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Abstract: The central Liaoning urban agglomeration is an important heavy industry development
base in China, and also an important part of the economy in northeast China. The atmospheric
environmental problems caused by the development of heavy industry are particularly prominent.
Trajectory clustering, potential source contribution (PSCF), and concentration weighted trajectory
(CWT) analysis are used to discuss the temporal and spatial pollution characteristics of PM; 5 and
ozone concentrations and reveal the regional atmospheric transmission pattern in central Liaoning
urban agglomeration from 2015 to 2020. The results show that: (1) PM; 5 in the central Liaoning
urban agglomeration showed a decreasing trend from 2015 to 2020. The concentration of PM; 5 is the
lowest in 2018. Except for Benxi (34.7 ug/m3), the concentrations of PM, 5 in other cities do not meet
the standard in 2020. The ozone concentration in Anshan, Liaoyang, and Shenyang reached the peaks
in 2017, which are 68.76 ug/ m3, 66.27 ug/ m3, and 63.46 ug/ m3 respectively. PM; 5 pollution is the
highest in winter and the lowest in summer. The daily variation distribution of PM; 5 concentration
showed a bimodal pattern. Ozone pollution is the most serious in summer, with the concentration
of ozone reaching 131.14 nug/m?3 in Shenyang. Fushun is affected by Shenyang intercity pollution,
and the ozone concentration is high. (2) In terms of spatial distribution, the high values of PM, 5 are
concentrated in monitoring stations in urban areas. On the contrary, the concentration of ozone in
suburban stations is higher. The high concentration of ozone in the northeast of Anshan, Liaoyang,
Shenyang to Tieling, and Fushun extended in a band distribution. (3) Through cluster analysis, it
is found that PM; 5 and ozone in Shenyang are mainly affected by short-distance transport airflow.
In winter, the weighted PSCF high-value area of PM; 5 presents as a potential contribution source
zone of the northeast trend with wide coverage, in which the contribution value of the weighted
CWT in the middle of Heilongjiang is the highest. The main potential source areas of ozone mass
concentration in spring and summer are coastal cities and the Bohai Sea and the Yellow Sea. We
conclude that the regional transmission of pollutants is an important factor of pollution, so we should
pay attention to the supply of industrial sources and marine sources of marine pollution in the
surrounding areas of cities, and strengthen the joint prevention and control of air pollution among
regions. The research results of this article provide a useful reference for the central Liaoning urban
agglomeration to improve air quality.

Keywords: PM; 5; Os; transmission pathways; backward trajectory; PSCF; CWT

1. Introduction

With the rapid development of the social economy, air pollution has become an increas-
ingly serious environmental problem. Epidemiological studies have found that long-term
exposure to air pollution will increase the risk of disease. For example, fine particulate
matter (PM,5) is significantly associated with an increase in the prevalence of diabetes;
short-term exposure to high concentrations of PM; 5 and ozone(O3) will increase cardio-
vascular disease, respiratory disease, and non-risk of accidental death [1-3]. Since 2013,
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regional atmospheric environmental problems mainly characterized by PM, 5 pollution
have attracted widespread attention in China. Therefore, China has formulated and issued
a series of policies to alleviate air pollution. From 2015 to 2020, PM, 5 pollution in China has
been significantly reduced, while ozone pollution has become increasingly serious [4-9].

Central Liaoning Urban Agglomeration (CLUA) is located in the Northeast Plain.
Due to the concentrated urban distribution, dense population, and industrial structure
dominated by heavy industry, air pollution is serious. In 2020, the proportion of PM; 5 and
O3 as the primary pollutants in Liaoning Province in the days exceeding the standard was
62.9% and 33.8% respectively. The annual average concentration of PM; 5 was 38 ug/ m3
which exceeds the secondary standard of ambient air quality [10]. The air quality of Central
Liaoning Urban Agglomeration may be affected by regional anthropogenic emissions.
In winter, the transboundary pollution of PM; 5 is extremely significant. Some studies
also found that there was regional transmission of pollutants in Central Liaoning Urban
Agglomeration and Harbin-Changchun urban agglomeration [11,12]. Straw burning and
coal-burning heating during winter resulted in heavy PM; 5 pollution, and the interannual
change of PM; 5 in Northeast China showed an obvious upward trend from 1998 to 2016.
MDAS (maximum daily 8 h average) O3 increased and the number of days exceeding the
standard continued to increase which can be attributed to the superimposed effects of
atmospheric long-distance transport and anthropogenic emissions [13-17].

