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Abstract: Using the hourly monitoring data of pollutants from 16 automatic atmospheric monitoring
stations in eastern Jilin Province from 2015 to 2020, this paper analyzed the temporal and spatial
distribution laws of CO, SO,, NO,, PM;,, PM, 5, and O3 in eastern Jilin Province. At the same
time, the regional transport pathways of pollutants were analyzed using the hybrid single-particle
Lagrangian integrated trajectory (HYSPLIT) model; the potential source contribution function (PSCF)
analyzed the potential source area of PM, 5. Finally, the “weekend effect” of CO, NO,, PM; 5, and O3
was analyzed. The results showed that the six pollutants showed a downward trend year by year.
The concentrations of O3, PMjg, and PM; 5 were higher in northwest Jilin, and the concentrations of
SO, and CO were higher in southwest Jilin. Except for CO, the seasonal variation of pollutants was
pronounced. Except for O3, most pollutants had the highest concentration in winter. Hourly variation
analysis described that SO, and O3 had only one peak in a day, and the other four pollutants showed
“double peak” hourly variation characteristics. The study area was mainly affected by the airflow
pathway from northwest and southwest. The weight potential source contribution function (WPSCF)
high-value area of PM, 5 was northwest and southwest. O3 showed a “negative weekend effect”, and
NO; and CO showed a “positive weekend effect”.

Keywords: temporal and spatial distribution; air pollution; backward trajectory; weekend effect

1. Introduction

The air pollution problem worsens the quality of the atmospheric environment and
harms people’s lives, work, health, and ecological environment [1]. PM; 5 is particulate
matter with a particle diameter less than or equal to 2.5 um. Its complex chemical compo-
sition can cause many diseases, such as cardiovascular and cerebrovascular diseases and
respiratory diseases [2]. SO, and NO,; are precursors for the formation of particles and
cause the acidification of the atmosphere and soil. They also produce secondary pollutants
such as O3 [3]. O3 can accelerate the construction of pollutants such as particulate matter
and affect the frequency and intensity of heavily polluted weather [4]. At the same time,
it will have adverse effects on the ecosystem, human health [5], and crops [6,7] within a
specific concentration range. Therefore, it is crucial to solve the problem of air pollution,
which has become one of the hotspots of scholars’ research.

With the development of the economy, urbanization is gradually accelerated, but
urbanization may increase the degree of environmental pollution. For example, the en-
vironmental pollution in China’s big cities is the most serious [8]. In northern China,
coal-fired heating in winter leads to a significant increase in pollutant emissions. At the
same time, the relatively stable weather conditions in winter make it impossible for pollu-
tants to be diluted quickly, resulting in a further increase in the degree of air pollution in
autumn and winter.

At present, China’s air quality is not positive. The Chinese government has imple-
mented stricter policies and regulations to control air pollution [9]. See Table 1 for the
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annual average class II concentration limit of pollutants in China’s Ambient Air Quality
Standard (GB3905-2012). The five-year emission reduction targets of PM; 5 from 2013 to
2017 were set in China’s most economically developed regions, including the Beijing Tianjin
Hebei region in northern China, the Yangtze River Delta in eastern China, and the Pearl
River Delta in southern China. Except for PM; 5, common air pollutants include CO, SO,,
NO2, PMlo, and 03.

Table 1. The concentration limit in China’s “Ambient Air Quality Standards” (GB3905-2012).

City NOZ SOZ PM2.5 PM10
Annual average secondary concentration limit (ig/m3) 40 60 35 70
Annual average primary concentration limit (ug/ m?) 40 20 15 40
Level I 24 h concentration standard (ug/ m?) 80 50 35 50
Secondary 24 h concentration standard (pg/m?) 80 150 75 150

It is necessary to use accurate air pollutant monitoring devices to know the actual
air quality. Different sensors will lead to different data quality [10], especially PM; 5. Our
study used the automatic monitoring data of six conventional pollutants from 2015 to 2020,
48i, 491Q), 43iQ), 42iQ, and 50301, of Thermo Scientific equipment to monitor CO, O3, SO,,
NO,, and PM; 5/PMj, respectively. The monitor used the infrared absorption method to
measure CO; O3 in ambient air was measured using double-cell UV spectrophotometry.
The measurement of SO, was carried out using the pulsed fluorescence technique; NO,
was measured using chemiluminescence technology; the monitor adopted a non-stop
measurement method, combining the light scattering turbidity method and the 3 Ray
absorption method, which measured PM; 5 and PMjy. The measurement range of the 50301
monitor is 0-10,000 pg/m3. When the concentration is less than 80 pg/m?3, the accuracy is
+2.0 ug/m3. When the concentration is more than 80 pg/m?3, the accuracy is &5 pg/m3,
and the mass measurement error is within £5%.At present, research on the characteristics
of air pollution is mainly concentrated in areas with rapid economic development, such
as Beijing Tianjin Hebei [11-13], Yangtze River Delta [14,15], and Pearl River Delta [16],
and there is less research on the eastern part of Jilin Province. In this context, using the
automatic monitoring data of six conventional pollutants from 2015 to 2020, this paper
analyzed the temporal and spatial distribution law of air pollutants in the eastern part of
Jilin Province and found potential pollution source areas. At the same time, to understand
whether the air pollution in this area is related to human activities, this paper analyzed the
characteristics of the “weekend effect.” The above research provided theoretical support
for the formulation of reasonable air pollution control measures in the eastern part of
Jilin Province.

