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Abstract:

Atmospheric haze pollution has become a global concern because of its severe effects
on human health and the environment. The Beijing-Tianjin-Hebei urban
agglomeration is located in northern China, and its haze is the most serious in China.
The high concentration of PM2.5 is the main cause of haze pollution, and thus
investigating the temporal and spatial characteristics of PM2.5 is important for
understanding the mechanisms underlying PM2.5 pollution and for preventing haze.
In this study, the PM2.5 concentration status in 13 cities from the Beijing-Tianjin-
Hebei region was statistically analyzed from January 2016 to November 2016, and the
spatial variation of PM2.5 was explored via spatial autocorrelation analysis. The
research yielded three overall results. (1) The distribution of PM2.5 concentrations in
this area varied greatly during the study period. The concentrations increased from
late autumn to early winter, and the spatial range expanded from southeast to
northwest. In contrast, the PM2.5 concentration decreased rapidly from late winter to
early spring, and the spatial range narrowed from northwest to southeast. (2) The
spatial dependence degree, by season from high to low, was in the order winter,
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autumn, spring, summer. Winter (from December to February of the subsequent year)
and summer (from June to August) were, respectively, the highest and lowest seasons
with regard to the spatial homogeneity of PM2.5 concentrations. (3) The PM2.5
concentration in the Beijing-Tianjin-Hebei region has significant spatial spillovers.
Overall, cities far from Bohai Bay, such as Shijiazhuang and Hengshui, demonstrated
a high-high concentration of PM2.5 pollution, while coastal cities, such as Chengde
and Qinhuangdao, showed a low-low concentration.

Keywords: Beijing-Tianjin-Hebei region; Air pollution; PM2.5 concentration; spatial
autocorrelation analysis.

1. Introduction

China's serious haze problem has aroused widespread concern among the public.
The increase in the concentrations of particulates (including PM10 and PM2.5) in the
atmosphere is the main cause of haze production (Xu and Lin, 2016; Hsu et al., 2017;
Liao et al., 2017; Liu et al., 2015a). Studies have shown that high levels of PM2.5 and
PM10 are closely linked to high concentrations of fungi and bacteria in the air, which
can cause serious harm to humans (Liu et al., 2017a; Liu et al., 2017b; Liu et al.,
2015b). In 2012, China issued newly revised ambient air quality standards; PM2.5,
regarded as a routine indicator of atmospheric pollution, was included in the new
standard and has become the key focus of atmospheric pollution research. PM2.5
refers to fine particles with a dynamic diameter of less than 2.5 um. These particles
are composed of a wide variety of complex chemical substances emitted from various
natural and anthropogenic sources (Alves et al., 2012; Wang et al., 2012; Zhao et al.,
2014). A high concentration of PM2.5 not only significantly reduces atmospheric
visibility but also leads to increased incidences of respiratory and cardiovascular
diseases (Dockery et al., 1993; Li et al., 2016; Chalbot et al., 2014; Hu et al., 2014).
At the beginning of 2013, China suffered from the most serious fog and haze
pollution since the start of observational records, and this rare continuous high-
intensity air pollution swept the middle and eastern parts of China. The most serious
pollution occurred in the Beijing-Tianjin-Hebei (BTH) region, where the daily PM2.5
concentration reached 500 pg/m3(Wang et al., 2014). The BTH region is China's
political and cultural center and is an important core area of North China's economy.
Since the 1980s, the economy, society and culture of the BTH region have developed
remarkably. The gross domestic product (GDP) increased approximately seven-fold
from 593.342 billion yuan in 1980 to 4715.233 billion yuan in 2013(Beijing
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Statistical Yearbook 2014; Tianjin Statistical Yearbook 2014; Hebei Economic
Yearbook 2014). However, at the same time, serious air pollution exists in the 13
cities within the BTH region. According to the Ministry of Environmental Protection,
the worst ten cities in terms of air quality in 2015 were Baoding, Xingtai, Hengshui,
Tangshan, Zhengzhou, Jinan, Handan, Shijiazhuang, Langfang and Shenyang. Seven
of these cities are within the BTH region. The haze pollution in the BTH region
cannot be overlooked, and haze governance has become the top priority for the BTH
region (Cai et al., 2017). Therefore, studying the temporal and spatial characteristics
of PM2.5 in this region has great practical value. Understanding the spatial variation
of the PM2.5 concentration will not only add to our knowledge of the mechanism of
air pollution but also provide a scientific reference for implementing targeted control
measures.

