf.int/datasets/data/interim-full-daily
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where D is the mean value, in situ, of the observed data; M and D are the computed result
and in situ observed data, respectively; and N is the number of data entries. A skill value
of 1.0 indicates a perfect performance of the model: skill between 0.65 and 1 is considered
excellent, skill in the range of 0.5–0.65 is considered very good, skill in the range of 0.2–0.5 is
considered good, and skill of less than 0.2 is considered poor.

The model results generally matched the measured values very well with the excellent
performance of skill evaluation summarized in Table 1. The skill of tidal level at Shanhaiguan
during the spring and neap tides were all 0.99, and those of current speed at SDL01, SDL02,
SDL03, SDL04, and SDL05 were 0.90, 0.87, 0.85, 0.94, and 0.86, respectively. The skill values
of current direction at the same stations were 0.97, 0.98, 0.95, 0.97, and 0.95, respectively.
All skill values (over 0.90) were much larger than 0.65, implying the excellent predictive
efficiency of the model.
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Figure 3. Model validation of tidal level and current velocity.

Table 1. Hydrodynamic model evaluation.

Variable Time Station Period Skill Performance

tidal level May, 2013 Shanhaiguan
Station

Neap tide 0.99 excellent
Spring tide 0.99 excellent

speed May, 2013

SDL01

Neap tide

0.90 excellent
SDL02 0.87 excellent
SDL03 0.85 excellent
SDL04 0.94 excellent
SDL05 0.86 excellent

direction May,2013

SDL01

Neap tide

0.97 excellent
SDL02 0.98 excellent
SDL03 0.95 excellent
SDL04 0.97 excellent
SDL05 0.95 excellent

In order to evaluate the transport model, which shares the same computational mesh
as the hydrodynamic model of Qinhuangdao, the validated TN concentration data were
collected from Qinhuangdao during the period 16–23 July 2013. The simulated result of TN
concentration is shown in Figure 4. Given that the measured data at 20 stations were from
different dates, the time series was discontinuous, we calculated the average error, and all
of the numbers were below 11% (shown in Table 2), which means the present model can
accurately predict the TN distribution.

Table 2. The average error of TN for July 16–18 2013.

Time
Average Error of Station Groups (%)

X Group C Group

16 July 2013 4.05 2.40
18 July 2013 3.73 8.60
23 July 2013 6.64 8.81
25 July 2013 10.45 10.45

Average 6.22 7.57
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Figure 4. Verification of the TN concentration.

3. Results

In this section, we firstly use the coupled hydrodynamic and transport validated
model to simulate the TN concentration during the brown tide period in 2014. The TN
concentration in the coastal water is mainly controlled by the seagoing rivers. We then find
the relationship between the TN concentration and A. anophagefferens density by studying
the observed data at 20 stations and transfer the TN to DIN, and then to A. anophagefferens.
Furthermore, we establish an indicator system with four grades and provide appropriate
measures for application.

3.1. TN Distribution during Brown Tide

Figure 5 shows the measured and simulated data of TN concentration at 20 stations.
The simulation period is from March to September 2014 and includes two large-scale brown
tide events in May and August, respectively. As we lack the seagoing rivers’ TN input
data for 2014, considering that there are no large construction projects and the climate only
changed slightly, we use the data for 2013 to take the place of the data for 2014. We can see
that the result shows a certain deviation, which may be mainly caused by the difference in
TN concentration from 2013 to 2014 in the seagoing rivers. Although there is this weakness,
the simulation deviation is controlled at 26%, indicating that the results are reasonably
convincing. Figure 6a presents the distribution of TN during the brown tide period in 2014,
and Figure 6b depicts the satellite-observed bloom-area for the same period. We can see
that these two figures are similar to each other in the abnormal area, although the simulated
one covers more area, which demonstrates that the TN is correlated with brown tide. It is
shown that, in the coastal area, the TN concentration is higher than that of the open sea,
indicating that there is a higher risk along the coastline of having an algal bloom event.
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Figure 5. The simulated results compared with measured data at selected stations in May 2014.
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Figure 6. (a) The distribution of TN concentration during the brown tide period in May 2014. (b) The
satellite-observed brown tide area in May 2014.

