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Abstract: Imported air pollution has a significant impact on urban air quality. Relevant studies have
shown that many urban air pollution events are not resourced by local emissions but are imported
by air pollution from surrounding areas transported across regions. The prevention and control
of air pollution is very necessary. However, the existing supervision of urban air quality mostly
relies on ground monitoring stations, which are extremely limited in time and space, and cannot
satisfy continuous time-space air pollution research. Therefore, aiming at the problem of urban air
pollution control, this paper used MERRA-2 reanalysis data and ground monitoring data to establish
a “Time-Longitude-Latitude” three-dimensional pollution curve, and then a genetic algorithm was
used to optimize its fitting. This study finally reconstructed the imported air pollution transmission
route. This paper takes an air pollution event that occurred in Xuzhou City, China, on 12 January 2020,
as an example. Through the analysis of aerosol optical depth (AOD), particulate matter (PM), wind
speed, and other factors, we found the source, transmission route, and impact time of this pollution.
We have verified the correctness and accuracy of the reconstructed contamination transport paths.
It is proved that the method is universal and it can quickly and accurately restore the air pollution
transmission route and identify the urban imported air pollution transmission entrance. This method
will also provide strong data support for the division of responsibilities of environmental protection
departments in various regions for severe air pollution transmission events and provide effective
governance ideas for the prevention and control of imported air pollution in recipient cities.

Keywords: urban imported air pollution; regional transmission; transmission route; spatiotemporal
multivariable; three-dimensional pollution curve

1. Introduction

In recent years, the energy consumption of human beings has witnessed a significant
increase due to the rapid development of society and ongoing advancements in industri-
alization and urbanization. The waste and pollution that humans need to discharge in
daily production and life far exceed the self-purification ability of nature itself, which has
led to increasingly serious air pollution problems [1,2]. The concentration of particulate
matter (PM) repeatedly exceeds the limit value (75 ug/ m3), according to the “Ambient Air
Quality Standard” formulated by China Environmental Monitoring Station (GB3095-2012).
Poor air quality remains a big issue in China’s urban environment, especially in large
cities like Beijing and Shanghai, as well as major urban agglomerations such as the Beijing-
Tianjin-Hebei region, the Pearl River Delta, and the Yangtze River Delta [3,4]. Therefore,
urban areas with a high concentration of population have become the main focus of air
pollution control [5]. However, due to the physical properties of the atmosphere itself, the
air quality of a city or region is not only affected by the emission of local air pollutants, but
is also related to the regional transport of air pollutants in surrounding areas [6,7]. Relevant
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studies have shown that regional transmission plays an important role in the formation
and evolution of air pollution events and the air quality in downstream regions [8-11]. If
we want to achieve efficient control of urban air pollution, it is far from enough to only
consider internal factors to carry out local air control. A regional joint prevention and
control of air pollution needs to be implemented. We should clarify the transport process
and characteristics of air pollutants across regions, find imported air pollution sources, and
formulate targeted pollution control strategies [12—-15]. This is the key to solving the air
pollution problem.

However, in actual application and work, most of the understanding and grasp of
urban air quality and atmospheric particle concentration by government environmental
protection departments are mainly based on the observation data of ground monitoring
stations. As far as China is concerned, the urban air quality data released by the Ministry
of Ecology and Environment in real-time comes from various state-controlled automatic
monitoring stations for ambient air quality. Although ground monitoring stations have
their advantages, such as continuous automatic real-time monitoring and high monitoring
accuracy, their disadvantages are also obvious. The distribution of their monitoring data is
discrete, so these data cannot form a continuous “surface” result. Although the number
of ground monitoring stations is increasing and their distribution is becoming increas-
ingly dense, based on the distribution density of China’s existing automatic monitoring
stations for environmental air quality, there is an average of one monitoring station per
25-30 square kilometers. However, there is still a reality of uneven distribution, especially
in the vast ocean and special areas where the environment is very harsh and even the
foundation site cannot be involved. This method of monitoring air quality by relying only
on essentially discrete point data is obviously not enough to support the monitoring needs
of air environmental quality and pollution sources in cities and even larger areas. The real
urban atmospheric environment is a complex system with multi-scale correlations, multiple
pollution sources compounded, and multiple pollution processes coexisting. It exhibits
a strong spatiotemporal correlation feature [16-18]. The “large scale” and “continuity”
characteristics of satellite remote sensing data can solve the current problems of ground
monitoring sites. Through high-frequency and wide-ranging satellite remote sensing obser-
vations, we can quickly respond to the distribution and change process of air pollution in a
large area. This method can understand the causes, sources, and transportation process of
air pollution from a macroscopic “surface”. Therefore, satellite remote sensing data has
been applied by numerous researchers to study the spatiotemporal distribution of atmo-
spheric pollutant concentrations [19-24]. In addition, after repeated experiments, it has
been proven that aerosol optical depth (AOD) has a high correlation with the concentration
of particulate matter near the ground, and therefore it has been widely used in the analysis
and research of atmospheric particulate matter concentration [25-29].