2. Materials and Methods
2.1. Study Area and Data Source

The eastern part of Jilin Province includes Jilin City, Liaoyuan City, Tonghua City,
Baishan City, and Yanbian Korean Autonomous Prefecture, with about 108,668 square
kilometers and a permanent population of about 11.37 million. See Tables S1 and S2 for
detailed information and the main economic activities in the eastern part of Jilin Province.
The eastern part of Jilin Province belongs to a temperate, semi-humid, continental climate,
with significant temperature differences throughout the year and four distinct seasons.
The eastern part of Jilin Province had the highest temperature in July, with an average
temperature of 17.78 °C, an average maximum temperature of 21.02 °C, and an average
minimum temperature of 21.94 °C. The temperature in January was the lowest of the whole
year, and the average temperature reached —15.16 °C. The precipitation in July was the
highest, reaching 182.48 mm, followed by June and August. The monthly average relative
humidity in the study area showed a single peak and double valley type, with the maximum
from July to August and the lowest from March to April and October to November.
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This study used the mass concentrations of six conventional pollutants (PM; 5, PMjg,
CO, SO,, NOy, and O3) from 2 January 2015 to 31 December 2020, from 16 air quality
monitoring stations in the eastern part of Jilin Province (Figure 1). The specific information
of 16 air quality monitoring stations is shown in Table 2. The particular locations of the
16 monitoring stations are shown in Figure 2. 48i, 49iQ, 43iQ, 42iQ, and 5030i of Thermo
Scientific equipment were used to monitor CO, O3, SO, NO,, and PM; 5/PM;, respectively.
Hourly monitoring data were used for the analysis of six pollutants. In this paper, all data
were preprocessed according to the “Monitoring Regulation for Ambient Air Quality”
(HJ/T193-2005) to eliminate spatial and temporal outliers and ensure data quality [17].
Spring was defined as March, April, and May. Summer was defined as June, July, and
August. Autumn was defined as September, October, and November. Winter was defined
as December, January, and February. According to the notice on holiday arrangement
issued by the general office of the State Council, the 16-19 years were divided into working
days and holidays for “weekend effect” analysis.
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Figure 1. Air quality inspection station in eastern Jilin Province.

Table 2. Specific information regarding monitoring stations.

Monitoring City East North Location
Station Longitude Latitude
LY1 Liaoyuan 125.1358 42.8947 Environmental Protection Bureau
LY2 Liaoyuan 125.1567 42.8953 Sewage Treatment Plant
TH1 Tonghua 125.9361 41.7156 River
TH2 Tonghua 125.9486 41.7381 Dongchang District
BS1 Baishan 126.4047 41.9206 Industrial zone
BS2 Baishan 126.4078 41.9419 Residence community
YB1 Yanbian 129.4892 42.8939 Hospital
YB2 Yanbian 129.5042 42.9061 Yanbian Hospital
YB3 Yanbian 129.3675 42.8775 Chaoyang Chuanzhen Hospital
JL1 Jilin 126.555 43.8875 Downtown area
JL2 Jilin 126.5844 43.8358 Beihua University
JL3 Jilin 126.4978 43.8228 Electric Power College
JL4 Jilin 126.5786 43.8947 Second Songhua Jiang
JL5 Jilin 126.55 43.8256 Jiangnan Park
JL6 Jilin 126.6772 43.7256 Tourist area
JL7 Jilin 126.6772 43.7256 Industrial zone
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Figure 2. The specific location of monitoring stations in the east of Jilin Province.

2.2. Analysis of Temporal and Spatial Distribution Characteristics

Based on the pollutant concentrations observed at 16 monitoring stations, the Kriging
interpolation method in Surfer software (Golden Software, Golden, CO, USA) was used
to draw the contour map of six kinds of pollutant concentrations in the study area over
6 years. Because the distribution of sampling points is discrete and the sample data
obtained is limited, it cannot show the distribution state of pollutants in the whole region,
and the Kriging interpolation algorithm can adequately solve the assignment problem from
point to surface. Kriging interpolation uses the distance and spatial direction between
known sample points to reflect the spatial correlation and makes a linear unbiased optimal
prediction for the unknown points [18]. However, Kriging interpolation is an inverse
distance interpolation method, so the distance and density between monitoring points will
affect the model’s accuracy. For example, the distance between some monitoring points in
this study was far, which increased the gap between the simulated value and the actual
value to a certain extent. The spatial changes in six pollutants were analyzed according to
the image. At the same time, the annual average concentrations of six pollutants in six years
were calculated, and we explored the difference in pollutant concentration between years.

The inter-group connection method in SPSS (statistical product and service solutions)
software system clustering was used to cluster each site. There are slight differences in
each component in the same cluster and significant differences in different collections.
The SPSS software package implements the Ward1 algorithm [19]. The square Euclidean
distance was selected for clustering to generate a correct tree view to verify the spatial
distribution difference of pollutants. This paper divided a year into four seasons: spring,
summer, autumn, and winter, and analyzed the hourly variation of different pollutants
in different seasons. Further, we divided the stations according to cities and explored the
hourly variation trend of contaminants in each city. Finally, the average concentrations of
six pollutants each month were superimposed to analyze the monthly changes.