3.2. Transfer Function from TN to A. anophagefferens

A. anophagefferens is a tiny, spherical and nonmotile picoplanktonic (cell size 2–3 µm)
pelagophyte with no flagella [18,45]. A. anophagefferens cells were abundant during the
brown tide period in Qinhaungdao coastal waters, which can be seen as an indicator of
brown tide. Zhang et al. [32] reported that A. anophagefferens abundance was strongly
positively correlated with nitrite and temperature. DON is commonly thought of as
the main nitrite resource, and it is vital for improving A. anophagefferens-induced brown
tide [46,47]. Since nitrogen is routinely monitored as a chemical element discharged
from rivers to sea along the coastline in Qinhaungdao, we seek the relationship between
A. anophagefferens density and TN concentration through their correlations with DON.

We analyzed the measured data from June 2013 to August 2014, which included two
large-scale brown tide events (May 2013 and August 2014) in the sea area. The observation
data indicates strong correlation between A. anophagefferens cell density and DON and
temperature (T). Figure 7 shows the relationship between the A. anophagefferens density
(use the cells concentration to represent) and DON in 2013 and 2014 during the brown
tide event periods. Commonly, a concentration of 5 × 107 cells/L is thought of as the
warning indication value to represent brown tide, and we use red circles to mark these
values in this figure. As shown in Figure 7a, the density of A. anophagefferens cells increases
when the concentration of DON is in the range of 0.00∼40.00 µmol/L and the value
reaches a relatively high grade. Therefore, we narrow the range of DON concentration
to 10.00∼30.00 µmol/L and find that the density of A. anophagefferens distributes in every
value, which implies that the DON concentration is not the only main factor that influences
the A. anophagefferens cell density in this range. When the range continuously narrows
to 30.00∼40.00 µmol/L, the measured data reduce but the density of A. anophagefferens
cells significantly increases, showing that the DON concentration varies in this range and
it becomes the main factor of A. anophagefferens cell growth. In Figure 7b, the data in
2014 are similar to the data collected in 2013, showing that the A. anophagefferens cells
rapidly grow in the range of 30.00∼40.00 µmol/L, and the concentration is higher than
the indicated value. As can be seen in the range of 50.00∼60.00 µmol/L, there is also a
point above the warning indication concentration, which means the brown tide can still
bloom. However, if the DON concentration is lower than 20.00 µmol/L, the possibility
of bloom becomes lower, indicating that a low concentration can inhibit the propagation
of A. anophagefferens. Combined with Figure 6a, although the data for DON are finite, the



Appl. Sci. 2022, 12, 6477 10 of 19

range of DON concentration from approximately 20.00 to 60.00 µmol/L can be seen as the
sensitive range for inducing brown tide. With the DON concentration increase, a higher A.
anophagefferens cell density can cause the brown tide event with more certainty.
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Figure 7. The relationship between A. anophagefferens cell density and DON in 2013 (a) and 2014 (b).

Separately drawing the fitting relationship in Figure 7a,b, we can see that, in Figure 7b,
the data are substantial and the time covers four months, providing greater accuracy
than in Figure 7a. So, we preliminarily choose the fitting equation of the data in 2014 to
establish the relationship of A. anophagefferens cell density and DON concentration as an
exponential function:

ρ = 5000e0.24DON (6)

where ρ is the A. anophagefferens cell density.
In this study, temperature is not the main factor affecting the transformation, but for

rigor and accuracy, we still clarify it in this section and set the most appropriate value
in the numerical model. We also draw a relationship between the temperature (T) and
A. anophagefferens cell density in Figure 8. A. anophagefferens concentration reaching the
warning indication level in the range of 10~23 ◦C is rare; however, in the range of 23~28 ◦C,
the concentration rapidly increases. From Figure 8, we can obviously see that the most
appropriate temperature for A. anophagefferens growth is around 23~26 ◦C, which is slightly
higher than the study that gave the appropriate temperature as ranging from 21.5 to
23.2 ◦C [32].
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Figure 8. The relationship between T and A. anophagefferens density from June to July in 2013.

