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Abstract: Pollution loads pose a major threat to the health of the marine environment and the long-
term viability of the coastal economy. The present study developed a coupling model to simulate
the chemical oxygen demand (COD) transport in upper rivers (1D) and subsequent diffusion in the
coastal zone (2D) in Liaodong Bay, based on the HydroInfo system. Three main seagoing rivers,
including Daliao, Liao, and Daling Rivers, were selected and investigated for hydrodynamic and
hydrochemical analyses. The mathematical model was evaluated by monitoring data from state-
controlled cross-sections scattered along the three rivers, and the observation data showed good
agreement with simulated values, confirming the model’s accuracy in terms of spatial and temporal
distribution. The transport and propagation process of COD in inlet rivers, such as Daliao, Liao, and
Daling, including the sea area of Liaodong Bay, were simulated and analyzed. Simulated results
revealed that the pollution range of COD in Liaodong Bay was 258–391 km2 in different seasons.
The pollutant leakage scenarios for the three rivers entering the sea were simulated utilizing the
developed mathematical model. The study simulated and predicted that, in the event of a sudden
water pollution accident (e.g., sneak discharge and leakage at various sections of sea-entering rivers,
such as Daliao, Liao, and Daling), pollutants might take 2–11 days to reach the sea-entering mouth,
and the sea area would take 8–32 days to reach the maximum pollution range. Our numerical
modeling may be used to analyze and make decisions on pollution control in Liaodong Bay and
major sea-entry rivers, and be useful to water environment management in sea-entry rivers and
Liaodong Bay, and water pollution emergency responses.

Keywords: inlet river; Liaodong Bay; hydrodynamic–water quality coupling; pollutant transport;
emergency water pollution response

1. Introduction

The eastern coast is the most dynamic and fastest-growing region in China. With
rapid economic and social development, a large amount of urban and rural sewage from
coastal areas is discharged into the sea through entering rivers [1], seriously threatening the
ecological safety and economic development of seas [2]. Chemical oxygen demand (COD)
is an indicator of the amount of reducing substances in water, which is generally employed
to represent the total amount of organic substances in wastewater. Both COD and TOC
could be selected for simulation, but our main purpose was to verify the effectiveness
of the simulation method. Moreover, in the water quality evaluation system of surface
water and seawater, COD is regarded as an important water quality evaluation index, and
many scholars pay attention to the influence of COD concentration in surface water on the
change of COD concentration in marine water, so we chose COD as the target pollutant
in this simulation. COD is an essential component in determining how to respond to the
pollution state of marine waterways [3]. It is also a factor in determining how to reduce
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pollution in marine regions at a national level. The interplay of sea and land in nearshore
waters, the complex hydrodynamic environment, and the land–sea ecology are influenced
by interconnected physical, chemical, and biological factors, all adding to the uncertainty
of water quality forecasts. Given that the problem of offshore pollution worsens as coastal
business and society develops [4], investigating the impact of COD from rivers entering
the sea on near-shore waters, and utilizing this information to design pollution reduction
methods are critical [5,6]. Due the complexity mentioned above, it is relatively difficult to
simulate and predict COD concentration changes by the general linear prediction model,
necessitating the adoption of a numerical model with a coupling mechanism.

Scholars in the United States and overseas have conducted many studies which have
shown the contamination of near-shore marine regions caused by rivers entering into
the sea. Mike21, DelftT3D and other measurement methods were used to establish a hy-
drodynamically derived pollutant transport model in the sea region. Scholars have also
extensively investigated the distribution features of COD, dissolved oxygen (DO), eutroph-
ication, petroleum species, and heavy metals in sea areas [7–13]. Accurately predicting the
scope of COD impact of rivers into seas, and the effects of sudden water pollution events in
rivers flowing into seas using the remote sensing of water quality and field monitoring is
difficult. The HYDROINFO numerical simulation model is a complete simulation software
created independently by the Dalian University of Technology. It may be used to simulate
water environment conditions in rivers, estuaries, near-shore seas, oceans, and other water
environments. It also features easy and versatile pre- and post-processing functions, data
extraction functions, quick computation speeds, and broad application ranges. Researchers
have utilized the HYDROINFO numerical simulation model to simulate pollution incidents
in the Songhua River basin and to accurately predict the dispersion time of pollutants.
Moreover, saltwater intrusion in the Pearl River was also investigated through the HY-
DROINFO model and obtained analytical results which showed good agreement with
actual monitoring ones.