The consumption of fossil energy, such as coal and oil, generates a large amount
of waste gas, which affects the climate and endangers human health. Therefore,
energy-saving emission reduction is crucial (Ma et al., 2017a; Yan et al., 2017). Many
scholars have focused on carbon emissions reduction in their research (Shuai et al.,
2017; Ma et al., 2017b; Ma et al., 2017c), and now society as a whole is beginning to
pay attention to the haze issue in China.

Existing research on the haze problem mainly focuses on two aspects. Initially,
most scholars analyzed the composition of PM2.5 from the physical and chemical
perspectives (Bates and Sizto, 1987; Hussain et al., 2013; Jansen et al., 2014) and
concluded that PM2.5 was mainly composed of industrial waste gas, automobile and
machine exhaust, cooking oil smoke and dust. These pollutants are closely related to
socioeconomic factors such as GDP, population, energy consumption and industrial
infrastructure. In light of these findings, a large number of studies have focused on the
economic and social drivers of the PM2.5 concentration. For example, based on the
data on the PM2.5 concentration and the air quality index (AQI) in 73 Chinese cities
in 2013, Hao and Liu (2016) analyzed the influencing factors of the PM2.5
concentration in China’s cities and discussed how economic and social development
could affect air quality. Their results show that the relationship between the PM2.5
concentration and GDP per capita exhibits an inverted U shape and that car ownership
and secondary industry have significant effects on the PM2.5 concentration. Luo et al.
(2017) explored the driving factors of the PM2.5 concentration in China using a
geographical regression weighting model, which confirmed the existence of the
inverted U-shaped environmental Kuznets curve (EKC) for air quality and that the
potential influencing factors of each significant area were different. By using the
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input-output framework and structural decomposition analysis, Guan et al. (2014)
studied the socioeconomic drivers of China’s primary PM2.5 emissions and found

that export is the only final demand category that led to emission growth between
1997 and 2010. The embodied PM2.5 emissions from Chinese exports are mainly
driven by consumption in OECD countries. The second studied aspect is the spillover
effects of interregional air pollution. SO,, NOx and soot are often used as proxy
variables for air pollution (Civan et al., 2015; Moron et al., 2015; Zhao et al.,
2017).Spatial variability analysis in geography is an important basis for simulating the
spatial distribution of variables and revealing the spatial effects of variables (Liu et al.,
2016; Zuo et al., 2015). Furthermore, spatial autocorrelation analysis is an important
technical method that has recently been applied to the field of environmental pollution,
particularly air pollution. For example, Zhang et al. (2016) examined the spatial
clustering types of CO, emission efficiency in 30 provinces in China and confirmed
that there is indeed a spatial spillover effect among Chinese provinces. To gain insight
into the characteristics of air pollution, Wu et al. (2017) explored the characteristics
and determinants of PM2.5 pollution in China using spatial econometrics. Yan et al.
(2017) used Moran’s index to examine the spatial effects of the power industry in
various regions of China. The empirical results showed that there is indeed a
significant spatial agglomeration effect between carbon emission efficiencies, mainly
for high-high and low-low agglomeration types.

The concentration of air pollutants is affected by the intensity of emission
sources and by terrain and meteorological conditions; furthermore, it has remarkable
temporal and spatial variability. In China, PM2.5 started to attract attention in 2012.
The majority of the literature is devoted to the analysis of the formation of fog and
haze and to the chemical composition of PM2.5 or its influencing factors at the
national scale, whereas studies on the distribution pattern of PM2.5 concentrations on
the urban scale are relatively rare. Compared with previous research, this study has
two main contributions. Thematically, through the PM2.5 pollution index, we analyze
the spillover effect of haze between different cities in the BTH urban agglomeration.
The results will allow the general public to clearly understand the spatiotemporal rules
of haze pollution in this urban agglomeration and provide new evidence for haze
management. Methodologically speaking, abandoning the geospatial homogeneity
hypothesis in spatial econometrics would better fit the real situation of the PM2.5
concentration and facilitate the examination of the propagation path of haze pollution.
Specifically, we collected data on daily PM2.5 concentrations in 2016 in 13 cities
located within the BTH region and studied the spatial autocorrelations and
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aggregation patterns of PM2.5 concentrations during different seasons. The results
were intended to provide a basis for simulating PM2.5 concentrations in the region,
elucidating the underlying factors contributing to this pollution, and devising an
effective monitoring point layout.

