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With rapid economic development and urbanization, China has suffered from severe and persistent air pollution
during the past years. In the work, the hourly data of PM2.5, PM10, SO2, NO2, CO, and O3 in all of the prefecture-
level cities (336 cities) during 2015–2016were collected to uncover the spatiotemporal variations and influential
factors of these pollutants in China. The average concentrations of PM2.5, PM10, SO2, NO2, and CO decreased by
19.32%, 15.34%, 29.30%, 9.39%, and 8.00% from 2015 to 2016, suggesting the effects of efficient control measure-
ments during this period. On the contrary, the O3 concentration increased by 4.20% during the same period,
which mainly owed to high volatile organic compounds (VOCs) loading. The concentrations of PM2.5, PM10,
SO2, CO and NO2 showed the highest and the lowest ones in winter and summer, respectively. However, the
O3 concentration peaked in summer, followed by ones in spring and autumn, and presented the lowest one in
winter. All of the pollutants exhibited significantly weekly and diurnal cycle in China. PM2.5, PM10, SO2, CO and
NO2 presented the higher concentrations onweekdays than those at weekends, all of which showed the bimodal
pattern with two peaks at late night (21:00–22:00) and inmorning (9:00–10:00), respectively. However, the O3

concentration exhibited the highest value around 15:00. The statistical analysis suggested that the PM2.5, PM10,
and SO2 concentrations were significantly associated with precipitation (Prec), atmosphere temperature (T),
and wind speed (WS). The CO and NO2 concentrations displayed the significant relationship with T, while the
O3 concentration was closely linked to the sunshine duration (Tsun) and relative humidity (RH). T and WS
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were major factors affecting the accumulation of PM and gaseous pollutants at a national scale. At a spatial scale,
Prec and T played the important roles on the PMdistribution inNortheast China, and the effect of Prec on CO con-
centration decreased from Southeast China to Northwest China. The results shown herein provide a scientific in-
sight into the meteorology impacts on air pollution over China.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Alongwith the development of economy and urbanization,many re-
gions including North China Plain (NCP), Yangtze River Delta (YRD),
Pearl River Delta (PRD), and SichuanBasin (SB) in China havewitnessed
increasingly severe air pollution in the past years. Dense industrial
emission, heavy aerosol loading, and the adverse meteorological condi-
tion worsen air quality (Cheng et al., 2016; Wang et al., 2016c; Quan
et al., 2014; Xu et al., 2016), degraded the horizontal visibility (Chang
et al., 2009; Cao et al., 2015; Li et al., 2017a, 2017b; Chen et al., 2015;
Zhao et al., 2018; Bi et al., 2014), and damaged the human health (Li
et al., 2017a, 2017b; Ebenstein et al., 2017).

It was well documented that some particulate matter (PM) such as
PM2.5 and PM10, and gaseous pollutants are main contributors to haze
formation (Guo et al., 2014; Jihua et al., 2009). The coexistence of gas-
eous pollutants, including SO2, NO2, CO, and O3 supplied a large number
of reactants for fine particle formation and ageing, and thus influenced
the chemical compositions, mixing states, and optical properties of
aerosol particles, which could negatively affect air quality (Wang et al.,
2014a). For instance, Cheng et al. (2016) confirmed that high loading
of SO2, NO2, and PM2.5 could enhance the sulfate formation at pH values
of 5–6, consequently leading to haze formation. Apart from the effects
on the air quality and climate change, both of PMandgaseous pollutants
rendered remarkable damages to human health supported bymany ep-
idemiological studies. Kampa and Castanas (2008) proposed that PM2.5

could penetrate the alveolar epithelium and initiated the respiratory
and cardio-vascular diseases. Chauhan et al. (1998) and Rastogi et al.
(1991) reported that nitrogen oxides generally increased the suscepti-
bility to respiratory infection and the chronic exposure to ozone proba-
bly reduced the lung function. Following these work, Ebenstein et al.
(2017) assessed the health effects of air pollutants at a national scale
and confirmed that a 10-μg/m3 increase of PM10 led to the reduction
of life expectancy by 0.64 years in China based on the econometric
model.

A growing body of researches focuses on the spatiotemporal varia-
tion of air pollutants in China (Wang et al., 2014b; Zhao et al., 2016;
Tong et al., 2017). Xie et al. (2015) showed the spatiotemporal distribu-
tion of PM2.5, PM10, SO2, NO2, CO, and O3 in all of the provincial capitals
over China and found that the PM2.5 and SO2 displayed high concentra-
tions in some cities of NCP. Li et al. (2014) observed that air pollution
index (API) in Guangzhou remained consistently higher values com-
pared with many cities of South China in the past decades. However,
the analysis of pollutant concentrations in dozens of cities cannot accu-
rately reflect the spatial variation of pollutants in China because of less
monitoring sites. To overcome these defects, Li et al. (2017a, 2017b) se-
lected 187 cities in China and employed many geo-statistic methods to
elucidate the regional differentiation of the ambient pollutants. The spa-
tial variation of PM2.5 and PM10 could be also determined using the in-
version of aerosol optical depth (AOD) (Bouet et al., 2016; You et al.,
2015; Ma et al., 2016). However, the geo-statistic methods and satellite
measurements only explained integrant spatial variability and pre-
sented many uncertainties (Just et al., 2015). Li et al. (2017a, 2017b)
used three geo-statistic methods to investigate the spatiotemporal var-
iation of air pollutants in China and found that these methods only ex-
plained 53–75% variances of air pollutants. Therefore, the result
precisions using these methods were lower than those gained by the
ground-based observations. To the best of our knowledge, no studies
assessed the spatial distribution of the pollutants based on the data in
all of the prefecture-level cities in China.

Apart from the contribution of high pollutant emission to fog-haze
formation, unfavorable meteorological condition was generally treated
as a dominant factor accounting for the generation of persistent haze
episodes (Wang and Dai, 2016; Yu et al., 2018). The closed terrain in
SBwas not beneficial to the pollutant diffusion and high relative humid-
ity (RH) in this region could promote haze formation (Yang et al., 2015).
Furthermore, the aerosol particles were inclined to be transported from
source areas to downwind regions, and the transport rate depended
strongly upon wind speed (WS) (Zhang et al., 2015a, 2015b). Thus, it
was necessary to decipher the relationship between the pollutant con-
centrations and themeteorological factors. Up to date, the relevance be-
tween multiple criteria pollutants and meteorological condition in
dozens of cities have been reported previously (Lin et al., 2014; Tan
et al., 2009), whereas the spatial relationships between the pollutants
and meteorological factors at a national scale remained unknown. The
correlation of the pollutants and the meteorological factors in several
cities neglected the spatial heterogeneity of the pollutants, which
existed widely at a large scale. Furthermore, the relevance between
the pollutants and the meteorological factors was determined only
using some traditional statistics (Li et al., 2014), which overlooked the
spatial correlation of pollutants especially in the adjoining areas (He
et al., 2017). Consequently, spatial statistical models should be applied
to further explain the spatial autocorrelation of pollutants, especially
at a national scale.

Here, the officially released data of the air pollutants (PM2.5, PM10,
SO2, NO2, CO, and O3) in all of the 336 prefecture-level cities across
China from January 2015 to December 2016 were collected to examine
the air pollution status in China. The spatial correlations between air
pollution and meteorological conditions were determined using corre-
lation analysis, pathway analysis, spatial econometric model, and geo-
graphical weight regression (GWR). To the best of our knowledge, this
is the first investigation of spatial relationships between air pollutants
andmeteorological factors at a national scale, whichwill deepen the un-
derstanding of haze formation in China.