Our goal was to create a numerical simulation model by employing the HYDROINFO
system for Liaodong Bay and its inlet rivers, which could mimic the near-shore water
environment in Liaodong Bay and produce accurate predictions and forecasts in the event
of pollutant leakage. Liaodong Bay is a semi-enclosed bay with seawater having poor
self-purification ability [14]. With the growth of Dalian, Huludao, Yingkou, Jinzhou, Panjin,
and other coastal cities and towns, a considerable number of pollutants enter Liaodong
Bay via rivers, causing the water quality in the bay entrance to deteriorate. COD, which
accounts for more than 90% of the contaminants delivered by rivers into seas, is the most
common [15,16]. As a result, COD was chosen as the characteristic index. The transport
process of COD in rivers and sea areas, the influence range of sea area pollution, the time
of pollutants reaching the sea inlet and the maximum pollution range of sea area in the
event of a sudden pollutant leakage in various rivers were simulated. Our findings may be
used as a scientific foundation for pollution control in Liaodong Bay and major rivers into
seas, for water environment management in rivers into seas and Liaodong Bay, and water
pollution emergency responses.

2. Theory and Numerical Simulation Method

The HYDROINFO system was used to create a combined 1D and 2D hydrodynamic
and water quality model of Liaodong Bay and the key inflow rivers for this research [17–19].

2.1. D hydrodynamic Model Construction

The scope of the 1D hydrodynamic model was the lower reaches of Daliao, Liao, and
Daling Rivers. For the 1D river solution issue, the model uses a semi-implicit finite element
approach [20–22]. This approach is used to solve the water depth and flow of the river
channel independently; it iteratively computes the coupling connection between the two,
which may significantly enhance calculation efficiency [23]. The finite element approach is
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used to combine the river level equation and the branching point water depth equation
into a generic equation that is stable and converges well [24,25].

(1) System of St. Venant equations

Continuous equation:
∂A
∂t

+
∂Q
∂S

= q + δQc (1)

Equation of motion:

∂Q
∂t

+
∂(Q 2 /A)

∂S
= −gA

∂z
∂S
− gA

Q2

K2 (2)

(2) Branch point connection equation

Nodal mass conservation:

∂Ω
∂t

= Ac
∂z
∂t

= ∑ Qi (3)

where Ω is the storage capacity, z is the water level, Ac is the area for water storage, Qi is
the access to branching traffic, Z is the branch point water depth, i is the cross-section of a
river channel.

2.2. D hydrodynamic Model Construction

(1) Shallow water equation

The motion of a large-scale free fluid was simulated [26–28], and the fluid’s scale
of motion in the pendent direction was generally and considerably less than the plane
scale [29–31], necessitating the use of shallow water assumption to simplify conservation
equations [28]. To complete the averaging process, the pressure in the vertical direction
adhered to the distribution criteria for hydrostatic pressure [29], whereas the mass and
momentum conservation equations were integrated in the vertical direction [32–36].

Continuous equation:
∂H
∂t

+
∂Hu
∂x

+
∂Hv
∂y

= 0 (4)

Motion equations:

∂Hu
∂t

+
∂(Huu)

∂x
+

∂(Hvu)
∂y

= −gH
∂ς

∂x
− gu

√
u2+v2

C2 +ε(
∂ 2Hu

∂x2 +
∂ 2Hu

∂y2

)
(5)

∂Hv
∂t

+
∂(Huv)

∂x
+

∂(Hvv)
∂y

= −gH
∂ς

∂y
− gv

√
u2+v2

C2 +ε(
∂ 2Hv

∂x2 +
∂ 2Hv

∂y2

)
(6)

where H is the water depth, u, v is the vertical mean flow rate, x, y are the plane coordinates,
t refers to time, C is the Chézy factor, and ε is the Eddy viscosity.

