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Abstract: In present China, continuing to control PM2.5 (particulate matter < 2.5 µm) and preventing
the rise of O3 are the most urgent environmental tasks in its air clean actions. Considering that NO2

is an important precursor of PM2.5 and O3, a comprehensive analysis around this pollutant was
conducted based on the real-time-monitoring data from Jan 2018 to Mar 2019 in 11 prefecture-level
cities in Shanxi Province of China. The results showed that the annual average concentration of NO2

in Shanxi prefecture-level cities is mainly distributed in the range of 28.84–48.93 µg/m3 with the
values in five cities exceeding the Chinese Grade II standard limit (40 µg/m3). The over-standard
days were all concentrated in the heating season with a large pollution peak occurring in winter
except in Lvliang, while four cities also had a small pollution peak in summer. High NO2 polluted
areas were mainly concentrated in the central part of Shanxi, and trended on the whole from the
southwest to the northeast (Lvliang/Linfen—Taiyuan/Jinzhong—Yangquan/Jinzhong), which was
different from the spatial distribution of PM2.5 and O3. Lvliang was the hot spot of NO2 pollution in
summer, while Taiyuan was the hot spot in winter. Concentration Weighted Trajectory (CWT) analysis
indicated that central-north Shaanxi, central-south Shanxi, northern Henan, the south of Shijiazhuang
and areas around Erdos in Inner Mongolia were important source areas of NO2 in Shanxi besides
local emissions. Our findings are expected to provide valuable implications to policymakers in Shanxi
of China to effectively abate the air pollution.

Keywords: NO2; diurnal variation; monthly variation; spatial distribution; local spatial autocorrelation;
regional source

1. Introduction

In recent years in China, fine particulate matter (PM2.5) and ozone (O3) are two of
the most primary pollutants threatening human health, overall air quality, atmospheric
visibility, and even agricultural production [1–4]. It was estimated that PM2.5 caused
0.65–2.47 million premature deaths in 2015 alone in China according to different stud-
ies [2]. Annual mortality attributable to surface O3 pollution in China is estimated to
be 154,000–316,000 deaths at present [3,4]. Accompanying the effective control of PM2.5
pollution during the first phase of the implementation of the “Air Pollution Prevention
and Control Action Plan (APPCAP)” from 2013–2017, O3 pollution began to worsen in
many cities. Because the cities with higher PM2.5 concentrations generally exhibit higher O3
concentrations, a synergistic control against both PM2.5 and O3 was proposed in 2018 [5].
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The positive correlation between PM2.5 and O3 is due to their homology by the sec-
ondary formation. NO2 is one of the most important precursors of both O3 and PM2.5
nitrate and also plays important roles in the formation of PM2.5 sulfate [6,7]. With large
amounts of nitrogen oxides (NOx = NO + NO2) emissions from fossil fuel combustion
processes like vehicular traffic load and industrial boilers, NO2 pollution is always more
serious in urban regions than rural regions where natural sources (soil, lightning and
wildfire) dominate NOx levels in the atmosphere [8,9]. In recent years, remote sensing
monitoring technology has made great contributions to the observation of NO2 based on
the data provided by the instruments onboard satellites like Ozone Monitoring Instru-
ment (OMI) aboard NASA’s Aura satellite and the TROPOspheric Monitoring Instrument
(TROPOMI) aboard the Sentinel-5 Precursor satellite, and results showed that China has
become a hotspot for NO2 pollution around the world due to its rapid development in
past decades [10,11]. To ensure reliable analysis and higher resolution in China, and fill the
spatiotemporal gap in China’s air quality ground detection network, some scholars, like
Mak et al. (2018), Wang et al. (2022) and Xu et al. (2020) further explored some optimization
methods and models of remote sensing such as the Berkeley High Resolution production
(BEHR-HK) combined with the meteorological outputs from the Weather Research and
Forecasting (WRF) model and the two-stage combined ground NO2 concentration esti-
mation (TSCE-NO2) model to analyze the temporal and spatial distribution of NO2 in
different regions of China. Their results indicated that the perennial average (2005–2019)
modelled NO2 concentration reached up to 72 µg/m3 in the heavily polluted areas [11–13].
The implementation of APPCAP achieved a remarkable decline in the concentrations of
SO2, PM2.5 and PM10, but failed to reduce the concentration of NO2 [13,14]. Consequently,
nitrate become the dominant species of inorganic PM2.5 at many urban sites in China,
especially during the development of PM haze events [15–18]. For example, Zou et al.
(2018) found that the nitrate concentrations on polluted days were almost 14 times higher
than those on relatively clean days (PM2.5 < 75 µg/m3) in Beijing and Tianjin, with the
enhancement ratio of nitrate being much higher than that (5.3) of sulfate [18]. Wang et al.
(2019) noted that the enhancement ratio of NO3

- was about six between hazy and clear
days in Ningbo of the Yangtze River Delta (YRD) region while the ratio was about three for
SO4

2− [16]. The above phenomenon implies that NOx pollution control should be listed
as one of China’s top priorities over the next several years of APPCAP. Before developing
sound regulatory management and mitigation strategies, a thorough and scientific evalua-
tion about the pollution level, temporal variation, spatial distribution of NOx, as well as its
sources in terms of emission and regional transportation in areas with heavy air pollution
is necessary.

An innovative measure of APPCAP is the collection of air quality data including
particulate matter (PM2.5, PM10) and trace gases (SO2, NO2, CO and O3) at each monitoring
site of the major cities at the prefectural level or above available to public, which provide
abundant data resources for researchers to better understand the air pollution situations
and changes in China. For example, Zhao et al. (2016) evaluated the current air pollution
situations in China, and analyzed the annual and diurnal variations of six criteria pollutants
(PM2.5, PM10, CO, NO2, SO2 and O3) through classifying the cities as severely, moderately,
and slightly polluted cities by cluster analyses according to the variations [19]. Tian et al.
(2020) investigated the characteristic and spatio-temporal variation of air pollution in north-
ern China based on correlation analysis and clustering analysis of five air pollutants [20].
Feng et al. (2019) explored the spatio-temporal variations of the five conventional pollu-
tants —PM2.5, PM10, SO2, NO2 and O3— as well as the Air Quality Index and primary
pollutants in 338 Chinese cities from 2013 to 2017 in order to comprehensively understand
China’s current air pollution situations and evaluate the effectiveness of the APPCAP [5].
Chu et al. (2020) analyzed the correlations between PM2.5 and key gaseous pollutants to
identify linked trends as a means of understanding the impacts of air pollution control in
China [21]. Although these studies provided valuable insights into the temporal and spatial
variation characteristics of atmospheric pollutants and the correlations among them, their
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discussions mainly focus on provincial level or developed cities, while too little attention
was paid to the prefecture cities where large amounts of people live in. The information
about the source regions of the air pollutants in the prefecture-level cities is more scare.

