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Abstract: With the rapid industrial development and urbanization in China over the past three
decades, PM; 5 pollution has become a severe environmental problem that threatens public health.
Due to its unbalanced development and intrinsic topography features, the distribution of PM; 5
concentrations over China is spatially heterogeneous. In this study, we explore the spatiotemporal
variations of PM, 5 pollution in China and four great urban areas from 1998 to 2014. A space-time
Bayesian hierarchy model is employed to analyse PM; 5 pollution. The results show that a stable
“3-Clusters” spatial PMj; 5 pollution pattern has formed. The mean and 90% quantile of the PM; 5
concentrations in China have increased significantly, with annual increases of 0.279 ug/m?> (95% CI:
0.083—-0.475) and 0.735 ug/ m? (95% CI: 0.261—1.210), respectively. The area with a PM; 5 pollution
level of more than 70 pg/m? has increased significantly, with an annual increase of 0.26 percentage
points. Two regions in particular, the North China Plain and Sichuan Basin, are experiencing the
largest amounts of PM; 5 pollution. The polluted areas, with a high local magnitude of more than 1.0
relative to the overall PM; 5 concentration, affect an area with a human population of 949 million,
which corresponded to 69.3% of the total population in 2010. North and south differentiation occurs in
the urban areas of the Jingjinji and Yangtze Delta, and circular and radial gradient differentiation occur
in the urban areas of the Cheng-Yu and Pearl Deltas. The spatial heterogeneity of the urban Jingjinji
group is the strongest. Eighteen cities located in the Yangtze Delta urban group, including Shanghai
and Nanjing, have experienced high PM; 5 concentrations and faster local trends of increasing
PM, 5. The percentage of exposure to PM, 5 concentrations greater than 70 ng/m3 and 100 pg/m3 is
increasing significantly.

Keywords: PM; 5 concentrations; spatiotemporal variation; Bayesian hierarchy model

1. Introduction

Air pollution has become an important factor that threatens human health. Particulate matter
(PM) suspended in the air is regarded as the most severe type of pollutant [1]. PM with an
aerodynamic diameter of less than 2.5 um (PM;5) can enter deeply into the human body through
breathing [2]. Some public health studies have found that PM; 5 affects public health significantly and
adversely [3-11]. Chen et al. [12] reported that a 3-year reduction in average life expectancy and a 14%
increase in total mortality would result from a respirable PM concentration increase of 100 pg/m?.
Forouzanfar et al. [13] reported that PMj 5 resulted in three million premature deaths worldwide in
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2013. Because PM; 5 can easily enter the human body, thereby causing chronic disease and increasing
mortality and morbidity, PM; 5 has become an important issue in international pollution research [2].
In recent years, estimating ground-level PM, 5 concentrations by using satellite-based remote sensing
data has become more important for studying long-term changes of PM; 5 concentrations due to
advances in new retrieval algorithms that have led to high accuracy and long-term data stability [14-21].
PM; 5 concentrations estimated from satellite data can fill the gaps in data obtained from fixed sites and
result in high-resolution data [22]. Compared with ground-based site monitoring, remote sensing is
capable of quickly obtaining large-scale and spatially continuous PM, 5 concentrations [2,23]. Currently,
not enough monitoring stations are available to fully capture the large scale variability of PM; 5 in
China [11]. PM; 5 concentrations retrieved by satellites have been used as an effective method for
studying the regional distribution and variation of air pollution [24].

With its industrial development and rapid urbanization, China is facing a challenging
environmental pollution problem, particularly haze pollution [25]. Severe and widespread
PM, 5 pollution in China has raised more and more public concern [26]. Based on the World
Health Organization (WHO) recommendations, Chinese air does not currently meet air quality
standards [27,28]. In China, ambient PM pollution was the fourth leading risk factor for death in
2010 [29]. Given the unbalanced development and diversity in China, the PM; 5 pollution in China
likely exhibits strong spatial heterogeneity. If the spatiotemporal patterns of PM; 5 concentrations in
China could be accurately determined, the resulting knowledge could be used to prevent and control
PM; 5 pollution. In this paper, the spatiotemporal variations of PM; 5 in China from 1998 to 2014 are
explored. Few researchers have studied the spatiotemporal patterns of PM; 5 concentrations in China.
Lin et al. [10] studied the spatiotemporal variations of PM, 5 concentrations in China from 2001 to
2010 by using the global annual average PM; 5 grids data from the Battelle Memorial Institute and
the Centre for International Earth Science Information Network/Columbia University. Ma et al. [28]
estimated the PMj 5 concentrations from 2004 to 2013 in China from MODIS remote sensing data and
briefly discussed the spatiotemporal trends of the PM; 5 concentrations. Peng et al. [2] systematically
investigated the space-time patterns of PM; 5 concentrations in China from 1999 to 2011 using a
resolution of 10 km and PM, 5 data retrieved by van Donkelaar et al. in 2015 based on classic statistical
methods [30].

To our knowledge, we are the first to employ a space-time Bayesian hierarchy model to analyse
the spatiotemporal variations of PM; 5 concentrations. The remotely sensed PM, 5 data used in the
paper were obtained from the latest versions of the datasets from 1998 to 2014, which were estimated
by van Donkelaar et al. [31]. In addition to the national scale, four leading urban areas in China have
been studied. The objective of this study is to systematically explore spatiotemporal variations and
trends in PM; 5 concentrations that can be used by Chinese policymakers or others to prevent or reduce
PMj; 5 pollution.

2. Data and Methods

2.1. Study Area and Data

China (104°21'15” E, 28°42'30” N) is located in east Asia, with high and low lying areas from
east to west and a ladder-like distribution, as shown in Figure 1. The four basins and three plains
account for approximately 33% of China’s surface [32]. In addition, this paper focuses on four large
urban groups, which are shown in Figure 1, and include the Jingjinji urban group containing Beijing
and Tianjin; the Yangtze Delta urban group containing Shanghai, Nanjing and Hangzhou; the Pearl
Delta urban group containing Guangzhou, Hong Kong and Shenzhen; and the Cheng-Yu urban group
containing Chengdu and Chongging. Although these four urban groups cover of 9.26% of the total
area of China, they account for 35.42% of the total population [33,34].
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Figure 1. Chinese provincial administrative map with elevation and four large urban group areas:
(a) Jingjinji urban group; (b) Yangtze Delta urban group; (c) Pearl Delta urban group; and (d) Cheng-Yu
urban group.