Many studies have mentioned the occurrence of air pollution in various urban agglom-
erations, such as the Beijing-Tianjin-Hebei region, Harbin-Changchun region, Yangtze River
Delta, etc., while there are few studies on Northeast China and Central Liaoning Urban Ag-
glomerations [18-20]. This study collected PM, 5 and O3 concentration data in CLUA (Anshan,
Benxi, Fushun, Liaoyang, Shenyang, and Tieling) from 2015 to 2020 and analyzed its temporal
and spatial characteristics to determine the level of pollutants. Specifically, the aim was to
(1) study the long-term temporal and spatial changes of the mass concentrations of PM, 5 and
O3 and (2), through the back trajectory HYSPLIT model and cluster analysis, discuss the regional
transportation of PM, 5 and ozone in Shenyang, which is the center of Central Liaoning Urban
Agglomeration, in order to provide a useful reference for CLUA to improve air quality.

2. Data Sources and Methods
2.1. Data Sources

The geographical location of the study area is shown in Figure 1. This study used in
situ data from a total of 38 air quality monitoring stations (Table 1) in six cities in central
Liaoning urban agglomeration from 2015 to 2020 (http://www.cnemc.cn/ accessed on
14 May 2021). Among them, O3 data used ozone eight-hour moving average (O3-8 h), and
PM; 5 used hourly monitoring data. Ozone is measured by UV spectrophotometry (Thermo
Scientific Model 49iQ Ozone Analyzer). PM;5 is passed {3 X-ray absorption method
and light scattering method were used for real-time determination (Thermo Scientific
Model 5030i Sharp Particulate Monitor). The season division refers to the meteorological
industry-standard “Climate Season Division” (QX/T152-2012) and the annual difference is
adjusted. The results are: spring (1 April-31 May), summer (1 June-31 August), autumn
(1 September-31 October), winter (1 November-31 March of the following year).

2.2. Research Method

The Geographical Information System (GIS)-TrajStat software is used for backward
trajectory clustering, potential source contribution analysis, and concentration weighted
trajectory analysis, and grids were divided by 1° x 1° within the trajectory range [21,22].

2.2.1. Cluster Analysis

The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model
(http:/ /ready.arl.noaa.gov/HYSPLIT.php accessed on 12 July 2021) developed by the
National Oceanic and Atmospheric Administration (NOAA) was used to simulate 72 h
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backward trajectories at 100 m altitude for Shenyang to analyze atmospheric
pollutant transportation [23,24].

In the study, to understand the regional transport processes effects, we used 1° x 1°
Global Data Assimilation System (GDAS) data from National Centers for Environmental
Prediction (NCEP). We also calculated the 72 h backward airflow trajectory at 0:00, 6:00,
12:00, and 18:00 every day from 2015 to 2020. Euclidean classification method is used to
analyze the transport path of regional air mass through data statistics of various trajectories

after clustering, which can distinguish trajectories with similar directions but large differ-

ence in length [25]. Then we could better distinguish the contribution of long-distance and

short-distance transmissions from different directions.

Table 1. The details of 38 air quality monitoring stations.

Air Quality Monitoring Sites

Cities

Name Abbr. Longitude (°E) Latitude (°N)