As a large coal-producing province and the largest coke producer in China, Shanxi
Province has suffered from bad air quality for a long time with high occurrences of severe
haze [22]. According to on-line monitoring results, the over-standard rate of 24-h averaged
PM2.5 concentration in its 11 prefectural cities averaged about 43.2% (158 days) in 2018 [23].
The number of over-standard days of O3 was more than 51 at some sites [24]. Compared
with other regions in China, the PM2.5 pollution level was just slightly lower than the
Beijing-Tianjin-Hebei Region (the most polluted region in China), and the O3 pollution level
was also above the national average in 2018. Due to the serious air pollution, Fenhe Plain
of Shanxi Province was listed as one part of the national battlefields of “Blue Sky Defense”
in APPCAP in 2018 by the Chinese Government [25]. To provide valuable insights into the
air pollution prevention and control in Shanxi, we conducted a systematic analysis around
NO2 based on the on-line monitoring data from 11 prefecture-level cities. Specifically:
(1) the spatial-temporal distribution and variation of NO2 concentration was illustrated, as
well as the over-standard situations; (2) the pollution hotspots were investigated via local
spatial autocorrelation analysis; (3) the atmospheric sinks of NO2 were analyzed according
to the Spearman correlation analysis of NO2 with O3 and PM2.5; and (4) the potential source
regions were explored using CWT model. This study will be beneficial for developing the
global and targeted control policies and measures to reduce NO2 pollution levels in Shanxi
Province, which will be very helpful to solve the haze and ozone problems in recent years.

2. Methods
2.1. Regional Overview

Shanxi Province is located between 34◦34′~40◦44′ N, 110◦14′~114◦33′ E, on the east
bank of the middle reaches of the Yellow River and the Loess Plateau of western North
China Plain with an altitude of between 1,000 to 2,000 m. The general terrain is two
mountains and one river between them, with mountains and hills uplifting on the east
and west sides, while a series of beaded basins are situated in the middle (Figure 1a).
Because the soil in the basins is more fertile than that on the mountains, more soil NOx
emissions are expected in the basins. Shanxi Province has a total area of 15.63 × 104 km2

and a population of 3.72 × 107 at the end of 2018 [26]. There are 11 prefecture-level cities in
Shanxi, namely Taiyuan (provincial capital, TY), Datong (DT), Yangquan (YQ), Changzhi
(CZ), Jincheng (JC), Shuozhou (SZ), Jinzhong (JZ), Yuncheng (YC), Xinzhou (XZ), Linfen
(LF), and Lvliang (LL) as shown in Figure 1b. DT, SZ and XZ are located in the north of
Shanxi; TY, JZ, YQ and LL are located in the central part, while CZ, LF, JC and YC are
located in the south. DT, SZ, XZ, TY, JZ, CZ, LF, and YC are all situated in basins, while
the terrain of JC, YQ, and LL are complex. LL belongs to the loess hilly and gully area,
with mountain and semi-mountain areas accounting for 92% of its total area. The major
land cover types around the monitoring sites are urban construction land. Except that, the
other types of soil cover around the monitoring sites in DT, SZ, XZ, JZ, LF, JC, CZ and YC
are cultivated land, with some monitoring sites being also close to woodland in the west
of TY, east of CZ, and north of JC; the other types of soil cover around YQ are forest land
and grassland; the other types of soil cover around LL are cultivated land, forest land and
grassland. Maize is the main crop in the northern and central parts of Shanxi Province,
while wheat and maize are the main crops in the southern part.

As Shanxi Province is located in the mid-latitude inland on the east coast of the
mainland and blocked by the eastern mountains, the climate is weakly affected by the
ocean, and the climate type belongs to a temperate continental monsoon climate. The
annual average air temperatures in different places range from 3 to 14 ◦C. The temperature
difference between day and night is large, and so is that between the northern area and
southern area. In general, the temperature increases from north to south, and from basins
to mountains.
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Figure 1. The terrain of Shanxi Province (a) and the geographical locations of the prefecture cities in
it with the monitoring stations being marked with red dots (b).

The prevailing wind is northwest in the northern part of Shanxi, northeast in the
central region, southwest and southeast in the southern part. CZ and LL had the highest
annual average wind speeds, being 3.15 m/s and 2.81 m/s, respectively. The average
annual wind speeds in LF (1.47 m/s) and SZ (1.62 m/s) and LL (1.98 m/s) were smaller
than 2 m/s, while the speeds in the rest cities were in the range of 2.03 to 2.43 m/s. For the
seasonal change, the wind speed at each studied city was the largest in spring, while had
no obvious difference in other seasons (Table S1).

The annual average precipitation in the prefectural cities of Shanxi is between 200 and
600 mm, and highly concentrated in summer from June to August, which accounts for more
than 60% of the year. In general, precipitation is conducive to the removal of NO2 in the
atmosphere, however, when the skies pulse with lightning on rainy days, N2 will react with
O2 to form NOx. The precipitation and lightning mainly concentrate in summer. Among
the 11 prefectural cities, JC had the largest rainfall throughout the year (572.60 mm) and
also in spring (202.20 mm) and winter (23.60 mm), XZ had the second largest precipitation
throughout the year (536.82 mm) and the largest rainfall in the summer season (403.40 mm),
while YC had the largest rainfall in autumn (109.90 mm). The seasonal averages of wind
speed, temperature and precipitation are summarized in Table S1.

Overall, the soil in Shanxi Province is relatively infertile due to its being located in the
Loess Plateau with a low amount of precipitation and low frequencies of lightning and
forest fire. Therefore, the natural NOx emission should be limited in this area.

The industries in Shanxi are dominated by heavy industries such as coal mining, cok-
ing, steelmaking, thermal power generation, cement production, and alumina production.
In 2018, the overall output of coal was 962.34 million tons, coke 92.56 million tons, crude
steel 53.86 million tons, steel products 49.03 million tons, electricity 308.76 billion kwh,
cement 43.77 million tons, and alumina 20.25 million tons [26]. In terms of the regional
distribution, coal mining is mainly concentrated in SZ and DT in the north of Shanxi, LL in
the middle, and CZ in the south; coking and steelmaking are mainly concentrated in the
central and southern regions; power production is mainly concentrated in the north, but
industrial power consumption is concentrated in the central and southern regions; cement
production is also concentrated in the central and southern regions except DT in the north
(Figure 2). For the population, TY, YC, YQ, CZ, JC and DT have a relatively high density
(Figure 2). Because of the extremely cold and long winters, a central heating supply policy
is implemented in Shanxi, which begins on November 1 in every year and ends on March
31 of the following year. We defined this period as the “heating period”, while the other
time (from April 1 to October 31) in the year is defined as a non-heating period. Central
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heating is mainly supplied by burning coal and is therefore an additional important source
of air pollution during heating periods in Shanxi.

Figure 2. The spatial distribution of population and various industrial development indicators in
Shanxi Province. The data are from Shanxi Statistical Yearbook-2018 [26].

2.2. Data Sources

The real-time concentration data of six criteria pollutants (NO2, PM2.5, PM10, SO2,
CO and O3) monitored at the state controlling air sampling (SCAS) sites located in each
city were downloaded from the website of China National Environmental Monitoring
Center (CNEMC, http://www.cnemc.cn/, accessed on 8 November 2021). This dataset has
been applied in many previous studies [24,27,28] to investigate the temporal and spatial
variations of the gaseous and particulate pollutants in China [19,25,28,29]. The arrangement
principle of the sampling sites and the automated monitoring systems used have been
introduced in detail by Zhao et al. (2016) [19]. There is a total of 57 SCAS sites in Shanxi,
among which eight sites were set up in TY; four sites in JZ; six sites in DT, LF, YQ and
JC, respectively; five sites in CZ, SZ and YC, respectively; and three sites in XZ and LL,
respectively (Figure 1b).