2.3. Backward Trajectory and Potential Source Area Analysis

To generate 72 h backward air mass trajectories approaching the eastern region of Jilin
Province at 500 m high above ground level (AGL) over the whole year of 2019, the HYSPLIT
model was applied [20]. The meteorological data used in the backward trajectory model
were the simultaneous global data assimilation system (GDAS) data (1° x 1°) provided
by the National Center for environmental prediction (NCEP). The trajectories’ arrival
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point was the JL1 monitoring station (126.555° E, 43.8875° N). Additionally, the transport
and dilution trajectories of air pollutants were analyzed. This study used the stepwise
cluster analysis method [21] to classify and summarize the trajectories to obtain the average
trajectories that can represent multiple trajectories. In this paper, the optimal number of
clusters was determined by observing the spatial change rate. The larger the spatial change
rate, the more significant the difference between the current trajectory clusters. In other
words, the number of clusters is more reasonable.

To identify the potential source areas of PM ;5 and provide theoretical support for
the regional joint treatment of air pollutants in the eastern part of Jilin Province, we
implemented the potential source contribution function (PSCF) for PM ;5 in this study.
PSCF was calculated based on the concentration data of PMj 5 in 2019 [22]. PM; 5 limit
concentration was taken from the secondary standard limit in ambient air quality standard
(GB3905-2012), which is 75 pug/m3. PSCF is represented by Equation (1):

)

In Equation (1), n;; is the sum of the transportation time of all trajectories when passing
through the grid (i, j), and m;; is the sum of the transportation time of trajectories whose
concentration exceeds the limit of the grid (i, j). The value of PSCF reflects the possibility
that the air pollutant concentration exceeds the standard value when the air mass passes
through the grid. Because PSCF is a conditional probability function, the calculated PSCF
value will have great uncertainty for some meshes with few trajectories. In order to reduce
the error and make the result more accurate, the weighting function W;; was introduced to
obtain WPSCEF [23]. In this study, W;; is represented by Equation (2):

1.0 ni; > 90
w, = )07 45 <y <90 ®
! 04 30 < ny; <45
02  ny < 30

At the same time, the potential source area of PM, 5 was verified again using concentration-
weighted trajectory (CWT) [24]. The difference between CWT and PSCF is that PSCF uses a
concentration threshold to evaluate the potential source of PM; 5. This means that when
the sample concentration is only slightly higher or much higher than the standard, its PSCF
value may be the same. Therefore, it may not be able to distinguish between medium
and potent sources. For the CWT method, the weighted concentration can be allocated by
averaging the sample concentration with the relevant trajectory passing through the grid
cell to overcome the limitation of PSCE. CWT is represented by Equation (3):

M Gt
Cij=—y— (3)
Yo Tijl

In Equation (3), Cj; is the average weight concentration in the grid (,j), I is the

trajectory index, C; is the pollutant concentration measured when track [ arrives, and M is

the total number of trajectories. 7;;; is the time that the trajectory [ stays in the grid (i, j).

The higher the C;; value, the more significant the trajectory’s contribution to the study
area’s air pollution.

2.4. Weekend Effect Analysis

There are many ways to define the “weekend effect.” Some studies have defined the
weekend effect as the average value from Saturday to Monday minus the average from
Wednesday to Friday or directly compared the weekend concentration with the working
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day concentration [25,26]. WE was adopted in this paper to quantify the weekend effect.
WE is represented by Equation (4):

WE = Cuveekend — Cworking day

e x 100% @)
working day

In the formula, Cyeekend and Coporking day T€present the weekend hourly mean concen-
tration and working day hourly mean concentration of pollutants. This method has been
adopted by many studies [27,28]. Weekends in this article were legal holidays stipulated
by the State Council. In addition, other days were defined as working days. In this study,
the average concentrations of CO, NO,, PM; 5, and O3 on weekends and working days
at each station in 16-19 years were calculated, and we calculated the weekend effect. At
the same time, the eastern part of Jilin Province was regarded as a whole to analyze the
change in the weekend effect between years. If the WE value is positive, it indicates that the
pollutant concentration on weekends is greater than that on weekdays, which is defined
as a “positive weekend effect”. If the WE value is negative, it is defined as a “negative
weekend effect”, and WE’s absolute value represents the intensity of the “weekend effect”.

3. Results and Discussions
3.1. Analysis of Temporal and Spatial Distribution Characteristics of Six Air Pollutants
3.1.1. Differences in the Spatial Distribution of Pollutant Concentrations and Annual Changes

Figure 3 analyzes the annual distributions of six pollutant concentrations in the eastern
part of Jilin Province from 2015 to 2020. It should be noted that there were few monitoring
points in the study area, and most of them were scattered around the area. There were no
monitoring points in the center of the study area, resulting in certain uncertainty in the
concentration after Kriging interpolation in the center area. The average residuals of the
six pollutants at the monitoring points were: CO (0.00007); SO, (0.00401); NO, (0.00681);
PMj; 5 (0.00242); O3 (—0.00106); PM1g (0.00856) (CO unit: mg/ m3, others are ng/ m3). The
contour map of the annual average O3 value used the six-year average of the maximum
daily value of Os, and the other five pollutants used the average of all hourly data in
six years. Because O3 has pretty acute solid toxicity, its nature is unstable and it easily
decomposes in the atmosphere. At the same time, it is a necessary condition for the
formation of photochemical smog. Therefore, the daily maximum O3 concentration value
was used to explore O3’s temporal and spatial distribution. The concentration of O3 was
higher in the northwest region, which might be due to the Songhua Lake National Scenic
Spot in the northwest region, facing the water on three sides, surrounded by mountains and
good vegetation coverage. The deposition mechanism on the surface of vegetation leaves
and the exchange mechanism of soluble air pollutants in stomata during photosynthesis
consume some contaminants such as SO, and NO, and release many O3 precursors such
as volatile organic compounds (VOCs). These biological volatile organic compounds react
with nitrogen oxides to increase the O3 concentration [29].