MingDa New District MD 123.1289 41.0228

QianShan Mountain QS 123.0156 41.0831

ShenGouSi SG 123.044 41.1196

Anshan TaiPing TP 123.0485 41.1442

TieXi District Industrial Park D 122.9481 41.0833

Tiexi Sandao Street TSS 122.9642 41.0971

TaiYang Cheng TYC 123.011 41.0931

Cai Tun CT 123.7308 41.3047

Da Yu DY 123.8436 41.3283

. Dong Ming DM 123.7669 41.2864

Benxi Wei Ning WN 123.8142 41.3472

Xi Lake XL 123.7528 41.3369

Xinli Tun XT 123.7989 41.2692

DaHuoFang Reservoir DHF 124.0878 41.8864

DongZhou District Dz 124.0383 41.8625

ShenFuXinCheng SF 123.7117 41.8417

Fushun ShunCheng District AC 123.9169 41.8828

WangHua District WH 123.81 41.8469

XinFu District XF 123.9 41.8594

BinHe Road BH 123.1761 41.2736

Liaoyang HongWei District HW 123.2 41.1953

TieXi District industrial park XD 123.1417 41.2894

XinHua Yuan XY 123.15 41.2553

CangHai Road CH 123.284 41.7694

LingDong Street LD 123.428 41.8472

DongLing Road DL 123.542 41.8336

JingShen Street JS 123.3783 41.9228

TaiYuan Street TY 123.3997 41.7972

Shenyang YuNong Road YN 123.5953 41.9086

WenHua Road WH 123.41 41.765

XiaoHeYan Road XHY 123.478 41.7775

SenLin Road SL 123.6836 41.9339

Eastern of HunNan Road HN 123.535 41.7561

ShenLiaoXi Road SLX 123.2444 41.7347

Western of HuiGong Street HG 123.8139 42.3022

Tieling Northern of JinShaJiang Road JS] 123.7153 42.2217

ShuiShang Park SP 123.8469 42.292

Eastern of YinZhou Road YZE 123.8489 42.2864
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Figure 1. Air quality monitoring station in CLUA.

2.2.2. PSCF Analysis

Potential source contribution analysis (PSCF) is also called residence time analysis
(RT). The ratio of the length of track ! in the grid (i, j) to the length of the whole track is
multiplied by the backward track 72 h, and the result is the residence time of pollutants in
the grid [26]. PSCF identifies the possible pollution emission source areas by combining
the air mass clustering trajectory and pollutant concentration value. PSCF function is a
conditional probability function that pollutants carried by air masses passing through a
unit area exceed the set pollutant threshold [27]. The PSCF value calculated by this function
is the ratio of the number of pollution tracks as m;; passing through the grid (i, j) in all track
ranges to the number of tracks as 1;; passing through the grid [28]. The calculation method
is shown in Equation (1).

M

In this paper, potential source contribution analysis (PSCF) is used to further iden-
tify the potential sources of air pollution in Shenyang [29,30], setting PM; 5 concentration
threshold of 35 pg/m3 and O3 concentration threshold of 100 ug/m? for all pollution tra-
jectories, to determine the location of potential pollution sources affecting the atmospheric
environment in Shenyang. However, in order to reduce the uncertainty of PSCF value, the
weight factor Wi is introduced and called WPSCF [31], such as Equations (2) and (3).
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where m;; is the number of pollution tracks passing through the grid (i, j); n;; is the total
number of tracks passed.

2.2.3. CWT Analysis

The values calculated by the PSCF method are the same when the pollutant concentra-
tions of the trajectories are only slightly higher or much higher than the standard [32,33].
As a result, it may be difficult to distinguish between moderate and strong sources by PSC
method. Therefore, in this paper, the concentration-weighted trajectory (CWT) analysis
method is used to calculate the average weighted concentration of each trajectory, which
reveals the contribution of different regions to the air pollution in Shenyang by setting the
mesh precision of CWT to be the same as that of PSCF [34,35]. The same weight factor
Wi; from the PSCF method is introduced to distinguish the source intensity of potential
sources, which is called the weighted average concentration value (WCWT value), as shown
in Equation (4).

Cj— —i
! Z{\i1 Tijl
where C;; is the average weight concentration in the grid (i,j), [ is the index of the track, C; is
the pollutant concentration measured when track [ arrives, M is the total number of tracks,
and 7;; is the time that the trajectory [ stays in the mesh (i j). The higher the value of C
the greater the contribution of the trajectory to the air pollution in Shenyang.