The concentrations of NO2 at the SCAS sites were measured according to the Am-
bient Air—Automatic Determination of Nitrogen Oxides-Chemiluminescence method
(HJ 1043-2019) issued by the Ministry of Ecology and Environment of the People’s Republic
of China in 2019 [30]. In brief, the sample air was first divided into two paths after entering
the measurement instruments. One path measured the concentration of NO directly. The
NO in the reaction chamber was oxidized by excess O3 to form an excited state nitrogen
dioxide molecule, which emits light during the process of returning to the ground state.
Within a certain concentration range, the concentration of NO in the air is proportional to
the light intensity. The other path was to convert NO2 into NO through a molybdenum
conversion furnace and then measure the concentration of NO to give the total NOx. The
concentration of NO2 can be determined by subtracting the concentration of NO from the
concentration of total NOx.

2.3. Statistical Analysis

In this study, one-year hourly measurement from 1 January 2018 to 31 March 2019 was
chosen to do the monthly variation analysis, while that from 1 March 2018 to 28 February

http://www.cnemc.cn/
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2019 was used to do the rest analysis. Before publication, the data had been validated
based on Technical Guideline on Environmental Monitoring Quality Management HJ
630–2011 [31] which mainly targets the data with too short sampling time (<45 min in an
hour) and the anomaly with higher concentrations of specific pollutants [19]. In this study,
the data missing problem was further handled based on China National Ambient Air quality
Standard (NAAQS) (GB 3095-2012) [32]. The valid 24-h average concentration requires
at least 20 hourly mean values for NO2, CO, SO2, PM10, PM2.5, and the 8-hour average
concentration requires at least 6 hourly mean values for O3. For all the six pollutants, the
monthly average and the annual average concentration requires at least 27 (25 in February)
and 324 daily mean values respectively. If these rules were met, the partial missing of the
data was acceptable.

Because there were also some other inevitable problems such as consecutive re-
peats and severe outliers, the data were then processed by us following the methods
reported by Zhai et al. (2019) and Lu et al. (2018) to ensure their validity [25,29]. For
consecutive repeats, the values were removed from the hourly time series when there are
>24 consecutive repeats [25]. To identify the outliers, all hourly data were standardized by
the z-score standardization, then the standardized data(zi) were marked as outliers and
removed if they met one of the following criteria: (1) zi is larger than 4, i.e., |zi|>4; (2) the
enhancement of zi compared to the previous hourly value is larger than 9, i.e., |zi − zi-1|>9;
(3) the ratio of the value to its centered rolling moving average of order 3 larger than
2, i.e., 3zi/(zi-1 + zi + zi + 1) > 2 [12]. After processing, an average of 335 daily data and
12 monthly data were obtained in each city in the investigated year.

The citywide average concentrations were calculated by averaging the concentrations
at all sites in each city, and then the daily average, monthly average, quarterly average
and annual average were calculated for the subsequent analysis and comparison. The
averaging formula is:

−
x =

1
n

n

∑
i=1

xi (1)

−
x is the average concentration of pollutants in each city, n is the number of monitoring

sites in each city, and xi is the hourly concentration value uploaded by each monitoring site.
The spatial distribution map of NO2 was draw via Kriging method of the Geography

Information System (GIS) module in Globalization Modeling System (GMS) software,
which is an interpolation algorithm that creates a raster surface based on known point
values. The brief formula is:

z∗(x0) =
n

∑
i=1i

z(xi) (2)

xi is a series of known observation points on the space area, and z(xi) is the concentra-
tion value of NO2, z*(x0) is the corresponding value at the non-observed point x0. λi
is the weight coefficient, which needs to meet the following two criteria, unbiasedness
(E[z(x0)− z∗(x0)] = 0) and minimum estimated variance (Var[z(x0)− z∗(x0)] = min).

Other analytical methods are introduced as follows.

2.3.1. Local Spatial Autocorrelation Analysis

Spatial autocorrelation analysis methods have been used to investigate whether the
observed attribute value of a variable (e.g., concentrations of pollutants like NO2, SO2, etc.)
in one area is correlative of attribute values of the variable in its surrounding areas [33]. The
methods for calculating spatial autocorrelation can be categorized into two types, global
spatial autocorrelation analysis and local spatial autocorrelation analysis [24]. Global spatial
autocorrelation analysis is to research the spatial distribution of the observed attribute
values of the variable in the entire region. Local spatial autocorrelation analysis can be used
to determine local spatial clusters of high or low observed attribute values of the variable
in the studied areas, reflecting the correlation between a local area and surrounding areas.
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In this study, we selected global Moran’s I as the indicator to analyze the global spatial
autocorrelation, then Anselin’s Local Indicator of Spatial Association (LISA) represented
with Local Moran’s I and Moran’s I scatter plot were selected as the indicators of local spatial
autocorrelation. LISA could localize the presence and importance of spatial autocorrelation
based on measures [16,34,35]. That is, LISA play a role in the identification of hot spots-
areas where the considered specific phenomenon is extremely marked across localities as
well as spatial outliers [34,36]. Moran’s I scatter plot is also generally used to illustrate
spatial correlations among regions, which could conduct a more disaggregated comment
to the type of spatial autocorrelation that exists in the observed data [34,37].

The Global Moran’s I is calculated using the following formula:

−
x =

1
n ∑n

i=1 xi
(3)

I = n
n

∑
i=1

n

∑
j=1

wij

(
xi −

−
x
)(

xj −
−
x
)

/
n

∑
i=1

n

∑
=1

wij

n

∑
i=1

(
xi −

−
x
)2

(4)

The Local Moran’s I is calculated using the following formula:

S2 = 1/n
n

∑
i=1

(
xi −

−
x
)2

,
−
x = 1/n

n

∑
i=1

xi, i 6= j (5)

Ii = [
(

xi −
−
x
)

/S2]
n

∑
j 6=i

Wij

(
xj −

−
x
)

(6)

where n is the sample size, xi and xj denote the attribute values of spatial areas i and j,
here it’s the concentration of NO2 in each city, x represents the mean value of all spatial
areas, S2 represents the variance of the attribute value of spatial areas, Wij is the spatial
weight coefficient matrix, which represents the adjacent relationship of each spatial area.
We got Wij with OpenGeoDa v1.2.0, a free software, developed by the Center for Spatially
Integrated Social Science (University of California, Santa Barbara, CA, USA) based on
ESRI’s (Environmental Systems Research Institute, Redlands, CA, USA) MapObjects LT2
technology. Ii ranges from −1 to 1. When Ii > 0 (Ii < 0), the study entire area presents
a positive (negative) spatial autocorrelation in the spatial distribution, and the observed
attribute value of entire area presents a clustered (discrete) spatial pattern; when Ii is close
to 0, there is no spatial autocorrelation of observed attribute value, and they are randomly
distributed in space. When Ii > 0 (Ii < 0), there is a strong positive (negative) spatial
autocorrelation between the observed attribute values of the regional spatial area i and that
of the surrounding spatial areas, showing a local spatial aggregation (discrete).

To ensure the correctness of the inferred conclusion under a certain probability, this
study conducted a randomness test on Global Moran’s I (I) and Local Moran’s I (Ii):

Zi =
[I− E(I)]
VAR(I)

(7)

Zi is the normalized form of observations in area i and represents the significance level
of spatial autocorrelation, E(I) represents the mathematical expectation of Global Moran’s I
or Local Moran’s I, and VAR(I) represents the variance.