The remotely sensed PM, 5 concentration data product with a resolution of 0.1° x 0.1° used in
this paper was downloaded from the Atmospheric Composition Analysis Group [35]. The dataset
was produced by van Donkelaar et al. [31] from the Atmospheric Physics Institute of Dalhousie
University in Canada. The remotely sensed PM; 5 concentration dataset was estimated by combining
Aerosol Optical Depth (AOD) data retrieved from NASA MODIS, MISR, and SeaWIFS instruments
with the GEOS-Chem chemical transport model. Subsequently, the dataset was calibrated to global
ground-based observations of PM; 5 by using the Geographically Weighted Regression (GWR) method.
The raw grids data with a resolution of 0.1° x 0.1° based on the WGS-84 projection were translated to
the Asia Lambert Conformal Conic projection. Due to the effects of perennial clouds, snow-covered
mountains, etc., data were missing from the remotely sensed PM; 5 concentration grids data. We used
a focal statistic technique to spatially estimate the missing values by using a sliding average of 6 x 6
windows and repeating the process until no values were missing.

Besides the PM; 5 concentration grid data that were inferred from the remote sensing data, three
other types of data, GIS vector data, elevation data with a resolution of 4 km x 4 km, and population
data at the country and district levels, were used in this paper. The GIS vector data and elevation data
were used to generate a base map, and the GIS vector polygons consisted of counties or districts as
statistical geographical units. The GIS vector data are publically available from the National Geomatics
Center of China. The elevation data were obtained from the ASTER GDEM [36] dataset. The two
geographical datasets mentioned above were also translated to the Asia Lambert Conformal Conic
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projection. Two types of population data were used in this paper: population census data from the 6th
National Population Census in the county or district administrative region and national population
grid data with a resolution of 1 km x 1 km from 2000 and 2010 and provided by the Data Center for
Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) [37]. Population data
are mainly used for evaluating the proportions of the population exposed to high PM, 5 pollution.

2.2. Methods

2.2.1. General Statistics

The overall temporal variations of PM; 5 concentrations in China and the four urban group areas
during 1998-2014 were analysed mainly using traditional statistical methods. Linear regressions of
the mean and 90% quantile of PM, 5 concentrations in China from 1998 to 2014 were used to assess
the overall variation tendency of PM; 5 concentration at the national scale. Box plots of the PM; 5
concentrations in the four urban group areas were used to evaluate the temporal trends of PM; 5
pollution in the four large urban areas. In addition, a temporal histogram composed of the yearly
histogram of PMj; 5 concentrations in China was used to describe the temporal variability of the PM; 5
concentration distribution in China over 17 years.

2.2.2. Space-Time Bayesian Hierarchal Model

Bayesian statistical inference integrates three types of information, population properties, sample
information, and prior knowledge. Due to the integration of these three aspects, Bayesian statistics
can overcome the problems encountered when considering a small number of samples for a single
geographical unit and can somewhat overcome the problems encountered when considering the
correlations among various geographical units for spatiotemporal data analysis. Given the hierarchical
structure of the space-time data of PM, 5 concentrations in this paper, a space-time Bayesian hierarchal
model (STBHM) [38] that combines a space-time interaction model with BHM was employed. STBHM
can estimate the local PMj; 5 pollution level relative to an overall PM; 5 concentration by integrating
spatiotemporal PM; 5 concentration data. Meanwhile, the local temporal variation trend relative to an
overall temporal trend can also be estimated. The goal of employing STBHM is to detect areas with
relatively high PM; 5 pollution and estimate the local variation trends of PM; 5 concentrations.

At the national scale, country-level administrative regions are investigated using a minimum
number of analytical units. Pixels with resolutions of 0.1° x 0.1° act as basic analytical units at the
urban group level. Collectively, these basic analytical units are referred to as a geographical unit.
Here, yj; is the observed PM; 5 concentration in the geographic uniti=1,2, ..., for the year t = 1998,
2005, ..., 2014. Using the log link function STBHM, this relationship can be expressed as follows:

yit ~ Normal (“Yu’ (r%) 1
Hy, ~ Normal <Git, G%) 2)
In (eit) =a+S;+ (bot* + Vt) + b1it* + €t 3)

where Hy., and G% are the average and variance of the PM; 5 observations and represent the global
variability, 0;; and o7 are the average and variance of Hy. » which reflect the differences among the local
units. In Formula (3), « is the overall log PM, 5 pollution level during the study period in China, and
exp (S;) is the local magnitude of PMj; 5 pollution relative to an overall PMj; 5 pollution. If the posterior
estimation of exp (S;) is greater than 1.0, the PM; 5 pollution level is higher than the national total
or vice-versa. bot* + v; reflects the overall temporal trend, t* is the centring time during the study
period, and v describes a random temporal effect. by; represents the local trends of the departure of
the geographic unit i from the common temporal variation. A positive estimate of by; poses a stronger
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temporal trend than the overall trend and vice-versa. €j; is the over-dispersion parameter that reflects
a certain random effect.

2.2.3. Determinations and Implementation

The coefficient S; of the local magnitude of PM; 5 pollution relative to an overall PM; 5 pollution
and the local trend parameter by; are assigned by the Besag, York, and Mollie spatial model (BYM) [39].
BYM considers both spatially structured random effects with a convolution algorithm and unstructured
random effects using a normal distribution. The spatial structure effects are modelled by using
conditional autoregressive (CAR) [40]. The spatial adjacency matrix W adopts the first order “Queen”
form. The concrete form is as follows:

SilS(—jy ~ Normal(y; + Z‘{wij (Sj — u]-) , 0%) 4)
i=

where S(—i) = {S(j) N # i}, E(Si) =, E (Sj) = Hj, Wjj is the element of spatial adjacency matrix W,
and o7 is the variance of S;. The location parameters « and by were assigned to the improper prior
distribution, flat (—oo, +0). Regarding the suggestions of Gelman [41], the standard deviations of
the random effects were assigned to the positive half of the Gaussian distribution before N (0.10).
The posterior distribution of the model parameters was estimated using Markov chain Monte Carlo
(MCMC) simulations. During the Bayesian estimation process, WinBUGS [42] was implemented. The
Gelman-Rubin statistic indicator [43] was used to assess the convergence of the model.