M
Y o, Gt 4)

ijs

3. Results and Discussion
3.1. Temporal Variation

The annual average concentrations and change trends of PM, 5 and O3 in six cities of
CLUA are investigated as shown in Figure 2. PM; 5 basically showed a trend of declining
from 2015 to 2020. The average concentration of PM; 5 in Fushun decreased by 18% from
2015 to 2016, and increased slightly in 2017 and 2019, but was still lower than 53 pg/m?3 in
2015. China began to implement the environmental protection tax law in 2018 to strengthen
the management of air pollution punishment, which explains why the PM; 5 concentration
in each city was the lowest in 2018. In addition, straw burning was prohibited in the study
area, and Liaoning Province began to completely ban small coal-fired boilers of 10 tons and
below in 2016 to improve air quality. The average concentration of PM, 5 in Anshan City
decreased from 67 pg/m? to 41.6 pg/m3, which was 66.4% lower in 2020 than in 2015. In
2020, the lowest PM, 5 value appeared in Benxi City, which was 34.7 ug/m?3. Except for Benxi,
PM; 5 in other cities (Anshan, Fushun, Liaoyang, Shenyang, Tieling) did not meet China
Class II Environmental Air Quality Standard (CAAQS) limited to 35 pg/ m?. This shows
that the government needs to strengthen particulate matter control in these cities. Unlike
PMj 5, the annual average concentration of ozone does not change much in various regions,
and the trend of change is slightly different. This can be attributed to the fact that ozone
is affected by more meteorological conditions and chemical reactions [36,37], so its regional
characteristics are less obvious. The average concentration of O3 in Shenyang increased from
2015 to 2017 and decreased significantly after reaching peak value in 2017. Among them, the
ozone concentration in Anshan, Liaoyang, and Shenyang reached the peak concentrations in
2017, which were 68.76 ng/m3, 66.27 ug/m?3, and 63.46 ug/m? respectively.
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Figure 2. Inter-annual changes of PMj 5 and O3 years in CLUA from 2015 to 2020.

Figure 3 shows the monthly variation of the 24-h multi-year average concentration of
PMj; 5 in CLUA from 2015 to 2020. It can be found that PM; 5 pollution is the most serious
at the beginning and the end of the year (January to March and October to December), and
the PM 5 pollution is lower from May to September. In Northeast China, there is a large
area of open burning of crop residues, which is one of the reasons for PMj; 5 pollution in
autumn and winter. In addition, PM; 5 pollution peaked in the heating period. Due to
the long heating period, PM; 5 pollution continued until the next spring. It can be seen
that the frequency of low PM; 5 concentration in Benxi area is higher, which also indicates
that the PM; 5 pollution in Benxi is relatively lower than in other areas, because Benxi is
rainy in summer and autumn, and the wind direction is southeast, which is conducive to
the diffusion of pollutants. In general, the PM; 5 concentration in several cities resulted in
high values at night and low values during the day. In this latter case, low-concentration
PMj; 5 were registered from 14:00 to 17:00, while the peak of PM; 5 mainly were registered
from 7:00 to 9:00 and from 18:00 to 23:00. The first peak is related to atmospheric stability
and the increase of human activities during this period [38]. This can be attributed to the
intensification of atmospheric turbulence and the gradual decrease of PM, 5 concentration
with the increase of temperature in the morning. The evening peak in the cities appears
after sunset, so the PMj 5 emission increases. In addition, the surface radiation cooling
reduces the height of the boundary layer, and the atmosphere tends to be stable, leading
PM, 5 concentration to continue to rise [39].
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Figure 3. Hourly variation of multi-year average concentration of PM 5 in different months in CLUA
from 2015 to 2020.

Figures 4 and 5 are box charts of daily average concentrations of PM; 5 and Os in
different seasons in CLUA from 2015 to 2020 respectively. The upper and lower frames
of the box represent 75% and 25% quantiles respectively. The data points next to the box
in the figures correspond to the daily average concentration of pollutants, and a normal
distribution curve is added according to the concentration value. It is obvious that PM; 5
pollution trends are the same in all cities. PM; 5 pollution is the most serious in winter,
followed by spring and autumn, and significantly lower in summer than in other seasons.
In summer, the concentration of PM; 5 in the Anshan area is the highest, 32.02 ng/ m’>
(<35 ng/ m3). However, the concentration of PMj 5 in other cities does not exceed 30 ug/ m3.
It may be related to the fact that Anshan is a heavy industrial city and the main pollution
source is a fixed source. Compared with other seasons, the rainy weather in summer has an
obvious effect on the wet deposition of pollutants, so the PM; 5 concentration is relatively
lower [40]. In spring and autumn, PM; 5 pollution is the most serious in Shenyang, followed
by Tieling and Anshan. The concentration of PM; 5 in Benxi is the lowest. In winter, PM; 5
pollution in Shenyang is the most serious (69.57 pg/m3), which is 2.46 times higher than
that in summer. The concentration of PM, 5 in Benxi City is the lowest, 57.9 ug/ m3. This
is consistent with other results obtained using MODIS inversion data [41,42]. The high
concentration in winter is mainly due to the high population density in the built-up area
and the low temperature in winter in the north, so the amount of coal combustion increases.
In addition, inversion is more likely to occur in winter, which is not conducive to the
diffusion of pollutants [43,44].
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Figure 4. Seasonal variation of PM; 5 in CLUA from 2015 to 2020.