PM;y and PM; 5 were seriously polluted in the northwest, which may be related to
the relatively developed construction industry in Jilin City. In 2020, the output value of
the construction industry in Jilin city reached CNY 9.06 billion, while the output value
of the construction industry in the Yanbian area with the most significant size and the
lightest particulate pollution was only CNY 5.473 billion. Therefore, it is speculated that the
construction industry in Jilin has produced a large amount of dust, resulting in the increase
in PMyy. In 2020, the power generation of Jilin city reached 13.87 billion kWh, while that
of the Yanbian area was only 5.1 billion kWh. The incomplete combustion of coal in the
power generation process releases many fine particles, increasing PM, 5 concentration. As a
result, PMjg and PM; 5 are higher in the northwest and lower in the southeast. The spatial
distribution of PM;y and PM; 5 was highly consistent, indicating that PM;( contains a
considerable portion of PMj; 5 [30].
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Figure 3. Spatial distribution of annual average concentrations of six pollutants in the eastern Jilin
Province, China, from 2015 to 2020. (a) CO unit: mg/ m?; (b) SO, unit: ug/ m?; (¢) NO, unit: ug/ m3;
(d) PMy 5 unit: pg/m3; (e) O3 unit: ug/m3; (f) PMyg unit: pg/m?3. (The black dot on the figure is the
position of the monitoring point).
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We used the Ward1 method in SPSS to cluster 16 monitoring points, and the results
are shown in Figure 4. We found a fascinating phenomenon: most sites complied with the
spatial distribution results, but JL6 and JL7 sites were always not crowded with other JL
sites. The JL7 site was notable because the JL7 site was located at the northernmost end of
Jilin City. It is an emerging industrial park. More than a dozen large and small chemical
enterprises are in the park, which led to JL7 being divided into one category alone. Taking
the cluster analysis of PMj; 5 as an example, the JL6 site was not classified with other JL sites
but with the YB1-3 sites. This was because the JL6 site was located in the tourist area of Jilin
City, only surrounded by some sanatoriums and a small number of residential areas. Its
south was Songhua Lake’s scenic spot. As shown in Figure 2, the JL6 site was a scenic spot
in Jilin City. It is subject to more strict pollutant control and has no industrial emissions
and severe traffic pollution. Therefore, the concentration of various pollutants was low,
resulting in the specific particularity of the JL6 site and clustering with the YB site with the
same low pollutant concentration.
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Figure 4. Cluster analysis of 16 monitoring stations based on pollutant concentration. (a) CO; (b) SO,;
(c) NOy; (d) PMy 5; (e) O3; (f) PMyg.

Figure 5 shows the five-year concentration changes in six conventional pollutants. The
annual O3 average was calculated using the daily O3 maximum, and the yearly average of
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other pollutants was computed using all hourly data. It can be found that the six pollutants
generally showed a decreasing trend year by year. The concentrations of NO, and CO
reached the lowest in 2020, which were 20.87 ng/m? and 0.77 mg/m?3, respectively. This
was due to lockdowns caused by the novel coronavirus pneumonia in the first half of 2020,
a sudden decrease in vehicle flow, and a reduction in emissions, resulting in a decrease
in the concentration of the two pollutants. The SO, concentration decreased year by year
and rose to some extent in 2020. From 2015 to 2020, the SO, concentration at all stations
decreased by 50.52% on average. From 2015 to 2020, the average annual concentration of
NO; at all stations decreased by 31.11%. It is speculated that the change in SO, and NO,
was due to the reduction in coal consumption and the reduction in pollutant emissions due
to the implementation of central heating and the replacement of small boilers in Northeast
China in recent years. Similarly, after Krakow promulgated the law banning the use of
solid fuels, local air pollution was significantly alleviated [10]. PM1p and PM; 5 decreased
significantly in 2016, increased slightly in 2017, and then continued to decrease. The
significant reduction in particulate matter in 2016 is related to continuous precipitation
in autumn 2016. Rainwater caused a large amount of particulate matter to settle into the
ground through wet sedimentation to purify the air. The increase in particulate matter
concentration in 2017 was due to the lack of strict control over straw incineration, resulting
in the recovery of fine particulate matter concentration. In 2018, a strict straw burning ban
policy was implemented in the east of Jilin Province, which reduced the mass concentration
of particulate matter to a certain extent. This finding was consistent with other studies
on straw incineration in Jilin Province [31]. The annual average concentration of CO was
similar to that of PM;y and PM, 5, which increased first and then decreased. There was
little difference in the average concentration of O3 in each year. The O3 concentration of
BS2, YB1, YB2, YB3, JL1, and LY1 increased, while it decreased at other stations. Among
them, the concentration of JL1 increased by 17.29%, and that of JL6 decreased by 20.99%.
Among the six pollutants, only the concentration of O3 rose greatly in some stations.

-0— (0
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Figure 5. Change trend in annual average concentrations of six pollutants (CO, SO,, NO,, O3, PM; 5,
PMj) in the eastern Jilin Province, China, from 2015 to 2020 (CO unit: mg/ m?3, others are ng/ md).