3. Results

3.1. Preliminary Statistics

The spatiotemporal patterns of PM; 5 concentrations across China over 17 years (from 1998 to 2014)
are illustrated in Figure 2. During the study period, a steady spatial PM, 5 concentration distribution
formed a “3-Clusters” pattern. The “3-Clusters” represent three areas: the Tarim Basin located in the
northwest of Xinjiang Province, the Sichuan Basin located in the southwest, and the North China Plain
containing the Jingjiji urban group and Shandong Province. The “3-Clusters” regions had high levels
of PM; 5 pollution, especially the Sichuan Basin and the North China Plain, which have always had the
highest pollution levels in China from 1998 to 2014 (17 years). Regarding the temporal trends in PM; 5
pollution, the mean and 90% quantile of the PM; 5 concentrations in China generally maintained a
statistically significant increasing trend according to the liner regression statistical analysis shown in
Figure 3, with increments of 0.279 pg/m3 (95% CI: 0.083-0.475) and 0.735 pg/m?3 (95% CI: 0.261-1.210).
The mean minimum and maximum PM; 5 concentrations in China occurred in 1999 and 2010 and
were 26.2 ug/ m? and 33.97 ug/ m?3. Five local peaks in the PM, 5 concentrations occurred in 1998, 2003,
2006, 2010, and 2013 during the 17 considered years. In contrast, the PM; 5 concentrations were lower
in 1999, 2005, and 2012. A large increase was observed to occur from 1999 to 2003, with an increase
from 26.2 pg/m? to 32.50 pg/m3. The maximum yearly increase from 28.78 pg/m? to 33.91 pg/m3
occurred from 2005 to 2006. During 20062010, the mean PMj; 5 concentration over China remained
high, with concentrations of between 32.53 pg/m3 and 33.97 pg/m3.The 90% quantile trend is roughly
similar to the mean trend. Integrating the mean and 90% quantile trends showed that the pollution
concentrations in China were higher in 2006, 2007, 2010, and 2013. Figure 2 shows that the “3-Clusters”
regions all had higher PM; 5 concentrations in 2006, 2007, 2010, and 2013.
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Figure 2. Space-time distribution of the PM; 5 concentrations in China from 1998 to 2014.
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Figure 3. The scatter plots and corresponding linear regression line with 95% CIs of (a) the mean and

(b) the 90% quantiles of the PM; 5 concentrations in China from 1998 to 2014.

In addition to the mean and 90% quantile, we investigated the variations of the histograms
showing the distribution and gradient of PM; 5 concentrations over China. Figure 4a shows the
temporal variation of PM;5 in a time histogram, where each row represents the corresponding
histogram of PMj 5 concentrations, and the small squares with different colors reflect different
frequencies. Although the annual average PM, 5 concentrations over China were mainly distributed
from 26.20 to 34.00 ug/m3, the area proportion with different PM, 5 concentrations grades varied
year by year as shown in Figure 4b, meanwhile the linear regression result as shown in Figure 5
demonstrated it. The classification of PM, 5 concentrations in this paper primarily refer to the WHO
Air quality guidelines for particulate matter [44] and the specific conditions in China. The statistical
results explained that the percentages of the areas with PM, 5 pollution grades of 1 and 2 were
<15 pug/m? and 15-25 pg/m3 and roughly decreased, as shown in Figure 5a. In addition, the annual
decreasing rates were approximately 0.238 and 0.175 percentage points for the areas classified as
pollutant grades 1 and 2 respectively, as shown in Figure 5a. Nevertheless, the highly polluted area,
grade 5, with concentrations of >70 ug/m?, increased significantly at an annual rate of 0.260 percentage
points, as shown in Figure 5b.

(ng/m’)

>3.0%
2014
2013
2012
2.4% 2011
2010]
2009
5 1.8% 2008|
2007
2006
2005
e 2004
2003]
2002
0.6% 2001
2000
1999
1998
0

60 80 Min PM2.5 concentrations Max
PM2.5 concentration(pg/m’)

Figure 4. (a) Time histogram of the PM; 5 concentrations in China by year for 1998-2014; each row
illustrates a histogram of the PM; 5 concentrations in the corresponding year, and various colours
represent the frequency divided by the class width; (b) The map of the annual PM, 5 concentration
ranking grade over China from 1998 to 2014, where each row is the yearly descending rank of the PM, 5
concentrations from left to right.
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Figure 5. Scatter plots and linear regression lines of the area percentages of (a) grade 1 and 2
(<15 ug/m?3, 15-25 pg/m3) and (b) grade 5 (>70 pg/m?) over China from 1998 to 2014. The upper liner
regression equation is the fit of the grade 1 data, and the bottom linear regression equation is the fit of
the grade 2 data.

The temporal variations of the PM; 5 concentrations in the four urban groups in the Jingjinji,
Yangtze Delta, Cheng-Yu, and Pearl Delta in China have their own various features, as shown in
Figure 1. Figure 6 illustrates differences in the range and temporal trends among the four city
agglomeration regions.
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Figure 6. Boxplots of the PM, 5 concentrations in the (a) Jingjinji urban group; (b) Yangtze Delta urban
group; (c¢) Cheng-Yu urban group and (d) Pearl Delta urban group from 1998 to 2014.
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The 90% quantile, median, and 10% quantile in the Jingjinji urban group increased from 1998
to 2014. The linear regression results show that the annual increment of the median and 10%
quantiles of PM, 5 concentrations in the Jingjinji urban group are statistically significant {0.586 1g/m3
(95% CI: 0.080-1.092) and 0.412 pg/m? (95% CI: 0.098-0.726), respectively}. Meanwhile, the maximum
and minimum PM; 5 concentrations were observed in the Jingjinji and Pearl Delta urban regions,
respectively. The spatial heterogeneity of the PMj; 5 concentrations was the strongest in Jingjinji. In the
Pearl Delta urban group, the spatial difference between the PM, 5 concentrations was small. However,
the strong increase in the PM; 5 concentrations peaked in this region from 1999 to 2004 and then slowly
decreased. The remaining two urban group regions, Yangtze Delta and Cheng-Yu, experienced stable
and stochastic PM, 5 concentration fluctuations.

3.2. Bayesian Estimation over China

The spatial local magnitudes of PM; 5 pollution relative to the overall magnitude of PM; 5
pollution in China were estimated using the space-time Bayesian hierarchy model employed in
this paper. Figure 7 shows the estimated results and the spatial patterns at the country and district
level. In this paper, six different categories are classified, as shown in Figure 7, according to the local
magnitude of the PMj; 5 pollution relative to the overall magnitude of the PMj; 5 pollution based on
the geometric interval method. The three areas marked in green and pale yellow represent areas with
lower pollution, and the other three areas marked by deep yellow and red represent areas that are
considered highly polluted.
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Figure 7. Estimation of the local magnitude of PMj; 5 pollution relative to the overall PM; 5 pollution
over China, the posterior medians of exp (s;) from STBHM.

The areas with high local PM; 5 pollution magnitudes relative to the overall PM; 5 pollution
magnitude cover 1679 counties and districts, with a population of 949 million, which accounted for
69.3% of the total population based on the 6th National Population Census. Highly polluted areas
in China have distinct spatial structures and strong spatial aggregation. Most of the pollution is
distributed in one large continuous area and three small areas. The most and second most polluted
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regions are located in a large and continuous area in two independent spatial clusters. The most
polluted areas form an equicrural triangle and circle, which is marked by dark red in Figure 7. Moreover,
the highly polluted area revealed a concentric ring gradient geometry with higher concentrations in
the centre and lower concentrations toward the edges, as shown in Figure 7.