Being affected by the seasonal variation of meteorological conditions, the ozone con-
centration is opposite to that of PMy 5. In spring and summer, it is significantly higher
than that in autumn and winter. The seasonal pattern of ozone in central Liaoning
urban agglomeration is the same as that in other regions, with the overall pattern as
summer > spring > autumn > winter [45-47]. In summer, the O3 concentration in Shenyang
is 131.14 ng/ m?3, and the O3 concentration in Benxi is 95.3 ug/ m3. Some studies have
shown that direct emission of surface ozone is different from that of other air pollutants.
O3 is mainly generated by nitrogen oxides (NOy) and volatile organic compounds (VOCs)
through a series of complex photochemical reactions [48,49]. The high temperature and
high chemical reaction rate in spring and summer make the ozone concentration much
higher than that in other seasons. In addition, Benxi is different from other regions, and
ozone concentration in summer is lower than that in spring. The ozone concentration
in Fushun is higher in six cities. Huang et al. mentioned that there is intercity pollution
between Fushun and Shenyang. Therefore, the ozone concentration in the monitoring
stations near Shenyang is higher (Figure 6).
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Figure 5. Seasonal variation of O3 in CLUA from 2015 to 2020.
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3.2. Spatial Analysis

The spatial sites distribution of O3 and PM; 5 in CLUA is shown in Figures 6 and 7.
PM; 5 and Oj of all monitoring stations in Shenyang showed an obvious downward trend
from 2015 to 2020. In 2015, the high concentrations of PM; 5 were mainly located in LD,
TY, SLX in Shenyang, TD, and TSS in Anshan. On the whole, since 2016, the concentration
values of monitoring stations near the junction of Shenyang and Fushun have been higher.
The stations with high concentrations of PM, 5 are mainly concentrated in Shenyang urban
areas, TD, SF, and WH. These stations are mostly concentrated in urban areas with high
population, which leads to a higher concentration of pollutants caused by motor vehicles
and industrial discharge.

The spatial distribution trend of ozone is basically the opposite of PM;5. The con-
centration of O3 in rural areas is higher, such as XT, DY, DM, HW, and ]S, etc. As a
secondary pollutant, the formation of surface ozone is mainly related to its precursors
(NOx and VOCs). The source analysis of atmospheric VOCs in some areas shows that
the contribution rate of motor vehicle sources is high, which is the main source of urban
atmospheric VOCs [50,51]. The ozone pollution occurring in the urban areas is transported
to the suburbs with certain meteorological conditions [52]. The higher vegetation coverage
is conducive to photochemical reaction, resulting in higher ozone concentration in the sub-
urbs [53]. In addition, it can be found that the O3 concentration is higher at the stations near
the junction of Liaoyang and Anshan. From 2015 to 2020, the O3 concentration in western
cities are lower than that in eastern cities. The high ozone concentration is distributed
in a belt from Anshan, Liaoyang and Shenyang to Tieling and Fushun in the northeast.
While the ozone concentration of Benxi in the east is always low, which is consistent with
the results in Figure 2. Figure 8 shows that the ozone concentration in CLUA increased
significantly from 2015 to 2017, and began to decrease gradually in 2018. It shows that
while dealing with climate change, controlling pollutant emission reduction plays an active
role in ozone mass concentration control.