Based on the correlation between the A. anophagefferens cell density and DON con-
centration during the brown tide periods, we tried to explore the correlation between A.
anophagefferens cell density and TN concentration in the long-term measured data. There are
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no sufficient data, so we used the existing data to analyze the correlations of TN–DIN and
DIN–DON and then transferred the relationship to TN concentration–A. anophagefferens cell
density to obtain the mechanism of TN concentration’s effect on A. anophagefferens growth.

Figure 9 shows the relationship between the measured concentration of DIN and TN
at 20 stations (time series are from June to July in 2013 and from April to August in 2014;
positions are shown in Figure 1b). The intercepts are all set as 0, because the DIN and DON
are also 0 mg/L when the TN concentration is 0 mg/L. All determination coefficients (R2)
are above 0.53, indicating that the fitting relationships are reasonable. The slope of every
station is summarized in Table 3, and the average value is 0.195.
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Figure 9. The relationships between DIN and TN at 20 stations from June 2013 to August 2014
derived from the field observations at station X1 to X5 and C1 to C15.

Table 3. The slope of fitted linear relationship between DIN and TN at 20 stations from June 2013 to
August 2014.

Stations DIN/TN Stations DIN/TN Stations DIN/TN Stations DIN/TN

C1 0.239 C6 0.186 C11 0.195 X1 0.243
C2 0.166 C7 0.179 C12 0.214 X2 0.217
C3 0.169 C8 0.155 C13 0.198 X3 0.186
C4 0.193 C9 0.200 C14 0.155 X4 0.263
C5 0.224 C10 0.170 C15 0.146 X5 0.208

Average value 0.195

Based on the measured data of TDN, DIN, and DON, we also draw the fitting curves
of DIN–TDN and DON–TDN and calculate R2 using the same methods. All determination
coefficients (R2) shown in Figure 10 are above 0.82, indicating that the fitting relationships
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are good. The average slope values of DIN–TDN and DON–TDN, as shown in Table 4, are
0.450 and 0.550, respectively. Furthermore, we transfered these two groups of relationship
to establish that the slope of DON–DIN is 1.222. Combined with the slope of DIN–TN, we
finally obtain that the averaged DON/TN is 0.238.
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Table 4. Summary of the values of DIN/TDN and DON/TDN.

Period DIN/TDN DON/TDN

June to July 2013 0.385 0.615
April to August 2014 0.515 0.485

Average 0.450 0.550

Based on the correlation of DON–TN and DON–A. anophagefferens cells, we derived
the fitting equation of A. anophagefferens cell density and TN concentration as below:

ρ = 5000e4.087TN (7)

3.3. Fast Forewarning System of Brown Tide

The brown tide in the coastal area of Qinhuangdao was induced by DON and shellfish
aquaculture [16,20] and, conversely, the brown tide also influences the shellfish. The brown
tide in 2009 resulted in shellfish death in two out of three of the mariculture areas in
Qinhaungdao. Meanwhile, the brown tide event in 2010 covered more than 3350 km2,
which caused the pecuniary loss of more than 0.2 billion RMB [48]. We indirectly transferred
the DON concentration to the A. anophagefferens cell density using the TN concentration as
mentioned before.

According to the current situation, we separated the system into four grades in Table 5
to help the government to take appropriate measures to prevent brown tide from occurring
or spreading. This system setup uses the relationship between TN and A. anophagefferens
density on the basis of the transport model results to compartmentalize grades. Green
represents good water quality, and the government should only conduct routine monitoring;
meanwhile, when the water quality worsens and brown tide occurs, it needs to take
appropriate measures.
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Table 5. The brown tide warning and fast forecast monitoring indicator of A. anophagefferens density.

A. anophagefferens Density (Cells/L) Grade Represent Color Measures

< 5× 105 Safe Green Conduct routine monitoring
5× 105∼5× 106 Third-degree Yellow Conduct Third-degree forecast
5× 106∼5× 107 Second-degree Orange Warning for shellfish aquaculture

> 5× 107 First-degree Red Brown tides—Conduct emergency
handling for shellfish aquaculture

Meanwhile, we have highlighted the transferred A. anophagefferens distribution in
August 2014 with the appropriate color in Figure 11. It is clear that A. anophagefferens
density in this period for most of the area offshore is in the range of approximately 5 × 105

to 5 × 106 cell/L, in the system shown as the third degree. However, there is also a small
area in the range of 5 × 106~5 × 107 cell/L close to the seagoing rivers, which is indicated
as second degree, meaning that the government needs to take relevant measures to address
this higher concentration.
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Figure 11. (a) The distribution of TN concentration in August 2014; (b) the transformation results
from TN concentration to A. anophagefferens cell density, and amplification of the bloom area (c).