Moran’s I scatter plot is constructed based on the idea of regression of Global Moran’s
I with the following formula:

Z = a + IWZ (8)

where Z is the vector of Zi, the slope parameter I is the Global Moran’s I, and WZ is the
spatially lagged variable (NO2 in this study). Thus, a Moran scatter plot can highlight
cells with anomalous levels of spatial autocorrelation by plotting the location of WZ with
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respect to Z and adding a regression line (Global Moran’s I). In this study, the computing
and graphical displays were done using R Studio with additional package of “spdep” [38].

2.3.2. Back Trajectory Analysis

In this study, 48 h backward trajectories arriving at the most polluted monitoring
site of each prefectural city with an initial height of 100 m above ground level were
calculated using reanalysis data from National Centers for Environmental Prediction [39].
The calculation was performed using MeteoInfo-TrajStat [40]. The UTC time 00, 02, 04,
06, 08, 10, 12, 14, 16, 18, 20, 22, were set as the start time of the trajectories. Then, the
trajectories having similar geographic origins and histories in one season were clustered
into groups, and the mean trajectory for each group was calculated. The detailed principles
and methods were similar to those reported by Squizzato and Masiol [41].

2.3.3. Concentration Weighted Trajectory (CWT)

To localize major sources of NO2 in each prefectural city, the CWT was calculated on a
0.5◦ × 0.5◦ resolution by combining the concentration of NO2 with the above calculated
backward trajectories. The range of the study domain was in 34–41◦ N and 110–114◦ E. The
CWT for NO2 for a particular grid cell (i, j) is determined by using the following averaging
formula [42]:

CWTij =
∑N

k=1 Ckτijk

∑N
k=1 τijk

Wij (9)

where CWTij is the weighted average concentration of grid ij; N is the total number of
trajectories; k denotes a trajectory; Ck denotes the concentration observed on the arrival
of trajectory k at the receptor, and τijk is the duration in which trajectory k stays in grid
ij. As CWT is a conditional probability function, like any other air-quality models, some
uncertainties exist in the results modeled by CWT inevitably. When the airflow retention
time in each grid is short, the CWT value will fluctuate greatly to increase the uncertainty,
and when Nij (the total number of back-trajectory segment endpoints that fall into the grid
cell (i, j) during all days) is very small, high CWTij value will be generated. To eliminate
this uncertainty, the CWT values were multiplied by an empirical weight function W(ij),
which was defined as follows [43]:

W(ij) =


1.00 Nij > 80

0.70 20 < Nij ≤ 80
0.42 10 < Nij ≤ 20

0.05 0 < Nij ≤ 10

(10)

3. Results and Discussion
3.1. NO2 Pollution Level

In 2018, the concentration of NO2 in most of the prefecture-level cities in Shanxi ranked
the top heavy-polluted cities in China according to the study of Shen et al. [44]. As shown
in Table 1, the annual average concentrations of NO2 in the prefectural cities of Shanxi
mainly distributed in the range of 28.84–48.93 µg/m3. In TY, LL, YQ, JZ and XZ, the values
exceeded the grade 2 maximum allowable mass concentration value (40 µg/m3) (GB3095-
2012) required by the Chinese National Ambient Air Quality Standards (NAAQS).
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Table 1. Pollution Situation of NO2 in prefecture Cities of Shanxi Province.

City Item Annual Spring Summer Autumn Winter Non-Heating d Period Heating Period e

TY
Mean a 48.93 46.50 36.87 52.93 59.45 41.63 58.61
Range b 11.02–107.28 11.02–77.37 20.63–69.21 21.44–100.04 11.18–107.28 11.02–74.33 11.18–107.28
Over-standard rate c (N) 6.71 (22) 0 (0) 0 (0) 7.41 (6) 20.00 (16) 0 (0) 15.60 (22)

DT
Mean a 28.84 27.61 21.60 32.04 33.92 24.68 34.54
Range b 6.81–64.23 6.81–64.23 7.98–36.00 9.35–53.56 7.32–64.00 6.81–52.59 7.34–64.23
Over-standard rate c (N) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

CZ
Mean a 31.24 25.81 17.88 35.26 46.06 23.00 42.22
Range b 5.42–82.82 8.32–42.92 5.42–42.04 9.09–82.82 20.84–78.19 5.42–48.18 12.89–82.82
Over-standard rate c (N) 0.30 (1) 0 (0) 0 (0) 1.2 (1) 0 (0) 0 (0) 0.70 (1)

LF
Mean a 39.82 38.24 22.99 43.59 54.11 31.00 51.57
Range b 6.71–97.01 6.71–63.16 7.91–45.89 15.24–87.45 8.37–97.01 6.71–63.53 8.37–97.01
Over-standard rate c (N) 4.23 (14) 0 (0) 0 (0) 1.20 (1) 16.05 (13) 0 (0) 9.86 (14)

YQ
Mean a 44.03 44.07 30.26 46.81 54.11 36.66 53.95
Range b 14.94–89.22 14.94–72.71 15.53–56.37 21.62–81.86 16.81–89.22 14.94–68.68 16.81–89.22
Over-standard rate c (N) 3.30 (11) 0 (0) 0 (0) 1.15 (1) 12.35 (10) 0 (0) 7.75 (11)

JC
Mean a 37.17 37.96 27.15 39.94 43.10 33.28 42.45
Range b 9.49–80.81 11.25–59.03 9.49–55.60 13.94–75.62 12.37–80.81 9.49–64.51 12.37–80.81
Over-standard rate c (N) 0.30 (1) 0 (0) 0 (0) 0 (0) 1.23 (1) 0 (0) 0.70 (1)

SZ
Mean a 32.71 31.05 22.93 35.44 41.18 27.09 40.50
Range b 6.74–73.24 6.74–60.28 10.22–46.70 10.35–64.23 7.97–73.24 6.74–60.28 7.97–73.24
Over-standard rate c (N) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

JZ
Mean a 44.29 42.18 28.50 50.20 55.80 36.19 55.46
Range b 14.16–93.58 15.99–77.03 14.16–54.01 19.92–93.58 18.44–90.02 14.16–65.74 18.44–93.58
Over-standard rate c (N) 3.55 (12) 0 (0) 0 (0) 1.16 (1) 13.58 (11) 0 (0) 8.45 (12)

YC
Mean a 30.16 29.07 14.41 35.54 41.28 22.66 40.37
Range b 4.39–94.30 9.21–61.54 4.39–53.09 8.76–72.61 10.71–94.30 4.39–57.39 10.71–94.30
Over-standard rate c (N) 0.30(1) 0(0) 0 (0) 0 (0) 1.23(1) 0 (0) 0.70 (1)

XZ
Mean a 44.08 45.48 31.37 46.05 52.77 37.04 50.86
Range b 10.78–95.50 10.78–90.63 16.90–52.72 15.45–81.03 11.68–95.50 10.78–70.08 11.68–95.50
Over-standard rate c (N) 3.83 (3) 3.26 (3) 0 (0) 1.15 (1) 11.11 (9) 0 (0) 9.15 (13)