3.1.2. Seasonal and Hourly Variation of Pollutant Concentration

Figure 6 shows the seasonal changes in the concentrations of six pollutants in the
eastern region of Jilin Province from 2015 to 2020. We can see from the figure that the
seasonal variation of pollutant concentration in the study area is very significant. Except
for O3 pollution, which was the most serious in spring, the concentration of the other five
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pollutants was the highest in winter. The highest concentration of pollutants occurred at
7:00-10:00 and 18:00-21:00. Overall, O3 pollution was the most serious in spring, followed
by summer. O3 pollution in autumn and winter was significantly lower than that in other
seasons. The lower O3 concentration in winter might be since the radiation level in winter
was lower than in other seasons. The lack of light and low temperature in winter was
not conducive to O3 formation, while a large amount of O3 was generated when the solar
radiation increased in spring [32].

MAX
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Summer Summer
Autumn Autumn
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Average Average
|
012345678 91011121314151617181920212223 012345678 91011121314151617181920212223
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(e) Oy (f) PM,,

Figure 6. Hourly variation of six pollutant concentrations in different seasons from 2015 to 2020.
(a) CO; (b) SOy; () NOy; (d) PMy 5; (e) Os; (f) PMyg. (The CO concentration range is 0.65-1.46 mg/ m3.
The SO, concentration range is 7.27-51.99 pg/m?>. The NO, concentration range is 11.35-39.92 jig/m3.
The PM, 5 concentration range is 16.08-75.31 ug/ m?3. The O3 concentration range is 27.97-120.63 ug/ m3.
The PMj concentration range is 30.31-101.78 ng/ md).

The concentrations of PM; 5, PM;, and SO, were winter > spring > autumn > summer,
which was consistent with the seasonal changes shown in other regions [33]. In spring,
summer, and autumn, the hourly concentration was higher from 7:00 to 9:00, and the
concentration was relatively low from 12:00 to 18:00. In winter, the concentrations of the
three pollutants were relatively low from 15:00 to 16:00. For PM;y and PMj, 5, there were
two high values throughout the year; one was in spring with frequent dust weather, and the
other was in winter after the beginning of the heating period. Especially after entering the
heating period, the mass concentrations of PM; 5 and PMj increased sharply, indicating
that fossil energy consumption contributed greatly to the mass concentration of particulate
matter. At the same time, the open burning of straw in autumn and winter before 2018 also
led to the increase in particulate pollution [34]. At 9:00 in winter and at night, there was
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more particulate severe pollution, similar to that in autumn. The reason for this pollution
was mainly caused by the heating period, adverse temperature, and other meteorological
conditions that were not conducive to the dilution of pollutants [35]. There was no signifi-
cant difference in SO, pollution between spring and autumn, and the difference in average
concentration between winter and summer was as high as 25.73 pg/m?3. The sharp increase
in SO, concentration in winter was mainly due to the large amount of coal consumption
for heating in winter, which released a large amount of SO;. In addition, the cold winter in
northern China and adverse meteorological conditions made SO, unable to be diluted.

The concentration of NO, was winter > autumn > spring > summer, which was
consistent with the relevant research results [36], and the concentration in winter was
significantly higher than that in summer. The period with low NO; concentration occurred
from 13:00 to 17:00. The high concentration in winter might have been due to the cold
winter in the study area and the increase in coal consumption for heating, increasing
NO; concentration. CO pollution was light in spring, summer, and autumn, and there
was little difference between seasons. Its mass concentration in winter was significantly
higher than that in other seasons. The severe pollution in winter might have been due to
the influence of temperature inversion in winter, which made CO unable to be diluted,
increasing pollutant concentration. In summer, the atmospheric convection activity was
vigorous and accelerated the dilution of pollutants. The high-value period of CO and
NO, concentration was in the traffic peak period from 7:00 to 9:00 and 19:00 to 22:00.
The vehicle exhaust pollution generated by people’s travel was the primary source of
these two pollutants. However, the contaminants were not diluted in time due to adverse
meteorological conditions in winter, resulting in the concentration of CO and NO, in winter
being significantly higher than that in other seasons.

To further analyze the hourly variation trend of pollutants, we separated 16 monitoring
stations according to cities to explore the hourly variation. This study used the mass
concentrations of six conventional pollutants from 2 January 2015, to 31 December 2020,
from 16 air quality monitoring stations. The results are shown in Figure 7.

The hourly variation in O3 in the five towns was highly similar. The daily high-value
area of O3 appeared at 14:00-17:00, and the low-value site appeared at 6:00-8:00. The high
value of O3 in the afternoon was because many O3 precursors accumulated in transportation
during the day. The temperature was the highest in the afternoon, and solar radiation was
the strongest, resulting in much O3 generation. When solar radiation could not maintain a
photochemical reaction at night, O3 was mainly removed through the titration reaction of
O3 + NO — NO; + Oy, resulting in the decrease in O3 concentration at night. Consistent
with the spatial distribution diagram shown in Figure 3, the O3 concentration at the JL site
was the highest, while that at BS and TH sites was low.

The hourly concentration changes in CO and NO; in the five cities were also very
similar, showing a “double peak” trend. The two peaks were at the peak of traffic, 7:00-9:00
and 18:00-21:00, respectively. SO, levels reached the maximum at 9:00, and the maximum
SO, values of BS and TH were 41.76 pg/m? and 41.61 ug/m?, respectively. The peak
value of SO, in these two cities was 14-23 ug/m3 higher than in other cities, which is a
considerable gap. The increase in SO, concentration was due to the exhaust emission of
motor vehicles, so the SO, concentration increased in five areas during the peak traffic
period. However, TH and BS belong to basin terrain, the climate was relatively stable,
and the pollutants were not easy to dilute, resulting in high SO, concentrations. SO,
also had a small peak at night, which may be related to the restriction of large diesel
trucks during the day, making large trucks appear at night [37]. The first peak of NO,
occurred from 7:00 to 8:00, and the late height was between 19:00 and 21:00. The first peak
was caused by the fact that the NO emitted by motor vehicles reacts with free radicals to
produce a large amount of NO,. The rise at night was mainly due to the titration reaction
between NO emitted by motor vehicles and O3 to make NO,.
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Figure 7. Hourly variation of six pollutant concentrations in different cities.