The research on the regional transmission of air pollution can be traced back to the
1960s. When studying the relationship between sulfur emissions from the European
continent and the acidification of Scandinavian lakes, Odén found that air pollutants
undergo long-distance transmission before settling [30]. These studies have also facilitated
cooperation among the international community in the quantitative evaluation of air
pollution and the joint management of atmospheric problems. At present, research methods
on the regional transport of atmospheric particulate matter can be roughly classified into
three categories: atmospheric physical modeling methods [31-35], air quality modeling
methods [36-39], and spatial statistical methods [40,41]. That is to say, existing relatively
mature research methods almost all involve the use of models. While using models has its
advantages, its disadvantages are also obvious: for example, the preliminary preparation
work is complex, and experiments require a large amount of manpower and material
resources to prepare extremely diverse types of input data, including various meteorological
data, ground data, etc., which is difficult to achieve; and the running data volume of the
model is also large, which requires very high-powered hardware equipment and cannot be
achieved by ordinary computers.
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Based on the summary of the research status above, we found that most of the existing
research results utilize satellite remote sensing data and models to explore the overall
atmospheric pollution situation over a long period of time and in a wide range of fields.
(MERRA-2), a reanalysis dataset that combines satellite remote sensing data and ground-
based data, has greater advantages in terms of spatiotemporal continuity and coverage,
and its download and acquisition methods are also relatively convenient. Therefore, this
paper will fully utilize the advantages of this data, while combining ground monitoring
data to conduct research on the regional transmission of urban imported air pollution.
We expect to be able to clearly and accurately discover the source of urban imported air
pollution and discover the “culprit”. This will also avoid the input of air pollutants in the
surrounding areas to the greatest extent, so as to improve the urban air quality and the
living environment of citizens more scientifically and efficiently.

2. Materials and Methods
2.1. Overview of the Study Area

Xuzhou, Jiangsu Province, China, was selected as the research city. Xuzhou (116°22'-118°40'E,
33°43'-34°58' N) is located in the northwest of Jiangsu Province and the southeast of the
North China Plain. It is the central city of the Huaihai Economic Zone, which is composed
of the border areas of Jiangsu, Shandong, Anhui, and Henan provinces, as shown in
Figure 1. As a very important coal producing area in China, Xuzhou’s environment was
used to be summarized as “one city with coal ash and half city soil”. It can be seen that
coal mining has a significant negative impact on the environment in Xuzhou. Nowadays,
with the strong governance of the municipal government, although the serious burden of
coal mining on the environment in Xuzhou has been greatly alleviated, it is still the power
base in North China, with an installed power generation capacity of 10 million kilowatts in
the region. This huge amount of power generation engineering also adds a serious burden
to Xuzhou's air pollution. From a geographical perspective, Xuzhou is located downwind
in the Beijing-Tianjin-Hebei region, with severe air pollution. The pollutants from the
north come to Xuzhou and cannot dissipate, which is also one of the important reasons
for exacerbating Xuzhou's air pollution. Therefore, in recent years, although the Xuzhou
Municipal Government and various environmental protection departments have made
great efforts in air pollution control, the results are still not satisfactory. From the recent
environmental quality bulletins of Xuzhou and real-time monitoring data from national
control stations, it can be seen that there are relatively few days when Xuzhou'’s air quality
reaches excellent levels. According to the Air Quality Index (AQI) statistics, in 2020, there
were 110 days when the AQI index in Xuzhou exceeded 100, especially in winter (the
AQI index even exceeded 200). Therefore, this paper chooses the Huaihai Economic Zone
(Hereinafter referred to as HHEZ) as the research area. An analysis was conducted on the
sources of imported air pollution in the central city of Xuzhou.