The remaining parts of this paper are organized as follows. The second section
describes the data source and model description. In the third section, we present the
temporal and spatial variation of PM2.5 concentrations in the BTH region. The fourth
section describes and discusses the results of spatial autocorrelation, which is
followed by the final conclusions and policy implications in the fifth section.

2. Data and methodology
2.1 Overview of the BTH region and data sources

In 2013, China established a total of 612 PM2.5 concentration monitoring sites in
74 cities, and the number of monitoring sites in each city was different. By 2015, the
monitoring sites increased to 1436 (Wang et al., 2015). Presently, the sites that
monitor the PM2.5 concentration in China are mainly concentrated in the Pearl River
Delta, Yangtze River Delta and BTH region. Among these areas, the urban
agglomeration of the BTH region suffers from relatively more severe haze pollution
than other cities, and some studies have suggested that this was because several coal-
based industries, such as coal-fired power plants and steel manufacturing, are
stationed in the region (Zhao et al., 2012). This area is adjacent to Bohai Bay and is
composed of 13 cities, namely, Beijing, Tianjin, Shijiazhuang, Xingtai, Handan,
Hengshui, Baoding, Cangzhou, Langfang, Tangshan, Zhangjiakou, Chengde and
Qinhuangdao. The land area of this region is 218,000 square kilometers, and the
resident population is approximately 110 million people. Industrialization has greatly
bolstered the BTH region's economic development, and the main industrial types are
steelmaking, petroleum processing and coking, nuclear fuel processing, building
materials manufacturing and chemical manufacturing. The common feature of these
industries is high energy consumption; thus, a large amount of atmospheric emissions
is produced. In 2015, the total industrial emissions from this region was 4.138 million
tons, including dust, sulfur dioxide and nitrogen dioxide. These chemical substances
are precursors of sulfate and nitrate of PM2.5.

In this study, the hourly PM2.5 concentration data of the urban air quality

monitoring sites in 13 cities in 2016 were obtained from the China Environmental
5
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Monitoring Station as raw data. According to the arithmetic average method, these
data from cities or monitoring sites can be calculated as daily averages, monthly
averages, quarterly averages and as an annual average within 2016. In accordance
with the requirements of the Ambient Air Quality Standard for the effectiveness of air
pollutant concentration data, the PM2.5 data were pretreated. First, we removed
missing values. Second, when the monthly mean was calculated, the monitoring site
was eliminated if the number of daily PM2.5 concentration measurements was less
than 27 days in a month. Finally, a small number of abnormal monitoring points were
eliminated (such as hourly PM2.5 concentrations greater than 900 pg.m™ or hourly
PMZ2.5 concentrations less than 0).

2.2 Spatial interpolation method

The spatial interpolation method is often used to convert point scale data into a
continuous surface scale. Additionally, this method helps us better understand the full
spatial distribution of variables in the region. The accuracy of the spatial interpolation
method is greater than that of remote sensing inversion (Lee S J et al., 2012). Many
specific methods are commonly used for spatial interpolation, such as the Inverse
Distance Weighted (IDW) method and the Ordinary Kriging method (OK). The
accuracy of the estimates using the former method is influenced by the distance to a
known point, and the requirements for the dispersion and uniformity of the
interpolation points are relatively higher. The latter method will generate the best
estimation algorithm for the output surface and will create a comprehensive
calculation of the spatial behavior of the interpolation point attribute prior to the
generation of the algorithm; thus, the results from the second method are preferable
(Zhang et al., 2013). Generally, the OK method can reflect the spatial distribution of
PM2.5 more scientifically and the result has second-order stationarity.