The hourly changes in PM; 5 and PMjy were very similar. According to the peak
time of pollutants, cities were divided into two categories: YB and JL were one category,
and the other three cities were classified into another category. The peaks of LY, TH,
and BS appeared from 9:00 to 11:00, reached the valley value from 17:00 to 18:00, and
entered the second high-value area at 22:00. The morning peaks of YB and JL appeared at
8:00-9:00, which was speculated to be related to the increase in human activities during
this period [38]. Then, the concentration showed a downward trend. After falling to the
valley value around 15:00-16:00, the concentration began to rise, and the second high-value
area was between 17:00 and 21:00. The hourly variation law of PM, 5 of YB and JL was
consistent with the research in Beijing. The concentration at night was higher than that
during the day [39]. The peak time of TH, BS, and LY was consistent with that in other parts
of China [40]. The reason why the PM; 5 peak of YB and JL appeared in advance may be
related to human activities, such as the difference in people’s travel mode and commuting
time, which needs further research.

At the same time, the concentrations of CO, NO,, PM; 5, and PM rose slightly in
the evening. This was because the temperature decreased in the evening, the boundary
layer (BL) dropped with cooling, and the aerosol, dust, gas, and any other mixture released
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from the ground source were blocked in the BL to a great extent. This led to the increase in
pollutant concentration at night [41].

3.1.3. Monthly Variation of Pollutant Concentration

The concentration stack diagram is used to describe the contribution of six pollutants to
pollution in other months. The results are shown in Figure 8. Through the superposition of
absolute concentrations of contaminants, we intuitively found that the monthly breakdown
in the study area presented a “U” distribution. The pollution was most serious in January,
followed by February, March, April, and December, and less so in July, August, and
September. Except for O3, the monthly concentrations of the other five pollutants were
consistent with the total pollution trend, showing a “U” distribution.
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Figure 8. Monthly variation of six pollutant concentrations from 2015 to 2020 (CO unit: mg/m3,
others are pg/m?).

On the contrary, O3 showed an “n” trend. The O3 concentration was the highest
in April, May, and June and the lowest in January, February, October, November, and
December. The concentration of O3 was the highest in May because of the long illumination
time, intense solar radiation, and high temperature in May. PM;y and PM, 5 were high
in January, February, March, November, and December, and low in July, August, and
September. SO, pollution was the most serious in January, February, and December, and
light in July and August. The high-value area of NO;, was distributed from January to
March and from October to December, with the highest in January and the lowest in August.
The increase in SO, NO,, PM; 5, and PMjg in winter was caused by coal-fired heating. The
air quality improved greatly in July and August because the increase in rainfall inhibited
the transport of pollutants and accelerated the deposition of pollutants. CO pollution was
the most serious in January (1.29 mg/ m?3) and the least serious in June (0.69 mg/ m3). There
was no significant difference in concentration between different months. These results are
consistent with the seasonal changes above.

3.2. Backward Trajectory Cluster Analysis

Considering that JL is the most economically developed and seriously polluted area
among the five cities in the eastern part of Jilin Province, and JL1 monitoring point
(126.555 E, 43.8875 N) was located in the center of Jilin City, which is the industrial concen-
tration area and transportation hub of Jilin City, with many surrounding pollution sources.
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Therefore, we used the HYSPLIT model to cluster 8760 trajectories passing through the
JL1 monitoring point in 2019 and calculate the proportion of various trajectories in the total
trajectories. The results are shown in Figure 9 and Table 3. We further analyzed the trajec-
tory and subdivided it into four seasons: spring, summer, autumn, and winter for trajectory
clustering. Observe the difference in airflow transport in different seasons. The results are
shown in Figure 10. It is found that the track with the most significant proportion was
the track of Korea Liaoning Province in the southwest, accounting for 37.94% (cluster 2),
and the track transportation distance was the shortest. The path passing through Inner
Mongolia and Heilongjiang Province in the northwest accounted for the second largest,
reaching 27.38% (cluster 4). In addition, there were two track clusters in the northwest,
the circulation track of Russia and Inner Mongolia accounts for 18.11% (cluster 3), and the
most extended track cluster passed through Russia and Mongolia, accounting for 16.57%
(cluster 1). In conclusion, the pollutants were mainly affected by the airflow from the
northwest and southwest.

60N

3(18.11%)

ssn|  1(16.57%)

4(27.38%)

50N

Mongolia
45N T

~— ¢ e

— e ~N;mnng BU oy o
o o it
40N- / ,,/”"
A S D Ug“éZLB
e “\S N ~ thnxé yd \‘C./‘ﬂ-v
My L k i‘_ \} e /Shandtmé
36N{_¢ Qinghai I for o .
90E 100E 110E 120E 130E 140E

Figure 9. Cluster distribution of backward trajectory in 2019. The trajectories are divided into four
clusters: cluster 1 is in red; cluster 2 is in green; cluster 3 is in blue; cluster 4 is in black.