2.2. Data source and Description
2.2.1. Reanalysis Data—MERRA-2

Global Modeling and Assimilation Office (GMAO) of NASA has produced Modern-
Era Retrospective analysis for Research and Applications version 2 (MERRA-2), which is
the latest version of global atmospheric reanalysis for the satellite era. It utilizes GEOSs5 17 4
to generate a long time series of reanalysis datasets. MERRA-2 is committed to providing a
regular and uniform set of meteorological data covering the world, and it provides up to
21 types of product data.

This paper chooses to use the “MERRA-2 tavgl 2d_aer Nx in MERRA-2: 2 d,
1-Hourly, Time-averaged, Single-Level, Assimilation, Aerosol Diagnostics V5.12.4" dataset [42].
The data collection in MERRA-2 consists of two-dimensional data that is averaged over
hourly intervals. This collection consists of assimilated aerosol diagnostics, including
various types, and in this paper, the total extinction (and scattering) AOD at 550 nm is
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selected for the experiment. Its spatial resolution is 0.5° x 0.625°, its temporal resolution is
1h, and its data format is NetCDF4.
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Figure 1. The study area (116°22'-118°40" E, 33°43/-34°58' N).

2.2.2. Ground Monitoring Data

The ground monitoring data used in this paper is the hourly pollutant concentration
data released by the China National Environmental Monitoring Station, which is collected
from the National Real-Time Release Platform for Urban Air Quality [43]. Ground mea-
surement data includes AQIL, PM; 5, and PM;. After regional screening, 65 sites can be
used in this study and the distribution of sites is shown in Figure 2. Furthermore, to
guarantee data accuracy, this study has performed elimination of invalid values, which are
displayed as null, and aberrant values exceeding 1000 or below 0, resulting from instrument
calibration issues.

115°E 116°E 120°E

f h&.' E"

36°N

a4 Jining |,

35°N
Shanggiu
340N ;}__)f‘ T2 N £
LF
g
: Huaibei
2* 55
i
)"
oS
H)
High : 1000 Low : -50
) g 0 10 20 40 60 X
Elevation(m) I A\ Ground monitoring station e — — Miles

Figure 2. Spatial distributions of ground monitoring stations (blue triangles) in 2020 across the HHEZ,
where the background is the surface elevation (m).

Since other data used in this study are all in United Technology Corporation (UTC),
while the ground monitoring data are in local time (LT), a step of time conversion is
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required before using these data. The specific conversion formula in this study is shown in
Equation (1).
UTC =LT +38 (1)

2.2.3. Wind Data

The meteorological data such as wind speed and wind direction used in this study are
ERADJ from European Center for Medium Weather Forecasting (ECMWEF), Shinfield Park,
Reading, United Kingdom [44]. ERAS, the fifth-generation ECMWEF reanalysis for global cli-
mate and weather, is a comprehensive and consistent global dataset that covers a wide range
of variables. The two parameters used in this paper are 10 m u-component of wind and 10 m
v-component of wind. The 10 m u-component of wind is the horizontal component of the
wind at 10 m height in the eastward direction. Similarly, the 10 m v-component of wind
refers to the northward component of wind in the horizontal direction.

The details of the aforementioned variables are shown in Table 1.

Table 1. Description of data used in the study.

Dataset Parameter(s) Resolution Download Link
https:/ /gmao.gsfc.nasa.gov/
MERRA-2 AOD Total Aerosol Extinction AOT [550 nm] 0.5° x 0.625° reanalysis/MERRA-2/ accessed
on 14 October 2022.
AQI
The hourly pollutant PM / http://106.37.208.233:20035/
concentration data PMZIS accessed on 10 November 2022.
10
10 m u-component of wind htps:
ECMWF Wind p 0.25° x 0.25° / /cds.climate.copernicus.eu/

10 m v-component of wind accessed on 24 December 2022.

