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Abstract: With China’s rapid economic growth and increasing speed of urbanization, water pollution
accidents have become one kind of environmental pollution source in China and bring potential risk
to urban drinking water safety. The Huangjuedu Drinking Water Source Area is an important water
source in Chongqing City (Southwest China) and a water intake source for the Jiangnan Waterworks
of the Chongqing Drinking Water Company. There are still risks of water pollution accidents
caused by ship leakage, road traffic accidents, chemical plant leakage, etc. The safety of the drinking
water area is related to regional residents” health and life safety and also has a profound impact on
economy development and social stability. To reduce the harmful impacts of water pollution, it is of
great scientific value and practical significance to analyze the pollutant diffusion of water pollution
accidents with the Three Gorges Reservoir Area drinking water source security platform. In this paper,
a two-dimensional water quality monitoring model was applied, and the digital elevation model
was incorporated into the geographic information system, which generated a computational grid.
Then, the Three Gorges Reservoir Area drinking water source security platform was developed.
The platform can predict the water flow velocity, pollutant concentration at the drinking water inlet,
and the spatial and temporal distribution of pollutants in the whole water source area. Furthermore,
a hypothetical ammonia nitrogen leak accident was analyzed using this safety platform. The ammonia
nitrogen concentration at the intake of the drinking water source area was detected and analyzed by
the security platform from the time of the accident until the concentration dropped to the background
during four water periods under different wind direction conditions. The pollutants took 19, 22, 25,
and 40 min to reach the water quality standard during the four water periods. Moreover, the diffusion
of ammonia nitrogen in the southeast wind was faster than that in the southwest wind. The results
showed that the platform is scientific and practical, and the prediction results are helpful for the
Emergency Management Department to quickly and accurately predict the migration of ammonia
nitrogen pollution and make corresponding plans under accident conditions.

Keywords: Huangjuedu Drinking Water Source Area; ammonia nitrogen; Three Gorges Reservoir
Area drinking water source security platform; safety guarantee
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1. Introduction

Drinking water safety is a major problem that affects human health and social stability. According
to the World Health Organization (WHO) survey, 80% of diseases are associated with unsafe drinking
water [1-3]. The safety of drinking water has always been a concern for people all over the world.
Water is the source of life, constitutes an important part of the human body, and plays an important
role in human health. Drinking water safety is essential to protect human health, and safety is the
cornerstone of national security and social stability. The environmental safety of a drinking water
source is closely related to the drinking water safety of a residents’ life, because water plants take water
directly from drinking water sources. Environmental pollution accidents have caused water supply
safety problems in countries including China, Japan, Korea, and Poland [4,5]. Water pollution accidents
refer to the process by which water quality deteriorates over a period of time due to human factors or
extreme weather. Water pollution incidents cause a large number of toxic and harmful substances to
be discharged into the environment in a short time, seriously damaging the ecological environment
and causing damage to the safety of drinking water [6,7]. Previous studies have sought to establish a
basic theoretical system to predict and simulate pollution accidents and their influence areas [8].

The Three Gorges Project is a grand water conservancy project that plays an important role in
China’s social and economic development. The Three Gorges Reservoir Area connects the upper
and lower reaches of the Yangtze River, which is an important freshwater reservoir in China. There
are millions of people living in the reservoir area, and there are many sources of drinking water [9].
In recent years, the urban population of the reservoir area has expanded rapidly, and the social economy
has also developed rapidly. The Three Gorges Project Area is also threatened by various sudden water
pollution accidents. Its annual navigation capacity is about 100,000 tons, including 100 hazardous
chemical cargo ships and oil tankers carrying more than 3500 tons. The Three Gorges Reservoir area
drinking water source security system is an important tool and platform to guarantee the safety of
drinking water sources in the Three Gorges Project Area. The system has strong operability and realizes
the visualization and information management of the management platform. It plays a monitoring
and early warning role in water source data, with high efficiency and timeliness, ensuring the safety of
drinking water supply. Therefore, it is important to establish a safety guarantee system to ensure the
safety of the drinking water supply in the Three Gorges Project Area [10].