LL
Mean a 44.42 44.42 43.13 42.96 47.22 42.06 47.65
Range b 10.31–75.84 11.71–71.71 19.39–75.72 19.21–73.10 10.31–75.84 11.71–75.72 10.31–75.84
Over-standard rate c (N) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Note: N refers to the number of dates that the daily NO2 concentration has exceeded national threshold; a and b, the unit is µg/m3; c, the unit is %; d refers to the period from April 1 to
October 31; e refers to the period from 1 November to 31 March of the following year.
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TY had the largest number of over-standard days (the second-level daily upper limit
of NO2 is 80 µg/m3 according to GB3095-2012, which accounted for 6.71% of the total
days in the year, respectively. The maximum daily average concentration in TY reached
107.28 µg/m3 on 11 January 2019. On this day, the air pressure and temperature were
very low, the relative humidity was 65.25%, southeast, south, and southwest were the
prevailing wind direction. Because the most polluted cities in Shanxi with large amounts
of air pollutants emissions from coking industries and residential coal combustion are all
gathered in the southwest direction of TY, we deduced that regional transportation from
those cities was the major reason resulting in serious pollution in TY. In LF, JZ, YC and XZ,
the highest daily average concentration exceeded 90 µg/m3, but lower than 100 µg/m3.
The over-standard days were all concentrated in the heating season, and the highest over-
standard rate occurred in TY (15.60%), followed by LF, XZ, JZ and YQ (9.86%, 9.15%, 8.45%
and 7.75%, respectively). The above results indicated that combustion for heating in cold
days was a predominant factor causing NO2 pollution in Shanxi.

The NO2 concentration displayed an obvious seasonal variation with minimum value
in summer and maximum value in winter in all the cities except LL, in which NO2 concen-
tration was comparable in spring, summer and autumn. A more detailed analysis showed
that the seasonal over-standard situation was different in different cities (Table 1). TY,
LF, YQ and JZ exceeded the standard most severely in winter, followed by autumn. XZ
exceeded the standard most severely in winter, followed by spring and autumn. In JC and
YC, there were only some days in winter exceeding the standard. In CZ, there were only
some days in autumn exceeding the standard. Although the annual average concentration
of NO2 in LL city exceeded the second-level annual upper limit and ranked second in the
province, no one day exceeded the daily average concentration limit (80 µg/m3). This
phenomenon implies that simply pursuing meeting the standard in each day cannot ensure
that the annual average meets the standard. Therefore, an integrated planning and detailed
technical scheme towards the two goals is necessary for the government to control the air
pollution. The first thing the government needs to do is develop a highly detailed and
high-resolution NOx emission inventory and calculate out the total amount of emission
reductions needed to fulfill the above two goals. Based on that, the pre-control sources
and industrial enterprises can be determined according to their emission amounts, while
the total amount of emission reductions needed to control can be apportioned to all of
the pre-control sources and industrial enterprises after taking into account the emission
mitigation potential and maturity of the emission reduction technologies for each source,
as well as the economic costs for the enterprises and the government.

In addition, we found that the cities with the least precipitation in spring, autumn and
winter tend to have higher concentrations of NO2, for example, spring in TY, autumn in XZ
and TY, and winter in TY and XZ. The cities with higher speed had low NO2 concentrations
such as CZ and DT.

3.2. NO2 Monthly Variations

As shown in Figure 3, the monthly variations of NO2 concentration in the prefecture
cities in Shanxi can be classified into four types. Six cities (CZ, LF, YQ, SZ, JZ and YC)
belonged to the first type,”winter unimodal” (Figure 3a). For this type, the peak of NO2
concentration usually occurred in January. The period from August to January was the
rising stage, while that from January to August was the declining stage. The range (max-
min) of monthly average concentration reached up to 40~60 µg/m3. This is a universal
phenomenon in northern China as that found by Tian et al. [20]. The minimum in summer
is usually benefit from the active chemical reaction, stronger vertical convection, and wet
deposition. The maxima in winter can be mostly attributed to residential heating emissions,
longer lifetime and meteorology, including shallower mixing depth, lower precipitation,
and increased stagnation in winter [25]. Due to better diffusion conditions, the NO2
concentrations in all the cities in December of 2018 were obviously lower than those in
November and January in the next year. From Figure 2, we can see that there were more
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heavy air-polluting industries and population in the cities of this type, indicating that NO2
pollution was mainly controlled by industrial emissions besides residential coal combustion
emissions in winter.

Figure 3. Annual variations of monthly mean concentrations of NO2 in 11 prefecture cities in Shanxi
Province. (a) first type; (b) second type; (c) third type; (d) fourth type.

The representative cities of the second type were TY, JC and XZ (Figure 3b). The
difference between this type and the first type was that the NO2 concentration had a
plateau or small fluctuation in spring, which maybe resulted from the increase of soil NOx
emissions as the temperature increases. Compared with the cities in the first type, the cities
in the second type suffered less influence from industrial emissions, but more from traffic
exhaust and soil emissions. As the capital of Shanxi Province, TY has the highest population
density among all the prefectural cities (Figure 2) and the highest car ownership, while
most of the industries in the urban area of TY have been relocated to the outer suburbs or
farther afield. JC has a relatively high population density (Figure 2) and is actively building
a livable city. The economy of XZ has always been underdeveloped with less polluting
industries, but the air quality can be influenced by the regional transportation of air
pollutants from the surrounding polluted cities like Taiyuan, which was discussed further
in Section 3.6. In addition, the whole greening rate in these three cities is relatively high.

DT was marked as the third type (Figure 3c). The difference between this type and the
above two types was that the change of NO2 concentration throughout the year was rela-
tively small with the concentration being only about 10 µg/m3 higher in winter than other
seasons. In recent years, DT has successfully transformed from a heavy industry city into a
tourist city with many pollutant sources being controlled. This effort, coupled with a rela-
tive low air temperature, which can inhibit the soil emission in spring and NO2 degradation
in summer, leads to a relatively low concentration of NO2 (monthly averge < 40 µg/m3)
and small fluctuations over the whole year. LL appeared as the fourth type—“summer
and winter bimodal” (Figure 3d) with the summer and winter peak basically the same.
However, the overall change of NO2 concentration throughout the year was small with
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less than 20 µg/m3 difference among the monthly averaged concentrations. A faster rise
of NO2 concentration in LL from April to June than that in other cities implied a higher
impact from soil sources, while the lower concentration in winter than most other cities can
be attributed to good diffusion conditions with open terrain and a high altitude. Although
the heating activities in winter could result in higher pollutant emissions than summer,
more times had higher speed of wind in winter than in summer, and the average wind
speed was also higher than that in summer, so the pollutants were not easy to accumulate
(Figure S1).

Overall, due to the influence of coal combustion for heating in winter, each city had a
winter peak. Besides that, NO2 concentration in the first-type cities was mainly controlled
by industrial sources, while the second-type cities should be mainly controlled by traffic
exhaust. Soil NOx emissions might have a certain impact on the NO2 level in the second-
and forth-type cities, resulting in a summer peak in those cities. Under low emission and
low air temperature conditions like in DT, not only was the concentration of NO2 low, the
fluctuation was also small across the whole year. The comparable peak values in summer
and winter in LL might be associated with the high impact from soil sources in summer
and good diffusion conditions in winter.