N

A

SY

2015 |
. 65
Th TL

>z

I'll

64

l.g 2017

I73

66

43

e g
s T LY » BX .~
L3 | :

/

45

45

(ng/m*)

¢
(ng/m’)

pe/m’)

Figure 6. Spatial site distribution of annual average mass concentration of MDA8 O3 in CLUA PM; 5
annual average mass concentration of CLUA from 2015 to 2020(AS: Anshan; BX: Benxi; FS: Fushun;
LY: Liaoyang; SY: Shenyang; TL: Tieling).
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Figure 7. Spatial site distribution of PMj 5 annual average mass concentration in CLUA from 2015 to
2020 (AS: Anshan; BX: Benxi; FS: Fushun; LY: Liaoyang; SY: Shenyang; TL: Tieling).

3.3. Transmission Path Characteristics in Shenyang Region

As the Shenyang area is the geographical and economic center of CLUA, its PM; 5 and
O3 pollution is severe. Therefore, this study selects Shenyang city for backward trajectory
cluster analysis and potential source area analysis. Cluster analysis of the backward airflow
trajectories transported to Shenyang at 0:00, 6:00, 12:00, and 18:00 every day from 2015 to 2020
(Figure 9). There are six categories of backward trajectories in spring. The air flows in spring are
mainly south (trajectory 1 and trajectory 5) and northwest (trajectory 3 and trajectory 6), which
account for 67.79% of the airflows in spring. There are four categories of backward trajectories
in summer. In summer, affected by the marine airflows, the southerly airflows (trajectory 1)
and southeast airflows (trajectory 4) are predominant, accounting for 68.43% of the airflows in
summer. There are seven categories of backward trajectories in autumn and six categories of
backward trajectories in winter. In autumn and winter, the airflows are mostly northwest and
the transmission distance is longer with faster speed, which may be related to the propagation of
the East Asian winter monsoon. Except in summer, the airflows from the Beijing-Tianjin-Hebei
region have all turned back significantly.

Based on the cluster analysis results of airflow backward trajectories in each season, the
PMj; 5 and ozone concentration data in Shenyang are combined (Table 2) to quantitatively
analyze the impact of various trajectories on PM; 5 and ozone in Shenyang.

Consistent with the results discussed above, the PM; 5 concentration corresponding to
each air flow in autumn and winter is higher than that in spring and summer. In winter,
the PM, 5 concentration corresponding to the airflow (trajectory 3) from the junction of
Liaoning and Hebei, Bohai Bay and southwest Liaoning is the highest, 106.02 pg/m3.
The second is the air flow from Northeast Inner Mongolia, northwest Jilin and northeast
Liaoning (trajectory 6), and the corresponding PM, 5 concentration is 105.23 pg/m?>. The
corresponding concentration of ozone in the southerly flow (trajectory 1) from the Yellow
Sea in spring is 142.41 pg/m3, followed by the air flow (trajectory 5) is 136.5 ug/m°.

The long-distance transport of northwest air flow from Hunshandak Sandy Land in
Northwest Inner Mongolia and the Gobi Desert in central Mongolia is the main transport
path affecting the PMj 5 concentration in Shenyang in four seasons. In addition, southwest
air flows through densely populated areas such as Beijing, Tianjin, and Hebei. The Bohai
Sea has heavy shipping emissions, making it another main transmission path affecting
PM, 5 pollution in Shenyang.
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Figure 8. Spatial distribution of annual average mass concentration of MDA8 O3 in CLUA from 2015
to 2020 (AS: Anshan; BX: Benxi; FS: Fushun; LY: Liaoyang; SY: Shenyang; TL: Tieling).
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Figure 9. Clustering analysis of backward trajectories of each season in Shenyang from 2015 to 2020
(the trajectories are marked with number and frequency).
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Table 2. Statistical results of the mass concentration of all kinds of air flow in the four seasons

of Shenyang.
Season Air Mass Type PM, 5 Stdev Number Ozone Stdev Number
1 60.51 24.70 202 142.41 32.84 189
2 60.64 28.59 65 111.46 7.57 14
spring 3 59.25 23.82 100 118.87 15.45 26
4 69.00 34.10 124 128.95 21.41 50
5 67.13 28.36 138 136.50 26.83 114
6 68.01 31.71 79 126.39 20.51 31
1 50.13 13.82 286 137.58 31.06 301
summer 2 48.56 11.93 87 126.94 21.51 113
3 58.19 23.81 9 125.66 22.24 8
4 49.32 13.65 224 139.83 32.71 230
1 72.59 38.98 144 119.96 15.78 11
2 57.67 20.13 76 126.97 19.32 5
3 7091 30.63 117 127.91 20.74 37
autumn 4 72.21 59.55 93 113.84 13.10 6
5 63.65 48.37 22 0.00 0.00 0
6 58.04 20.42 5 125.80 0.00 1
7 59.25 25.67 150 121.29 21.59 44
1 78.52 57.48 543 112.41 15.37 4
2 90.24 65.41 506 109.51 5.96 10
. 3 106.02 85.85 614 114.84 11.12 16
winter 4 66.15 33.99 45 0.00 0.00 0
5 76.45 41.05 222 111.22 5.83 4
6 105.23 54.45 489 120.49 19.19 50