Furthermore, the local magnitudes of PM 5 pollution in the most seriously polluted areas were
more than 1.80 times the overall magnitude of PM, 5 pollution in China; thus, in these regions, the PM; 5
pollution concentrations were more than 1.8 times the national total concentrations. Among these
regions, east China covers a wide area that includes five provinces: Hebei, Shandong, Henan, Jiangsu,
and Anhui. In addition, a concentrated region shaped like an equicrural triangle centred within the
boundaries of Shandong, Jiangsu, Anhui, and Henan province formed during the 17 investigated
years of 1998-2014. This area has very important meaning regarding economic geography because
it is located between two developed urban groups: the Jingjinji urban group that includes Beijing
and the Yangtze Delta urban group that includes Shanghai. Regarding geometry, two megalopolises,
one consisting of Beijing and Shanghai and one consisting of Zhumadian, an industrial city in Henan
Province, formed the highly polluted area, which covers an area in the shape of an equicrural triangle
with three vertices. The highly polluted areas involved 448 counties and districts with a population
of approximately 287 million, which was calculated from the 6th National Population Census and
accounted for 21.0% of the total Chinese population.

The Sichuan Basin is the most polluted region in China. The pollution in this region is probably
related to the bowl-shaped topography of the basin. The highest spatial range of pollution in the
Sichuan Basin is circular, which is consistent with the bowl-shaped geometry of the basin. The region
includes 73 counties and districts, with a total population of 46.70 million [34]. The Sichuan Basin
covers an area shaped like a concentric ring, with a gradient of high to low pollution extending from
the centre to the outer edges of the ring. The area can be divided into three concentric gradient rings,
with the innermost circle covering the area with the highest pollution, the second ring covering the
area with the second highest pollution, and the third ring covering the area with the lowest pollution.
In central Hubei there are 18 counties and districts with a local PM; 5 pollution magnitude of more
than 1.80 relative to the overall PMj; 5 pollution magnitude. However, the economy is not developed
and the population is not dense in Xinjiang, potentially due to its basin topographic features. Overall,
24 counties and districts exhibit PM; 5 pollution levels higher than the national total, and 7 of these
counties have local PM; 5 pollution magnitudes that commonly exceed 1.40 times the overall PM; 5
pollution magnitude.

In addition to the estimations of the spatial local magnitude of PM, 5 pollution relative to the
overall magnitude of PM; 5 pollution, the STBHM employed in this paper simultaneously estimates
the local trends of PM, 5 concentrations in each country and district. The local trend is measured by
the posterior estimation of the by; parameter used in the model in this paper. We can distinguish
the local trends as follows: (a) a faster increasing trend than the overall trend when the posterior
estimated median is by; > 0 and the posterior probability is p (by; > 0| data) > 0.8; (b) a decreasing
trend relative to the common trend when the posterior estimated median is by; < 0 and the posterior
probability is p (by; > 0| data) < 0.2, and (c) a stable trend when the posterior estimated median is
bi; = 0 and the posterior probability is p (by; > 0| data) and is between 0.2 and 0.8. Figure 8a,b show
the estimated local spatial patterns of the PM; 5 concentrations in China from 1998 to 2014. Based on
the Bayesian estimates of the local trends, we observed that the regions with faster increases than
the overall trend covered the large area shown in pink in Figure 8b. In western, eastern, and central
China, faster increasing local trends were observed. Specifically, the most polluted area in eastern
China, which borders Hebei, Henan, Shandong, and Anhui, shows a faster increasing local trend.
Meanwhile, the Xinjiang Tarim Basin area has higher PMj, 5 pollution and exhibits a faster local trend
of increasing pollution. Hence, these two areas should be targeted for preventing and controlling
PMj; 5. In addition, the areas bordering Shannxi, Shanxi, and Henan have experienced strong and local
increasing pollution trends.
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Figure 8. (a) Local trend map obtained from the overall trend, the posterior medians of by; and
(b) the three local variation clusters classified based on the posterior probabilities of the local
trends of more than 0, i.e., p(bj; > O|data), with stronger variability than the overall trend when
p (by; > 0| data) > 0.8, stable variation when p (by; > 0| data) < 0.8 and p (by; > 0| data) > 0.2,
and weaker variability when p (by; > 0| data) < 0.2.

3.3. Bayesian Estimations for the Urban Groups

The spatiotemporal variations of the PM; 5 concentrations in four urban groups, Jingjinji, Yangtze
Delta, Cheng-Yu, and the Pearl Delta urban group, were estimated using the Bayesian hierarchy model
in the paper. Figure 9 shows the estimation of the spatial local magnitude of PM; 5 pollution relative to
the overall magnitude of PM, 5 pollution for the areas of the four urban groups in China. For different
urban groups, the spatial pattern with relative PM; 5 concentrations vary. In the Jingjinji and Yangtze
Deltas, the PM; 5 concentration distribution distinctly varied from north to south. Nevertheless, in the
Cheng-Yu and Pearl deltas, the spatial differentiation radiated outward from the centre. Furthermore,
the spatial heterogeneity of PM, 5 pollution is highest in the Jingjinji urban group, with minimum and
maximum estimated spatial local magnitudes of PM; 5 pollution of 0.39 and 2.11 relative to the overall
magnitude of PM; 5 pollution, respectively. The remaining three urban groups have approximately the
same degree of PM; 5 pollution heterogeneity.

The regions in the Jingjinji urban group with severe PM; 5 pollution are largely located in the
southeast. Four cities, Hengshui, Cangzhou, Xintai, and Handan, have the highest PM; 5 pollution.
Regarding the geographic location, the pollution of PM; 5 in Tianjin is more severe than the PM; 5
pollution in Beijing when considering the annual average. For Beijing, the spatial pattern of PM; 5
pollution is similar to the whole region. In the urban group, Chengde and Zhangjiakou experienced
relatively lower PM; 5 pollution. In the Yangtze Delta urban group, the northeast region, including
Shanghai, has relatively higher PM; 5 concentrations. The five cities located north of the border,
Xuzhou, Suzhou, Huaibei, Bozhou, and Fuyang, have the relatively highest PM, 5 concentrations.
The areas south of Anhui province and Zhejiang province had relatively lower PM ; 5 concentrations.
In the Cheng-Yu and Pearl Delta urban group areas, the regions polluted with higher concentrations of
PM, 5 were located in the centres of the two areas. Four cities in Cheng-Yu, Chengdu, Ziyang, Meishan,
and Neijiang had the highest concentrations of PM; 5 pollution. In the megacity, Chongqing, which
is located in the western region of China and borders highly polluted cities, high concentrations of
PM,; 5 were observed. One of the three areas with the highest PM; 5 concentrations in China is located
in the Cheng-Yu urban group area. The structural and gradually changing spatial pattern of the PM; 5
concentration distribution from the centre of Foshan City and outward to the Pearl Delta urban group
was formed.
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Figure 9. The spatial local magnitude of PM, 5 pollution relative to the overall PM; 5 pollution in the
four urban group areas, and the posterior medians of exp (s;) from STBHM for the (a) Jingjinji urban
group; (b) Yangtze Delta Urban group; (c) Cheng-Yu urban group; and (d) Pearl Delta urban group.