2. Materials and methods

2.1. Air quality data description

In order to assess the status (i.e., spatiotemporal variation, key pol-
lutants) of air pollution in China, the data of PM2.5, PM10, SO2, NO2, CO,
and O3 during January 2015 and December 2016 were collected. The
real-time monitoring data of these pollutants at all of the prefecture-
level cities in China were obtained from National Environmental Moni-
toring Platform (https://www.aqistudy.cn/historydata/), which is open
access to all of the people. The national environmental agency began
to publish daily air pollution data of six pollutants at 74 major cities
since January 2013 and expanded to all of the prefecture-level cities
from January 2015, which covered the whole country and supplied a
more detailed information about air pollution in China.

2.2. Meteorological factors and emission inventory

The meteorological data at all of the prefecture-level cities were ob-
tained from the Chinese Meteorological Administration. The

https://www.aqistudy.cn/historydata
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meteorological data consisted of 2-m temperature (T, unit: °C) above
ground, 2-m RH (unit: %), 10-m WS (unit: m/s), sea level pressure (P,
unit: kPa), sunshine duration (Tsun) (unit: h), and accumulated precip-
itation (Prec) (unit: mm). Daily mean meteorological factor at a city
scale was calculated on the basis of the arithmetic average method.
The data multi-resolution emission inventory (MEIC) of PM2.5, PM10,
SO2, NOx, CO, and O3 over China in 2014 and 2016 were collected
from http://www.meicmodel.org/index.html. However, the emission
inventory in 2015 was not open access.

2.3. Statistical models

Correlation analysis was applied to determine the relevance of six
pollutants and meteorological factors. Independence and normality
tests were performed before the correlation analysis. The Person corre-
lation analysis would be performed when the data was subject to the
normal distribution, otherwise the Spearman correlation analysis
should be applied to the study. In statistics, path analysis was usually
applied to describe the directed and indirect dependencies among a
set of variables. Generally, path models were composed of an inner
and an outer model. The variables substantiating the outer model
were referred to “exogenous” and the variables constituting the inner
model were considered as “endogenous” (Alwin and Hauser, 1975).
The endogenous variables could be affected by variables and factors
stemming fromoutside themodel. In order to determine the indirect ef-
fects of the factors outside the model, the path analysis was frequently
employed in the real-world models. In the present study, the path anal-
ysis was applied to calculate the direct and indirect path coefficients, of
which represented the direct and indirect effects of meteorological fac-
tors on the air pollutants, respectively. The path coefficients were ob-
tained as follows:

1; r12; r13;⋯; r1k
r21;1; r23;…; r2k
⋯
rk1; rk2; rk3;⋯;1

2
664

3
775

Py1
Py2
…
Pyk

2
664

3
775 ¼

r1y
r2y
⋯
rky

2
664

3
775 ð1Þ

where y represents the dependent variable, and k denotes the number
of the independent variables. T, RH, WS, P, Tsun, and Prec are defined
as variable x1, variable x2, variable x3, variable x4, variable x5, and vari-
able x6. The r1k denotes the correlation coefficient of independent vari-
able x1 and independent variable xk. Py1 represents the direct path
coefficient between independent variable x1 and the dependent vari-
able. r1y is the correlation coefficient of independent variable 1 and
the dependent variable. r12Py2 is treated as the indirect path coefficient
(effect) of x1 on dependent variable through influencing the x2.

Gray Correlation Analysis (GCA) was utilized to estimate the rele-
vance degrees between meteorological factors and air pollution in
China, and then to determine the major meteorological factor (Li et al.,
2017a, 2017b). The detailed computational method has been placed in
Supporting Information.

Although the relevance between the pollutants and themeteorolog-
ical factors could be measured through the methods mentioned above,
they cannot investigate the spatial correlation between the pollutants
and the meteorological variables. Moreover, they neglected the spatial
autocorrelation of the pollutants. Consequently, spatial econometric
models and geographical weight regression (GWR) were further used
to determine the spatial relationship between the pollutants and the
meteorological factors.

Before the application of spatial econometric models and GWR, the
spatial autocorrelation of air pollutants at a national scale was still un-
known. Therefore, the calculation of Moran's I indicator was necessary
to test whether these pollutants displayed significantly spatial autocor-
relation (Chen et al., 2017). Spatial autocorrelation coefficient was
shown through the Moran's I indicator, which depended on the spatial
relationship of neighboring cities. The spatial weight matrices generally
reflected the geographic relationship of the neighboring prefecture-
level cities (Anselin and Bera, 1998). The Moran's I index was obtained
as follows:

I ¼
n
X
i

X
j≠i

wij yi−�yð Þ yj−�y
� �

X
i

X
j≠i

wij

X
i

ðyi− �yÞ2
ð2Þ

W ¼
w11;w12;w13;⋯;w1 j
w21;w22;w23;⋯;w2 j
…
wi1;wi2;wi3;⋯;wij

2
664

3
775

wij ¼ 1 when i was adjacent to j
0 when i was not adjacent to j

� ð3Þ

where n is the number of cities,wij is the value in the spatial weightma-
trixW.wij equals to 1when city i is adjacent to j, otherwise it equals to 0.
y denotes the concentration of each pollutant. The Moran's I denoted a
positive spatial autocorrelationwhen it varied between 0 and 1, but rep-
resented negative one when it ranged from −1 to 0. No spatial rele-
vance was observed when the Moran's I equaled to zero. The p value
was regarded as an indicator to determine the reliability of Moran's I.
The application of spatial econometric and GWRwas treated as reliable
when the p value of Moran's I was lower than 0.05, otherwise it was un-
reasonable. The spatial econometric models were recognized as the ex-
tensions of ordinary regression models through incorporating the
spatial relevance of variables. In the present study, two spatial econo-
metric models comprised of the spatial lag model (SLM) and the spatial
errormodel (SEM), both ofwhichwere applied to investigate the spatial
relationships of the pollutants and the meteorological factors. The lag
model (LM) lag, robust LM lag, LM error, and robust LM error were
used to determine the optimal model (Yang et al., 2017). Both of SLM
and SEM investigated the relationships between meteorological factors
and air pollutants in consideration of the space distance of each city,
which accurately reflected the contributions of meteorological factors
to air pollutants at a national scale. The detailed algorithm of SLM and
SEM were summarized in supporting information. SLM, SEM, and the
Moran's I statistics, as well as the corresponding tests, were estimated
using a GeoDa software (Yang et al., 2017).

SLM and SEM could not address the spatial heterogeneity of the re-
lationship between pollutants and meteorological factors. Thus, the
GWR model was used to produce the coefficient of determination (R2)
and local regression coefficients for each city of the study areas, which
were then mapped to show the spatial variability. The GWR model
was presented as follows (Li et al., 2017a, 2017b):

yi ¼ β0 ui; við Þ þ
X
k

βk ui; við Þxik þ εi ð4Þ

where yi denotes the concentrations of air pollutants in the city i; (ui,vi)
represents the geographical position of city i;β0(ui,vi) represents the in-
tercept for the city i; βk(ui,vi) denotes the local regression coefficients
for meteorological factor k; xik represents the value of corresponding
meteorological factors in the city i; and εi denotes the residuals for the
city of i (Song et al., 2016).