Transport of bottom sand mass conservation equation:

γS
∂zb
∂t

+
∂qx
∂x

+
∂qy

∂y
= 0 (7)

where qx, qy is the sand transport rate in the x, y directions on the plane.

(2) Finite element discretization

The semi-discrete equation was obtained after divisional integration in the weak
solution format of the shallow water equation:
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M
∂Hj

∂t
= CijHj

M
∂Hu

∂t
= Cij(Hu)j+Dij(Hu)j+Fx − αMHu

M
∂Hv

∂t
= Bij(Hv)j+Dij(Hv)j+Fx − αMHv (8)

where M is the quality matrix, B is the convection matrix, D is the diffusion matrix, and F is
the source item.

2.3. Construction of a Water Quality Model

Convective diffusion equation for the transport of substances in water bodies:

∂ϕ

∂t
+

∂(uϕ)
∂x

=
∂

∂x

(
k

∂ϕ

∂x

)
+S(ϕ) (9)

where x is the coordinate component, u is the velocity fraction, ϕ is the substance concen-
tration, k is the diffusion coefficient, and S(ϕ) is the source item.

3. Materials and Methods
3.1. Study Area

The area of the study was the Bohai sea area and the rivers entering in Liaodong Bay,
as shown in Figure 1. The rivers entering into the Liaodong Bay include Daliao (Upstream
is Hun and Taizi Rivers), Liao Daling, Xiaoling, Xingcheng, Yantai, Liugu, Dog, Shi, Dali,
Daqing, Sha, Xiongyue, and Fuzhou Rivers [37]. Among the above rivers, Daliao, Liao,
and Daling Rivers have an average annual runoff of more than 1 billion m3. Daliao River
has a watershed area of 26,556 km2, a total length of 470 km, and an average annual
runoff of 4.76 billion m3; the watershed area of Liao River is 219,000 km2, with a total
length of 1396 km and an average multiyear runoff of 3.54 billion m3; the total length of
Daling River is 447 km, with a basin area of 23,263 km2 and an average multiyear runoff of
1.26 billion m3. We selected sea-entry rivers in the Liaodong Bay region, including Daliao,
Liao, and Daling Rivers [38].
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3.2. Sample Collection

The COD content of rivers entering the Liaodong Bay area was calculated using
actual monitoring data in 2018. The potassium dichromate method was utilized for the
determination of COD. Table 1 shows the multiyear average flow of rivers in Liaodong Bay
and the measured amounts of COD in 2018.

Table 1. Data of 14 rivers that enter Liaodong Bay.

Rivers Flow (m3/s) Monitoring Section Detected Concentrations of COD (mg/L)

1 Daling River 40 Xibaqian 23.4
2 Daliao River 151 Liaohe Park 13.56
3 Liao River 112.3 Zhaoquanhe 18.8
4 Xiaoling River 14.4 Xishulin 42.25
5 Xingcheng River 5 Hongshibei 0.5
6 Yantai River 5 Yantai River Entrance 0.5
7 Liugu River 18.8 Xiaoyuchang 0.17
8 Gou River 4 Xiaowantun 0.5
9 Shi River 3 Shi River Entrance 0.5
10 Dahan River 5.2 Yinggaigonglu 22.58
11 Daqing River 2 Daqing River Entrance 21.67
12 Sha River 3 Sha River Entrance 19.91
13 Xiongyue River 2 Yangjiatun 14.58
14 Fuzhou River 7.4 Santaizi 20.58

3.3. Model Input

The model river’s topography data were based on genuine big cross-section data:
55 cross-sections of Daliao and Hun Rivers, nine cross-sections of Taizi River, 67 cross-
sections of Liao and Liao Rivers, and 48 cross-sections of Daling River. The river flow and
water depth statistics were based on genuine hydrological station measurements from 2018.
The flow velocity of rivers is shown in Figure 2. Nautical chart data were used to create
water region topography. The initial value of water depth was taken as 0 for the 1D river
model calculation. Moreover, the initial head was used as that for the model calculation
after the head was stabilized. The starting tide level and flow velocity for the sea region
were set to 0 m and 0 m/s, respectively. The tide level and flow velocity after the model
computation were set as the initial conditions.