2.3. Research Methodology

This study used MERRA-2 AOD data at 550 nm and combined it with ground mon-
itoring data to determine the pollution threshold. The region where the polluted air
mass is located can be obtained by screening with this threshold value. In this paper, a
“Time-Longitude-Latitude” three-dimensional pollution curve is established with time as
the independent variable and longitude and latitude as the dependent variable. Genetic
algorithm was used to optimize the curve fitting. Finally, the maximum possible pollu-
tion transmission route within the experimental area can be reconstructed. The overall
procedure of the pollution route reconstruction is shown in Figure 3.

2.3.1. AOD Pollution Threshold Screening

To investigate the relationship between AOD and air pollution, this study analyzed
the corresponding pollutant concentration data and AOD values in the study area on 12
January 2020. Hourly pollutant concentration data from 65 air quality ground monitoring
stations were utilized. The results revealed that when the AOD is greater than 1.2, 90.53%
of the hourly PM, 5 concentration exceeded 75 pug/m?, as shown in Figure 4, indicating
a polluted air quality level. Furthermore, the study aimed to determine the presence
of a transmission route, which requires further conditional judgment and fulfillment of
the following two conditions: firstly, the polluted AOD remote sensing image should
demonstrate a continuous shape; secondly, the pollution range should exhibit a consistent
direction of movement. In order to achieve accurate judgment of these two conditions,
after repeated experiments, this paper selected an AOD value of 1.2 as the threshold for
screening polluted air masses for the pollution process on 12 January 2020. In addition,
the experiment also removed the dirty values of the data to avoid large errors caused by
outliers of AOD products and scattered grids.
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Figure 3. The flowchart of the pollution transmission route reconstruction method in this study. DEM
is the digital elevation model and PTDI stands for the Pollution Transfer Diffusion Index.
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Figure 4. The relationship between AOD and PM,; 5 The point indicated by the arrow is the critical
value we have chosen, and the green line indicates that when the AOD is greater than 1.2, 90.53% of
the hourly PM; 5 concentration exceeds 75 ug/ m3.

2.3.2. Construction of “Time-Longitude-Latitude” Three-Dimensional Pollution Curve

This paper analyzes the pollution transport process using total extinction (and scatter-
ing) aerosol optical depth at 550 nm data of MERRA-2. In order to unify and standardize the
spatiotemporal multivariate data of multidimensional information such as time, AOD con-
centration values, and geographic coordinates, this paper restructured the MERRA-2 data.
Based on the AOD, this study establishes a “Time-Longitude-Latitude” three-dimensional
pollution curve with time as the independent variable and longitude and latitude as the de-
pendent variables. It simplifies the expression of abstract pollution processes for subsequent
calculations and analyses.
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2.3.3. Optimal Path Fitting Based on Genetic Algorithm

Genetic algorithm (GA) was originally proposed by J. H. Holland in the United States
in 1975 in his monograph “Adaptation in nature and artificial systems” [45]. It is an optimal
solution search algorithm that simulates natural genetic theory and biological evolution
theory. GA simulates the phenomena of reproduction, crossover, and gene mutation in
natural genetic processes, retaining a set of solutions in each iteration process and selecting
the optimal individuals from the solution group according to indicators. Then, genetic
operators are used to combine these individuals to generate a new generation of solution
groups, and the above process is repeated until the convergence goal is met to obtain the
optimal solution.

In order to obtain the maximum possible pollution transmission route within the
study area, this paper uses genetic algorithm to perform optimal curve fitting on the
“Time-Longitude-Latitude” three-dimensional pollution curve. The basic idea is to know
a set of filtered polluted air mass data and then set a reference expression F(x) based on
prior knowledge that can simulate the pollution transfer curve. Under certain criteria, the
simulated three-dimensional pollution curve is most consistent with the filtered pollution
data. The technical route is shown in Figure 5.

Parameter set

v

Reterence path expression

v

Initialization

|

+‘
Decoding parameter

v

Objective function value

Struct individual newpop

Fitness value

Selection

“ondition of convergenc
or
Evolutional generation

Cross-cutting

Variability operating

Optimal fitting path

Figure 5. Technical route of genetic algorithm.