3.3. NO2 Diurnal Variations

The diurnal variation of NO2 in different prefecture cities of Shanxi Province was
generally consistent. As can be seen from Figure 4, the concentration of NO2 in a day
was lowest in the afternoon, one main reason is it will be consumed by the photochemical
reaction when it is exposed to strong solar radiation except for strong vertical convection in
that time. The duration of the minimum concentration of NO2 in one day in each season
was also related to the solar radiation. It lasted the longest time (12:00 am to 6:00 pm, a
total of 7 h) in summer, followed by the spring (1:00–5:00 p.m., a total of 5 h), while it could
only last about 3 h in autumn and winter (2:00–4:00 p.m.). Taking the concentration in the
morning as the reference, the decline of the NO2 concentration in the afternoon was always
large in spring and summer, while small in autumn and winter, further indicating that solar
radiation has a great influence on NO2 concentration.

Figure 4. Diurnal variations of hourly mean concentrations of NO2 in 11 prefecture cities in Shanxi
Province. (a) spring; (b) summer; (c) autumn; (d) winter.
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When the solar radiation becomes weaker, the effects of anthropogenic emissions
as well as decreasing boundary layer thickness will start to stand out. During the late
afternoon fresh emissions of NO reduce ozone and the ozone reaction with NO produces
more NO2, leading to rapid rise of NO2 concentration in the atmosphere, so the NO2
pollution in the evening was the most severe with the concentration reaching the peak at
around 9:00 p.m. in fall and winter, and later (midnight) in spring and summer with few
exceptions. In spring, autumn and winter, the NO2 concentration would slowly decrease
or remain stable from about 12 o’clock in the middle of the night to about 5 or 6 o’clock in
the morning. Afterwards, it increased gradually with a small peak appeared at 8~9 a.m.
in some cities. This phenomenon can be observed mainly in DT, SZ, CZ and YC, while it
was not very obvious in other cities. From Figure 2 we can see that, DT, CZ and SZ are
the main coal production bases. The mined coal is mainly transported by diesel-powered
heavy trucks from mine areas to other places. Since 2013, in order to control the impact of
diesel vehicle exhausts on the air quality, Shanxi Province has imposed restrictions on the
running period of diesel vehicles on roads in and around each city, which are open from
12 PM to 6 AM in the next day while forbidden during the daytime. The transportation
of the diesel vehicles at late-night will inevitably discharges a large amounts of NO. After
sunrise, already high O3 concentration in the air (Figure S2) plus the supplement of O3 from
the upper air by convection [45] promotes the titration of NO by O3 rapidly and resulted
in a rapid increase of NO2 concentration in the early morning. Because some industrial
production activities are stronger at night than those in the daytime, leading to larger
amounts of NO emission at night, which may be the main reason for the morning peak of
NO2 level in the industrial city-YC. In the cities of Shanxi Province, the time of maximum
NO2 in the morning didn’t obviously lag behind the traffic-rush hour, indicating that the
traffic exhaust during the morning commute might have a low impact on the concentration
of NO2 in the atmosphere.

In summer, the NO2 concentration would increase at 3 o’clock in the middle of the
night in most of the prefecture cities except DT, which was significantly earlier than other
seasons. It should be pointed out that not all of the cities had the morning peak. The
variation was more complex in the nighttime among different cities due to different terrain
and associated evolution of meteorological conditions.

3.4. The Spatial Distribution and Local Spatial Autocorrelation of NO2
3.4.1. Spatial Distribution

Although NO2 is an important precursor of PM2.5 and O3, but interestingly, there are
large differences among their spatial distribution characteristics (Figure S2). The regions
having high PM2.5 concentrations mainly concentrated in the southern Shanxi including
LF, YC and JC, followed by central cities like TY and YQ (Figure S2). The regions having
high O3 concentrations also concentrated in the southern cities (LF, JC, YC, CZ) and the
central city—TY (Figure S2). However, the regions having high NO2 concentrations mainly
concentrated in the central part of Shanxi and trended on the whole from southwest to
northeast (LL/LF–TY/JZ–YQ/JZ) (Figures S2 and 5). Northern DT, southern YC, and the
central areas of JC and CZ were the areas where the NO2 pollution were lightest (Figure 5).
The study by Shen et al. (2020) also observed the similar phenomenon [44].

Combining the spatial distribution of the population and various industry develop-
ment indicators in Shanxi Province (Figure 2), we can deduce that coke production should
be the major source of NO2 in LL, LF and western JZ, which also caused heavy pollution
of SO2 in these areas. As the capital city of Shanxi Province, the anthropogenic emissions
especially mobile emissions are high in TY due to the dense population and intense human
activities, thus the NO2 pollution is serious. The steel and cement production should
be additional important sources of NO2. Although the industry production displayed
in Figure 2 ranked low in YQ compared with other cities, the production of refractory
materials is prevalent with high-temperature combustion of natural gas, which extremely
favor the formation of thermal NOx. One more fact that cannot be ignored is YQ is an
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important transmission corridor of air pollutants between TY and Shijiazhuang (the capital
city of Hebei) with about 100 km away from either one of the cities, both of which have
heavy NO2 pollution [44] and thus have high probability to aggravate NO2 pollution in
YQ through air mass transportation. From Figure 2, we can see that although the electricity
production of DT ranked first, the pollution of NO2 was light, so was SZ. This may be due
to the fact that the emission limits of air pollutants in the electricity industry are very rigid
in China.

Figure 5. The spatial distribution of NO2 in different seasons of Shanxi Province.

From the perspective of seasonal changes, winter was the most polluted season of the
year, followed by autumn and then spring, while summer was the least polluted season.
The pollution degree in TY and JZ in autumn was close to that in winter, but the pollution
range was smaller than that in winter. The heavy pollution of NO2 in winter was closely
related to the residential coal combustion for heating.

3.4.2. Spatial Autocorrelation

In Figure 6, the slope of the regression line represents the value of Global Moran’s I. A
positive value indicates that the entire study area exhibited positive spatial autocorrelation
in the spatial distribution. All regression lines have positive values in all of the four seasons,
indicating that NO2 presented a clustered spatial pattern in the whole year.

Figure 6. Moran scatter plots of seasonal mean concentrations of NO2 in 11 prefectural cities in
Shanxi Province. (a) spring; (b) summer; (c) autumn; (d) winter.
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Moran’s I scatter plot includes four quadrants. Among them, Quadrant 1 (High value
next to High, H-H) and Quadrant 3 (Low value next to Low, L-L,) represent positive spatial
autocorrelations which include “hot spot” and “cold spot”, that means where the attribute
value is high, the surrounding attribute value is also high, and where the attribute value is
low, the surrounding attribute value is also low. Quadrant 2 (high amongst low, H-L) and
Quadrant 4 (low amongst high, L-H) represent negative spatial autocorrelation, and that
means where the observed value shows a high attribute value, the surrounding attribute
value is low, and the surrounding attribute value is high where the attribute value is
low [35,37,46]. In Shanxi, most dots are located in Quadrant 1 and Quadrant 3 (Figure 6),
implying that there were only two spatial clustering types, H-H and L-L. In the subgraphs
of Figure 6, the locations with significant LISA statistics (Local Moran’s I) were marked
with black dots in the corresponding Quadrant. In winter, LISA statistics is significant in
TY (Figure 6d), suggesting that it was the hot spot of NO2 pollution in Shanxi in this season.
That is, not only was TY itself heavily polluted, but the surrounding cities connected to
it were also heavily polluted. LL was a hot spot in summer (Figure 6b). On the contrary,
YC was a cold spot area in summer (Figure 6b), suggesting that the city as well as its
surrounding areas had low NOx pollution in this season. In winter, the area centered on DT
belonged to the cold spot area (Figure 6d). The data in the past bulletins of the environment
state in Shanxi Province showed that comprehensive air quality index in DT rose from
bottom in 2008 to the top in recent years. The environmental air quality has been greatly
improved, and the pollution control effect is obvious. In spring and autumn, there was
neither hot spot nor cold spot (Figure 6a,c).