A 1D (river) and 2D (sea) linked hydrodynamic water quality model was employed
in this investigation. The lower sections of Daling, Liao, and Daliao Rivers were selected
by the 1D non-constant flow calculation model of the river channel. Daling River was
selected by the river mouth to Linghai hydrological station with a length of 60.6 km. Liao
River was selected as the hydrological station from the mouth of the river to Liujianfang
on the Liao River, with a length of 106.7 km. Daliao River was selected as two river
sections, one from the mouth of the river to Xingjiawopu hydrological station on the Hun
River, with a length of 151 km, and the other from the mouth of the river to Tangmazhai
hydrological station on the Prince Edward River, with a length of 142.1 km. Due to a
lack of significant cross-sectional data, the 11 other rivers, such as Xiaoling River, were
incorporated into the model as point source contamination. The whole Bohai Marine was
the research region for 2D modeling, and the Liaodong Bay sea area was the center of study
and topography encryption.
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3.4. Model Setup and Calibration

Linghai hydrological station for Daling River, Liujianfang hydrological station for
Liao River, Xingjiawopu hydrological station for Hun River, and Tangmazhai hydrological
station for Taizi River were the beginning locations for the 1D river model. The 1D river
channel model was created using the daily average flow of the aforementioned five rivers
in 2018 as the inflow conditions for computation. The flow boundary established a link
between the 1D river cross-section and the 2D sea cross-section. The breadth of the 1D river
and its connection defined the node number of the 2D region, and the matching criteria
of water depth and flow had to meet at the connection point. Flow boundaries and flow
distribution accorded with Manning’s formula on 1D and 2D connection cross-sections [39].
The 2D model of the sea domain first calculated the unstructured grid in planar dimensions
by the Euler–Lagrange theorem, and then solved the discrete diving equations by using the
unstructured volume method [40–42]. Numerical simulation was performed to calculate
the flow process of tidal currents [43]. The 2D model was created using the chart’s elevation
points and closed polylines to establish the border extent. Unstructured triangular meshes
were horizontally selected. The model edge points were diluted once to confirm mesh
production and cell scale quality. The model’s grid scale was 4000 m, and the grid in
Liaodong Bay was encrypted. The local encryption grid scale was 200 m, based on the
computer processing efficiency and model accuracy.
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River roughness was calculated using data from the river hydrological station’s mea-
sured runoff and water depth. Daliao and Liao Rivers had a roughness of around 0.025,
whereas Daling River had a roughness of about 0.045. River roughness was compared
with relevant literature and was essentially chosen fairly. The near-shore sea had a rate
roughness of approximately 0.016. We considered the effect of organic matter attenuation
on the simulation results. We calibrated the attenuation parameters through the measured
water quality data from 2014 to 2017, and selected the comprehensive attenuation coeffi-
cient of COD as 0.006, so as to minimize the uncertainty of the simulation results and the
measured results.

4. Results
4.1. Model Validation

(1) Validation of the 1D hydrodynamic model for river channel

The simulation period was from 1 January 2018 to 31 December 2018, and 8760 h of
flow and water depth processes were simulated and computed. We could collect statistics
on water depth, flow rate, and water depth at different points of each node when the
simulation was over. Tangmazhai hydrological station (120◦43′, 41◦11′) on Taizi River was
chosen for 1D river model validation, and the simulation validation results of water depth
are given in Figure 3.
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To assess the measured and simulated values for the river 1D non-constant flow
validation, three approaches were selected: root mean square error (RMSE), mean relative
error (MRE), and R2 simulation superiority. The evaluation results are displayed in Table 2.
The simulated water depth variation pattern in each month of the year was consistent with
the real data, with R2 more than 0.99 in each month, MRE between 0.028% and 0.093%, and
RMSE between 0.082 and 0.376, indicating few errors and good fit.