2.3 Spatial clustering analysis of the PM2.5 concentration based on Moran 's Index

According to the first law of geography, entities with geographical attributes are
related with each other. Clustering, random and regular distribution exist, and
correlation decreases with distance (Tober, 1970). This phenomenon is called spatial
autocorrelation. Spatial autocorrelation statistics can describe the potential
interdependence or compactness of variables within the same area. This approach is
often used to analyze the spatial agglomeration and trend of geographical elements to
provide evidence for exploring spatial and temporal clustering and evolution. The
spatial correlation of atmospheric activity may reveal that the values of PM2.5
concentrations in similar areas are statistically close (Wu et al., 2015). Spatial
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autocorrelation analysis includes global spatial autocorrelation and local spatial
autocorrelation, in which the global Moran Index is calculated as follows:
_ nZ?zlz}l:leZiZj

SO Zn Z-Z (1)

i=141

I

where S, = ¥ Xi=1 wij, and wy; is the spatial weight matrix; in this paper, the

adjacent unit is 1, and the remaining units are zero. The Moran Index is in the range [-
1, 1]. A value less than 0, equal to 0, or greater than 0 indicates negative correlation,
no correlation or positive correlation, respectively. For the Moran Index, the
standardized statistic Z can be used to test the existence of spatial autocorrelation. The
formula for the standardized statistic Z is as follows:

1-E[1]
Z; = T 2
E[ll=-1/(n—-1) 3)
V[I] = E[I*] = E[I]? 4

Among these formulas, at the 0.05 significance level, Z(1)>1.96 indicates positive
spatial autocorrelation between PM2.5 spatial units, and -1.96<Z(1)<1.96 indicates
that the spatial correlation of PM2.5 concentrations is not obvious. If Z(1)<-1.96, then
there is a negative correlation between PM2.5 spatial units, and the attribute value
tends to be distributed. Local spatial autocorrelation is used to determine the specific
location of spatial agglomeration, and the local Moran Index is calculated as follows:

Xi—i =
I; = e g i Wi (X — X) (%)
where X; is the attribute value of i, X is the average value, and w;; is the spatial

weight matrix; then,

n o Wi —2
§7 = ZEusWy g (6)

t n-1
The standardized statistic of local Moran Index test is Z[l]:

I;—E[I;]
Vil

Zy = (7)

Ell]=-1/(n—-1) (8)
7
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V[L;] = E[I*] - E[1;]? 9)

At the 0.05 significance level, Z>1.96 indicates that cities with high PM2.5
concentrations are surrounded by other cities with high PM2.5 concentrations and that
cities with low PM2.5 concentrations are surrounded by other cities with low PM2.5
concentrations. Z<-1.96 indicates that cities with high PM2.5 concentrations are
surrounded by cities with low PM2.5 concentrations and that cities with low PM2.5
concentrations are surrounded by cities with high PM2.5 concentrations. When Z=0,
the observations demonstrate an independent random distribution.

3. The variation and regularity of PM2.5 concentrations in the BTH region
3.1 The monthly variation characteristics of PM2.5 concentrations

An investigation of the PM2.5 concentration changes from the cities in the BTH
region over the 12 months in 2016 (see Figure 1) reveals that the median monthly
PMZ2.5 concentrations in the 13 cities demonstrate U-shaped oscillations over the
entire time period. Specifically, the PM2.5 concentration demonstrated a downward
trend from January to May, was overall stable from June to August, and finally
increased from October to December. Among the latter months, the highest peak
occurred in December and was 147.34 ug.m™; meanwhile, the lowest peak appeared
in August and was 38.95 pg.m™. From May to September, the median PM2.5
concentration was under 60 pg.m; thus, this time represents the highest air quality
period in the BTH region within the entire year. In general, PM2.5 concentrations
showed significant differences by month. In the winter, PM2.5 pollution is the most
severe, but during spring, it begins to decrease and eventually maintains a stable state
in the late spring. By the summer, PM2.5 pollution decreases to the lowest level and
then again begins to increase during late autumn. It can be reasonably speculated that
the PM2.5 concentration value varies with the seasonal weather and forms a cyclical
change pattern.
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Fig. 1 The monthly average PM2.5 concentrations of cities in the BTH region

