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Abstract: In recent years, the occurrence and frequency of haze are constantly increasing, severely
threatening people’s daily lives and health and bringing enormous losses to the economy. To this
end, we used cluster analysis and spatial autocorrelation methods to discuss the spatial and temporal
distribution characteristics of severe haze in China and to classify regions of China. Furthermore, we
analyzed the interaction between haze pollution and the influence of economy and energy structure
in 31 provinces in China, providing references for the prevention and treatment of haze pollution. The
processed data mainly include API, meteorological station data, and PM 2.5 concentration distribution
vector graph. The results show the yearly haze pattern from 2008 to 2012, and present a strong pattern
of pollution concentrated around Beijing-Tianjin, the Yangtze River Delta, southwest China, and
central China. The overall spatial pattern of decreasing from north to south is relatively constant over
the study period.

Keywords: haze; pollution index; cluster analysis; spatial autocorrelation

1. Introduction

Alongside the development of the society and a growing economy from industrializa-
tion [1-4], various factors, such as rapid increases in population and the number of motor
vehicles, have resulted in severe air pollution in some cities [5-8]. Since the beginning of
the 21st century, severe air pollution has occurred in many countries, and haze is a typi-
cal weather situation [9-11]. The frequent occurrence of the haze phenomenon is closely
related to aerosol pollution resulting from human activities. Aerosol particles in the air
can absorb or scatter solar radiation, reducing visibility and facilitating haze conditions. In
modern society, the severity of haze has attracted the attention of many different parts of
society, including the general public and the scientific community; it is presently a “hot
topic” [12-14].

Many scholars have studied the climate characteristics of haze weather. For example,
Wu, who investigated the time and space distribution of haze in China, simulated the trend
in the changes in haze over time, and then performed a detailed analysis to find out the
cause of changes in haze and the relationship between the length of sunshine and solar
radiation [15]. Wu, D. [16], according to the collection of data on haze from China’s 721
weather stations over 55 years (1951-2005), studied the time and space distribution of haze
in mainland China. The results show that south of 42° N and east of 100° E is the gathering
place for haze in China. On the whole, the volatility of haze is relatively frequent.

Other scholars researched the physical and chemical characteristics of aerosol in haze.
For example, Yang Jun et al. [17] divided aerosols at different stages according to visibility
and relative humidity and then discussed and studied the microphysical properties of

Atmosphere 2022, 13, 494. https:/ /doi.org/10.3390/atmos13030494

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13030494
https://doi.org/10.3390/atmos13030494
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-5530-3998
https://orcid.org/0000-0001-6398-7461
https://orcid.org/0000-0002-1407-0283
https://orcid.org/0000-0002-8040-0367
https://orcid.org/0000-0002-8486-1654
https://doi.org/10.3390/atmos13030494
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13030494?type=check_update&version=1

Atmosphere 2022, 13, 494

20f13

aerosols at different stages. They found that the temporal variation in aerosol number
concentration was negatively correlated with the average root diameter. According to
the collected one-year PM; 5 concentrations, Zhao, P. et al. [18] studied the impact of the
concentration of black carbon aerosol and meteorological data from observation sites on
pollution in Tianjin city. The results show that the weather changes in Tianjin are closely
related to the concentration of black carbon aerosols and that the concentration of black
carbon in the air is relatively high during haze. Li Fei et al. [19] analyzed the typical haze
day process in Guangzhou, mainly the characteristics of aerosol particles in the process. The
results showed that the PM; 5 concentration and the black carbon concentration in the haze
process reached 1902.7 pg/m?3 and 355.7 pg/m?3, respectively. Xu Zheng et al. [20] observed
Jinan meteorology from an optical perspective. Their results showed that the scattering
coefficient and aerosol absorption coefficient were relatively high on haze days, 2.6 and
2.8 times those on non-haze days, respectively. Giri, B. et al. [21] studied the composition
and origin of aerosol particles in industrial areas of central India. The results show that the
primary sources of organic tracers in aerosol PM in central India are fossil fuel products
and biomass/waste combustion. The tracers contain low levels of organic compounds that
exist in the natural background.