Water 2022, 14, 3114 8 of 16

Table 2. Calculated water depth evaluation in the cross-section of Tangmazhai.

Month Simulated Water Level (m) Measured Water Level (m) RMSE (m) MRE (%) R2

1 3.042 2.960 0.082 0.028 0.999
2 2.930 3.050 0.120 0.039 0.998
3 2.970 2.780 0.190 0.068 0.995
4 2.978 2.750 0.228 0.083 0.994
5 4.816 4.440 0.376 0.085 0.993
6 3.520 3.220 0.300 0.093 0.991
7 3.531 3.270 0.261 0.080 0.994
8 3.772 3.480 0.292 0.084 0.994
9 3.358 3.110 0.248 0.080 0.995

10 3.118 2.900 0.218 0.075 0.994
11 2.995 2.870 0.125 0.043 0.998
12 3.085 2.940 0.145 0.049 0.998

(2) Validation of the 2D sea hydrodynamic model

For the sea simulation validation, two tide stations, Huludao and Yingkou, were
chosen. The validation results are given in Figure 4, where the solid line represents the
simulated tide level and the scattered dots represent the actual observed tide levels.
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Wilmott’s skill approach was used for the validation assessment of the 2D non-constant
flow in the sea domain [44], and the skill equation is as follows:

Skill = 1− ∑N
i=1 |M− D|2

∑n
i=1 (

∣∣M− D
∣∣+∣∣D− D

∣∣) 2 , (10)

where M represents the calculated value; D represents the measured value; and D repre-
sents the measured mean. The skill value shows the correlation between the deviation of
the measured value and the measured mean, including the deviation of the model com-
puted value and the measured mean. Skill evaluation is separated into six categories, with
1 being total agreement between simulation and real measurement, 0.65–1 being excellent,
0.5–0.65 being excellent, 0.2–0.5 being good, 0–0.2 being poor, and 0 being utterly incom-
patible. The tidal level is simulated for 365 days a year, with 329 days (90.1%) reaching very
excellent, very good, and good and with 306 days (83.8%) being very good; 14 days being
very good; and nine days being good.

(3) Validation of the water quality model in the sea

Marine COD was measured three times a year, in spring (May), summer (August), and
autumn (October). The study simulated the transport propagation of COD in Liaodong
Bay from 1 January 2018 to 31 December 2018. The locations of the real and simulated
measurements are illustrated in Figure 5; the simulation and real validation results are
displayed in Figure 6, respectively. Wilmott’s skill approach was also adopted for the
validation evaluation of the marine pollution transport model, which compared measured
and simulated values [45]. The evaluation result of point A1 in August and October was
excellent, and May and the whole year was inconsistent; point A2 in May and the whole
year was excellent, and August and October was inconsistent; point A3 in May, August,
and the whole year was excellent, and October was inconsistent. The following were the
main causes of the errors: the model calculated the monthly average of COD, whereas
actual monitoring is COD concentration at a specific time; the model calculated the vertical
average concentration, whereas actual monitoring is COD concentration at a specific
water depth. In addition, the lack of discharge data from some industrial enterprises that
discharge directly into the sea, including the influence of COD pollution sources outside
Liaodong Bay, were factors.
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4.2. Effects of Major Inlet Rivers on COD in Liaodong Bay

The study simulated the seaward process of COD in major rivers, such as Daliao,
Liao, and Daling Rivers, from 1 January 2018 to 31 December 2018 [46], the distribution in
Liaodong Bay, the influence range, and the change of pollutant concentration in different
sea areas.

It also stimulated and estimated COD contamination in the Liaodong Bay marine
region by major inlet rivers under runoff circumstances in spring (April), summer (August),
and winter (December) of 2018. According to the simulation, the influence of pollutants
from the main rivers to the sea on the water quality of Liaodong Bay was greatest in
summer (August), covering 391.88 km2; the influence range was similar in spring and
winter, covering 258.86 km2 in spring (April) and 257.89 km2 in winter (December). Table 3
and Figure 7 illustrate the distribution of marine regions in Liaodong Bay with COD values
surpassing the Class I seawater quality requirement.