3.5. Correlation between NO2 and Other Contaminants
3.5.1. The Roles of NO2 in O3 and PM2.5 Pollution

NO2 is considered to be an important precursor of atmospheric O3 and PM2.5. In all of
the cities, NO2 showed a strong negative correlation with O3 (Figure 7). Wang et al. (2019)
found that most northern cities in China have negative correlations between NO2 and
O3 but positive correlations in southern cities [24], indicating that NO2 played different
roles in the generation of O3 in different regions. Although O3 pollution mainly happened
in summer with NO2 being an important combustion improver, no significant seasonal
difference was observed about their correlation coefficient (Figure 7). Some studies found
that areas with higher NO2 concentrations tend to have lower O3 concentration in southeast
China [20]. However, we cannot find the similar phenomenon in Shanxi, even in summer,
which maybe attribute to variable industries, terrain, and meteorological conditions for
the cities in it. From Figure S2, we can see that the places with higher O3 concentration
are mainly concentrated in the south part of Shanxi with higher temperature and stronger
solar radiation, while higher NO2 concentration are mainly concentrated in the central
part of Shanxi with larger industrial emissions including coking production, electricity
production and cement production etc. as shown in Figure 2. Similar spatial distribution
between SO2 and NO2 can also illustrate this point. However, TY was an exception,
where the concentrations of NO2 and O3 were both higher than its neighboring areas,
but the concentration of SO2 was lower than the latter. The main reason is that TY has
a very high population density (Figure 2) and car ownership, traffic should have a large
contribution to NO2 pollution, which then resulted in heavy O3 pollution. In LL, which
has a higher altitude, complex mountainous terrain and relatively lower air temperature,
the concentration of O3 was low though the concentration of NO2 was high.

Opposite to O3, the correlation of PM2.5 with NO2 displayed a significant seasonal
difference, which was much weaker in spring and summer than autumn and winter
(Figure 7). This result indicated that the secondary conversion of NO2 in the atmosphere
played more important roles in PM2.5 pollution in autumn and winter compared with that in
spring and summer. Frequent dust events have a large contribution to PM in spring, which
could weaken the association between PM2.5 and NO2. In summer, the weak correlation
between PM2.5 and NO2 indicates that more NO2 take part in the formation of O3 but
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less participate in the process of PM2.5 formation. One possible reason is that strong solar
radiation favors the photolysis of NO2 to yield more ground state oxygen atoms (O(3P)),
which can react with O2 to produce more O3 [41]. The other possible reason is that the lower
concentration of particles in summer results in higher actinic fluxes and heterogeneous
HO2 radical loss, which further cause the accumulation of O3 in the atmosphere [21]. In
autumn and winter, the photolysis rate of NO2 becomes slow. The high correlation between
PM2.5 and NO2 implies that more NOx participates in the process of PM2.5 formation. It
was reported that NOx could not only form nitrate directly, but also enhance aerosol-phase
oxidation indirectly as a catalyst in heterogeneous processes, and as oxidants in aqueous
reactions [21].

Figure 7. Spearman’s correlation coefficient between NO2 vs. PM2.5, PM10, O3, CO and SO2. All data
are statistically significant at the p = 0.01 level.

3.5.2. Air Pollution Type and Possible Sources

As a large coal producer, the air pollution of Shanxi province presented typical coal
smoke pollution type for a very long time, with SO2 being the dominant atmospheric
pollutant. The SO2 emission reduction was first emphasized by the Chinese government
since 1995 [11]. After that, clear quantitative targets of reducing SO2 and NOx were set
in China’s Five-Year Plans (FYPs), which was gradually tightened from the 10th FYPs
(2001–2005) to the 13th FYPs (2016–2020) [5,11]. Especially since 2013, as the first national
air pollution prevention and control strategy, the APPCAP for the first time sets out a
road map for improving China’s air quality, proposing ten key actions and 35 specific
measures in all aspects of air quality management [5,47]. The detailed measures targeting
SO2 abatement included enforcing desulfurization in coal-fired power plants, restricting
emission standards, improving fuel equipment, adjusting the energy consumption structure,
reforming urban villages, switching from residential coal to cleaner fuels, promoting
centralized heating system, removing small boilers, and eliminating small coking industries
or reconstructing to large mechanized coke plants etc. [48–51].As a result, the concentration
of SO2 in the atmosphere was decreasing prominently nationwide. However, NO2 pollution
become increasingly prominent due to the lack of effective control policy and technology,
as well as the drastic expansion of the public transportation system and vehicle numbers.
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Under this background, the pollution type in each city is re-evaluated in this study. From
Figure 8, we can see that the concentration of NO2 was higher than that of SO2 in the whole
year in four cities including TY, CZ, YQ and JC, displaying a traffic-related pollution type.
In DT, SZ and LL, the concentration of NO2 was higher than that of SO2 in spring, summer,
and autumn, but lower in winter, indicating that the coal smoke pollution type only
occurred in winter in these cities. In JZ and XZ, the major difference from the above three
cities were that the concentration of NO2 was close to SO2 in the seasons excluding winter.
In spring and autumn of LF, NO2 had a higher concentration than SO2, but was opposite in
winter and closed to each other in summer. In YC, NO2 had a higher concentration than
SO2 in spring and autumn, while their concentrations in summer and winter were about
the same. In LF and YC, both of which are located in the southmost part of Shanxi, with
the highest temperatures among the 11 prefectural cities, the abnormally small difference
between the two pollutants in summer compared with that in spring and autumn implies
that NO2 has a higher degradation rate than SO2 under high temperature conditions. In
winter, the increase of coal combustion emissions narrowed the gap between SO2 and NO2
concentrations, and even caused a reversal in most cities.

Figure 8. Box plots of seasonal NO2 and SO2 concentrations in 11 prefecture cities in Shanxi province.
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SO2 mainly comes from coal-fired emissions, while CO is related to incomplete com-
bustion. In LL, NO2 had a weaker correlation with SO2 and CO, suggesting that non-coal-
burning industries may contribute more to NO2 in this city (Figure 7). In SZ, the largest
coal producer of Shanxi (Figure 2), NO2 had a strong correlation with SO2 and CO in most
of the time in a year (Figure 7), suggesting that NO2 in this city mainly comes from the
burning of residential coal. NO2 had a moderate correlation with SO2 and CO in the rest
cities (Figure 7), suggesting that both coal burning and traffic exhaust play important roles
in NO2 pollution in these areas. Due to the influence of residential coal combustion for
heating, the correlation of NO2 with SO2 and CO was the strongest in winter, and the
weakest in summer (Figure 7). In TY, YQ and JZ, NO2 had a strong correlation with CO,
while having a moderate correlation with SO2 (Figure 7) in autumn and winter, implying a
large contribution of motor vehicles in these two regions under low temperatures.