3.2 The seasonal variation in characteristics of PM2.5 concentrations

Hourly data of PM2.5 concentrations were collected during spring (from March
to May), summer (from June to August), autumn (from September to November) and
winter (from December to February), and the quarterly averages and annual averages
of PM2.5 concentrations in each city were obtained (see Table 1). The average annual
PM2.5 concentration in the BTH region was 69.38 pg-m™, which is far above the
secondary standard limit (35 pg.m™) of the Ambient Air Quality Standard. In the
same period, the average annual PM2.5 concentration in 338 cities was 47 pg.m™.
Furthermore, in the Yangtze River Delta and Pearl River Delta, the average annual
PM2.5 concentrations were 46 pg.m™ and 32 pg.m, respectively, indicating that the
PM2.5 pollution in the BTH region is still the most serious among all the studied
areas. From the perspective of seasonal changes, the seasonal differences in ambient
air pollution in the BTH region were obvious. Specifically, the PM2.5 concentration
in winter was approximately twice that in summer, and heavy pollution weather
appeared primarily in winter, especially during the heating period. Among the winter
months, the PM2.5 concentration in the BTH region was 135 pg.m™ during the
heating period from November 15th to December 31st, 2016, which was 2.4 times
that of the values during the non-heating period. Five large-scale air pollution
processes occurred only in December. From the perspective of the city, PM2.5
concentrations in all cities in the BTH region, except Zhangjiakou, were above the
national secondary standards. The annual average PM2.5 concentration in Baoding
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was the highest at 93.91 ug.m™, which exceeds the national secondary standard limit
by 168%.

Seasonal and annual means of the PM2.5 concentration in cities of the BTH region during
2016

P (PM2.5)/(ug.m’)

o Spring Summer Autumn Winter Annual mean

Beijing 71.35 58.16 79.55 87.72 74.2
Tianjin 64.95 49.01 73.68 83.16 67.7
Shijiazhuang 65.88 45.27 122.82 121.56 88.88
Qinhuangdao 45.89 36.63 46.99 50.02 44.88
Xingtai 68.31 52.99 91.25 134.67 86.81
Handan 65.17 48.24 71.69 118.13 75.81
Baoding 70.13 54.42 102.58 148.5 93.91
Chengde 40.32 30.07 40.11 52.86 40.84
Langfang 53.08 49.45 61.87 101.68 66.52
Zhangjiakou 30.02 28.88 34.82 30.81 31.13
Hengshui 74.4 66.09 78.93 143.67 90.77
Cangzhou 56.41 48.06 73.15 92.83 67.61
Tangshan 65.4 53.03 81.78 91.13 72.84

BTH 59.33 47.72 73.79 96.67 69.38

3.3 The spatial distribution characteristics of PM2.5 concentration

By using ArcGIS software and the Kriging interpolation method, we evaluated
the spatial interpolation of PM2.5 concentrations in the BTH region by month in 2016.
The results are shown in Figure 2. The spatial interpolation of the PM2.5
concentration was characterized by severe haze in the southern region, relatively light
haze in the northern region and a slightly prominent pattern in some areas.
Furthermore, the difference between north and south was large. Southern cities,

including Baoding, Shijiazhuang, Xingtai and Handan, within Hebei Province
10
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exhibited the highest concentrations. Through the combination of temporal and spatial
analysis, we demonstrate that the PM2.5 concentration in the BTH region began to
increase from December to February in the following year; haze first appeared in the
southern region but expanded to cover the whole area by February. From March to
May, the scope of fog and haze narrowed from northwest to the southeast and then
remained stable until September. The haze pollution suddenly increased in October
and demonstrated a growing trend.