Table 3. Backward trajectory clustering results.

s . Probability of
Cluster Direction Pathway Region Occurrence (%)
1 Northwest Russia, Mongolia, Neimenggu 16.57
2 Southwest Liaoning Province, North Korea 37.94
3 Northwest Russia, Mongolia, Neimenggu 18.11
4 North by West Russia, Neimenggu, Heilongjiang Province 27.38

Figure 10 shows the trajectory clustering results of four spring, summer, autumn, and
winter seasons in eastern Jilin Province in 2019. We found that the trajectory had prominent
seasonal characteristics. The clustering results in spring and autumn were similar to those in
the whole year, mainly affected by the long-distance transmission in Northwest China and
the short-distance transmission in Southwest China. The trajectory cluster in summer was
the most special in the four seasons. In addition, the northwest cluster (Russia-Mongolia—
Inner Mongolia) was also affected by the southeast ocean circulation, accounting for 8.7%.
In summer, the trajectory from the southwest was the Yellow Sea Liaoning sea-land breeze
circulation, accounting for 51.47%. The more complex airflow in summer might provide
great help for the dilution of pollutants, resulting in the generally low concentration of
contaminants in summer. In winter, it was mainly affected by long-distance transportation
in the northwest (Russia-Mongolia—Inner Mongolia), and the track transmission distance
was the longest, accounting for 47.71%.



Atmosphere 2022, 13, 681

16 of 21

1(36.40%) 4
(1598%)

(¢) Autumn (d) Winter

Figure 10. The trajectory clustering results of four spring, summer, autumn, and winter seasons in
eastern Jilin Province in 2019. In (a), the trajectories are divided into five clusters: cluster 1 is in blue;
cluster 2 is in green; cluster 3 is in yellow; cluster 4 is in red; cluster 5 is in black. In (b), the trajectories
are divided into five clusters: cluster 1 is in blue; cluster 2 is in green; cluster 3 is in yellow; cluster 4
is in black; cluster 5 is in red. In (c,d), the trajectories are divided into three clusters: cluster 1 is in red;
cluster 2 is in green; cluster 3 is in blue.

Moreover, the other two tracks in winter also came from the northwest. In other words,
in winter, almost all airflow went from the northwest. Therefore, we must strengthen
international and regional joint prevention and control of air pollution in the northwest.

3.3. Analysis of Potential Pollution Sources

The potential sources of PM; 5 at the JL1 monitoring point in 2019 were analyzed, and
the results of WPSCF and CWT are shown in Figures 11 and 12. It can be seen that the
WPSCEF high-value area of PM; 5 was the northwest and southeast regions. The WPSCF
value in the northwest was high, mainly concentrated in Russia, Mongolia, and Inner
Mongolia, reaching 0.9-1. There were also a few high-value areas in Liaoning Province
in the southwest, with WPSCF values ranging from 0.9 to 1. In addition, there were a
few high-value areas in the southeast, with a WPSCF value > 1. However, the potential
contribution source area in the northwest was much larger than in the southwest and
southeast. PM, 5 in the study area was mainly affected by northwest airflow, southwest
airflow, and a small part of southeast airflow. The WPSCF values in other regions were
primarily between 0.1 and 0.7. According to the results of CWT, the high-value area of
PM, 5 potential source was distributed in the northwest, which was consistent with the
results of WPSCE.
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Figure 11. Weighted potential source contribution function (WPSCF) values for PM; 5.
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Figure 12. Concentration trajectory weighting method (CWT) values for PM; 5.

3.4. Analysis of Weekend Effect of CO, NO,, PM; 5 and O3

The WEs of CO, NO,, PM, 5, and Oj at each station from 2016 to 2019 are shown in
Figure 13. We can see that O3 in most stations presented a “negative weekend effect” in
2016 and 2017, indicating that the average concentration on weekends was slightly lower
than that on weekdays. O3 became a “positive weekend effect” in 2018 and 2019, which
was opposite to the change in the weekend effect of NO,. This was different from many
studies. Seguel, R.J, and others found that the O3 concentration in Santiago, Chile, on
weekends was higher than on weekdays, showing a positive weekend effect [42]. Tang et al.
found that the positive weekend effect in Shanghai was due to nitrogen oxides and the
photochemical reaction ratio [43]. Atkinson Palombo et al. showed that the weekend effect
might be caused by other variables affecting O3 (such as temperature, solar radiation, PMj,
and relative humidity) in a specific location [44]. Zou, e, and others found that the weekend
effect of O3 mainly depended on anthropogenic emissions on O3 precursors and was related
to non-methane hydrocarbons [45]. The reasons for the “negative weekend effect” of O3
in the eastern part of Jilin Province were complex. We speculate that the reason was that
the traffic flow on weekends was lower, and the NOy emission was not as strong as that
on weekdays, resulting in the weakening of the titration reaction of O3 + NO — NO, + O,
and the increase in O3 concentration on weekends. Meanwhile, the weekend effect of PM, 5
in 2019 was negative, indicating that the weekend PM; 5 concentration was lower than that
on weekdays. The reduction in aerosol emissions led to stronger solar radiation, which
increased the weekend O3 concentration, showing a positive weekend effect [46].