Spatial statistics have a wide range of applications in academic research. Among
these, the ArcGIS developed by ERSI (located at Redlands, CA, USA) combined is favored
by scientists when studying the spatial and temporal distribution characteristics of haze.
Wei J. et al. [22] analyzed the temporal and spatial distribution characteristics of haze
in Jiangsu and the impact of urbanization speed on the frequency of haze occurrence,
using meteorological data and relevant economic statistical data. The results show that
the probability of haze in southern Jiangsu has increased with the decrease in greening
in the past 8 years, which indicates that the city’s rapid development is at the expense of
an increased frequency of haze days. Spatial statistics offer great advantages in the study
of data with spatial attributes and can obtain results that classical statistics do not allow
from the perspective of spatial attributes [23]. At present, scholars at home and abroad
have made some achievements in haze spatial statistics. The use and accuracy of spatial
statistics are also improving owing to data processing and deep learning [24-28].

So far, most studies on haze have focused on the temporal and spatial distribution of
haze in a specific city or region. However, there are far fewer studies on the temporal and
spatial distribution of haze in the whole country in comparison. This paper analyzes air
pollution data from Chinese meteorological stations, mainly from a statistical perspective, to
study the spatial-temporal distribution of haze, associated impact factors, and air pollution
in China.

2. Research area and Data Preprocessing
2.1. Research Area

The data range in this paper is from 1 January 2008 to 31 December 2012. It mainly
contains the daily air pollution data of more than 120 cities in China during this period. The
source of the data is the Ministry of Environmental Protection [29]. The data mainly include
the city’s Air Pollution Index (API), air quality level, primary pollutant, and air quality
status. Among the obtained data, there are more than 200 cities with a pollution index,
but there are 86 city stations with data from January 2008 to 2012. Therefore, this paper
used the data from 86 stations from 2008 to 2012 for the study. The above pollutant data are
from https:/ /www.aqistudy.cn/historydata/, accessed on 16 May 2019. The detected data
include PM2.5, PM10, O3, SO,, CO, and NO;. The units of PM2.5, PM10, O3, and SO, are
ug/ m?3; the units of CO and NO, are mg/ mS3.

There are many meteorological data stations in China, but they are not evenly dis-
tributed. There are fewer meteorological data stations in the peripheral areas, with greater
density in the central area. The selected sites are generally distributed across the whole of
China, but some regions do not have data in this period, including Henan, Jiangxi, and
Shanghai. The location of data stations in each province is not uniform, but the whole
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region can be represented by interpolation. In order to display the station locations, the
distribution of the data sites on a map is shown Figure 1.
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Figure 1. The geographic and spatial distribution of the research sites.

Since the original data exist in the form of text, the meteorological station should be
analyzed as a spatial object in the study, which requires preliminary data processing after
obtaining the primary data are obtained. First, the data should be vectorized according to
the longitude and latitude of the earthquake to generate the spatial point data. The data
were then imported into ArcGIS, and, for this paper, the coordinate system was set as the
WGS1984 coordinate system.

2.2. Pollution Data Processing

The clustering indices we chose were API, primary pollutant, and air quality level,
respectively. After the selected data are obtained and imported as described above, the data
need to be normalized so that the data values are between 0 and 1 to obtain good clustering
results. The normalization equation is shown below:

Xij = (xij — min(x;))/ (max(x;) — min(x;)) 1)
where X;; is the data obtained through normalization in the i-th row and the j-th column,
and x;; is the data belonging to the i-th row and the j-th column in the original data.

In order to further observe its clustering effect, the annual data were analyzed by
clustering. After many experiments, the clustering result was better when the k value
reached 4, and the spatial boundary was the clearest. Because we are trying to find out the
spatial and temporal characteristics of the clustering results, we focus on the characteristics
of cities in different spaces or the clustering results over time. After the completion of
clustering, different city points will be divided into different categories, and each city has
an additional attribute of a category.

3. Methods

Cluster analysis mainly refers to the grouping of research objects. The basis of grouping
is that the attributes of the research objects are relatively similar, and that similar groups are
divided according to the overall attributes. From the perspective of statistics alone, cluster
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analysis can be understood as the simplification of data and the simple classification of data
according to the model [30]. On the other hand, systematic cluster analysis is traditional
statistical cluster analysis, which is a classification method to analyze the research objects
comprehensively from multiple perspectives. Various types of statistical analysis software
are available, such as SPSS and SAS. This paper uses SPSS to perform systematic cluster
analysis on the research data.