Although this forewarning system uses a simple mechanism and model, it still pro-
vides a fast prediction for brown tide outbreaks and helps to carry out total management
in the mariculture areas. The system uses routine monitoring data as the input, which is
convenient for operation. Meanwhile, the result indicator provides different degrees of
warning for the government to quickly conduct monitoring in the key areas of potential
risk and take appropriate actions in mitigating brown tide.

4. Discussion
4.1. Impact of Nutrients on Brown Tide

During the Thirteenth Five-Year-Plan period, the Science and Technology Ministry of
China conducted special studies on typical harmful algal blooms in offshore areas. In 2017,
a project examining the formation mechanism, monitoring, and forecasting and estimate
technology of red tide (include brown tide) started. Aiming at algal bloom in offshore
areas, many scholars have conducted studies into monitoring and water environmental
treatment. Using modified clays is an important technique for the mitigation of harmful
algal blooms, especially the red tide [49], and has been successfully applied in offshore red
tide management in China, greatly improving coastal water quality. Hebei province has
promulgated the plan for comprehensive control in the Bohai Sea and advocated improving
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the marine environmental risk monitoring and forecasting and emergency management
capability. Policy demands that in the ecologically fragile region and the brown tide-
prone area, the feeding aquaculture model is forbidden. Meanwhile, carrying out the risk
assessment of emergencies in coastal cities to improve the ability of the government to
prevent environment risk events is also a vital measure. All of these measures have great
effects on reducing harmful algal bloom. Figure 12 shows the occurrence number of red
tide (include brown tide) and the coverage of A. anophagefferens from 1990 to 2020 (data
collected from the Bulletin of China Marine Disaster, http://www.mnr.gov.cn/sj/sjfw/hy/
gbgg/zghyzhgb/, accessed from 26 November 1990 to 26 April 2021. [48]). It is obvious
that, after undertaking the relevant measures, the algal bloom decreased sharply, and the
ecological environment was improved.
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Figure 12. The occurrence number of red tide (a) and the A. anophagefferens coverage during the
brown tide period (b) from 1990 to 2020.

Sufficient nutrients and low grazing pressure by zooplankton and scallops can acceler-
ate the growth of small-celled phytoplankton [50], including A. anophagefferens. Previous
studies have revealed the nutrient effects on brown tide blooms. As one of the dominant
species in brown tide, A. anophagefferens has a considerable contribution to phytoplankton
abundance [15,51] because it can outcompete other phytoplankton in the presence of ele-
vated organic matter concentration [52]. The decreasing concentration of DIN, increasing
human aquaculture activities, and suitability of summer temperatures for the growth of A.
anophagefferens may be the primary causes of brown tide outbreaks [53]. Zhang et al. [54,55]
analyzed the in situ data of the stations in Qinhuangdao and found that the DOP (dissolved
organic phosphorus) can restrain A. anophagefferens growth, while DON showed great
importance in causing brown tide.

With the continuous increase in the amount of national attention paid to the marine
ecological environment, the concentration of nutrients, including nitrogen, in the seagoing
rivers has significantly reduced. Considering the appropriate temperature, we can see
that brown tide always blooms in summer, so the predicted time period is set from April
to September. Therefore, we simulated the TN and transferred it into A. anophagefferens
density to investigate the possibility of brown tide in recent years. We selected the TN
concentration of July, August, and September in 2021 to convert into A. anophagefferens cell
density (Figure 13). Although there exists a slightly higher area offshore compared to the
open sea, it does not achieve the warning grade, indicating that this period experienced
no danger of brown tide outbreak, and therefore the government just needed to conduct
routine monitoring. The model results combine the transformation records, showing that
water environment improvements reduced the degree of eutrophication to prevent brown
tide from occurring in 2021.

http://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyzhgb/
http://www.mnr.gov.cn/sj/sjfw/hy/gbgg/zghyzhgb/
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4.2. Comparison with Other Forewarning Systems