For PM; 5, all stations showed a “positive weekend effect” in 2016, and the intensity
of positive weekend effect decreased year by year from 2016, and most stations showed a
“negative weekend effect” by 2019. For NO, and CO, TH1, TH2, YB1, YB2, and YH3 stations
showed a noticeable positive weekend effect from 2016 to 2018. It may be that these stations
are located in tourist cities in the east of Jilin Province, and the enormous traffic flow
on weekends and other holidays led to the increase in NO; and CO emissions. For the
JL1-7 stations, NO, gradually changed from a “positive weekend effect” to a “negative
weekend effect,” which might be due to the large truck traffic on weekdays in Jilin City, a
vital old industrial base, and a chemical city in Northeast China.

According to the cumulative diagram of the interannual variation deviation of week-
end effect (Figure 14), it is found that the deviation of the “weekend effect” of pollutants
showed a decreasing trend and showed a trend of changing from “positive weekend effect”
to “negative weekend effect” on the whole. This is not the first time that a decreasing
trend of the “weekend effect” has been found. Wang Yuzhen and others analyzed PM; 5 in
338 cities in China and found that PM; 5 had no noticeable weekend effect from 2014 to 2017.
George t et al. analyzed the O3 data from 1997 to 1999 and found that the “weekend effect”
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was evident in many cities. Still, the O3 data from 2008 to 2010 showed that this phe-
nomenon disappeared [47]. The decrease in “weekend effect” may be related to the change
in people’s production and lifestyle. However, the influencing factors of the “weekend
effect” are too complex and depend on the chemical status characteristics of each city.
Therefore, further research is still needed to determine the reasons for the reduction in the
“weekend effect” .
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Figure 13. Weekend effect index of four pollutants at each station in 2016-2019.
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Figure 14. Cumulative diagram of inter-annual variation deviation of weekend effect.

4. Conclusions

By analyzing the temporal and spatial distribution of six pollutants, this paper compre-
hensively understood the atmospheric environmental quality in the east of Jilin Province.
Overall, the air quality in the study area improved year by year. However, the pollutant
concentration still exceeded the standard in some areas, and the pollutant concentration
had prominent geographical characteristics. At the same time, pollutants had obvious
seasonal characteristics related to coal-fired heating in autumn and winter. The results
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of backward trajectory analysis showed that the potential pollution source areas of PM; 5
were located in the northwest and southwest, indicating that strengthening regional joint
governance is essential to improve air quality. Through the analysis of the weekend effect,
it was found that the concentration of pollutants is indeed related to human activities. The
research results of this paper can provide an excellent theoretical basis for the prevention
and control of air pollution in the eastern part of Jilin Province.

@
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The concentrations of O3, PMjg, and PM, 5 were higher in northwest Jilin, while the
concentrations of SO, and CO were higher in southwest Jilin. On the whole, the six
pollutants showed a decreasing trend year by year. The O3 concentration of some
stations rebounded considerably. The amount of SO, and NO, decreased during
the COVID-19 lockdowns in 2020. That shows that stricter laws and procedures
play an essential role in improving regional pollution. China has not yet issued a
special decree on straw incineration treatment, which does not match the urgent straw
treatment demand in Northeast China. Therefore, it is suggested to speed up the
formulation process of straw governance laws and improve air quality. Motor vehicle
exhaust was a fundamental reason for the increase in SO, and NO, concentrations.
Therefore, urban public transport facilities can be improved and motor vehicle exhaust
emissions can be reduced from the source.

The seasonal difference in O3 concentration was spring > summer > winter > autumn,
NO, was winter > autumn > spring > summer, SO,, PM;,, and PM, 5 were winter >
spring > autumn > summer, CO concentration was low throughout the year, and there
was little change between seasons. The pollution was the most serious in January,
followed by February and March, and the pollution was mild in July, August, and
September. PMjy and PM; 5 showed highly similar variation characteristics among
the hourly variation characteristics, indicating that PM in the study area contains
PMj; 5, and PM; 5, and PMj that can be managed together. The concentration of SO,
at 8:00-10:00 at BS and TH stations was exceptional. The concentration of SO, at
BS and TH stations was exceptional, and the peak value was 14-23 pg/m?> higher
than that in other cities. Because TH and BS belong to basin terrain, there was
much calmer weather, and the pollutants were not easy to be diluted, so the SO,
concentration was high during peak traffic hours. Therefore, the air quality can be
improved by introducing single and double traffic restrictions, improving public
transport equipment, and improving fuel quality.

The study area was mainly affected by airflow pathways in northwest and southwest
directions. The WPSCF high-value areas of PM; 5 are mainly in the northwest and
southwest, and a small part of the high-value areas are in the southeast. As the study
area was located at the border of China and has a long track from the northwest, it is
essential to strengthen inter-regional joint governance.

O3 showed a negative weekend effect in 2016 and 2017 and became a positive weekend
effect in 2018 and 2019, which was opposite to the weekend effect of NO,. The change
in the O3 weekend effect from negative to positive was mainly due to the weakening
of the O3 + NO — NO, + O, titration reaction due to low weekend traffic flow. PM; 5
gradually changed from a “positive weekend effect” to a “negative weekend effect”.
For NO, and CO, sites in tourist cities showed an obvious “positive weekend effect”.
The monitoring point NO; in the chemical city gradually changed from a “positive
weekend effect” to a “negative weekend effect”. According to the cumulative diagram
of the inter-annual variation deviation of the weekend effect, it was found that the
deviation of pollutant “weekend effect” gradually decreased. Further research is still
needed to determine the reasons for the reduction in the “weekend effect”. However,
the analysis of this paper still has several limitations. For example, the distribution of
monitoring points was uneven, and the number was limited, which might mean that
the monitoring concentration may not accurately represent the whole region.
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