The systematic cluster analysis is used to classify the elements in the study according
to different classification purposes based on the prior statistical geographical data. The
process of systematic clustering can be divided into several steps.

Step 1 is processing the clustering elements. Since statistical data generally consist
of multiple attributes, the dimensions and units of different attributes are different. The
results of such classification will cause inaccurate classification results due to large differ-
ences between the data, so the data must be processed first before classification. Common
processing methods include sum standardization, standard deviation standardization, max-
imum value standardization, and difference standardization [29,31,32]. The most common
application is standard deviation standardization. The standard deviation standardization
process used is given below:

W=D TN 10 =12, m @)
]

where ¥; = % iil Xij, s]z = n%l ifjl (xi — x7)2, when j = 1,2, -+, m. After this process, the
mean of each of these variables is 0, the standard deviation is 1, and the impact of the units
on the data and the dimensions are removed.
Step 2: Calculate the distance between samples: Select the appropriate distance to
measure the distance between any two samples and obtain the sample distance matrix D(%).
Step 3: Clustering process: Before classification, each sample studied was separately re-

garded as a class, and the number of classifications was k = n:G; = {X(i) } (i=1,2,---,n).

At this time, the distance between classes and samples is equivalent, namely, D(!) = D),
After that, letj =1,2,--- ,n, and the combination of sample classes is completed according
to the following procedure:

(1) Combine the two classes with the smallest distance into one. At this time, the number
of classes divided into samples decreases by 1 on the original basis. The number of
classes at this timeis K=n — j + 1;

(2) Calculate the distance between the new class and the remaining class, and then obtain
the new distance matrix D).

If the class is merged k > 1, repeat steps (1) and (2) until k = 1.

Step 4: Draw a genealogical clustering diagram: the genealogical clustering diagram
shows that the samples are classified as a whole in different clustering stages and the
merging relationship among them.

Step 5: Determine the number of classes and the number of classes that contain
members.

By finding out the indicator statistics, this paper can measure the similarity of the
statistical data. Then, the selected statistics are used to classify the research object categories.
Finally, a pedigree diagram can be drawn according to the distance relationship between
classes. The samples contained in each class at each step will be presented from the
pedigree diagram. Systematic cluster analysis is based on the largest difference between
classes and the smallest difference between members within a class presented through the
pedigree diagram.
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4. Experiment and Result Analysis
4.1. Cluster Analysis

According to the number of clusters divided into groups to study the situation of
each region, the spatial coverage of each region (including the cities) is counted. Then,
the API of the classified cities is analyzed, which is helpful to discover the commonness
of regional pollution. In the analysis of the classification of cities from 2008 to 2012,
the data were also divided into four categories: polluted, slightly polluted, good, and
excellent. The main factors to be considered are the concentration of SO, NO, and PM.
According to the concentration of these three, the cluster analysis of the provincial capital
city is performed. In order to see the pollution classification of each provincial capital city
studied, we generated a detailed explanation from the spatial location distribution and
specific classification.

Figure 2 shows the pollution classification of provincial capital cities from 2008 to
2012. A point represents each provincial capital city, and points are given different colors
according to the pollution situation of different cities. Red, yellow, green, and blue rep-
resent pollution, mild pollution, good, and excellent, respectively. Tables 1-5 show the
classification of each year. The yearly clustering results are grouped into a table.
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Figure 2. Cont.
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Figure 2. Urban pollution classification results.
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Table 1. Clustering results in 2008.

2008

Included City

Type

Proportion

First

Beijing, Chengdu, Harbin,
Hangzhou, Jinan, Lanzhou,
Nanjing, Shenyang,
Shijiazhuang, Taiyuan, Tianjin,
Urumgi, Wuhan,

Xi’an, Changsha,
Zhengzhou, Chongging

Pollution

54.8%

Second

Fuzhou, Guangzhou, Hohhot,
Kunming, Nanning, Shanghai

Light pollution

19.4%

Third

Guiyang, Hefei, Nanchang,
Xining, Yinchuan,
and Changchun

Good

19.4%

Fourth

Haikou, Lhasa

Optimal

6.5%

Table 2. Clustering results in 2009.