Local regression coefficients were calculated as follows (Brunsdon
et al., 1996):

β ui; við Þ ¼ XTW ui; við ÞX
� �−1

XTW ui; við ÞY ð5Þ

X ¼
1; x11;⋯; x1k
1; x21;⋯; x2k
⋯
1; xn1;⋯; xnk

2
664

3
775 ð6Þ

http://www.meicmodel.org/index.html
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W ui; við Þ ¼
w1 ui; við Þ;0;⋯;0
0;w2 ui; við Þ;⋯;0
…
0;0;⋯;wn ui; við Þ

2
664

3
775 ð7Þ

where β(ui,vi) represents the local regression coefficient in the city i; X
denotes the matrix of the meteorological factors; XT is the transpose
matrix of X;W(ui,vi) is the spatial weight matrix; Y represents the ma-
trix of the air pollutants; kmeans the number ofmeteorological factors;
n denotes the number of samples. The spatial weight matrix was ob-
tained based on the equation as follows:

W j ui; við Þ ¼ exp −d2ij=b
2

� �
ð8Þ

where dij was the absolute distance between two cities of i and j, and b
represented the Gaussian kernel bandwidth. Both of i and j were in the
range of 1 and n.

2.4. Software package

Here, the correlation analysis and path analysis were conducted by
SPSS 19.0 and AMOS software package, respectively. GCA was per-
formed based on Matlab 2014a. The Moran's I statistics, spatial econo-
metric models, and the GWR method were conducted based on GeoDa
and ArcGIS 10.3.

3. Results and discussion

3.1. The characteristics of air pollution in China during 2015–2016

In 2015, the annually mean concentration of PM2.5 ranged from
10.52 μg m−3 (Linzhi, Tibet autonomous region) to 125.51 μg m−3

(Kashi, Xinjiang autonomous region) (Fig. 1a). The PM2.5 concentrations
in all of the prefecture-level cities except Linzhi (Tibet autonomous re-
gion) and Altai (Xinjiang autonomous region) exceeded the Chinese
Ambient Air Quality Grade I standard (CAAQS Grade I) (15 μg m−3)
and 82% of these cities surpassed the Grade II standard (35 μg m−3).
The annually average concentration of PM10 also displayed the highest
value (318.84 μg m−3) in Kashi (Xinjiang autonomous region) and the
lowest one (23.67 μg m−3) in Linzhi (Tibet autonomous region)
(Fig. 1b and Table S2). The SO2 mean concentration varied between
2.94 μg m−3 (Sanya, Hainan province) and 90.30 μg m−3 (Zibo, Shan-
dong province). The annual concentrations of SO2 in 233 cities of
China were higher than that of the Grade I standard (20 μg m−3), and
only 21 cities exceeded the Grade II standard (60 μg m−3) (Fig. 1c and
Table S2). The averaged NO2 concentrations varied in the range of 7.49
μg m−3 (Linzhi, Tibet autonomous region) and 65.64 μg m−3 (Xingtai,
Hebei province) (Fig. 1d). The NO2 concentrations in 81 cities exceeded
the Grade I & II standard (40 μg m−3). The mean concentrations of CO
and O3 ranged from 0.19 mg m−3 (Huangshan, Anhui province) to
2.99 mg m−3 (Lvliang, Shanxi province) and 29.68 μg m−3 (Bortala,
Xinjiang autonomous region) to 110.06 μg m−3 (Haixi, Qinghai prov-
ince), respectively (Fig. 1e–1f). Up to date, the CO and O3 standards
were not defined yet in CAAQS. The average concentrations of PM2.5,
PM10, SO2, NO2, CO, and O3 in 2016 ranged from 10.28 μg m−3 (Altai,
Xinjiang autonomous region) to 153.11 μg m−3 (Kashi) (mean: 45.09
μg m−3), from 23.98 μg m−3 (Altai) to 423.96 μg m−3 (Kashi) (80.55
μg m−3), from 2.84 μg m−3 (Sanya, Hainan province) to 83.12 μg m−3

(Jinzhong, Shanxi province) (21.06 μg m−3), from 8.39 μg m−3 (Linzhi)
to 57.85 μgm−3 (Xingtai) (28.48 μgm−3), from 0.37mgm−3 (Shigatse,
Tibet autonomous region) to 5.32mgm−3 (Haidong, Qinghai province)
(1.07mgm−3), and from31.58 μgm−3 (Enshi, Hubei province) to 97.69
μg m−3 (Haibei, Qinghai province) (60.36 μg m−3), respectively
(Fig. 1g–l). The PM2.5 and PM10 concentration in 235 and 202 cities
exceeded the Grade II standard, respectively. The SO2 concentrations
in 145 cities exceeded the Grade I standard, and only 6 cities exceeded
theGrade II standard. TheNO2 concentrations in 47 of citieswere higher
than Grade I & II standard.

At a spatial scale, six pollutants during 2015 and 2016 showed the
remarkable spatial heterogeneity in China (Fig. 1g–l). Some coastal cit-
ies (e.g., Sanya and Haikou) and some cities in Tibetan Plateau
(e.g., Linzhi and Yushu) generally exhibited the lower PM concentra-
tions and the gaseous pollutants due to the strong turbulence and low
anthropogenic emissions. However, high PM2.5, SO2, and NO2 loadings
were generally observed in industrial cities such as Xingtai (Hebei prov-
ince) and Zibo (Shandong province). It was widely shared that the
power plants, iron and steel industries, coal-fired industrial boilers,
and non-ferrous smelting were the dominant sources of SO2 and NO2

(Aardenne et al., 1999; Zhao et al., 2012; Zhao et al., 2011). Wang
et al. (2016a) reported that the SO2 and NO2 emissions from iron and
steel industries peaked in Hebei and Shandong province, which could
lead to the elevation levels of SO2 and NO2 in the ambient air. Tian
et al. (2013) updated the emission inventory of NOx and estimated
that 4279.3 kt (kt) of NOx were released from the power plants in
2010, accounting for 60% of the total NOx emission. These power plants
were mainly concentrated on Shandong and Hebei provinces (Tian
et al., 2013). It was well known that the gas-to-particle transformations
from SO2 and NO2 to SO4

2− and NO3
− coupled with the higher RH played

vital roles on the elevation of the PM2.5 concentrations because both sul-
fates and nitrates are main components of fine particles (Wang et al.,
2016b). Moreover, the combined effects of SO2 and volatile organic
compounds (VOCs) could enhance the generation of secondary organic
aerosol (SOA) and new particle formation (NPF) (Liu et al., 2016).
Therefore, some industrial cities in NCP generally presented high
PM2.5 concentrations. Some cities in Northwest China such as Kashi
and Bayingolin generally showed high PM10 concentration because
they suffered from severe dust events, especially in the later winter
and early spring (Zhang et al., 2017a, 2017b). The PM10 level in Kashi
and bayingolin reached 482.41 and 248.62 μg m−3 in spring, which
were 6.89 and 3.55 times of the Grade II standard (70 μg m−3), respec-
tively. The higher CO concentration was frequently observed in the
urban agglomeration of NCP including Tangshan, Binzhou, Zibo, and
Hengshui due to dense industrial emission (Wang et al., 2005). Along
with the rapid urbanization and industrialization, the high loadings of
VOCs have been considered the major driving force of the O3 pollution
in the eastern region of China such as Qingyuan, Shanghai, and Nantong
because the reaction of VOCs and NOx was the main pathway of the O3

generation (Wang et al., 2014c). Zhang et al. (2017a, 2017b) recently
proposed that Guangdong and Jiangsu were two largest industrial VOC
contributors in China, accounting for 30.4% of the national emission.
Also, strong stratosphere-troposphere exchange process under the con-
dition of low height of troposphere led to the O3 accumulation, espe-
cially in some cities of Tibetan Plateau such as Haixi and Lhasa (Yamaji
et al., 2006).