To investigate the local temporal variations of PM; 5 concentrations in the four urban groups,
we estimated their local trends by using the Bayesian model in the paper. The estimated results are
shown in Figure 10. As described in the methodology section, if the posterior median of the local trend
parameter by; is greater than 0, the local trend increases faster than the overall trend over the study area.
For the estimated results shown in Figure 9, greater increases of by; above 0 correspond with relatively
faster local increases in one urban group area. In the Jingjinji, Cheng-Yu, and Pearl Delta urban group
areas, cities with less pollution have inversely higher local increasing trends. Nevertheless, 18 cites,
including Shanghai and Nanjing in the urban area of the Yangtze Delta, have experienced not only
high PM; 5 concentrations but also faster increasing local trends. In other words, these regions will
continue to deteriorate if air pollution is not controlled. Thus PM; 5 pollution should be prevented and
controlled in these 18 cities.
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Figure 10. Local trend map relative to the overall trends in the four urban group areas: (a) Jingjinji
urban group; (b) Yangtze Delta Urban group; (c) Cheng-Yu urban group; and (d) Pearl Delta urban
group, and the posterior medians of by; from STBHM.

4. Discussion

The latest PM; 5 concentrations derived from satellite by van Donkelaar et al. [31] were used
in this study. Multiple types of satellite remote sensing data, e.g., MODIS Dark Target, MODIS
MAIAC, MODIS and SeaWiFS Deep Blue, and MISR, were integrated to produce this dataset.
The estimated PMj 5 results are highly consistent, with R? = 0.81 for out-of-sample cross-validated
PMj; 5 concentrations from 4082 monitoring points [31]. In North America, East Europe, and Central
Europe, low levels of uncertainty with bias of —0.7 to 0.4 pg/m3 compared with the monitored PM; 5
concentrations were observed. In Latin America and parts of Asia, relatively high uncertainty occurred,
with bias of up to 11.6 pg/m?3 [31]. Considering the high PM, 5 concentrations in China, the maximum
PMj; 5 concentration was 117 pg/ m3, and the precision of the satellite-retrieved PM, 5 concentrations
was reasonable in scope. Furthermore, Peng et al. [2] confirmed the accuracy of the previous data
produced by van Donkelaar for the specific area of China. Peng et al. [2] indicated that the correlation
coefficient of remotely sensed PM, 5 concentration data against the PM; 5 concentration monitored
in-situ was 0.79 in China, and the distribution of the residuals’ cumulative probability was random.
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China not only has a large population, but also a high population density with unbalanced
development. The risk of exposure to PM; 5 is particularly prominent in China. Considering that the
demographic grid data from 2000 to 2010 was based on the 5th and 6th Chinese Population Census
and was more reliable, we selected the population grid data in 2000 and 2010 to discuss exposure to
PM; 5 in China. According to the statistical results, the increases in the percentage of exposure to PM; 5
concentrations greater than 100 pg/m3 and 70 pg/m3 were the most significant. In 2000, the PM; 5
concentration in China did not exceed 100 pg/m3; however, the percentage of the population exposed
to PM, 5 concentrations greater than 100 pg/m? was 5.1% in 2010. The percentage of the population
exposed to PM; 5 concentrations greater than 70 ug/m3 increased from 23.4% in 2000 to 39.6% in 2010.
The exposure ratios of the other PM; 5 concentration gradients maintained a relatively stable status.
The exposure percentages to PM, 5 concentrations greater than three with target WHO concentrations
of 35 ug/m?3, 25 pg/m?, and 15 pug/m3 were 81.1%, 91.6%, and 98.1% in 2000, and 82.0%, 91.2%, and
98.9% in 2010, respectively.

The results in the paper are some different from those of previous studies. Generally, the PM; 5
concentrations across China determined in this paper are lower than those determined in studies
conducted by Peng et al. [2] and Ma et al. [28]. However, the proportion of the area with PM; 5
concentrations of less than 15 pug/m? is lower than the proportion observed by Peng J.’s, with a
difference of —11.3% in 1999 and —7.4% in 2011. The area proportions of the middle PM;5
concentrations of 25-35 are different, with 4.9% in 1999 and —0.6% in 2011. The locations with
high PM; 5 pollution detected by STBHM in this paper are roughly consistent with those identified
in previous studies. Based on the overall and local trends, we have drawn various conclusions.
The estimated results in this paper indicated that the PM; 5 concentrations over China generally
increased from 1998 to 2014, while Ma et al. [28] identified two stages, an increasing stage from 2004
to 2007 and a decreasing stage from 2008 to 2013. The estimates in our study suggested that the
entire western area experienced a local increasing trend. Peng et al. [2] noted that only the Xinjiang
area showed a gradually increasing local trend and that the remaining regions in the western area
maintained a stable local trend.

Considering the topographic features, “3-Clusters” belonged to a local low-lying area, indicating
that the annual average PM, 5 concentration is related to regional terrain characteristics. In Low-lying
areas, PM; 5 generally aggregates easily, while the impact of regional wind appears weaker in terms of
the entire year. The Sichuan Basin and the North China Plain regions have higher population densities.
We suspect that the PM, 5 concentration is also related to population density. Han et al. [45] illustrated
a significant correlation between PM; 5 concentration and population in Beijing.

The PM;5 concentrations in China showed a statistically significant increasing trend, with
increments of 0.279 pg/m3 (95% CI: 0.083-0.475) and 0.735 ug/m? (95% CI: 0.261-1.210). The areas
with low PM; 5 pollution are shrinking, while the areas with high PM, 5 pollution are expanding.
These changes suggest that the environmental governance in China should be continuously
strengthened. The areas of focus are the North China Plain and the Sichuan Basin regions, which have
high PM; 5 concentrations and the same populations. Based on Bayesian estimations, the areas with the
most severe pollution, with a common spatial relative risks of more than 1.0, covered 1679 counties or
districts and affected a population of 949 million people, accounting for 69.3% of the total population.
The western, eastern, and central regions of China all exhibited faster increasing local trends than
the overall trend. It should be noted that the North China Plain regions have high PM; 5 pollution
levels and exhibit increasing local trends. In other words, the PM; 5 pollution in the North China Plain
regions can be expected to further deteriorate if no effective preventative measures are implemented.
Although the western regions in China have lower PM; 5 pollution levels, increasing trends have
been occurring.