Table 3. Major rivers into the sea corresponding to the sea COD more than the Class I sea water
quality standard range.

Daling River (km2) Liao River (km2) Daliao Rive (km2) Total (km2)

April 10.79 126.84 121.23 258.86
August 11.12 191.72 189.04 391.88

December 10.48 129.89 117.52 257.89

Water 2022, 14, x FOR PEER REVIEW 11 of 17 

 

 

pollutants from the main rivers to the sea on the water quality of Liaodong Bay was 
greatest in summer (August), covering 391.88 km2; the influence range was similar in 
spring and winter, covering 258.86 km2 in spring (April) and 257.89 km2 in winter 
(December). Table 3 and Figure 7 illustrate the distribution of marine regions in Liaodong 
Bay with COD values surpassing the Class I seawater quality requirement.  

 
Figure 7. Water quality distribution of seawater with COD concentration exceeding Class I in April, 
August, and December 2018. 

Table 3. Major rivers into the sea corresponding to the sea COD more than the Class I sea water 
quality standard range. 

 Daling River (km2) Liao River (km2) Daliao Rive (km2) Total (km2) 
April 10.79 126.84 121.23 258.86 

August 11.12 191.72 189.04 391.88 
December 10.48 129.89 117.52 257.89 

The simulated water quality (in terms of COD) in Liaodong Bay in summer 2018 
(August) was 139.81 km2 for Class II, 73.55 km2 for Class III, 62.11 km2 for Class IV, and 
116.41 km2 for poor Class IV. In summer 2018 (August), Daliao River had the highest effect 
on Liaodong Bay’s water quality with 191.7 km2; Liao River had 189.0 km2; which was 
similar to Daliao River’s influence, and Daling River haf a lower influence with 11.1 km2. 
The simulated areas of various water quality levels in Liaodong Bay waters in summer 
(August) are shown in Table 4. 

Table 4. Water quality area (COD) of major rivers entering the sea corresponding to various types 
of water in Liaodong Bay waters in August 2018. 

 Class II (km2) Class III (km2) Class IV (km2) Poor IV (km2) Total (km2) 
Daling River 4.51 1.6 2.21 2.8 11.12 

Liao River 53.39 54.6 30.08 50.97 189.04 
Daliao River 81.91 17.35 29.82 62.64 191.72 

Total 139.81 73.55 62.11 116.41 391.88 
* Note: Class II is Class II water quality Sea area. Class III is Class III water quality Sea area. Class 
IV is Class IV water quality Sea area. Poor IV is Poor IV water quality Sea area. 

4.3. Sudden Water Pollution Accident Simulation Study 
Water pollution incidents have occurred in recent years [47], and the Liaodong Bay 

region has yet to build an emergency water pollution accident warning system [48,49]. In 
this study, the selected pollutant to be leaked in a water pollution accident was a substance 
containing zinc, and the transport process of the pollutant in the main inlet rivers, the time 
of reaching the inlet, the time of reaching the maximum concentration of the pollutant in 
the inlet, the time of reaching the maximum influence range of the pollution mass, and 
the time of returning the inlet to Class I water quality when the sudden water pollution 
event occurred in Daliao, Liao, and Daling Rivers were simulated.  

Figure 7. Water quality distribution of seawater with COD concentration exceeding Class I in April,
August, and December 2018.

The simulated water quality (in terms of COD) in Liaodong Bay in summer 2018
(August) was 139.81 km2 for Class II, 73.55 km2 for Class III, 62.11 km2 for Class IV, and
116.41 km2 for poor Class IV. In summer 2018 (August), Daliao River had the highest effect
on Liaodong Bay’s water quality with 191.7 km2; Liao River had 189.0 km2; which was
similar to Daliao River’s influence, and Daling River haf a lower influence with 11.1 km2.
The simulated areas of various water quality levels in Liaodong Bay waters in summer
(August) are shown in Table 4.
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Table 4. Water quality area (COD) of major rivers entering the sea corresponding to various types of
water in Liaodong Bay waters in August 2018.