3.2. Inter-annual variation of six pollutants

Compared with 2015, the PM2.5 and PM10 concentrations in 2016
decreased by 19.32% and 15.34%, respectively (Fig. 1). It was well
known that Prec could remove the air pollutants through dissolution
and erosion effects (Zhang et al., 2017a, 2017b). In addition, WS and T
played the important roles on the pollutant concentrations through af-
fecting the advection and convection of air pollutants (Chang et al.,
2016). Based on the independent sample t-test, T, WS, and Prec of 336
cities did not show significantly annual variation at a national scale dur-
ing 2015–2016 (p b 0.05). Thus, the temporal variation of meteorologi-
cal factors might be not the dominant factor for the significant decrease
of PM2.5 and PM10. In the past years, many emission restrictions have
been implemented for many industrial sectors. In addition, the in-
creased use of new energy including nuclear, wind, and hydroelectric
power, and the improved emission standards of vehicle and industrial



Fig. 1. The spatial distribution of six pollutants during 2015–2016 (the first and second row: 2015; the third and last row: 2016) (Unit: μg/m3).
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boilers have been performed (Fu et al., 2014). Zhang et al. (2017a,
2017b) and Jin et al. (2017) also verified that the effective control mea-
sures significantly decreased the PM emission since 2013. The MEIC
data suggested that the total PM2.5 emission decreased from
10,303.70 Gg to 8115.45 Gg in China (Fig. S2a). Among all of the emis-
sion sources, the PM2.5 emission from industrial activities and power
plants exhibited the remarkable decrease at the rate of 19.82%/year
and 9.08%/year during 2014–2016 (Fig. S2a and Fig. S3a–b), respec-
tively. Additionally, the PM10 emission over China decreased from
3822.08 Gg to 2682.21 Gg from 2014 to 2016 (Fig. S2b). The decreases
of industrial and residential emissions contributed to the notable de-
crease of PM10. Therefore, the significant decrease of PM probably
owed to the efficient controlmeasurements implemented by the central
and local government.

Although the aerosol loading over China showed a gradual decrease
since 2014, the rate of descent varied significantly with geographical
position. The PM10 concentration showed the remarkable decrease in
some cities (i.e., Beijing, Tangshan, Cangzhou) of NCP (p b 0.05). Apart
from the effects of efficient control measures for industrial sector and
power plants, the effective restriction of the construction activities
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contributed to the decrease of floating dusts (Wang et al., 2015),
thereby improving air quality in NCP. However, the PM10 concentration
presented the slight increase in Bayingolin (35.28%) and Kashi (32.97%)
because the dust storm frequency in the Xinjiang autonomous region
increased slightly in the past two years (http://www.cma.gov.cn/). Fur-
thermore, the increase of coal consumption caused the slight increase of
PM10 emission in the power plants (11.92 Gg to 12.21 Gg during
2014–2016 (Fig. S3c–d)) of Xinjiang autonomous region, which proba-
bly promote the elevation of PM10.

The annually mean concentrations of SO2, NO2, and CO decreased
from 27.23 to 21.06 μg m−3, from 31.15 to 28.48 μg m−3, and from
1.15 to 1.07 μgm−3 at the rate of 29.30%, 9.39%, and 8.00%during the pe-
riod of 2015–2016, respectively. It was well documented that coal-fired
boilers was main anthropogenic source of SO2 (Tian et al., 2011). The
total SO2 emission in China decreased from 20,441.94 Gg to
13,373.91 Gg during 2014–2016 (Fig. S2c) whenmany coal-fired plants
were equipped with flue gas desulfurization (FGD) system and some
less-efficient power plants were closed. To further reduce SO2 emission,
advanced equipment such as cyclones, electrostatic precipitator (ESP),
wet scrubber, and fabric filters (FF) have been installed within iron
and steel factory, cement industry, and crematories (Hua et al., 2016),
and thus the SO2 emission from industrial production and power plants
in NCP decreased by 58.75% and 191.22%, respectively (Fig. S3e–f). Cor-
responding to the decrease of SO2 emission, the SO2 concentration in
the ambient air of Beijing (decreasing rate: 38.03%), Tianjin (62.75%),
Tangshan (20.54%), and Shijiazhuang (40.83%) exhibited rapid decrease
during the period.

The NOx emission frompower sector decreased gradually since 2011
based on OzoneMonitoring Instrument (OMI) data (Russel et al., 2012).
Very recently, the emission limit of NO2 have become stringentwith the
installation of new boilers in some cities of NCP such as Beijing, Tang-
shan, and Shijiazhuang (Tian et al., 2013). Therefore, the NO2 emission
from power plants in Jing-Jin-Ji urban agglomeration decreased from
432.81 Gg to 277.08 Gg during 2014–2016 (Fig. S2d and Fig. S3g–h).
The NO2 concentrations in the ambient air of Beijing (decreasing rate:
12.12%), Tangshan (15.62%), Shijiazhuang (3.53%) was in good agree-
ment with the reduction of NOx emission. Additionally, selective cata-
lytic reduction (SCR) or selective noncatalytic reduction (SNCR)
devices have been widely installed in various industries in order to re-
duce the NOx emission (Tian et al., 2014). The enhanced control mea-
sure such as the limitation of cars by the odd/even number on their
license plates and upgrading of oil product quality standards have
been performed in some metropolitans (i.e., Beijing and Guang-
zhou) (Wang et al., 2017a). However, these control measures on
industrial production and vehicle emission did not significantly
decrease the NOx emission based on the MEIC data (Fig. S3g–h).
Therefore, the decrease of NO2 concentration in the ambient air
was mainly originated from the reduction of NOx emission from
power plants rather than those from industrial activity or vehicle
emission.

It was widely recognized that the anthropogenic CO was mainly re-
leased from the combustion of fossil fuels and biomass burning due to
their high emission factors (Wang et al., 2005). The CO concentration
in some metropolitans including Guangzhou, Shanghai, and Beijing
showed marked decrease by 9.83%, 18.40%, and 18.08% during 2015
and 2016, respectively. Itwas supposed that the adaption of energy con-
sumption structure could lead to the decrease of CO emission because
the residential CO emission in Shanghai and Beijing decreased by
13.57% and 16.52%, respectively (Fig. S2e and Fig. S3i–j). For instance,
the methanol and ethanol fuels were employed to replace the biomass
burning (Kobbing et al., 2014; Balki and Sayin, 2014). As the typical re-
gions with dense biomass burning, Shandong (i.e., Heze, Liaocheng,
Linyi), Henan (i.e., Luoyang, Anyang), Jiangsu (i.e., Yancheng, Suqian),
and Sichuan province (i.e., Chengdu, Guangan) have shown the remark-
able decrease of CO concentration (p b 0.05), which was also contrib-
uted by the decrease of residential combustion.
The average concentration of O3 showed an opposite variation trend
to other five pollutants, which increased slightly from 57.98 μg m−3 to
59.48 μgm−3. The increase of the O3 concentration wasmainly concen-
trated on YRD. Among all of the cities in YRD, Nanjing (13.62%), Chang-
zhou (6.57%), and Hangzhou (5.40%) displayed the dramatic increase of
O3 from 2015 to 2016. It was well known that O3 is usually formed
through the reaction of VOCs andNOx (Yuan et al., 2013). TheVOC emis-
sion from industrial sector, power plants, and residential combustion in
Shanghai increased by 10.85%, 0.18%, and 2.87%, respectively (Fig. S2f
and Fig. S3 k–l). Although NO2 presented a slight decrease in YRD, the
substantial VOCs still reactedwith NO2, leading to the enhancedO3 con-
centration.Moreover, the decrease of theNOx emission in YRDprobably
depressed the titration reaction of NO and O3, and thus promote the el-
evation of the O3 concentration in these regions. In addition, solar radi-
ation also served an important factor affecting the O3 concentration in
the ambient air through O2 and superoxide radical. The decrease of
fine particles in YRD could enhance the solar radiation, and further in-
crease the O3 formation (Yang et al., 2016a).