This paper primarily focused on the spatiotemporal variations of PM; 5 pollution in China in four
large urban areas and has the following limitations. First, on-site monitored PM; 5 concentration
data were not used in this study. The research results from our study are based on remotely
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sensed PM, 5 concentrations. If remote sensing inversion and on-site measured data are integrated
together, the results will be more reliable. Second, because the STBHM requires heavier computation,
the county-level or district-level administrative regions were considered as a statistical unit when
detecting the spatiotemporal variability of the PM; 5 concentrations at the national scale. Thus,
the average pooling process had to be executed before calculation, which could add some uncertainty.
Third, this paper mainly focused on the space-time variability of PM; 5 concentrations and did not
provide the influencing mechanism of PM; 5 pollution. However, we hope that this paper provides
new insights for considering PM; 5 pollution. In the future, we will collect data from more PM, 5 data
sources, e.g., on-site monitoring data, to continue studying the dynamic process of PM; 5 pollution
based on multi-source data. In addition, promoting the efficiency of the STBHM for applications with
remote sensing pixel data is an important area for future research, and the influencing factors and
mechanisms of PM; 5 pollution should be an important area of concern.

5. Conclusions

The spatiotemporal patterns and trends of PM, 5 concentrations in China during 1998-2014 are
analysed in this paper. The related remotely sensed dataset is the latest version of the inverted data
produced by the team lead van Donkelaar. First, STBHM is employed to analyse the spatiotemporal
variations of the PM; 5 concentrations in China from 1998 to 2014. Meanwhile we briefly discussed the
status of the exposure to PM; 5 concentrations at the national level. Our study primarily arrived at the
conclusions presented below:

Generally, a steady “3-Clusters” spatial pattern of high PM, 5 pollution formed. The “3-Clusters”
areas, the Tarim Basin region located in the northwest, the Sichuan Basin region located in the
southwest, and the North China Plain containing the Jingjiji urban group and Shandong Province,
experienced higher PM; 5 pollution, particularly in the latter two cluster regions.

Different large urban areas showed different spatial PM, 5 pollution structures, with the northern
and southern areas showing differences in the Jingjinji and Yangtze Deltas and a circular PM; 5
concentration gradient in the Cheng-Yu and Pearl Deltas. The spatial heterogeneity of the Jingjinji
urban group was the strongest. The 18 cities, including Shanghai and Nanjing in the Yangtze Delta
urban group area, experienced high PM; 5 concentrations and the fastest increasing local trends
simultaneously. These 18 cities have recently become more developed over China but have resulted in
environmental pollution problems. The developed industrialized cities that experience high PM; 5
pollution should implement industry transformations.

Acknowledgments: This study was supported by the Natural Science Foundation for the Youth Program of China
(Program No. 51308370). The authors are grateful to the anonymous reviewers, whose constructive suggestions
greatly improved the quality of our manuscript, and to Aron van Donkelaar and his team, who provided the
satellite-retrieved PM; 5 data. We would like to thank all the project partners and members for their support.

Author Contributions: All authors contributed significantly to this manuscript. The specific contributions include
data collection (Junming Li and Zheng Xu), data processing (Junming Li, Meijun Jin and Zheng Xu), conceiving
the idea and designing the methodology (Meijun Jin and Junming Li), and writing the manuscript (Junming Li
and Meijun Jin).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Delfino, R.J.; Sioutas, C.; Malik, S. Potential role of ultrafine particles in associations between airborne
particle mass and cardiovascular health. Environ. Health Perspect. 2005, 113, 934-946. [CrossRef] [PubMed]

2. Peng,].; Chen,S,; Lii, H.; Liu, Y.; Wu, ]. Spatiotemporal patterns of remotely sensed PM, 5 concentration in
China from 1999 to 2011. Remote Sens. Environ. 2016, 174, 109-121. [CrossRef]

3. Dockery, D.W.; Pope, C.A.; Xu, X.; Spengler, ].D.; Ware, ]. H.; Fay, M.E,; Ferris, B.G.; Speizer, FE. An association
between air pollution and mortality in six US cities. N. Engl. ]. Med. 1993, 329, 1753-1759. [CrossRef]
[PubMed]


http://dx.doi.org/10.1289/ehp.7938
http://www.ncbi.nlm.nih.gov/pubmed/16079061
http://dx.doi.org/10.1016/j.rse.2015.12.008
http://dx.doi.org/10.1056/NEJM199312093292401
http://www.ncbi.nlm.nih.gov/pubmed/8179653

Int. J. Environ. Res. Public Health 2016, 13,772 16 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Pope, C.A.; Burnett, RT; Thun, M.J.; Calle, E.E.; Krewski, D.; Ito, K.; Thurston, G.D. Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. JAMA 2002, 287,
1132-1141. [CrossRef] [PubMed]

Brunekreef, B.; Forsberg, B. Epidemiological evidence of effects of coarse airborne particles on health.
Eur. Respir. ]. 2005, 26, 309-318. [CrossRef] [PubMed]

Beelen, R.; Hoek, G.; van den Brandt, P.A.; Goldbohm, R.A.; Fischer, P.; Schouten, L.J.; Jerrett, M.; Hughes, E.;
Armstrong, B.; Brunekreef, B. Long-term effects of traffic-related air pollution on mortality in a Dutch cohort
(NLCS-AIR study). Environ. Health Perspect. 2008, 116, 196-202. [CrossRef] [PubMed]

Sacks, ].D.; Stanek, L.W.; Luben, TJ.; Johns, D.O.; Buckley, B.J.; Brown, ].S.; Ross, M. Particulate
matter-induced health effects: Who is susceptible? Environ. Health Perspect. 2011, 119, 446-454. [CrossRef]
[PubMed]

Hoek, G.; Krishnan, R.M.; Beelen, R.; Peters, A.; Ostro, B.; Brunekreef, B.; Kaufman, J.D. Long-term air
pollution exposure and cardio-respiratory mortality: A review. Environ. Health 2013, 12, 43. [CrossRef]
[PubMed]