Class II (km2) Class III (km2) Class IV (km2) Poor IV (km2) Total (km2)

Daling River 4.51 1.6 2.21 2.8 11.12
Liao River 53.39 54.6 30.08 50.97 189.04

Daliao River 81.91 17.35 29.82 62.64 191.72
Total 139.81 73.55 62.11 116.41 391.88

* Note: Class II is Class II water quality Sea area. Class III is Class III water quality Sea area. Class IV is Class IV
water quality Sea area. Poor IV is Poor IV water quality Sea area.

4.3. Sudden Water Pollution Accident Simulation Study

Water pollution incidents have occurred in recent years [47], and the Liaodong Bay
region has yet to build an emergency water pollution accident warning system [48,49]. In
this study, the selected pollutant to be leaked in a water pollution accident was a substance
containing zinc, and the transport process of the pollutant in the main inlet rivers, the time
of reaching the inlet, the time of reaching the maximum concentration of the pollutant in
the inlet, the time of reaching the maximum influence range of the pollution mass, and the
time of returning the inlet to Class I water quality when the sudden water pollution event
occurred in Daliao, Liao, and Daling Rivers were simulated.

If a spill of zinc-containing pollutants occurred at the Daling River Linghai station
section on 15 May 2018, assuming that the peak pollutant concentration at the Daling River
Linghai station was 20 mg/L, then, according to the simulation results, after 60.6 km of
river transport, the front of the pollutant mass would reach the sea inlet on 21 May (day 7),
the maximum pollutant concentration would reach the sea inlet on May 30 (day 16), with a
maximum value of 1.28 mg/L, the sea pollution range would reach its maximum on 4 June
(day 21), and the mouth of the sea pollutant concentration would drop to 0.02 mg/L or less
and return to Class I water quality standard on 17 June (day 34). The pollutant transmission
and propagation from the Daling River outbreak are illustrated in Figure 8.
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If a sudden leakage of zinc-containing pollutants at the Liusafang hydrological station
section of Liao River occurred on 15 May 2018, assuming that the peak pollutant concen-
tration at the Liujianfang hydrological station section was 20 mg/L, then, according to
the simulation calculation results, after 106.7 km of river transport, the pollutant front
would reach the sea inlet on 17 May (day 3), the pollutant concentration at the sea inlet
would reach its maximum on 19 May (day 5), with the maximum value of 4.35 mg/L, the
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sea pollution range would reach its maximum on 31 May (day 17), the concentration at
the mouth of the sea would drop to below 0.02 mg/L and return to Class I water quality
standard on June 9 (day 26). The pollutant transportation and propagation in the sudden
water pollution accident in Liao River are shown in Figure 9.
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Figure 9. Pollutant transmission and propagation in the sudden water pollution accident in Liao
River.

If a sudden leakage of zinc-containing pollutants occurred in Hun River on 8 August
2018 at Xingjiawopu hydrological station, assuming that the maximum concentration of
pollutants at Xingjiawopu hydrological station section was 20 mg/L, then, according to
the simulation calculation results, after 151 km of river transport, the pollutants would
reached the sea inlet on 19 August (day 12), the pollutant concentration at the sea inlet
would reach its maximum on 23 August (day 16), with the maximum value of 0.51 mg/L,
the pollution range of the sea would reached its maximum on 3 September (day 27), and the
pollutant concentration at the mouth of the sea would drop to below 0.02 mg/L and return
to Class I water quality standard on 16 September (day 40). The pollutant transmission
and propagation from the sudden water pollution accident in Hun River are displayed
in Figure 10.

If the zinc pollutant spill occurred in Taizi River on 16 June 2018 at Tangmazhai
station section, assuming that the maximum pollutant concentration at Tangmazhai station
section was 20 mg/L, according to the simulation calculation results, after 142.1 km of
river transport, the pollutant would reach the sea inlet on 25 June (day 10), the pollutant at
the sea inlet would reach its maximum on 11 July (day 26), with the maximum value of
4.66 mg/L, the pollution range of the sea would reach its maximum on 29 July (day 44),
and the pollutants at the mouth of the inlet would drop to below 0.02 mg/L and return
to Class I water quality standard on 17 August (day 63). The pollutant transmission and
spread from the sudden water pollution accident in the Taizi River are shown in Figure 11.
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Figure 11. Sudden water pollution accident in the Taizi River pollutant transport spread.