Fig. 2 Spatial distribution of PM2.5 concentrations of cities in the BTH region in 2016

4. Results and discussion
4.1 Spatial autocorrelation test of the PM2.5 concentration

The global spatial autocorrelation analysis can be used to compare the spatial
spillover effect of PM2.5 concentrations within different months. As shown in Table 2,
the global Moran Index in terms of the PM2.5 concentration in the BTH region during

11
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each of the twelve months from January to December was 2.971, 3.036, 0.732, 1.325,
0.797, 0.181, 2.186, 0.746, 1.190, 1.380, 1.380, 2.482, and 2.372, respectively. These
data were obtained using GeoDa software. The Z(I) values of the PM2.5
concentrations were greater than 1.96 in January, February, July, November and
December, and the significance test indicated that the PM2.5 concentrations in these
months were spatially homogeneous. As a function of season, winter (from December
to February of the following year) and summer (from June to August) respectively
represent the highest and lowest spatial autocorrelation seasons of the PM2.5
concentration within one year. In other words, the spatial spillover effect is higher in
these two seasons than in the other seasons, and PM2.5 pollution is more homogenous
during these two seasons

Table 2 Spatial autocorrelation index of PM2.5 concentrations in the BTH region of China in
2016

Month  Global Moran’s Index Std-err P-value  Z-stat

1 0.493 0.193 0.001 2.971
2 0.495 0.194 0.001 3.036
3 0.039 0.176  0.213 0.732
4 0.144 0.179  0.103 1.325
) 0.056 0.181  0.208 0.797
6 0.117 0.184 0.305 0.181
7 0.321 0.183 0.014 2.186
8 0.049 0.182 0.218 0.746
9 0.126 0.186 0.126 1.190
10 0.155 0.177  0.084 1.380
11 0.322 0.167  0.013 2.482
12 0.354 0.186 0.012 2.372

4.2 The spatial pattern evolution characteristics of PM2.5 concentrations in the BTH
region

12
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Local spatial autocorrelation analysis was used to analyze the spatial pattern
evolution characteristics of PM2.5 pollution and included Moran’s Index scatter plot
and local indicators of spatial association (LISA) agglomeration analysis. Figure 3
shows the global Moran Index scatter plot for each season of the BTH region in 2016.
The abscissa represents standardized PM2.5 concentration in cities, and the ordinate is
the neighboring PM2.5 concentration value as determined by the spatial weight matrix
based on the Euclidean distance, also known as the space lag vector. The four
quadrants of the Moran Index scatter plot represent different agglomeration types. The
first quadrant indicates the high-high (HH) agglomeration zone, which means that the
PMZ2.5 concentrations in a city and in its surrounding cities are high. The second
quadrant indicates the low-high (LH) aggregation zone, which means that the PM2.5
concentration in a city is low, but values in the surrounding cities are high. The third
and fourth quadrants indicate low-low (LL) and high-low (HL) aggregation zones,
respectively. The HH and LL agglomeration zones reflect the homogeneity of PM2.5
pollution, which indicates positive spatial autocorrelation. The HL and LH
aggregation zones reflect the heterogeneity of PM2.5 pollution, which indicates
negative spatial autocorrelation. The spatial correlation of PM2.5 concentration in the
BTH region varies with seasons, and the spatial spillover effect in winter is the most
significant. The cities with the highest PM2.5 concentration are clustered near the
origin point in spring and show strong spatial heterogeneity.
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Fig. 3 Global Moran Index scatter plot of PM2.5 concentrations in different seasons

Figure 4 shows that overall, Shijiazhuang, Hengshui and other cities that are
located far from the Bohai Bay are HH agglomeration centers. This finding may be
due to favorable conditions for air diffusion in coastal cities and to the fact that
atmospheric pollutants are easily spread. Meanwhile, Chengde, Qinhuangdao and
other coastal cities showed LL agglomeration characteristics, which may be attributed
to the low and flat terrain of the southern BTH region, which is not conducive to
PM2.5 diffusion. Furthermore, the spatial dependence of the PM2.5 concentration in
the urban agglomeration of the BTH region shows a periodic change. During the
period from November to February of the following year, the Z-value index was the
highest, which indicated that the agglomeration was obvious. This phenomenon is
mainly caused by the initiation of coal-fired heating in the northern parts, leading to
the spread of PM2.5 from Shijiazhuang and Hengshui to neighboring cities and
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triggering an increasing area of fog and haze. From March to June, the Z-value index
was reduced to the lowest level in the whole year. Because no feature points
dominated and the spatial homogeneity was weakened, the range of PM2.5 pollution
tended to disappear. From July to October, the scope of the HH agglomeration zone
expanded again, and the fine air quality of the northern city tended to be stable. This
stability may be caused by the increase in rainfall in summer, which would enhance
the purification effect on PM2.5.