In the parameter setting process of GA, this study specifically adds the step of setting
reference path expressions based on prior knowledge to prevent significant errors in the
path iteration and fitting processes [46]. This step ensures the correctness and accuracy of
path fitting to the greatest extent. In the process of parameter optimization in GA, the most
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crucial step is to select the appropriate fitness function, which is the basis for judging the
quality of each solution, that is, the formulation of the objective function. The objective
function used in this article is as follows:

Minimum obj =R 2)

R= Z( ) ®

where F(x;) is the corresponding latitude on the simulated pollution transfer curve,
latitude; represents the center latitude of each grid of the actual filtered polluted air masses,
length(latitude;) is the actual distance length represented by each grid at that latitude, and
R is the difference between the two, which reflects the error between the simulated curve
and the actual transmission path of the polluted air masses. The objective function uses
absolute values to prevent mutual cancellation of positive and negative errors.

— latitude;
length latitude;)

2.3.4. Calculation of Pollution Transfer Diffusion Index

To verify the correctness of the fitting path, this paper proposes the Pollution Transfer
Diffusion Index (PTDI), which is calculated by overlaying the pollutant concentration
of ground monitoring stations, wind speed, terrain, and other influencing factors. The
biggest advantage of PTDI is that it does not require the specific calculation of pollutant
emissions in the target area, but directly uses the pollutant concentration values from
ground monitoring stations for calculation. The specific equations are as follows:

prpI = & XK

K 20,06 005
T u h  uxh

4)

©)

where C is the concentration of pollutants, in units of 1g/m3, obtained from monitoring
data from the China National Environmental Monitoring Station; K is the diffusion coeffi-
cient, in units of m? /s, it reflects the effect of wind speed on the transport of pollutants; u
is the wind speed, in m/s; & is the atmospheric stability parameter. This formula uses the
Pasquill-Gifford stability classification method to divide the atmosphere into six stability
levels, A-F, with each stability level corresponding to a range of / values; H is the air
quality stability parameter. The index can be used to describe the transport, diffusion, and
concentration distribution of pollutants in the atmosphere. It is a comprehensive indicator
that reflects the changes in air pollutants over time and distance.

3. Results and Discussion
3.1. Reconstruction of Pollution Transmission Route

This paper used total extinction (and scattering) aerosol optical depth at 550 nm
data of reanalysis data MERRA-2 as the main basis for hourly AOD concentration values.
According to the analysis of AOD values and transmission route judgment criteria, a
serious air pollution event occurred on 12 January 2020 from 9:00 to 24:00 (UTC) in the
central and southern regions of the HHEZ. It has an obvious pollution transmission process.
Figure 6a—i shows the transmission process of this pollution. It can be concluded that the
transmission process of this pollution primarily occurred from 9:00 to 24:00. This process
originated in Zhoukou City, Henan Province and continued to spread in an east-north
direction. It passed through the northern part of Fuyang, the southern part of Shangqiu,
the northern part of Huaibei, and the central part of Suzhou. At 16:00 (UTC), the pollution
center arrived in the southwestern part of Xuzhou and began to transmit towards the
southeast due to factors such as wind and terrain. Subsequently, the pollution centers
stayed in the central part of Suzhou and the southeastern part of Xuzhou, spanning across
the central part of Suqian. It arrived in the northern part of Huai’an at 22:00 (UTC). Then, it
began to circulate westward due to the influence of wind direction and pollution emissions
from areas such as Suzhou and Huaibei. Figure 7 shows the specific transmission route
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and corresponding time nodes of this pollution process. It is reconstructed by combining
the optimal “Time-Longitude-Latitude” three-dimensional pollution curve fitted based on
genetic algorithm.

115°E 116°E  117°E 118°E  119°E  120°E 115°E 116°E  117°E 118°E  119°E  120°E

115°E  116°E 117°E  118°E  119°E  120°E N

Low: 0 ) High: 1.5 0 50 100 200 300 400
AOD - [ = Miles

Figure 6. The pollution transmission process demonstrated with AOD of MERRA-2 on 12 January
2020 in the HHEZ. (a-i) display images of 9:00, 10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 22:00 and
23:00 insequence.