3.4. Characteristics of Potential Source Areas in Shenyang

We conduct the potential source contribution factor (WPSCF) analysis and the concen-
tration weight trajectory (WCWT) analysis based on the backward trajectory of each season
in Shenyang from 2015 to 2020, in order to fully reflect the long-term impact characteristics
and contribution of potential source regions on the mass concentration of PM; 5 and Os
in Shenyang. The results are shown in Figures 10-13. The larger the calculated value of
WPSCE, the greater the impact of the area on the mass concentration of PM; 5 and O3 in
Shenyang. The higher value of WCWT, the greater the contribution of the grid area to the
pollution of PMj; 5 and O3 in Shenyang.

The WPSCEF value of PMj 5 is the lowest in summer, and it can be found that WPSCF
and WCWT have consistent spatial distribution characteristics in central Shandong. It can
be seen that the regions with a higher contribution to the PM, 5 concentration in Shenyang
in spring were concentrated in the central Shandong Province and the northwestern parts
of Jiangsu Province, with WPSCF value higher than 0.7 and corresponding WCWT value
higher than 50 ug/ m3 (Figures 10 and 12). In summer, WPSCF value is higher near
Zaozhuang and Jinan in Shandong Province, and WCWT value is 45~50 pg/m?. The
regions with relatively high WPSCF in autumn are mainly concentrated in Beijing-Tianjin-
Hebei Urban Agglomeration and northwestern part of the Shandong Province, and the
WCWT value is higher than 80 pg/ m3. In winter, due to the heavy PMj, 5 pollution, the
WPSCEF value of PM; 5 is high and wide, indicating that the PM; 5 pollution in Shenyang
has certain regional characteristics. The high value of WPSCF mainly occurs in Beijing
Tianjin Hebei Urban Agglomeration, Bohai Sea area, Lianyungang City, Shandong Province
and Jiangsu Province, the northeast of Liaoning, the middle of Jilin, and the middle
of Heilongjiang, showing a wide coverage of northeast trending potential contribution
source zone (WPSCEF > 0.8). It is worth noting that in the WCWT distribution, the central
Heilongjiang shows more than 240 PM,5. It also mentioned that in winter, Liaoning
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Province is subject to long-distance transportation from Heilongjiang Province, resulting in
serious haze pollution [54].
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Figure 10. WPSCF distribution of PM; 5 in Shenyang from 2015 to 2020.

It can be seen from Figure 11 that there are many regions with higher contributions of
the O3 concentration in Shenyang in spring and summer. They are mainly concentrated in
Bohai Bay, Shandong Province, Jiangsu Province, and the nearby Yellow Sea. The WPSCF
value is higher than 0.6 and the corresponding WCWT value is more than 110 pg/m?.
Among them, Jiangsu Province is an economically developed region in China, with in-
tensive secondary industry and serious pollutant emission. The high WPSCF values in
the Bohai Sea and the Yellow Sea may be the pollutants in their adjacent areas and are
transmitted to the nearby sea areas through the sea land winds. Then they are transported
to the northeast along the Bohai Bay and the Yellow Sea bay, sinking in Shenyang. However,
as mentioned above, compared with PM; 5, ozone is unstable and the formation conditions
are complex, so it is more difficult to determine the potential source area of ozone. PSCF
and CWT methods show that the high ozone content in Shenyang mainly comes from the
transmission in the Yellow Sea, Bohai Sea, and its adjacent areas.