Interestingly, a regional haze pollution community has been formed, as the
PMZ2.5 concentration in the BTH region has shown obvious convergence
characteristics. This phenomenon may exist because the BTH region is the most
concentrated area of China's steel industry, and this industry consumes a great deal of
fossil fuel and produces a large amount of industrial emissions. During the autumn
and winter of the heating period in the BTH region, coal smoke pollutants caused by
industrial boilers and heating boilers increased significantly. Although the atmosphere
is stable, the frequency and intensity of inversion is high and thus prone to the
agglomeration of pollutants. However, the weather is dry, windy and rainy in the
spring, and when summer arrives, the atmospheric stability decreases with
concentrated rainfall. Under these conditions, these seasons are not conducive to the
formation of concentrated pollutants. Air is a public good without property rights, and
despite the serious pollution of fog and haze, regional governments have introduced a
large number of high energy-consuming industries in order to develop the economy.
Thus, the internal costs have been externalized. There is a linkage between the haze
pollution in the cities of the BTH region. If governance measures are implemented
only for a single city, the elevated PM2.5 concentration in the surrounding area will
still cause the local haze concentration to increase. Therefore, regional joint
governance is needed.
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Fig. 4 Monthly spatial agglomeration diagram of PM2.5 concentrations in the BTH region in
2016

5. Conclusions and policy implications

The urban agglomeration in the BTH region is a typical haze-prone area, and
studying the spatial pattern evolution characteristics of PM2.5 concentrations in the
BTH region is important for understanding the mechanism of PM2.5 pollution and the
prevention of haze phenomenon. Based on the PM2.5 data released by the China
Environmental Monitoring Station, this research analyzed the spatial autocorrelation
degree and spatial clustering pattern of PM2.5 concentrations in different seasons of
the BTH region based on spatial dependence theory. The primary conclusions are
follows.

(1) The distribution of PM2.5 concentrations in this area varied greatly in 2016.
On one hand, it increased from late autumn to early winter, and the spatial range
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expanded from southeast to northwest. On the other hand, the PM2.5 concentration
decreased rapidly from late winter to early spring, and the spatial range was narrowed
from northwest to southeast.

(2) The degree of spatial dependence by season was in the following order from
highest to lowest: winter, autumn, spring, summer. Winter (from December to
February in the following year) and summer (from June to August) were, respectively,
the highest and lowest seasons with regard to the spatial homogeneity of PM2.5
concentrations.

(3) The agglomeration pattern of PM2.5 concentrations in the BTH region is
significant. Generally, cities such as Shijiazhuang and Hengshui, which are located far
from Bohai Bay, exhibited a high-high concentration of PM2.5 pollution, whereas
coastal cities, such as Chengde and Qinhuangdao, demonstrated a low-low
concentration.