3.3. Seasonal difference of six pollutants

The mean concentration of PM2.5 were in the order of winter
N spring N autumn N summer (Fig. 2a–d). However, the seasonal varia-
tion of PM2.5 exhibited different characteristics due to large spatial het-
erogeneity in China. The elevated PM2.5 level in winter of NCP was
mainly attributed to the effects of coal combustion for domestic heating
(Che et al., 2014). High SO2 emission from coal combustion was main
precursor of sulfates, resulting in the elevation of PM2.5 and the forma-
tion of persistent fog-haze episodes (Wang et al., 2016c). For instance,
the PM2.5 concentrations of Beijing and Tianjin in winter were 2.04
and 1.94 times of those in summer, respectively. Although the coal com-
bustion for domestic heating was not widely observed in many cities of
South China, the PM2.5 concentration in YRD (Wuxi, Changzhou, and
Shanghai), PRD (Zhuhai, Shenzhen, and Foshan), and SB (Chengdu,
andMianyang) still showed significantly seasonal variation in these cit-
ies. It was assumed that adversemeteorological condition including low
temperature and boundary layer height, less precipitation and weaker
wind could further worsen air quality (Antony Chen et al., 2001). Nev-
ertheless, the ratio of PM2.5 concentration in winter and summer of
some tropical regions such as Lijiang and Abawas close to 1.0. It was as-
sumed that the less seasonal differences of meteorological conditions
contributed to the insignificant PM2.5 variation (Yu et al., 2014). Based
on the observation in the present study, the coefficient of variations
(standard deviation/mean value) of Prec, T, and WS reached 2.68,
0.22, and 0.37 in Lijiang, respectively, which were significantly lower
than those in Beijing (3.39, 0.47, and 0.50) and Shanghai (2.89, 0.38,
and 0.37).

The averaged PM10 concentration across China showed a similarly
seasonal variation to PM2.5 (Fig. 2e–h). However, some cities in Xinjiang
autonomous region including Kramay, Bayingolin, and Kashi showed
the highest PM10 concentrations in spring. It was well known that the
frequent dust events occurred in Xinjiang autonomous region, which
were mainly driven by the cyclones and atmospheric circulation
(Zhang et al., 2017a, 2017b). Besides, a large amount of dusts could be
emitted into the atmosphere and transported to the eastern region of
China through strong northwest winds especially in spring (Wang
et al., 2017b). The PM10 concentration in spring was in the order of
Kashi (482.41 μg m−3) N Lanzhou (139.33 μg m−3) N Xi'an (113.60
μg m−3) N Taiyuan (110.43 μg m−3) N Qingdao (102.2 μg m−3), corre-
sponding to the pathway of dust transport. Wang et al. (2012) also con-
firmed that the dusts played an important role on the PM10

concentration, which accounted for 39.87% in average in the spring of
northern city. In addition to the effects of dust events, high loading of fu-
gitive dusts were associated with the higher PM10 concentration in
some central cities such as Wuhan (Lyu et al., 2016). Moreover, high
temperature and low wind speed in summer of Wuhan (27.32 °C and
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Fig. 2. The seasonal variation of PM in China during 2015–2016.
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1.79 m/s) tended to result in lower water content in the soil and a
higher tendency of fugitive dust suspension (Choi and Lee, 2014).

The mean concentrations of SO2 and NO2 followed the order of win-
ter (SO2: 35.61 μg m−3, NO2: 36.22 μg m−3) N spring (21.43 μg m−3,
27.83 μg m−3) N autumn (18.89 μg m−3, 26.82 μg m−3) N summer
(14.37 μg m−3, 20.84 μg m−3) (Fig. S4a–h), reflecting the combined ef-
fects of anthropogenic emissions and meteorological factors. It should
be noted that increased coal consumption probably bring about the
high concentrations of SO2 and NO2 in winter because the NOx emission
from coal-fired boilers accounted for N70% of the total emissions since
2010 (Tian et al., 2013). Shandong and Jiangsu province possessed the
highest coal consumption among all of the provinces in China (Tian
et al., 2011), and thus the cities of both provinces such as Jinan (80.32
μgm−3, 65.23 μgm−3) and Zibo (122.37 μgm−3, 68.39 μgm−3) showed
high concentration of SO2 andNO2 inwinter. Also, stagnantmeteorolog-
ical conditions characterized with shallowmixing layers, weak solar ra-
diation, and slow wind speed emerged more frequently in winter,
which could decrease the diffusion of the pollutants and lead to the
high loads of SO2 and NO2 (Zhao et al., 2016). On the contrary, high pre-
cipitation, temperature, and strong turbulent eddies could alleviate the
air pollution in summer due to obvious scavenging effects of gaseous
pollutants by precipitation and appropriate conditions favoring the pol-
lutant diffusion (Yang et al., 2016a, 2016b). Although most of the cities
presented similar seasonal trend, the variation degree displayed signif-
icantly spatial differentiation across thewhole China.Many cities in NCP
and Northeast China including Beijing, Harbin, and Changchun showed
high variation degree, indicating that the combustion of fossil fuels for
residential heating was the main contributor to the elevation levels of
SO2 and NO2 in winter because these regions were the major producer
and consumer of fossil fuels (Lu et al., 2013).

The CO concentration in NCP showed the highest value in winter
(Fig. S4i–l), which was similar to the seasonal variations of SO2 and
NO2.Wang et al. (2010) estimated that about 32.15% of COwas released
from the combustion of fossil fuels for heating, whichwas the key factor
for the seasonal variation of CO. However, the CO concentration
displayed different seasonal characteristics in some cities of Tibetan Pla-
teau includingNaqu and Ali, of whichwas likely linked to the dense bio-
mass burning in spring and summer. Ning and Li (2015) also confirmed
that the domestic burning of crop residue and animal manure were
main anthropogenic source of CO in Tibetan Plateau.