2009

Included City

Type

Proportion

First

Lanzhou, Urumgqi

Pollution

6.5%

Second

Beijing, Chengdu, Harbin,
Hangzhou, Jinan, Nanjing,
Shenyang, Taiyuan, Tianjin,
Wuhan, Xi’an, Xining,
Zhengzhou, Chongging

Light pollution

45.2%

Third

Guangzhou, Guiyang, Hefei,
Hohhot, Kunming, Nanchang,
Shanghai, Shijiazhuang,
Yinchuan, Changchun, Changsha

Good

35.5%

Fourth

Fuzhou, Haikou, Lhasa,
and Nanning

Optimal

12.9%

Table 3. Clustering results in 2010.

2010

Included City

Type

Proportion

First

Beijing, Chengdu, Hangzhou,
Lanzhou, Nanjing, Urumgi,
Wuhan, Xi’an

Pollution

25.8%

Second

Guiyang, Harbin, Hefei, Hohhot,
Jinan, Nanchang, Shenyang,
Shijiazhuang, Taiyuan, Tianjin,
Xining, Yinchuan, Zhengzhou,
Chonggqing, Nanning

Light pollution

45.21

Third

Guangzhou, Kunming, Shanghai,
Changchun, Changsha

Good

16.1%

Fourth

Fuzhou, Haikou, Lhasa,
and Nanning

Optimal

2.9%




Atmosphere 2022, 13, 494 80of 13
Table 4. Clustering results in 2011.
2011 Included City Type Proportion
Beijing, Chengdu, Hangzhou,
First Lanzhou, Nanjing, Pollution 22.6%
Urumgi, Wuhan
Guiyang, Harbin, Hefei, Hohhot,
Jinan, Nanchang, Shenyang,
Second Shijiazhuang, Taiyuan, Tianjin, Light pollution 48.4%
Xi’an, Xining, Yinchuan,
Zhengzhou, Chongging
Fuzhou, Guangzhou, Kunming,
Third Nanning, Shanghai, Good 22.6%
Changchun, Changsha
Fourth Haikou, Lhasa Optimal 6.5%
Table 5. Clustering results in 2012.
2012 Included City Type Proportion
Beijing, Chengdu, Lanzhou,
First Tianjin, Urumgji, Pollution 22.6%

Xi'an, Zhengzhou

Hohbhot, Jinan, Nanchang,
Second Shenyang, Shijiazhuang, Light pollution 25.8%
Taiyuan, Yinchuan, Chongqing

Guangzhou, Harbin, Hangzhou,
Third Nanjing, Shanghai, Wuhan, Good 25.8%
Changchun, Changsha

Fuzhou, Guiyang, Haikou, Hefei,
Fourth Kunming, Lhasa, Optimal 25.8%
Nanning, Xining

From the spatial location of each pollution classification in Figure 2, the pollution
status of each provincial capital city changes with time. However, the change in pollution
status is relatively small, and the change in the category is relatively small. Most of the
polluted and mildly polluted areas are concentrated in North China, Urumgi, and Hohhot.
Areas with excellent air quality are mainly distributed in China’s coastal and marginal
areas. The above is only a general introduction to the spatial classification. The distribution
of cities in different years is given in Tables 1-5 to show the cities” grades in more detail.

The clustering results of different years are different from the above tables, but the
overall difference is not significant. Beijing, Chengdu, Lanzhou, and Harbin belong to the
same category every year; all belong to the pollution category. Haikou and Lhasa are the
two cities with better quality. Hefei, Shijiazhuang, Xi’an, Zhengzhou, and Chongqing are
less polluted. Based on the results, this paper classified all cities into four groups shown
in Table 6. From the perspective of classification, by 2012, the proportions of all kinds of
pollution were in a concentrated state, and the proportion was around 25%.
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Table 6. Overall clustering results in 2007-2012.