In 2013, the State Council issued the Air Pollution Prevention and Control
Action Plan. By 2017, the concentration of fine particles in the BTH region, the
Yangtze River Delta and the Pearl River Delta decreased by 25%, 20% and 15%
respectively. Among these areas, the BTH region had the most stringent reduction
targets because of its severe air pollution. The PM2.5 concentration is the result of the
atmospheric reaction of air pollutants, which is affected by atmospheric diffusion
conditions. Reducing coal consumption, adjusting energy structure and implementing
other initiatives can reduce pollutant emissions, but it is difficult to determine the
specific air quality objectives that can be achieved. There are uncertainties in the
policy effects of air pollution control programs. Based on the above empirical results,
the following suggestions are put forward for haze control in the BTH urban
agglomeration. Haze pollution exhibits a linkage relationship in the BTH region. If
only a single city is controlled, the high PM2.5 concentration in the surrounding cities
will increase the PM2.5 concentration in this city. Therefore, a regional joint
governance approach should be adopted. For example, an air pollution joint defense
mechanism could be set up for early warning of PM2.5 pollution and rational
distribution of pollution control costs among cities in the BTH region through an
ecological compensation mechanism. In addition, the haze pollution in the BTH
region has two main features. First is the significant spatial difference. The haze
pollution in the southern region is relatively more serious, while that in the northern
region is relatively light. Second is the significant seasonal difference. The haze
during the heating season is serious, while that during the non-heating season is
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relatively light. Therefore, the policy focus for haze pollution control should be
shifted to the control of pollutant discharge in the southern part of the BTH region and
should reduce the frequency of severe fog and haze occurrences during the heating
season. Finally, monitoring points in the southern region of the BTH region should be
increased, and cities far from Bohai Bay, such as Shijiazhuang and Hengshui, should
be listed as key cities for prevention and control. Generally, regional joint
management is of great value in controlling pollutant emissions and improving the
quality of the atmospheric environment. It is necessary to improve the BTH urban
agglomeration’s collaborative facilities and to promote the integration of the BTH
region in order to minimize governance cost.

Presently, existing studies on the PM2.5 concentration in China still concentrate

on PM2.5 components, source and space-time phenomena. The factors
influencing

PM2.5 and its interaction with the urbanization rate based on long-term data are
important topics for future research.
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Table A1 A Nomenclature List

Full name Abbreviation
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Data Envelopment Analysis
Beijing-Tianjin-Hebei region
Environmental Kuznets Curve

Air Quality Index
Gross Domestic Product
Inverse Distance Weighted method
Ordinary Kriging method
High-High agglomeration
Low-High aggregation
Low-Low aggregation

High-Low aggregation

Local Indicators of Spatial Association LISA
467
468
469 Table A2 PM2.5 concentrations in 13 cities in the BTH region by month
City 2016.01 2016.02 2016.03 2016.04 2016.05 2016.06 2016.07 2016.08 2016.09

Beijing 68.15 43.48 92.67 67.54 53.85 59.28 68.6 46.6 54.63
Tianjin 73.52 50.29 80.84 63.35 50.65 53.32 52.97 40.75 52.47
Shijiazhuang ~ 129.63  71.61 83.16 60.33 54.15 4491 65.72 25.18 83.02
Qinhuangdao 40.2 38.09 63.57 39.36 34.73 4253 39.75 27.62 36.49
Xingtai 129.09  81.34 88.2 66.1 50.64 54.17 65.86 38.95 67.35
Handan 108.58 72.3 75.09 78.67 41.76 48.75 54.73 41.23 56.12
Baoding 14828  83.37 76.78 68.23 65.37 54.46 70.95 37.85 69.35
Chengde 44.79 40.86 53.25 37.63 30.07 27.56 37.13 25.52 27.59
Langfang 88.45 50.74 73.08 46.09 40.07 48.9 56.38 43.08 41.07
Zhangjiakou 27.52 30.14 36.49 27.45 26.11 22.87 39.78 24 22.08
Hengshui 133.78  91.38 95.28 72.41 55.52 58.11 83.57 56.59 47.27
Cangzhou 84.17 56.59 66.63 57.25 45.36 46.79 56.25 41.13 4393
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DEA
BTH region
EKC
AQI
GDP
IDW method
OK method
HH agglomeration
LH agglomeration
LL agglomeration

HL agglomeration

2016.10

84.73

64.07

116.4

39.65

82.23

50.87

96.25

41.66

55.29

37.59

75.19

72.87

2016.11

99.3

104.49

169.03

64.83

124.17

108.07

142.13

51.07

89.25

44.8

114.34

102.64

2016.12

130.55

134.9

276.06

84.3

188.04

231.65

189.99

56.73

151.21

39.25

159.27

142.25



Tangshan
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475
476

477
478
479

480
481
482

483
484
485
486

487
488
489

490
491

492
493
494

495
496
497

498
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78.32 58.92 84.6 61.53 50.07 69.52 55.2 34.38 64.04 72.96 108.33
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