The O3 concentration exhibited an opposite variation to other five
pollutants with the highest value in summer (69.51 μg m−3) and the
lowest one in winter (39.88 μg m−3) (Fig. S4 m–p). First, strong
stratosphere-troposphere exchange process in summer could promote
the accumulation of O3 (Monks et al., 2015). Moreover, large amount
of OH radical tended to form under the condition of strong solar radia-
tion coupled with high air temperature, leading to the O3 generation
along with the reaction of VOC and OH radical (Ou et al., 2015). Some
cities in Tibetan Plateau such as Haixi (113.22 μg m−3) and Lhasa
(101.23 μg m−3) generally showed strong solar radiation in summer,
which contributed to the higher O3 concentration. In contrast, weak
sunlight inwinter could retard the O3 formation because the generation
rate of O3 was dependent on the intensity of solar radiation.
3.4. Weekly and diurnal cycle of six pollutants

The average concentrations of PM2.5, PM10, SO2, NO2, CO, and O3 in
336 cities were 50.14 μg m−3, 87.47 μg m−3, 24.61 μg m−3, 28.81
μg m−3, 1.07 mg m−3, 55.50 μg m−3 on weekdays during 2015–2016,
respectively (Fig. 3a). At weekends, they reached 48.69 μg m−3, 84.87
μg m−3, 24.32 μg m−3, 28.42 μg m−3, 1.06 mg m−3, 56.78 μg m−3, re-
spectively. With regard of the weekly pattern, it has been proposed
that air pollutants generally displayed the obvious weekend effect
(Huang et al., 2015; Chen et al., 2015). In the present study, the PM2.5,
PM10, SO2, NO2, and CO concentrations peaked on the weekday espe-
cially on Monday and Friday, while they displayed the lowest concen-
trations on Sunday. Based on the results of one-way analysis of
variance (ANOVA), all of these pollutants except O3 on weekdays were
significantly higher than those at weekends (p b 0.05). Although many
vehicle restrictions were seriously implemented in somemetropolitans
(i.e., Beijing and Shanghai) (Song et al., 2016), the traffic intensity was
still considered as an important factor affecting the accumulation of
these pollutants. However, the daily O3 concentration did not show sig-
nificantly weekly cycle (p N 0.05), although the mean O3 showed the
slightly higher values at weekends compared with the weekdays.



Fig. 3. The weekly cycle and diurnal variation of the mean concentrations for six pollutants in China.

Table 1
Correlations of the pollutants and themeteorological factors based on thedaily data in four
seasons (a: p b 0.05; b: p b 0.01).

Meteorological
factor

Season PM2.5 PM10 SO2 CO NO2 O3

Prec Spring −0.11 −0.28a −0.27a −0.08 −0.16 −0.18
Summer −0.30a −0.35b −0.36b −0.15 −0.20 −0.20
Autumn −0.09 −0.25a −0.22a −0.06 −0.10 −0.14
Winter −0.15 −0.22a −0.18 −0.04 −0.07 −0.15

T Spring 0.35b 0.46b −0.08 0.22a 0.36b 0.05
Summer 0.18 0.39b −0.05 0.15 0.19 0.06
Autumn 0.26a 0.09 0.05 0.18 0.24a 0.03
Winter 0.38b −0.18 −0.04 0.28a 0.36b 0.02

WS Spring −0.32b 0.38b −0.24a −0.17 −0.23a −0.09
Summer −0.45b 0.28a −0.25a −0.22a −0.24a 0.18
Autumn −0.34b 0.05 −0.22a −0.09 −0.20a −0.05
Winter −0.27a −0.09 −0.21a −0.21a −0.22a −0.15

Tsun Spring −0.09 −0.08 −0.05 0.07 −0.10 0.28a

Summer −0.12 0.06 −0.13 0.09 −0.12 0.35b

Autumn −0.08 −0.04 −0.09 0.06 −0.13 0.26a

Winter −0.10 0.02 −0.10 0.05 −0.09 0.17
P Spring 0.19 −0.03 0.05 0.04 0.05 0.08

Summer 0.20 0.06 0.04 0.09 0.04 −0.07
Autumn 0.16 −0.05 0.06 0.08 0.07 0.03
Winter 0.18 0.06 0.05 0.10 0.08 −0.05

RH Spring 0.31b 0.43b −0.27a 0.06 −0.19 −0.33b

Summer 0.22a 0.35b −0.22a 0.02 −0.15 −0.26a

Autumn 0.29a 0.38b −0.26a 0.08 −0.20 −0.35b

Winter 0.24a 0.35b −0.26a 0.06 −0.14 −0.30a
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The hourly data including six pollutants during the period of
2015–2016 for all of the prefecture-cities were collected to calculate
hourlymeanvalues (Fig. 3b). Although the concentration of each pollut-
ant was different, most of the pollutants displayed the similar variation
trend. The concentrations of PM2.5, PM10, SO2, NO2, and CO showed the
bimodal pattern with two peaks at late night (21:00–22:00) and in the
morning around (9:00–10:00) and two valleys in the afternoon around
15:00 and at dawn (5:00–6:00). The five pollutants increased from 6:00
to around 10:00, and then began to decrease to the lowest one around
15:00. After 15:00 PM, the concentrations of PM2.5, PM10, SO2, NO2,
and CO increased to 52.20 μg m−3, 93.05 μg m−3, 24.42 μg m−3, 32.74
μgm−3, and 1.11mgm−3, respectively around 22:00, and then reached
a low level around 5:00. The five pollutants showed highest values in
9:00–10:00 and 21:00–22:00 due to high traffic volume and adverse
meteorological conditions. Zhou et al. (2014) observed that the traffic
volume reached the highest one around 9:00–10:00 and 19:00–22:00,
which could release a large amount of PM, SO2 and NO2 through vehicle
exhausts. In addition, this period generally possessed lower boundary
layer height, which was not conducive to the diffusion and dispersion
of the pollutants (Guo et al., 2016). However, O3 exhibited the highest
and lowest concentration in 15:00 (91.70 μg m−3) and 7:00 (39.19
μg m−3), respectively. It was generally agreed that advection process
and vertical mixing were major factors affecting the O3 concentration
in the ambient air (Gao et al., 2017). The contribution of vertical mixing
generally made a negative contribution to the O3 concentration (Ryu
et al., 2013). The contribution of vertical mixing offsetted the positive
role of advection, and hence leaded to the lowest one in early morning.
The highest O3 concentration around 15:00 owed to strong photochem-
ical reactions because strong solar radiation promoted the O3 formation
(Monks et al., 2015).

3.5. The relationship between the pollutants and the meteorological factors

3.5.1. Correlation analysis, GCA, and path analysis of the pollutants and the
meteorological factors

The linear relationship between six pollutants and the meteorologi-
cal factors was quantified using Pearson correlation coefficient, as
shown in Table 1. PM10 and SO2 displayed significantly negative rela-
tionship with Prec in nearly all of the seasons, suggesting that the wet
deposition could mitigate air pollution by the scavenge and wash-out
process. The concentrations of PM2.5, CO, andNO2were positively linked
to atmosphere temperature, especially in spring and winter. The global
warming increased the probability of extreme events such as warm
winter, which could weaken WS by the transformation of air pressure
(Chang et al., 2016). In the warm winter, Mongolia plateau generally
suffered from lower pressure compared with the neutral year and the
lower air pressure difference weaken the strength of WS (Zhang et al.,
2013). Recently, Zhao et al. (2018) further demonstrated that the an-
thropogenic aerosol content over China was generally greater in El
Niño–Southern Oscillation (ENSO) winter than that of the neutral one,
which also reflected the positive relevance of air temperature and aero-
sol loading. However, WS generally displayed significantly negative re-
lationshipswith all of the pollutants except O3, indicating thatWS could
enhance the ventilation and turbulence of the pollutants and thus im-
prove the air quality. The concentrations of PM2.5 and PM10 exhibited
the positive correlation with RH, which revealed the importance of hy-
groscopic growth of aerosol particles in China. It was well documented
that the high RH generally increased the haze event because the NOx

and SO2 suffered from the frequent conversion from gas-phase to parti-
cle phase under the condition of high RH (Quan et al., 2014; Cheng et al.,
2016). However, the concentrations of SO2 andO3were negatively asso-
ciated with RH. It was assumed that the conversion of SO2 to SO4