Zhangetal. (2013) combined the SD (System Dynamics) model with GIS (Geographical Information
System) by integrating one-dimensional dynamic water quality model and introduced system dynamics
into their water quality simulation calculation. A water quality model construction method based on
system dynamics was proposed, and the spatio-temporal water quality model and simulation system
were developed. The system applied the commonly used two-dimensional spatial analysis tools to
the three-dimensional spatial data analysis. Through the analysis and expression of the integration
of two and three dimensions, the analysis results of the traditional spatial analysis function not only
retain the macroscopic display in the two-dimensional map but also increase the intuitive display
in the three-dimensional map. The system dynamics water quality model was used to calculate the
time-concentration series of each section, and the correlation analysis was performed according to the
spatial position of each section. Computer software was then used to render the results in graded colors
based on the concentration of pollutants in each section of the river at the current time on the timeline.
The dynamic simulation and trend prediction of complex system behavior based on time and space are
realized, and an efficient and convenient digital management tool for sudden water pollution accidents
is established [11,12]. A.R. Slanghter (2017) added microbial water quality simulation function to
the Water Quality System Assessment Model (WQSAM). WQSAM was used to assign the microbial
water quality “characteristics” of non-point source input to the incremental flow portfolio for modeling
and to assign them to the point source output according to similar characteristics. The purpose was
to assess whether the simplified representation of processes affecting microbial water quality was
accurate enough for water resource management. The results of the present study indicate that the
system can reflect the variability of observed data in a watershed where data is scarce. Although the
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approach used is relatively simple, it has been argued that the uncertainty generated by the simplicity
of the model will be no more or even less than that generated by the application of complex models to
watersheds with sparse data [13].

However, these studies still had two major limitations. One is that previous studies rarely
involve drinking water sources, especially after water pollution accidents, and analyze the water
supply function of the intake and the whole drinking water source. Another is that the study area
rarely involves the Three Gorges Reservoir area. Therefore, it is of great significance to assess the
Three Gorges Reservoir area drinking water source security system. As an extension of previous
efforts, the objective of this study is to develop a Three Gorges Reservoir area drinking water source
security system for monitoring pollutant migration and diffusion in the area in order to provide
support. By using the two-dimensional water quality monitoring model, based on FORTRAN language
(The abbreviation of Formula Translation is the first high-level programming language designed for
scientific, engineering problems or problems in business management that can be expressed with
mathematical formulas) and TECPLOT visualization interface(One software with powerful data
analysis and visual processing functions), considering that the model can visually present the spatial
and temporal distribution of pollutants, a drinking water source security system in the Three Gorges
Reservoir area is developed [2,14].

Ammonia nitrogen in water is decomposed into nitrite nitrogen by microbial action, and nitrite
nitrogen in water in high concentrations can easily combine with protein to form nitrosamine, which is
a strong carcinogen that is extremely adverse to the body, so we chose ammonia nitrogen pollutants as
the research target [15,16]. The Huangjuedu Drinking Water Source Area is an important water source
in Chongqing City (Southwest China) and the water intake source for the Jiangnan Waterworks of the
Chongqing Drinking Water Company. Therefore, the process of translocation and transformation of
ammonia nitrogen pollutants in the Huangjuedu Drinking Water Source Area was analyzed. The system
provides a tool for the analysis and study of the time and space variation process of the diffusion and
migration of ammonia nitrogen pollutants in the case of a hypothetical accident in order to improve the
emergency response capacity of urban drinking water source areas, reduce property losses and social
and economic hazards caused by accidents, and ensure the safety of drinking water for urban residents.
In this study, the system was used to compare the diffusion and pollutant concentration changes of
ammonia nitrogen pollutants during a dry period, flood period, falling period, and storage period.
In addition, Chonggqing is located in the subtropical monsoon climate zone, with southwest winds
prevailing in summer and southeast winds prevailing in winter. The proposed system can provide
positive decision support for the treatment of water pollution accident in Three Gorges Reservoir
Region drinking water area and can also be used as a reference for researchers on the transport and
transformation of pollutants in water.