The transmission speed of the zinc-containing pollution group in the Liao River was
the quickest, following a sudden water pollution event in rivers entering the sea. The
pollution group might reach the entrance of the sea and have an influence on it after
two days via 106.7 km of river transport. Given that the reaction time to a sudden water
pollution incident is limited and the response is tough, we must develop an emergency
plan and prepare ahead of time. The pollution mass in the Daling River spread six days
after entering the sea, despite the fact that reaction planning time was insufficient. The Hun
River had a 151 km river channel with an 11-day transmission propagation time, whereas
the Taizi River had a 142 km river channel with a nine-day transmission propagation time.
The sudden water pollution event response preparation time was relatively long, and
response work was relatively easy.

Following the entry of Zn-containing pollution masses from several rivers entering
the sea, the polluted area of the sea reached its maximum after 14 days in the case of Daling
River, 15 days for Liao River, 15 days for Hun River, and 34 days for Taizi River. The
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pollution event timing, the incoming river flow, the pollutant concentration overlaid on
each river, and other elements all had roles. Table 5 shows various water pollution episodes
in rivers that led to marine pollution, including peak present and retreating times.

Table 5. Pollutants into the sea, peak present and receding times of the sudden water pollution
accident of the river into the sea.

River Accident Occurred Time of Arrival Time of Peak Restore Class I

Daling River 15 May 2018 21 May 2018 30 May 2018 17 June 2018
Liao River 15 May 2018 17 May 2018 19 May 2018 9 June 2018
Hun River 8 August 2018 19 August 2018 23 August 2018 16 September 2018
Taizi River 16 June 2018 25 June 2018 11 July 2018 17 August 2018

* Note: Accident occurred is the time for pollution accident occurred. Time of arrival is the time of arrival of
pollutants in the estuary. Time of peak is the time of peak pollution concentration in the estuary. Restore Class I is
the time for the estuary to restore Class I water quality.

5. Conclusions

This study built a hydrodynamic deriving pollutant transport model of Liaodong
Bay area and its main inlet rivers. It concluded that in summer (August), the main inlet
rivers carried COD to the bay in an area of 392 km2, including 140 km2 of Class II water
quality, 74 km2 of Class III, 62 km2 of Class IV, and 116 km2 of poor Class IV. The influence
range on the sea area in April (spring) and December (winter) was relatively small, about
258 km2 (water quality below Class II). The influence range of Daliao River on the water
quality of Liaodong Bay in August (summer) was 191.7 km2 (water quality below Class II).
The influence range of Liao River was 189.0 km2 (water quality below Class II), which
was close to the influence range of Daliao River. The influence range of Daling River was
small, at 11.1 km2 (water quality below Class II). When a sudden water pollution accident
containing zinc pollutants in rivers entering the sea occurred at the Liujianfang section of
Liao River, the pollutants arrived at the mouth of the sea on day 3, which was the shortest
time. The preparation work for the accident was short and difficult. When it occurred at
the Xingjiawopu section of Hun River, pollutants entered the sea on day 12. If the accident
occurred at the Tangmazhai section of Prince Edward River, pollutants entered the sea
on day 10. The pollutant transmission and propagation time in Hun River and Prince
Edward River exceeded 10 days, and the preparation work for the accident was relatively
adequate. When the pollution occurred at Linghai section of Daling River, the pollutants
entered the sea on day 7. The preparation time for accident response was longer than that
of Liao River and shorter than that of Hun and Prince Rivers. The six-day work was also
tight for emergency preparation. This study fills the gap in the research on the response to
sudden water pollution incidents in Liaodong Bay waters and major inlet rivers. It also has
important reference value and guidance for pollution management.
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