Combined with the analysis of PSCF and CWT, it can be found that the main potential
sources areas affecting the PM; 5 mass concentration of in Shenyang in autumn and winter
are Beijing-Tianjin-Hebei Urban Agglomeration, Shandong Province, Jiangsu Province, and
nearby sea areas. This shows that the atmospheric circulation has an important impact on
the regional transmission of the city. In addition, the main potential source areas of O3 mass
concentration in spring and summer are coastal cities and the Bohai Sea and Yellow Sea.
This is also consistent with the backward air flow trajectory with heavy pollution in each
season, and the influence of long-distance transmission of pollution concentration is small.
Through potential source analysis, we should pay attention to the industrial source supply
in the surrounding areas of cities and the marine source provided by marine pollution, and
strengthen joint prevention and control of air pollution among regions.
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Figure 11. WPSCF distribution of O3 in Shenyang from 2015 to 2020.
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Figure 12. WCWT distribution of PMj 5 in Shenyang from 2015 to 2020.
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Figure 13. WCWT distribution of O3 in Shenyang from 2015 to 2020.

4. Conclusions

The PM, 5 concentration has fluctuated from 2016 to 2020 in Fushun, and has declined
year by year from 2015 to 2020 in other areas of the CLUA. The lowest PM; 5 level occurred
in 2018. Except for Benxi, PM; 5 in other cities (Anshan, Fushun, Liaoyang, Shenyang,
Tieling) did not meet the China Class II Environmental Air Quality Standard (CAAQS)
limit of 35 pg/m?3. The annual mean concentration of ozone has little change in different
regions, and the variation trend is different. The ozone concentration in Anshan, Liaoyang,
and Shenyang reached the peak value in 2017, which was 68.76 ug/m?, 66.27 pg/m?, and
63.46 ug/m?, respectively. PM, 5 pollution is the most severe at the beginning and the end
of each year (January to March and October to December). The concentration of PMj; 5 in all
cities showed the characteristics of high at night and low during the day. Affected by human
activities and atmospheric movements, there are two peaks at 7:00~9:00 and 18:00~23:00.
The seasonal pattern of PM, 5 concentration was winter > spring > autumn > summer. In
winter, PM, 5 pollution in Shenyang is 69.57 ng/m?, which is 2.46 times of that in summer.
The seasonal pattern of ozone concentration is summer > spring > autumn > winter. In
summer, The O3 concentration in Shenyang is the highest, 131.14 pg/m3, 1.37 times of
that in Benxi. The ozone concentration in Fushun area is affected by the intercity pollution
in Shenyang.

In terms of the spatial distribution of PM; 5 and O3 concentrations, the concentrations
of PMj, 5 in the western cities (Shenyang, Liaoyang, and Anshan) present higher than that
in the eastern ones (Tieling, Fushun, and Benxi), and the higher values are concentrated in
urban monitoring stations. On the contrary, the concentration of O3 is higher in rural areas,
which is related to its precursors. The high concentration of ozone in Anshan, Liaoyang,
and Shenyang extends to Tieling and Fushun in the northeast. The ozone concentration
of Benxi city in the east is always low. Moreover, the ozone concentration in the central
Liaoning urban agglomeration began to decrease gradually in 2018.

Through backward trajectory cluster analysis, it is found that the main transmission
paths affecting Shenyang are southerly short-distance and northwest long-distance airflows
in spring, southerly short-distance airflow in summer, southerly and northerly airflows in
autumn, and northwestern long-distance airflow in winter. In winter, southwest airflows
and northeast airflows have the highest PM; 5 concentration, which is 106.02 ug/ m? and
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105.23 ug/m? respectively. The ozone concentration corresponding to the southerly airflows
in spring and summer is the highest, which is 142.41 pg/ m? and 139.83 ng/ m3, respectively.

Through the WPSCF and WCWT analysis, it is found that the main potential source
areas affecting the mass concentration of PM; 5 in Shenyang in autumn and winter are
Beijing-Tianjin-Hebei urban agglomeration, Shandong Province, Jiangsu Province, and
nearby sea areas, showing a potential contribution source belt with a wide coverage of
northeast trend. In addition, the main potential source areas of 0zone mass concentration
in spring and summer are mainly coastal cities and the Bohai sea and Yellow Sea. Through
the analysis of potential sources, we should pay attention to the industrial source supply
in the surrounding areas and the marine source provided by marine pollution. We will
strengthen joint prevention and control of air pollution between regions.
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