2. Materials and Methodology
2.1. Methodology

2.1.1. Fundamental Mathematical Models of Water Quality

In the constant flow model, each parameter value does not change with time, while the non-constant
flow model allows parameters to change with time. The constant and unsteady flow models mentioned
here refer to both flow parameters (flow volume, velocity, and depth) and water quality parameters [17].
The values of the various parameters used in water quality models often have to be determined through
field and laboratory studies. However, many rivers are usually hundreds or thousands of kilometers
long, and the water depth is usually between a few meters or tens of meters. In addition, since most
rivers are shallow and wide, all water parameters in the direction of water depth can be ignored in this
study. Therefore, this study adopted the conserved water quality control equation and used computer
software to edit the data into a visual system for research.
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When wind shear stress and Coriolis force (the Coriolis force comes from the inertia of the object in
motion, which is a description of the deviation of the linear motion of the particle in the rotating system
due to inertia relative to the linear motion of the rotating system) are not considered, the conservation
water quality control equation is adopted. The basic equations of water flow motion are shown as
follows [18]:
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where x and y are the longitudinal and transverse flow distances (m) of the river, u is the velocity
component in the x directions (m/s), and v is the velocity component in the y directions (m/s), t is the
time(s), i represent river depth (m), z is the water level (m), H is the river bottom elevation (m), c is the
concentration of pollutants (mg/L), x and y are the eddy viscosity coefficients in x and y directions,
respectively (m?/s), g is the gravity (m?/s), E, and Ey, are the sums of discrete coefficient and turbulent
diffusion coefficient in x and y directions, respectively (m?/s), n is roughness, g is interval inflow (m?/s),
and S; is representative sink term (g/s).

2.1.2. Discrete Method

Equations (1)—(4) can be discretized based on the Finite Volume Method (FVM) [11], and then
Equation (5) is obtained. Among them, the Semi-Implicit Method for Pressure-Linked Equation
(SIMPLEC) method is adopted for discretization of the continuity equation and momentum equation,
as shown in Table 1. In the calculation of model, the FVM equation is selected, and the SIMPLEC
method is used to solve the flow field based on the isotopic grid theory.

Parameter values for Equation (5) are shown in Table 1 [19].

ap ¢p = apQE + awpw + anpn + asps +b, (5)
Here « is the relaxation factor in SIMPLEC method.

Table 1. List of equation discrete coefficients.
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2.2. System Development

Based on the above model, a two-dimensional water quality monitoring model based on FORTRAN
language and TECPLOT visualization interface was used for the drinking water source area in the
three gorges reservoir area [20-22]. Considering that the model can directly reflect the spatial and
temporal distribution of pollutants, a security system for the drinking water source in Three Gorges
Reservoir area was developed [23].

The upstream flow and downstream water level of the water source area are input into the platform,
and the set parameters are input into the platform, such as roughness and diffusion coefficient, and the
original data such as background concentrate ion and initial water depth are set. Through the calculation
function of the platform, the spatial and temporal distribution of pollutants and the concentration of
pollutants can be obtained, which can be expressed visually through different colors.

3. Model Application

3.1. Study Area

Considering the regional location, water supply demand, and other conditions, the Huangjuedu
Drinking Water Source area (H/DWSA) was taken as the study area to simulate and predict the
water quality of drinking water sources in the Three Gorges Reservoir area under accident conditions.
HJDWSA belongs to the Chongqing section of the Yangtze River, which is a river-type water source
area. Located in the Nanan District of Chongging City (the largest city in the Three Gorges Reservoir
area with 31 million people), it is one of the protected water bodies in the Three Gorges Reservoir
Area. HIDWSA is located between 106°3'14”~106°47'2” E and 29°27'2”~29°372” N. The whole area
is 1.2 km?2, with a length of about 1200 m, and the width of the water source area is about 1000 m.
The perennial average water level of HHDWSA is 166.20 m, the depth is about 30 m, and the flow of
HJDWSA is about 3000~12,500 m%/s.

The HDJWSA water plant is the main water plant for Chongqing City. The plant withdraws
100,000 t/d of water via a floating boat on the shore and services 290,000 residents of the Nanan District
of Chonggqing City. The geographical location map of the study area is shown in Figure 1.
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Figure 1. The geographical location map of the Huangjuedu Drinking Water Source area (HJ]DWSA).
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3.2. Source Term

Ammonia nitrogen is a typical water pollutant. In some cases, residents in the three gorges
reservoir area will carry out water transportation of nitrogen fertilizer on the water source for economic
reasons. Therefore, an ammonia nitrogen pollution accident in HHDWSA was assumed in the study [24].