T 1
115°E 116°E 120°E

Low:0 High:1.5 0 15 30 60 % 120
AOD | - Miles

Figure 7. The specific transmission route and corresponding time nodes of the pollution process on
12 January 2020 in the HHEZ.

On a larger scale, this pollution is not entirely caused by the local pollution in these
four provinces of Jiangsu, Shandong, Anhui, and Henan. The long-distance transmission of
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pollution from external areas has further exacerbated the severity of this pollution, with a
large portion of the pollution sources appearing to come from the border between Shaanxi
and Gansu provinces. Specifically, it mainly came from the northern part of Baoji City and
the northwest part of Xianyang City in Shaanxi Province. Figure 8a—i clearly illustrates this
process. The polluted air mass moved eastward from the central region of Shaanxi Province
and began to affect the westernmost city of the HHEZ at 9:00(UTC) on 12 January 2020.

115°E 105°E 110°E 115°E 120°E 110°E 115°E 120°E

115°E 105°E 110°E 115°E 110°E 115°E

40°N
40°N

35°N
35°N

30°N

115°E 105°E 10°E 115°E 120°E 105°E 10°E 115°E 120°E

Miles

High: 1.5 0 175 350 700 1050 1400
|

Figure 8. The pollution transmission process demonstrated with AOD of MERRA-2 on 12 January
2020 on a larger scale. (a—i) display images of 2:00, 4:00, 5:00, 6:00, 7:00, 8:00, 9:00, 10:00 and
12:00 insequence.

3.2. Validation and Analysis of Pollution Transmission Route
3.2.1. Comparison and Verification with Pollution Index

PTDI was calculated using data such as pollutant concentration of ground monitoring
stations (Figure 9) and wind speed (Figure 10). PTDI to generate a pollution index. The
contour map is drawn, as shown in Figure 11. Then, the paper conducts a gradient change
analysis (Figure 12) to assist in determining the pollution transmission situation on that
day. Based on the above analysis, it can be determined that the severe air pollution event in
Xuzhou City on 12 January 2020 was not caused by local emissions. It was mainly caused
by external transmission. The pollution source came from the southwest direction. This
result is basically consistent with the experimental results of the pollution transmission
route reconstruction mentioned in this paper.

3.2.2. Comparison Analysis with Wind Field Data

In addition, this paper also used wind speed and direction data at 10 m from 7:00
to 24:00 (UTC) on 12 January 2020 from ERAS5 to perform mean simulation, as shown in
Figure 13. On that day, the airflow in the heavily polluted central and southern regions
of the HHEZ mainly showed a trend of moving from west to east, which led to the
continuous transportation of pollutants from west to east. Specifically, there were many
local circulations in the wind field on that day. Among them, there was a significant change
in wind direction at the junction of Xuzhou, Suqgian, and Suzhou. This is highly consistent
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with the pollution transmission route results mentioned above, as analyzed from the AOD
data of MERRA-2.

36°N+

w
S

Latitude

34°N:

115°E 116°E HT°E |2(')°!£

Longitude
Station AQI . 0_ 15_ E & L 12&“33

Figure 9. AQI distribution of ground monitoring stations on 12 January 2020 in the HHEZ.
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Figure 10. Wind speed and direction at 10 m at 14:00 on 12 January 2020 in the HHEZ.