2−were
widely observed in the severe fog-haze with high RH (Cheng et al.,
2016; Wang et al., 2014a, 2014b, 2014c, 2014d; Wang et al., 2016d).
The negative relationship between O3 and RH was likely contributed
by the decrease of visibility under the condition of high RH. Zhang
et al. (2015a, 2015b) reported that the low visibility could weaken the
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photochemical activities, and thus decrease the O3 concentration. P did
not present remarkable relationship with these air pollutants, and Tsun
only showed a higher correlation with the O3 concentration in spring
and summer. It is well known that the formation of O3 was dependent
on the intensity and the duration time of solar radiation (Yang et al.,
2016a). Tiwari et al. (2015) also has demonstrated that the photolysis
rate of NO2 and the formation rate of O3 were both controlled by the
solar radiation intensity.

The air pollutants were dependent on the combined effects of the
meteorological factors. GCA was further employed to determine the
key meteorological factor affecting the pollutants from the nonlinear
perspective as shown in Table S3. T showed the highest Gray correlation
coefficient with PM2.5, PM10, and NO2 than those for otherfivemeteoro-
logical factors, which was in good agreement with the result of the cor-
relation analysis. Air temperature was closely associated with the
pollutant concentrations through modulating atmospheric turbulence
and chemical reactions (Li et al., 2015), which was also observed in
the United States (Tai et al., 2010). However, WS was the major factor
influencing the concentration of SO2 and CO based on the GCA result.
It was well documented that the strengthened near-surface wind was
conducive to the outward transport and diffusion of the pollutants,
thereby decreasing the pollutant concentrations (Csavina et al., 2014;
Clavner et al., 2018). Tsun was considered as a major factor affecting
the O3 concentration because strong solar radiation was inclined to en-
hance the formation of O3 (Yang et al., 2016a).

Although the correlation coefficients between the pollutants and the
meteorological factors have been calculated, the interaction of the me-
teorological factors and their direct or indirect effects cannot be clarified
by the correlation analysis and the GCA. Consequently, the path analysis
was applied to estimate the direct and indirect path coefficients for all of
the pollutants, which are illustrated in Table S4. Most of the direct path
coefficients were higher than those of the indirect path coefficients,
Fig. 4. The Moran's I of six
whereas the direct path coefficient of RHwas slightly lower than the in-
direct path coefficient of RH on Prec for PM2.5 and PM10, suggesting that
RH played an important role on PM2.5 and PM10 through the wash-out
process. It was well documented that the heavy precipitation events
will increase as RH increase because precipitation rates of individual
storms markedly exceeded evaporation rates (Jones et al., 2010). Addi-
tionally, RH effect on the O3 concentration mainly relied on the impacts
of sunshine duration. Hygroscopic particles grow rapidly in size under
the condition of high RH due to the strong water uptake capacity, and
thus influence the aerosol optical properties including extinction, visi-
bility, global radiation, and sunshine duration (Liu et al., 2011).

3.5.2. Spatial relationship between the pollutants and the meteorological
factors

The spatial econometric models were further utilized to investigate
the spatial relationship between the pollutants and the meteorological
factors in consideration of the spatial autocorrelation of the pollutants.
Firstly, the spatial autocorrelation test should be performed to search
the best method to decipher the relationship of the pollutants and the
meteorological factors. The result of spatial autocorrelation test sug-
gested that the Moran's I index of PM2.5, PM10, SO2, CO, NO2, and O3

were 0.63, 0.65, 0.60, 0.40, 0.47, and 0.28, respectively (Fig. 4a–4f).
Meanwhile, all of the p values for these pollutants were lower than 5%,
suggesting that all of the pollutants displayed significantly spatial auto-
correlation at a prefecture-city level. On the basis of Moran's I, the spa-
tial autocorrelation was classified into four types including high-high
(upper right), low-low (lower left), high-low (lower right), low-high
(upper left). The high-high and low-low quadrants exhibited the posi-
tive spatial autocorrelation, while the high-low and low-high ones
showed the negative spatial correlation. The majority of the cities
were centered on the upper right and lower left quadrants, suggesting
that themajority of cities presented the high-high and low-low clusters.
air pollutants in China.



Table 2
The LM lag estimation results for the pollutants and the meteorological factors.

Dependents Independents Coefficient
of
regression

Standard
deviation

t
value

P
value

PM2.5 Constant 44.96 1.20 37.43 0.00
Prec −3.28 3.10 −1.06 0.29
T 2.22 0.66 3.38 0.00
WS 2.45 3.59 2.68 0.04
Tsun −4.85 1.64 −2.95 0.12
P 0.36 0.31 1.18 0.24
RH 0.58 0.31 −1.88 0.05
ρ 0.79 0.03 23.32 0.00

PM10 Constant 17.95 3.17 5.67 0.00
Prec −4.13 3.71 −3.22 0.04
T 3.04 0.79 4.83 0.00
WS 3.64 4.28 3.85 0.02
Tsun −2.05 1.96 −1.04 0.29
P 0.27 0.37 0.76 0.45
RH 1.00 0.37 −2.71 0.04
ρ 0.74 0.04 20.88 0.00

SO2 Constant 4.34 0.98 4.41 0.00
Prec −1.81 1.52 −3.19 0.02
T −0.27 0.32 −0.85 0.29
WS −2.91 1.76 −2.65 0.04
Tsun 0.03 0.80 0.04 0.97
P 0.17 0.15 1.14 0.25
RH −0.02 0.15 3.13 0.02
ρ 0.79 0.04 22.36 0.00

CO Constant 0.41 0.06 6.95 0.00
Prec −0.06 0.06 −1.02 0.31
T 0.04 0.01 3.32 0.04
WS 0.03 0.07 3.46 0.04
Tsun −0.06 0.03 −1.92 0.06
P 0.01 0.01 1.09 0.28
RH −0.00 0.01 −0.46 0.64
ρ 0.60 0.05 11.73 0.00

NO2 Constant 8.26 1.35 6.12 0.00
Prec −0.34 1.41 −0.24 0.81
T 0.23 0.29 3.76 0.04
WS −0.21 1.63 3.68 0.04
Tsun −0.79 0.74 −1.06 0.29
P 0.12 0.14 0.86 0.39
RH −0.09 0.14 −0.67 0.51
ρ 0.67 0.04 14.95 0.00