In this scenario, a cargo ship carrying nitrogen fertilizer (with a nitrogen content of 35%) turned
over at the middle of the 100 m upstream, which caused 100 tons of nitrogen fertilizer to be discharged
within 15 min. Considering the influence of hydrological conditions on the process of pollutant
migration and transformation, the year is divided into four water periods—a dry period, flood period,
storage period, and flow period.

3.3. Accident Process Simulation

3.3.1. Boundary Conditions

In the prediction model, the upstream flow and downstream water level are usually selected as
the boundary conditions of the model to ensure the accuracy of the calculated results [25,26]. In this
study, taking HIDWSA as the research object, and according to the experience of other researchers,
the daily flow of the Zhutuo hydrological station was selected as the upstream boundary, and the water
level height of the Cuntan hydrological station was selected as the downstream boundary. Figure 2
presents the variation of daily flow of the Zhutuo hydrological station and the change of water level at
the Cuntan hydrological station in 2015.
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Figure 2. Daily flow and water level at hydrological stations in 2015.

As can be seen from the chart of daily discharge and water level, the maximum daily flow at
the Zhutuo hydrological station is 23,000 m3/s, which occurred in the flood period in September.
The minimum daily flow was 2970 m3/s, which appeared in the dry period in February. The maximum
water level of Cuntan hydrological station is 176.02 m appearing in the storage period of October.
The minimum water level was 160.35 m, which appeared in the decline period in May. One month
was selected for each of the four periods—the average flow velocities in the dry period, flood period,
storage period, and fluctuation period were 3480 m/s, 12,500 m/s, 10,900 m/s, and 5170 m/s, respectively.
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3.3.2. Initial Conditions

The background concentration of pollutants in the river is taken as the initial condition for the
operation of the model. According to the surface water environmental quality standard (GB3838-2002),
it is assumed that the concentration of background ammonia nitrogen in water body is 0.5 mg/L
(Class II).

3.3.3. Determination of River Roughness

In order to solve the discrete equation, a constant flow rate is selected to calibrate the roughness
of the channel and determine the roughness range of the study area. Roughness should be determined
according to the observed value in 2015. In this study, ammonia nitrogen was taken as the index,
and the main purpose of selecting constant flow to calibrate river roughness was to determine the
roughness range and approximate the simulated value to the provided value through an iterative
algorithm. In the process of ammonia nitrogen simulation, in order to solve the discrete equation,
the river bed roughness and turbulent viscosity coefficients were calibrated by the flood period flow
condition (flow Q = 12,500 m3/s, water level Z = 166.67 m), the value of bed roughness was obtained as
n = 0.0854 [27], and the turbulent viscosity coefficient Vt = 0.05 [28].

The security platform also needs to define the transverse diffusion coefficient and the longitudinal
diffusion coefficient. The empirical formula method was adopted, and methods of other scholars were
used for reference [29], to obtained the transverse and longitudinal diffusion coefficients, which were
0.5 m?/s and 0.5 m?/s, respectively.

3.3.4. Parameter Calibration

After establishing the water quality safety prediction model, parameter calibration should be
carried out to ensure the validity of the model [30,31]. According to a 2015 HJIDWSA section on
monitoring of water quality value as a result, the calculated results compared with the measured
data, the calculated concentration field per hour, finally simulation at the water quality meet the
requirements of class II water quality standard. Where the I\] axis represents the number of tables
respectively, and the size of each grid represents 4 m. DEM grid size of H{DWSA is 4 m X 4 m, and the
number of grids are 250 x 342. Here, 85,500 grid points are calculated, as shown in Figure 3.
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Figure 3. Check chart of simulated and observed values of ammonia concentration.

Hydrological data of the dry period was Q = 3480 m%/s; Z = 169.86 m. By comparing the simulated
and measured values of ammonia concentration, the accuracy of the transverse and longitudinal diffusion
coefficients was verified [32-34]. The result shows that the average absolute error of the algorithm
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is less than 6% in the calculation of pollutant emergencies in the water source area. In conclusion,
this platform can be used as a tool to simulate the diffusion of ammonia nitrogen pollutants in the
HJDWSA [35].

4. Results and Discussion

This study had four water periods, and the spatial and temporal changes of assumed ammonia
nitrogen pollution accident and the pollutant concentration changes were simulated in the H/DWSA.
The time variation and spatiotemporal distribution of the concentration in the whole water area were
obtained by simulation.