Beelen, R.; Raaschou-Nielsen, O.; Stafoggia, M.; Andersen, Z.].; Weinmayr, G.; Hoffmann, B.; Wolf, K;
Samoli, E.; Fischer, P; Nieuwenhuijsen, M.; et al. Effects of long-term exposure to air pollution on
natural-cause mortality: An analysis of 22 European cohorts within the multicentre ESCAPE project. Lancet
2014, 383, 785-795. [CrossRef]

Lin, G.; Fu, J; Jiang, D.; Hu, W.; Dong, D.; Huang, Y.; Zhao, M. Spatio-temporal variation of PM;5
concentrations and their relationship with geographic and socioeconomic factors in China. Int. |. Environ.
Res. Public Health 2014, 11, 173-186. [CrossRef] [PubMed]

Lin, C; Li, Y,; Lau, A KH,; Deng, X.; Tse, TK.T;; Fung, ].C.H.; Li, C; Li, Z.; Lu, X;; Zhang, X,; et al.
Estimation of long-term population exposure to PM, 5 for dense urban areas using 1-km MODIS data.
Remote Sens. Environ. 2016, 179, 13-22. [CrossRef]

Chen, Y.; Ebenstein, A.; Greenstone, M.; Li, H. Evidence on the impact of sustained exposure to air pollution
on life expectancy from China’s Huai River policy. Proc. Natl. Acad. Sci. USA. 2013, 110, 12936-12941.
[CrossRef] [PubMed]

GBD 2013 Risk Factors Collaborators. Global, regional, and national comparative risk assessment of
79 behavioural, environmental and occupational, and metabolic risks or clusters of risks in 188 countries,
1990-2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet 2015, 386, 2287-2323.
Kloog, I.; Koutrakis, P.; Coull, B.A.; Lee, H.].; Schwartz, J. Assessing temporally and spatially resolved PM; 5
exposures for epidemiological studies using satellite aerosol optical depth measurements. Atmos. Environ.
2011, 45, 6267-6275. [CrossRef]

Lyapustin, A.; Wang, Y.; Laszlo, I.; Kahn, R.; Korkin, S.; Remer, L.; Levy, R.; Reid, ].5. Multiangle
implementation of atmospheric correction (MAIAC): 2. Aerosol algorithm. J. Geophys. Res. 2011. [CrossRef]
Lyapustin, A.; Martonchik, J.; Wang, Y.; Laszlo, I.; Korkin, S. Multiangle implementation of atmospheric
correction (MAIAC): 1. Radiative transfer basis and look-up tables. ]. Geophys. Res. 2011. [CrossRef]

Lee, H].; Liu, Y.; Coull, B.A.; Schwartz, J.; Koutrakis, P. A novel calibration approach of MODIS AOD data to
predict PM; 5 concentrations. Atmos. Chem. Phys. 2011, 11, 7991-8002. [CrossRef]

Levy, R.C.; Mattoo, S.; Munchak, L.A.; Remer, L.A ; Sayer, A.M.; Patadia, F.; Hsu, N.C. The Collection 6
MODIS aerosol products over land and ocean. Atmos. Meas. Tech. 2013, 6, 2989-3034. [CrossRef]

Hsu, N.C,; Jeong, M.-].; Bettenhausen, C.; Sayer, A.M.; Hansell, R.; Seftor, C.S.; Huang, J.; Tsay, S.-C. Enhanced
Deep Blue aerosol retrieval algorithm: The second generation. J. Geophys. Res. Atmos. 2013, 118, 9296-9315.
[CrossRef]

Kahn, R.A; Gaitley, B.J. An analysis of global aerosol type as retrieved by MISR. ]. Geophys. Res. Atmos. 2015,
120, 4248-4281. [CrossRef]

Hu, X.; Waller, L.A.; Lyapustin, A.; Wang, Y.; Liu, Y. Improving satellite-driven PM, 5 models with MODIS
fire counts in the southeastern U.S. J. Geophys. Res. Atmos. 2014, 119, 11375-11386. [CrossRef]

Ma, Z.; Hu, X,; Sayer, AM.; Levy, R.; Zhang, Q.; Xue, Y,; Tong, S.; Bi, J.; Huang, L.; Liu, Y. Satellite-based
spatiotemporal trends in PM; 5 concentrations: China, 2004-2013. Environ. Health Perspect. 2016, 124, 184-192.
[CrossRef] [PubMed]

Chen, C.H.; Liu, W.L.; Chen, C.H. Development of a multiple objective planning theory and system for
sustainable air quality monitoring networks. Sci. Total Environ. 2006, 354, 1-19. [CrossRef] [PubMed]


http://dx.doi.org/10.1001/jama.287.9.1132
http://www.ncbi.nlm.nih.gov/pubmed/11879110
http://dx.doi.org/10.1183/09031936.05.00001805
http://www.ncbi.nlm.nih.gov/pubmed/16055881
http://dx.doi.org/10.1289/ehp.10767
http://www.ncbi.nlm.nih.gov/pubmed/18288318
http://dx.doi.org/10.1289/ehp.1002255
http://www.ncbi.nlm.nih.gov/pubmed/20961824
http://dx.doi.org/10.1186/1476-069X-12-43
http://www.ncbi.nlm.nih.gov/pubmed/23714370
http://dx.doi.org/10.1016/S0140-6736(13)62158-3
http://dx.doi.org/10.3390/ijerph110100173
http://www.ncbi.nlm.nih.gov/pubmed/24362546
http://dx.doi.org/10.1016/j.rse.2016.03.023
http://dx.doi.org/10.1073/pnas.1300018110
http://www.ncbi.nlm.nih.gov/pubmed/23836630
http://dx.doi.org/10.1016/j.atmosenv.2011.08.066
http://dx.doi.org/10.1029/2010JD014986
http://dx.doi.org/10.1029/2010JD014985
http://dx.doi.org/10.5194/acp-11-7991-2011
http://dx.doi.org/10.5194/amt-6-2989-2013
http://dx.doi.org/10.1002/jgrd.50712
http://dx.doi.org/10.1002/2015JD023322
http://dx.doi.org/10.1002/2014JD021920
http://dx.doi.org/10.1289/ehp.1409481
http://www.ncbi.nlm.nih.gov/pubmed/26220256
http://dx.doi.org/10.1016/j.scitotenv.2005.08.018
http://www.ncbi.nlm.nih.gov/pubmed/16242756

Int. J. Environ. Res. Public Health 2016, 13,772 17 of 17

24. Tian, J.; Chen, D. A semi-empiricalmodel for predicting hourly ground-level fine particulate matter
(PM3 5) concentration in southern Ontario from satellite remote sensing and ground-based meteorological
measurements. Remote Sens. Environ. 2010, 114, 221-229. [CrossRef]