O3 Constant 28.82 3.23 8.91 0.00
Prec 0.13 2.09 0.06 0.95
T 0.39 0.44 0.90 0.36
WS 3.79 2.41 1.57 0.11
Tsun 0.37 1.10 −2.12 0.04
P −0.04 0.21 −0.12 0.85
RH −0.16 0.21 −2.35 0.04
ρ 0.49 0.06 8.79 0.00
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In order to investigate the accurate cluster situation, we selected the
Getis-Ord General G to reflect the spatial cluster of air pollutants
(Joost et al., 2018), which are depicted in Fig. S5. The concentrations
of PM2.5, PM10, SO2, NO2, and CO showed the remarkable high-high clus-
ter in NCP and West of the Xinjiang autonomous region, which was
mainly contributed by the dense industrial emission (i.e., power plants,
cement plants, iron and steel industries) (Tian et al., 2011; Hua et al.,
2016). The O3 concentration presented the high-high cluster in the
western of Inner Mongolia autonomous region, Qinghai province, and
Tibet autonomous region. It was supposed that strong solar radiation
and long duration of sunshine led to the high-high cluster of O3 level
in these regions (Yang et al., 2016a). Additionally, the concentrations
of PM2.5, PM10, SO2, and NO2 displayed the low-low cluster in some cit-
ies (i.e., Ganzi, Lhasa, Sanya) of Southwest China and Southeast China,
but the CO concentration in Southwest China was low in some cities
(i.e., Shannan, Yanbian, Baishan). It was assumed that the East Asia
monsoon played an important role on the cities located in the wind-
ward direction and the coastal region (Jeong and Park, 2017). Wu
et al. (2018) verified that the trans-boundary transport of pollutant
emissions from North China Plain generally caused the severe air pollu-
tion in Northwest and Northeast China because these regions were lo-
cated in the leeward of summer monsoon. In contrast, Southwest and
Southeast China suffered from less pollution due to extinction effect of
summer monsoon. The O3 concentration did not show the marked
low-low cluster except several cities (i.e., Yanbian, Tonghua) in North-
east China.

Given the markedly spatial autocorrelation of the pollutants, the
spatial econometric model was utilized to investigate the spatial rela-
tionship between the pollutants and the meteorological factors at a na-
tional scale. First of all, the best approach (SLM versus SEM) should be
selected through testing the autocorrelations of the spatial error for
the pollutants. LM lag and the robust LM lag both showed the marked
relationships, whereas the robust LM error generally displayed the in-
significant relevances (Table S5), indicating that the residual error of
the pollutants did not present remarkably spatial autocorrelation at a
city level. Hence, SLM was selected to decipher the spatial relationship
between the pollutants and the meteorological factors as the best ap-
proach. The SLM result suggested that T and WS were major factors af-
fecting the accumulation of PM2.5 and SO2, which was in agreement
with the result of the correlation analysis (Table 2). In addition, SLM
also demonstrated that Tsun was the dominant factor affecting the O3

concentration in the ambient air, in agreement with the correlation
analysis and the GCA result. Prec and T were treated as themajor factor
affecting PM10 and CO based on SLM and the correlation analysis, re-
spectively. It was supposed that the notable spatial heterogenicity of
Prec across thewhole China caused the difference of thesemethods. Ac-
curately, the correlation analysis and the GCA results ignored the spatial
autocorrelation of the pollutants and the meteorological factors.

The GWR model was performed in the present study because they
outperformed the SLM model by examining the spatial relationship of
the pollutants and the meteorological factors at a city level. The results
of GWR model are illustrated in Fig. 5 and Fig. S6. The local coefficients
of the meteorological factors for the pollutants displayed the markedly
spatial variance at a city level. For PM2.5, the influence of Prec and T
peaked in Northwest China (Fig. 5a–b), whereasWS and RH played sig-
nificant roles on the southeast of China (Fig. 5c–f). It was supposed that
the scarce rainfall and high air temperature was not conducive to the
wet removal of PM2.5 in the Xinjiang autonomous region (Pi et al.,
2017). However, the higher WS in the cities of Southeast China
(i.e., Shanghai, Ningbo, Hangzhou) tended to mitigate the haze pollu-
tion because they were located in the windward direction of East Asia
summer monsoon (Wang et al., 2016a, 2016b, 2016c, 2016d). Besides,
the major effect of RH on the PM2.5 in Southeast China was derived
from the abundant moisture due to the contribution of marine air
mass (Zhang et al., 2015a, 2015b). For PM10, the effects of Prec, T, WS,
and RH were mainly concentrated on some cities of Northwest China
such as Kashi and Kergez (Fig. 5g–j). The high frequency of floating
dust was likely due to the enclosed terrain, high WS, as well as the
low Prec and RH in Xinjiang autonomous region (Pi et al., 2017). Apart
from Northwest China, T showed significantly negative correlation
with SO2 and NO2 in NCP (i.e., Zhengzhou, Luoyang) and Southeast
China (i.e., Wuhan, Guangzhou). Khoder (2002) observed that sulfur
conversion ratio (SOR) and nitrogen conversion ratio (NOR) in summer
were significantly higher than those in winter because high tempera-
ture could promote the conversion of SO2 and NO2 to sulfates and ni-
trates, respectively. Thus, the concentration of SO2 and NO2 decreased
with the increase of T (Fig. 5m–r and Fig. S6a–f). The influence of Prec
on the CO concentration decreased from Southeast China to Northwest
China (Shanghai: 0.079960, Ankang: 0.079930, Lanzhou: 0.079915,
Kashi: 0.079890) (Fig. S6g–l), which was in coincident to the precipita-
tion distribution across China. It was assumed that high precipitation
promote the decrease of CO through the efficient wet scavenging by
precipitation (Li et al., 2017a, 2017b). The influences of Prec, WS,
Tsun, and RH on the O3 concentration peaked in Northwest China
(Fig. S6m–r), while the effect of T on the O3 concentration showed the
highest value in Northeast China. High radiation duration and intensity



Fig. 5. The local B coefficients of the meteorological factors for PM2.5, PM10, and SO2.
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in Northwest China clearly enhanced chemical production of O3 (Gaur
et al., 2014) through affecting the NO2 photolysis rate and the reaction
rate coefficient of NO and O3.
4. Conclusion

Various PM and gaseous pollutants in 336 prefecture-level cities
during 2015–2016were collected to investigate the spatiotemporal var-
iations and key factors in China. The average concentrations of PM2.5,
PM10, SO2, NO2, and CO decreased by 19.32%, 15.34%, 29.30%, 9.39%,
and 8.00% from 2015 to 2016, respectively. However, the O3 concentra-
tion increased from 57.98 μg m−3 to 59.84 μg m−3 during the period.
The dramatic decrease of five pollutants coupled with insignificant me-
teorological difference during 2015–2016 implied the effects of efficient
control measurements in China, and the slight increase of the O3 con-
centration was mainly attributed to high VOC loadings. The concentra-
tions of PM2.5, PM10, SO2, CO and NO2 showed the highest
concentrations in winter but the lowest ones in summer. In contrast,
the O3 concentration peaked in summer, followed by ones in spring
and autumn, and presented the lowest one in winter. PM2.5, PM10,
SO2, CO and NO2 presented obvious weekly and diurnal cycle. They
showed higher concentrations in weekdays than those at weekends,
and displayed two peaks in 9:00–10:00 AM and 21:00–22:00 PM. How-
ever, the O3 concentration displayed an opposite trend. The results of
the correlation analysis suggested that the PM2.5, PM10, and SO2 concen-
trations were significantly associated with Prec, T, and WS. The CO and
NO2 concentrations displayed the significant relationship with T, and
the O3 concentration was closely linked to Tsun and RH. The GCA result
indicated that T andWSwere themajor factors affecting the accumula-
tion of PM and the gaseous pollutants in China. These results shown
herein could be potentially rewarding to uncover the causes of air pollu-
tion, as well as being useful for pollution control policy-making.
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