4.1. Spatiotemporal Variation of Ammonia Nitrogen Pollutant in Dry Period

As the HIDWSA is a protection zone, the standard is that the concentration of ammonia nitrogen
in the whole water source area should be no more than 0.5 mg/L. Moreover, the water quality of the
HJDWSA reached the standard for drinking water quality, and the initial concentration of the reservoir
(Chonggqing section) was 0.5 mg/L. Therefore, this study believes that the “acceptable” standard for
the impact of the accident is when “the maximum concentration of water source is not more than
0.5 mg/L.” It can be seen that the excess duration of ammonia nitrogen caused by the accident in the
water source during the dry period was 40 min—that is, the concentration of ammonia nitrogen in the
whole water source decreased to the standard value within 40 min after the accident. The migration
route of ammonia nitrogen pollutants in the dry period of HIDWSA after the accident is shown in
Figure 4.
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Figure 4. Spatial and temporal distribution of ammonia concentration in dry period after the
accident occurred.

It can be seen that, in the continuous discharge stage of the pollution source, the maximum
concentration was 162.32 mg/L, 170.08 mg/L, 170.89 mg/L, and 171.12 mg/L, respectively, 1, 5, 10,
and 15 min after the accident. Once pollution occurs, pollutants begin to spread from the accident site
to the surrounding area, so the concentration of ammonia nitrogen at the pollutant outlet is the highest.
After the discharge of pollution sources was stopped, 20, 28, 34, and 40 min after the accident were
selected as the research objects. The maximum concentration was 21.33 mg/L, 14.77 mg/L, 1.75 mg/L,
and 0.5 mg/L, respectively. The position of high concentration was located in the middle of the
river along with the migration of water flow. It can be found that, before the end of the discharge
of the source, the maximum concentration of ammonia nitrogen pollutant increased because it was
continuously discharged into the water body.
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4.2. Spatiotemporal Variation of Ammonia Nitrogen Pollutant in Flow Period

The migration route of the ammonia nitrogen pollutant in the falling period is shown in Figure 5.
This means that 25 min after the accident, the concentration of ammonia nitrogen in the whole water
source fell to the standard value. It can be seen that the duration of excess ammonia nitrogen caused
by accident in water source was 25 min during the extinction period. 18, 21, 23, and 25 min after the
accident were predicted in the fluctuation period.
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Figure 5. Spatial and temporal distribution of ammonia concentration in flow period after the
accident occurred.

As can be seen, in the continuous phase emission sources, 1, 5, 10, and 15 min after the accident,
the maximum concentration of pollution were 118.79 mg/L, 121.99 mg/L, 122.05 mg/L, and 122.28 mg/L.
The maximum concentrations were 16.04 mg/L, 10.80 mg/L, 0.92 mg/L, and 0.5 mg/L, respectively,
18, 21, 23 and 25 min after stopping the pollution sources. With the migration of the water, its high
concentration area is located in the middle of the river.

It can be seen that the diffusion range of ammonia nitrogen pollutant gradually increases with
time, and the pollutant diffuse laterally downstream, diffusing longitudinally to both banks, and the
distribution of pollutants forms a layered structure. Compared with the dry period, the ammonia flow
rate is shorter than the dry period, so the ammonia nitrogen pollutant was shorter in the flow period,
and the maximum concentration of pollutants is lower than the dry season.

4.3. Spatiotemporal Variation of Ammonia Nitrogen Pollutant in Flood Period

The temporal and spatial variation of ammonia nitrogen pollutants in the flood season is shown in
Figure 6. It can be seen that the concentration of ammonia nitrogen in the whole water source dropped
to the standard value 19 min after the accident.

T E

a) Imin b) 5min ¢) 10min ) 15min
|5

== I B

e) 16min f) 17min g) 18min h) 19 min

[

rrmn

-
-

Figure 6. Spatial and temporal distribution of ammonia concentration in flood period after the
accident occurred.
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In the continuous discharge stage of pollution sources, the maximum concentrations of pollution
sources were 66.62 mg/L, 65.91 mg/L, 61.99 mg/L, and 61.51 mg/L within 1, 5, 10, and 15 min after the
accident. The concentration of ammonia nitrogen in the discharge of pollution sources is the highest.
The maximum concentrations were 8.10mg/L, 3.68 mg/L, 0.95 mg/L and 0.5 mg/L, respectively, 16,
17,18 and 19 min after the discharge of pollution sources was stopped. As the water flows, the high
concentration zone is located in the middle of the river.