Overall Classification Included City Type Proportion
Beijing, Chengdu, Ha’erbin,
First Hangzhou, Lanzhou, Pollution 25.8%
Nanjing, Urumgi, Wuhan

Fuzhou, Guangzhou,
Guiyang, Hohhot, Kunming,

Second Nanchang, Nanning, Good 35.5
Shanghai, Yinchuan,
Changchun, Changsha
Third Haikou, Lhasa Optimal 6.5%

Hefei, Jinan, Shenyang,
Shijiazhuang, Taiyuan,
Tianjin, Xi’an, Xining,

Zhengzhou, Chongging

Fourth Light pollution 32.3%

4.2. Spatial Statistical Analysis of Block Results
4.2.1. Distribution of Absorbable Particle Concentration

The hypothesis was that the mean concentration of absorbable particulate matter was
relatively high in the middle part of China and relatively low in the coastal and marginal
areas. Due to more rainfall and wind, absorbable particles cannot easily gather in coastal
areas and are easily blown away by rain or wind. In order to prove our hypothesis, the line
chart of the concentration of particulate matter from each provincial capital city is drawn in
the order from north to south and from inland to coastal. The concentration of particulate
matter can be absorbed after trend analysis. The diagram shows that each year, the trend in
the figure, the slope, is negative, proving that the above hypothesis is correct. On the other
hand, the slope from north to south and inland to coastal did not change much from the
selected years of 2007 to 2012 as shown in Figures 3-8.
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Figure 3. The distribution trend in absorbable particulate concentration in each province in 2007.
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Figure 4. The distribution trend in absorbable particulate concentration in each province in 2008.
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Absorbable particle concentration in 2009
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Figure 5. The distribution trend in absorbable particulate concentration in each province in 2009.
02 Absorbable particle concentration in 2010
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4.2.2. China’s Regional Module Division

Based on the above analysis and considering the spatial correlation between each
city and its surrounding cities under the PM2.5 index, 31 key cities are divided into the
following blocks, as shown in the Figure 9.
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Figure 9. Results of regional classification of haze levels in China.

The figure above shows that Region 1 includes heavily polluted cities, represented
by Beijing, including Tianjin, Beijing, Hebei, Shanghai, Jiangsu, and Zhejiang. The above
analysis results show that these areas are urban areas with high air pollution concentrations.
Region 2 includes lightly polluted cities such as Henan, Shandong, Shaanxi, Hubei, Sichuan,
Chongging, Lanzhou, Shanxi, and Anhui. Region 3 includes Guizhou, Hunan, Jiangxi,
Qinghai, Inner Mongolia, Jilin, and others. Region 4 includes the coastal cities of Yunnan,
Guangxi, Guangdong, Fujian, and Liaoning. Finally, Region 5 includes Hainan and Xizang,
cities with better air quality.

5. Discussion and Conclusions

With the aim of studying the spatial and temporal distribution of haze in China, this
paper considers statistical perspectives using air pollution data from Chinese meteorolog-
ical stations. This paper reveals the regional divisions in China, and has the following
main conclusions:

The clustering results of the pollution index in different years are different. Some cities
will have changes in different pollution levels in different years, but the general changes are
not large. In particular, Beijing, Chengdu, Lanzhou, and Hangzhou have always been in
the heavily polluted level for different years. Lhasa and Haikou are always at the excellent
level. The remaining cities vary slightly between mildly polluted and good.

In China, the concentration of absorbable particles decreased from north to south, and
the decreasing trend did not change much in different years. As a result, the slope of the
trend line of absorbable particle concentration composed of cities from north to south was
basically stable.

According to the above spatial positive correlation analysis and clustering results,
China could be divided into five parts. The polluted areas are concentrated in the Beijing—
Tianjin—-Hebei region, the Yangtze River Delta region, southwest China, and central China.
On the other hand, the good air quality areas are concentrated in Hainan and Xizang.

This paper started with meteorological data, but there are some deficiencies in the
research. The analysis of the urban pollution index only contains published data from
the environmental protection department of the People’s Republic of China. Some major
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cities do not have published data; thus, they are not counted in the study. The existing
data are limited, so kriging interpolation is adopted using ArcGIS. Due to insufficient data
from some cities, the final result images may be different from individual studies on each
city. Based on these limitations, further improvements can be made in future studies. The
statistics of the urban pollution index can be directly or indirectly collected from other
sources instead of limited to published data by the governmental institute. For example, by
bringing remote sensing data into the scope, the study of haze behavior in China can be
explored further in the future.
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