The aim of this study is mainly to provide a simple fast forewarning system for
brown tide. A similar method was also studied by Guo et al. [56] in their forewarning
system, with the indicator of Chl-a by establishing a coupled physical-chemistry-eco-
hydrodynamic module to simulate the growth, development, and decline of harmful algal
bloom. The method for monitoring red tide and green tide has developed over many
years, but brown tide has rarely been studied. Nowadays, satellite technology can enable
the large-scale simultaneous monitoring of green tide [57]. During the bloom period in
the Huanghai Sea, the satellite data of MERSI and HJ/CCD were applied to monitor
green tide migration [58]. Allen et al. [59] took advantage of satellites combined with
a model to monitor the chlorophyll and presented the medium resolution continental
shelf (MRCS) to forecast red tide events. Sivapragasam et al. [60] established a numerical
model using genetic programming and predicted the red tide event in Tolo Harbor in
Hong Kong. Dippner et al. [61] presented a numerical model based on the HAMSOM
model and the Lagrangian red-tide model. With the rapid development of computer
technology and artificial intelligence, neural network models have gradually been applied
to harmful algal bloom forecasting systems. Ma et al. [62] applied modified three-layer
back propagation to forecast Noctiluca scintillans-induced red tide, and it performed well
in reality. Velo-Suárez and Gutiérrez-Estrada [63] combined principal component analysis
and a feed forward neural network to predict red tide bloom. However, the neural network
model has a projecting defect of overdependence on the sample size, which may decrease
the adaptability and tolerance. In recent years, harmful algal coupled monitoring and
forecasting systems have drawn high levels of attention around the world [64]. Europe and
some East Asian countries have distributed these systems, and the most important aim of
these systems is to monitor for different kinds of algae [65].
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For a fast forewarning system of brown tide in Qinhuangdao, a simple model, based on
the 2D hydrodynamic and transport module to simulate the TN concentration, is adopted
in the shallow coastal water where brown tides often occur in the summer season. A
relationship between A. anophagefferens and TN obtained from field-measured data, com-
bined with TN distribution from the transport module considering the decay, diffusion,
and settling of TN, provided a fast forewarning system of brown tide in Qinhuangdao
coastal water. This simple fast forewarning system of brown tide has been successfully used
in Qinhuangdao and provided the local government with the ability to quickly conduct
monitoring in the key areas of potential risk and take appropriate actions to mitigate brown
tide. However, it has been proven by many previous studies that the vertical nutrient
condition also plays a vital role in affecting harmful algal bloom [33]. In addition to nutri-
ents, some other pressure variables, such as salinity, temperature, and the distribution of
Chl-a, influence A. anophagefferens growth, migration, and spatiotemporal distribution [32].
Hence, a 3D-coupled model involving a hydrodynamic model, an ecological model, and
a particle tracking model should be further established to simulate the real process of A.
anophagefferens-induced brown tide, which is expected to be developed in following studies
to improve the forewarning system.

5. Conclusions

In this study, the A. anophagefferens-induced brown tide in Qinhuangdao was investi-
gated using a coupled hydrodynamic and particulate transport model based on MIKE 21.
The hydrodynamic model was executed using a two-nested mesh system with different
refinements and scales for the domains of the Bohai Sea and Qinhaungdao, respectively,
and to predict the current to drive the transport model. This model considers the decay,
diffusion, and settling of TN, and the model results are in good agreement with the mea-
sured tidal level, current, and TN, and thus the model is reliable. A relationship between A.
anophagefferens, DON, and TN is obtained from field-measured data. This relationship and
the numerically simulated TN distribution in Qinhuangdao can provide a fast forewarning
system for brown tide. The fast routine assessment of brown tide by the present warning
system provides robust guidance for the government to take action.

Due to the government having implemented various measures to protect the marine
environment from harmful algal blooms, brown tide has been successfully mitigated in
recent years. It is known that brown tide is not only affected by the A. anophagefferens
cell density, but also by the vertical distribution of salinity and microorganisms; therefore,
obtaining a better understanding of the mechanism of brown tide outbreak is of great
importance. The present warning system only considers the single indicator of A. anophagef-
ferens cell density, which has its limitations, and we will further improve it with a 3D model
and neural networks and remote sensing technology.
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