Different from the dry period and the flow period, in the continuous discharge stage, the maximum
concentration of ammonia nitrogen pollutants decreases slightly with time due to the fact that the
water flow rate in the flood season is much higher than that in the dry period. Moreover, ammonia
nitrogen pollutant migrates downstream with the flow, and the faster the flow, the faster the migration
speed. Therefore, in the flood season, the water source reaches the standard value faster than the other
three water periods

4.4. Spatiotemporal Variation of Ammonia Nitrogen Pollutant in Storage Period

The spatial and temporal changes of ammonia nitrogen pollutants during the storage period of
HJDWSA are shown in Figure 7. They show that 22 min after the accident, the ammonia nitrogen
concentration of the entire water source dropped to the standard value.

a) Imin b) 5min ¢) 10min d) 15min

=

e) 18min f) 20min g) 21min h) 22min

Figure 7. Spatial and temporal distribution of ammonia concentration in storage period after the
accident occurred.

During the continuous discharge stage of pollution sources, the maximum concentrations of
pollution sources were 77.12 mg/L, 85.45 mg/L, 85.87 mg/L, and 86.01 mg/L, respectively, within 1, 5, 10,
and 15 min after the accident. After the discharge of the pollution source stopped, the accidents were
selected for 18, 20, 21 and 22 min as the research object. The maximum concentrations were 10.39 mg/L,
4.56 mg/L, 1.51 mg/L, and 0.5 mg/L, respectively. With the migration of water, the concentration of
ammonia nitrogen in the middle of the river is the highest.

As with the other three water periods, the maximum concentration of ammonia nitrogen
contaminants remains at the origin of the accident, and the concentration of the river core is still the
highest after the source has stopped discharging. When ammonia nitrogen pollutants spread to the
riverbank, the diffusion speed is slowed down, so the concentration in the center of the river was
higher than that on both sides. Comprehensive case of four water view, the highest migration speed of
pollutants appeared in the flood period, while the lowest was in the dry period. This indicated that
different hydrological periods have different degrees of influence on the diffusion of pollutants.
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5. Conclusions

This study established a security system for drinking water sources in the Three Gorges Reservoir
area. This system is based on the TEPLOT simulation platform of FOTRAN language, using a
two-dimensional water quality monitoring model. The two-dimensional water quality monitoring
model was used to analyze a hypothetical ammonia nitrogen pollution accident under the flow rate of
the drinking water source area of Huangjuedu. This system was used to simulate the concentration and
spatiotemporal variation of ammonia nitrogen pollutants. In this research, we simulated the migration
and diffusion process of ammonia nitrogen pollutant in the drinking water source area during four
water phases of the year, revealing the temporal and spatial changes of ammonia nitrogen.

The results show that the system can not only predict the impact of accidents on the water source
but can also simulate the diffusion processes of pollutants in the study area, including pollution
duration and pollutant concentration. Furthermore, the results showed that the security platform was
visual, feasible, and scientific. According to the simulation results, from the longitudinal diffusion
results of ammonia nitrogen pollutants in the water source area, we can see that there are four water
periods—flood period, storage period, falling period, and dry period. The pollutants took 19, 22, 25,
and 40 min to reach the water quality standard. In other words, different hydrological cycles affect
the migration and transformation process of ammonia nitrogen pollutants after pollution accidents.
At the continuous discharge stage, the concentration of ammonia nitrogen at the discharge point is the
highest. The concentration in the river center is the highest after the discharge of pollution sources is
stopped. According to the comprehensive situation of the four water periods, the pollutant migration
velocity was the highest in flood period and the lowest in dry period. The results show that different
hydrological cycles have different effects on the diffusion of pollutants, and the higher the water flow
velocity, the less time it takes for the quality of the water source to reach the standard value.

This research developed a useful system for Three Gorges Reservoir region, which provides a tool
users and managers can easily understand the influence process of accident on water source through.
In addition, it also provides a reference for managers to carry out emergency work after water pollution
accidents. However, there are still some areas for improvement in this study In the future, the influence
of meteorological conditions on pollutant migration and ammonia nitrogen volatilization in water will
be further considered.
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