3.2.3. Comparison Analysis with Other Trajectory Models

A Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) is one
of the most widely used transport and diffusion models in the field of atmospheric sci-
ence [47,48]. In order to more intuitively show the prediction effect of the fit, we chose
the backward trajectory analysis in the HYSPLIT. It was used to simulate the trajectory
of atmospheric air masses at different altitudes in the area during this period, thereby
establishing the origin of the air masses and establishing a source receptor relationship. We
used the cluster analysis method to integrate trajectories and simulated the possible source
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directions and composition proportions of this pollution transmission. The results showed
that they have a high similarity, as shown in Figure 14. This figure shows the backward
trajectory clustering results of Global Data Assimilation System (GDAS) meteorological
data at a height of 1000 m. We can see in the figure that the blue trajectory accounts for
32%. It started at the border between Shaanxi and Gansu provinces, passed through Henan
Province, and finally entered HHEZ. It is the largest proportion of the possible source
direction for this pollution transmission, which is highly consistent with the reconstruction
path analysis in Section 3.1 above.
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Figure 11. Distribution of pollution index on 12 January 2020 in the HHEZ.
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Figure 12. The results of the gradient change analysis of the pollution index.
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Figure 13. Average modelled wind speed and direction at 10 m on 12 January 2020 in the HHEZ. The
direction of the arrow represents the wind direction, and the color of the arrow represents the size of
the wind speed. The bluer the color, the lower the wind speed, and the redder the color, the higher
the wind speed.
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Figure 14. Backward trajectory clustering results of HYSPLIT. The five—pointed star represents the
polluted areas in the HHEZ and the four color lines represent possible sources of pollution.

3.3. Application of This Method in Other Regions

To verify the universality of this method and ensure its generalizability, another region
in China with distinct characteristics was chosen for experimentation in this study. The
experimental area is mainly composed of an urban cluster of the Beijing-Tianjin-Hebei
Urban Agglomeration, including the Bohai Sea located on its east side. This experiment’s
selected air pollution event occurred on 1 June 2020.

Figure 15a-1 shows the transmission process of the pollution. It can be determined
that the transmission process of this pollution mainly occurred from 8:30 (UTC) on June 1st
to 00:30 (UTC) the next day. The pollution originated at the junction of Baoding and Beijing.
Specifically, it is in the northeast of Baoding City, Hebei Province, and continues to spread
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eastward, passing through Fangshan District and Daxing District of Beijing, and then the
pollution center shifted slightly southward and returned to Langfang, Hebei Province.
At 12:30 (UTC), the pollution center arrived in Tianjin, passed through Wugqing District,
Beichen District, Dongli District, and Jinnan District once, and reached Binhai New District
at 14:30 (UTC). Subsequently, the polluted air masses arrived over the Bohai Sea, and under
the influence of wind and other factors, pollutants were transported and diffused deep
into the Bohai Sea, ultimately dissipating at sea. Figure 16 shows the specific transmission
route and corresponding time nodes of the pollution process reconstructed by combining
the optimal “Time-Longitude-Latitude “ three-dimensional pollution curve fitted based on
genetic algorithm.

>z

Low: 0 High: 1.5 0 105 210 420 630 840
AOD | — o L= i

Figure 15. The pollution transmission process demonstrated with AOD of MERRA-2 on 1 June 2020
in the Beijing-Tianjin-Hebei Urban Agglomeration. (a-1) display the images of 9:00, 10:00, 11:00, 12:00,
14:00, 18:00, 20:00, 22:00 on June 1, and 0:00, 2:00, 4:00 on June 2, in turn.
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0® 93
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Figure 16. The specific transmission route and corresponding time nodes of the pollution process on
1 June 2020 in the Beijing-Tianjin-Hebei Urban Agglomeration. The arrows represent the direction of
pollution transport.
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4. Conclusions

This paper introduced a method for reconstructing pollution transmission routes
based on the “Time-Longitude-Latitude” three-dimensional pollution curve, combining
the AOD dataset of reanalysis data MERRA-2, hourly pollutant concentration data of
ground monitoring stations, and meteorological data of reanalysis dataset ERAS5. It is
worth mentioning that this article innovatively combines the concept of three-dimensional
curves and genetic algorithms to unify and standardize the spatiotemporal multivariate
data of atmospheric pollution from satellite remote sensing. This article used this method to
restore and reconstruct two instances of air pollution transmission processes that occurred
in two representative regions in China in 2020. By applying this method, we successfully
identified the sources, input paths, and affected time periods of these severe air pollution
events. The successful application of this method can enable the environmental protection
department to accurately reconstruct the air pollution transmission route in the later stage,
accurately identify the imported air pollution source, and quickly find the air pollution
transmission entrance. Thanks to the support of these data and technologies, policy-making
departments can be more targeted to propose scientific and efficient imported air pollution
prevention and control strategies. At the same time, it is also possible to trace pollution
responsibilities more effectively and achieve regional joint governance. As such, urban air
quality would be improved more scientifically and efficiently.
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