3.6. Regional Source

The potential source regions of NO2 in the cities which have over-standard days were
shown in Figures 9–12, while those in the cities having no over-standard days were shown
in Figures S4–S7.

Figure 9. CWT maps for NO2 by mass concentration (µg/m3) in spring in the cities having over-
standard days.

In spring (Figures 9 and S4), LL, YQ, JC, TY, LF and JZ were influenced by heavy
input of NO2, while central-north Shaanxi and central-south Shanxi were identified by
CWT as the main source areas. The areas around Erdos in Inner Mongolia, Yinchuan in
Qinghai, northern Henan and south of Shijiazhuang in Hebei also contributed to the NO2
pollution of the above cities. The contribution of central-south Shanxi to NO2 reached
above 100 µg/m3. Air masses from the areas around Huanghe River on the Shanxi-Shaanxi
border had a certain contribution to NO2 in SZ and XZ.

In summer (Figures 10 and S5), LL, TY, JC, YQ and JZ were influenced by heavy input
of NO2. As in spring, central-north Shaanxi and central-south Shanxi were found to be
the main source areas with central Shaanxi between Yan’an and Xi’an being the hotspot of
CWT for LL, TY, YQ and JZ. YC was the the hotspot of CWT for JC. In addition, Northern
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Henan also had strong contribution to NO2 in JC and LL. The areas around Huhhot in
Inner Mongolia were another potential source area for LL.

Figure 10. CWT maps for NO2 by mass concentration (µg/m3) in summer in the cities having
over-standard days.

Figure 11. CWT maps for NO2 by mass concentration (µg/m3) in autumn in the cities having
over-standard days.
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Figure 12. CWT maps for NO2 by mass concentration (µg/m3) in winter in the cities having over-
standard days.

In autumn (Figures 11 and S6), local Shanxi, especially the central and southern parts
became the main source areas, followed by northern Henan and southern Hebei. The
most affected cities included YQ, TY, JC, LL, JZ and XZ. The areas around Huhhot in Inner
Mongolia were also the important source areas for some cities, such as YQ, TY and JZ.

In winter (Figures 12 and S7), NO2 concentrations in TY, YQ, JZ, XZ, LF and CZ were
influenced markedly by air masses incoming from their surrounding areas. The main
source areas were within Shanxi, while the air masses originating from the adjacent regions
in the surrounding provinces such as Henan, Hebei and Inner Mongolia also had some
contributions. Northern Shaanxi had non-ignorable influence to the NO2 pollution in TY.

A seasonal comparison showed that NO2 concentrations in DT and CZ were influenced
by regional transportation mainly in winter, while the influence in other seasons was very
weak. For XZ, the influence of regional transportation was strong in winter and spring,
while weak in summer and autumn. In LL, the influence of regional transportation was
strongest in spring and summer followed by autumn, while weakest in winter. Summer had
the similar potential source regions with spring, while winter had the similar source regions
with autumn. For TY, both the influences of local emission and regional transportation were
strong in all the seasons, but the potential source regions were different in different seasons.
For YQ, the influence of regional transportation was strongest in spring, followed by
autumn and winter, while weakest in summer. Local emissions also had large contributions.
In YC, the regional transportation only had a certain influence on the NO2 concentration
in spring, while the influence was very weak in other seasons. For LF, the influence of
regional transportation was strongest in spring and winter, followed by autumn, while
weakest in summer. The potential source regions were also different in different seasons
like TY. JC was affected by regional transportation mainly in spring, summer, and autumn,
while JZ was mainly in spring, autumn and winter.
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4. Conclusions

Shanxi province is a hot spot of air pollution in China with the air quality of 4~5 cities
are often in the bottom 20 of 168 major cities. To provide a basis for the formulation of future
urban air pollution control measures to this province, the spatial-temporal distribution and
variation of NO2 and its sources and chemical sinks were analyzed systematically in this
study. Space-time differences were detected in each aspect.

(1) The concentrations of NO2 in winter were significantly higher than that in other
seasons due to the heating-related increase of combustion emissions in cold days, and
thus the over-standard days were mainly concentrated in the heating season. The
over-standard rate was the highest in TY (15.60%), followed by LF (9.86%), XZ (9.15%),
JZ (8.45%) and YQ (7.75%).

(2) Spacial distribution analysis showed that the areas with high NO2 pollution mainly
concentrated in the central part of Shanxi Province from southwest to northeast
(LL/LF–TY/JZ–YQ/JZ). Spatial autocorrelation analysis indicated that TY was the
hot spot of NO2 pollution in winter, while LL was the hot spot in summer. Besides
coal combustion, traffic exhaust is a key source need to be controlled stringently to
alleviate NO2 pollution in TY. An integrated planning and a detailed technical scheme
based on quantitatively source apportionment is necessary for the government of LL
to promote an overall decline of NO2 concentration over the year as a whole, because
its annual average exceeded the national standard required by GB3095-2012, but no
day was over-standard.

(3) Under the cooperative influence of anthropogenic activities, terrain and meteorolog-
ical conditions, the cities displayed four types of monthly variation characteristics.
Solar radiation and air temperature strongly impacted the daily variation of NO2
concentrations and its sink reactions forming O3 and PM2.5, resulting in different
spatial distribution of NO2 concentration from O3 and PM2.5, as well as seasonal
difference of the correlation between NO2 and PM2.5.

(4) The correlation analysis between NO2 and other air pollutants implies that coal
burning, traffic exhaust, coke production and non-coal-burning industries with high-
temperature combustion of natural gas should be important sources of NO2 in Shanxi.
The dominant sources were different in different cities.

(5) The central-north Shaanxi, central-south Shanxi, northern Henan, south of Shiji-
azhuang and areas around Erdos in Inner Mongolia were important source areas
influencing the pollution situation of NO2 in Shanxi. Therefore, joint air pollution
control with these areas is critical to solve the air pollution problems in Shanxi.

Because only the concentrations of the six criteria pollutants are available in this study,
it is hard to identify the source categories and clarify their contributions quantitatively with
receptor models. The analysis of reaction sinks for NO2 to form PM2.5 and O3 was also just
based on the correlation analysis. To have a clearer understanding about the sources of NO2
and the chemical reactions (including photochemical reactions) involved in the formation of
secondary fine particles and O3, deeper model analysis is necessary in the future. However,
the premise is that the monitoring networks could not only provide the data about the six
criteria pollutants but also about the chemical constituents in PM2.5 and volatile organic
compounds (VOCs) which are the critical precursors of PM2.5 and O3. That is, the function
of the air pollution monitoring stations in China needs to be strengthened further.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos13071096/s1, Figure S1: Annual wind speed chart of
Lvliang City in 2018; Figure S2: The spatial distribution of the annual average concentrations
of NO2, SO2, PM2.5 and O3 in Shanxi province; Figure S3: The monthly average concentrations
of NO2, PM2.5 and O3 in different cities in the high-incidence months (June, July, August and
September) of O3 pollution; Figure S4: CWT maps for NO2 by mass concentration (µg/m3) in spring
in the cities without over-standard days; Figure S5: CWT maps for NO2 by mass concentration
(µg/m3) in summer in the cities without over-standard days; Figure S6: CWT maps for NO2 by mass
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concentration (µg/m3) in autumn in the cities without over-standard days; Figure S7: CWT maps
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