25. Xie, Y.; Dai, H.; Dong, H.; Hanaoka, T.; Masui, T. Economic impacts from PM, 5 pollution-related health
effects in China: A provincial-Level analysis. Environ. Sci. Technol. 2016, 50, 4836-4843. [CrossRef] [PubMed]

26. Xu, P; Chen, Y,; Ye, X.H. Air pollution, and health in China. Lancet 2013, 352, 2067. [CrossRef]

27. Sheehan, P; Cheng, E.; English, A.; Sun, F. China’s response to the air pollution shock. Nat. Clim. Chang.
2014, 4, 306-309. [CrossRef]

28. Ma, Z.; Hu, X,; Huang, L.; Bi, ].; Liu, Y. Estimating ground-level PM; 5 in China using satellite remote sensing.
Environ. Sci. Technol. 2014, 48, 7436-7444. [CrossRef] [PubMed]

29. Yang, G.; Wang, Y.; Zeng, Y.; Gao, G.F; Liang, X.; Zhou, M.; Wan, X,; Yu, S.; Jiang, Y.; Naghavi, M.; et al.
Rapid health transition in China, 1990-2010: Findings from the Global Burden of Disease Study 2010. Lancet
2013, 381, 1987-2015. [CrossRef]

30. Van Donkelaar, A.; Martin, R.V.; Brauer, M.; Boys, B.L. Use of satellite observations for long-term exposure
assessment of global concentrations of fine particulate matter. Environ. Health Perspect. 2015, 123, 135-143.
[CrossRef] [PubMed]

31. Van Donkelaar, A.; Martin, R.V,; Brauer, M.; Hsu, N.C.; Kahn, R.A.; Levy, R.C.; Lyapustin, A.; Sayer, A.M.;
Winker, D.M. Global estimates of fine particulate matter using a combined geophysical-statistical method
with information from satellites, models, and monitors. Environ. Sci. Technol. 2016, 50, 3762-3772. [CrossRef]
[PubMed]

32. Chinese Government Network. Available online: http://www.gov.cn/test/2005--06/24/content_17362_2.
htm (accessed on 30 April 2016).

33. National Bureau of Statistics of the People’s Republic of China. China Health Statistical Yearbook; China
Statistics Press: Beijing, China, 2010; pp. 1-200.

34. The Sixth Cencus Office of the State Council. The 6th National Population Census Data. Available online:
http:/ /www.stats.gov.cn/ztjc/zdtjgz/ zgrkpc/dlerkpe/ (accessed on 7 May 2016).

35. Atmospheric Composition Analysis Group. Available online: http://fizz.phys.dal.ca/~atmos/martin/
(accessed on 11 May 2016).

36. ASTER GDEM. Available online: http://gdem.ersdac.jspacesystems.or.jp (accessed on 6 May 2016).

37. Data Centre for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC). Available
online: http://www.resdc.cn (accessed on 7 May 2016).

38. Li, G.; Haining, R.; Richardson, S.; Best, N. Space-time variability in burglary risk: A Bayesian spatio-temporal
modelling approach. Spat. Statist. 2014, 9, 180-191. [CrossRef]

39. Besag, J.; York, J.; Mollié, A. Bayesian image restoration, with two applications in spatial statistics. Ann. Inst.
Stat. Math. 1991, 43, 1-59. [CrossRef]

40. Wall, M.M. A close look at the spatial structure implied by the CAR and SAR models. |. Stat. Plan. Inference
2004, 121, 311-324. [CrossRef]

41. Gelman, A. Prior distribution for variance parameters in hierarchical models. Bayesian Anal. 2006, 1, 515-533.

42. Lunn, D.J.; Thomas, A.; Best, N.; Spiegelhalter, D.; Win, B. A Bayesian modelling framework: Concept,
structure, and extensibility. Stat. Comput. 2000, 10, 325-337. [CrossRef]

43. Gelman, A.; Rubin, D.B. Inference from iterative simulation using multiple sequences. Statist. Sci. 1992, 7,
457-472. [CrossRef]

44. World Health Organization. WHO Air Quality Guidelines For Particulate Matter, Ozone, Nitrogen Dioxide
And Sulfur Dioxide. Available online: http://apps.who.int/iris/bitstream /10665/69477/1/WHO_SDE_
PHE_OEH_06.02_eng.pdf (accessed on 11 May 2016).

45. Han, L.; Zhou, W.; Li, W. Fine particulate (PM; 5) dynamics during rapid urbanization in Beijing, 1973-2013.
Sci. Rep. 2016, 6, 23604. [CrossRef] [PubMed]

® © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.rse.2009.09.011
http://dx.doi.org/10.1021/acs.est.5b05576
http://www.ncbi.nlm.nih.gov/pubmed/27063584
http://dx.doi.org/10.1016/S0140-6736(13)62693-8
http://dx.doi.org/10.1038/nclimate2197
http://dx.doi.org/10.1021/es5009399
http://www.ncbi.nlm.nih.gov/pubmed/24901806
http://dx.doi.org/10.1016/S0140-6736(13)61097-1
http://dx.doi.org/10.1289/ehp.1408646
http://www.ncbi.nlm.nih.gov/pubmed/25343779
http://dx.doi.org/10.1021/acs.est.5b05833
http://www.ncbi.nlm.nih.gov/pubmed/26953851
http://www.gov.cn/test/2005--06/24/content_17362_2.htm
http://www.gov.cn/test/2005--06/24/content_17362_2.htm
http://www.stats.gov.cn/ztjc/zdtjgz/zgrkpc/dlcrkpc/
http://fizz.phys.dal.ca/~atmos/martin/
http://gdem.ersdac.jspacesystems.or.jp
http://www.resdc.cn
http://dx.doi.org/10.1016/j.spasta.2014.03.006
http://dx.doi.org/10.1007/BF00116466
http://dx.doi.org/10.1016/S0378-3758(03)00111-3
http://dx.doi.org/10.1023/A:1008929526011
http://dx.doi.org/10.1214/ss/1177011136
http://apps.who.int/iris/bitstream/10665/69477/1/WHO_SDE_PHE_OEH_06.02_eng.pdf
http://apps.who.int/iris/bitstream/10665/69477/1/WHO_SDE_PHE_OEH_06.02_eng.pdf
http://dx.doi.org/10.1038/srep23604
http://www.ncbi.nlm.nih.gov/pubmed/27031598
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Data and Methods 
	Study Area and Data 
	Methods 
	General Statistics 
	Space-Time Bayesian Hierarchal Model 
	Determinations and Implementation 


	Results 
	Preliminary Statistics 
	Bayesian Estimation over China 
	Bayesian Estimations for the Urban Groups 

	Discussion 
	Conclusions 

