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Abstract: Air pollution endangers human health and sustainable socio-economic development,
especially in urban agglomeration (UA). The Chinese government has implemented a series of policies
and standards to improve air quality. However, few studies have compared variations in PM; 5
concentrations across multiple UAs, and current research often lacks analysis relative to the clean
air policies implemented by the government. In this study, we used econometric and geostatistical
methods to assess the distribution and spatial evolution of PM; 5 concentrations in five UAs (the
Beijing-Tianjin-Hebei UA (BTHUA), middle reaches of the Yangtze River UA (MYRUA), Chengdu-—
Chonggqing UA (CCUA), Harbin Changchun UA (HCUA), and Beibu Gulf UA (BGUA)) in China
from 2000 to 2021 to explore the effectiveness of the clean air policies implemented by the government
on air pollution control, to analyze the ambient air quality of UAs, and to make recommendations for
public outdoor activities. The results indicated that the clean air policy implemented by the Chinese
government in 2013 achieved significant treatment results. PMj 5 concentrations were plotted as
an inverted U-shaped curve based on time, which showed an upward trend before 2013 and a
downward trend after 2013. PM; 5 concentrations showed a similar seasonal pattern, with a single-
valley “V” shape. PM, 5 concentration was the highest in winter and the lowest in summer. The
PM, 5 concentration of HCUA and BGUA was lower than that of CCUA, MYRUA, and BTHUA. The
increase in PM; 5 concentration mainly occurred in autumn and winter, while the decrease mainly
occurred in spring. In 2021, the PM; 5 air quality compliance rates (<35 pg/ m?) in BTHUA, MYRUA,
CCUA, HCUA, and BGUA were 44.57%, 80.00%, 82.04%, 99.74%, and 100%, respectively. However,
in 2021, 19.19% of the five UAs still had an ambient air quality of Grade II (i.e., 50 < AQIpypp 5 < 100).
People with abnormally sensitive breathing in these areas should reduce their outdoor activities.
These results contribute to epidemiological studies on human health and disease prevention and
suggest reasonable pathways by which governments can improve air quality through sustainable
urban planning.

Keywords: PM, 5 pollution; clean air policy; urban agglomeration; spatiotemporal dynamics;
ambient air quality

1. Introduction

With rapidly increasing global urbanization, it is estimated that 5.9 billion of the
world’s population will be living in cities by 2030, with the proportion of urban popula-
tion rising to 60.4% [1]. Industrialization and urbanization are also the most important
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drivers of China’s economic development. While these economic drivers have brought
improved living standards, they have also led to several environmental problems, such
as severe air quality deterioration and unchecked urban sprawl [2,3]. The growth of the
urban population, car ownership, and industrial development have led to massive vehicle
emissions and the burning of fossil fuels in factories, resulting in serious air pollution [4].
Air pollution is a major global environmental risk factor, causing approximately 7 million
deaths in 2012 [5].

PMj; 5 (particulate matter with an aerodynamic diameter <2.5 um) has a small area,
wide contact surface, strong reactivity, long duration, and tends to carry harmful sub-
stances [6,7]. PMj 5 is the primary pollutant in urban air, which seriously impacts atmo-
spheric visibility [8], climate change [9], socio-economic development [10], and human
health [11,12] and has become an essential factor hindering regional sustainable devel-
opment. Many studies have shown that PM; 5 is highly correlated with morbidity and
mortality, and people exposed to PM; 5-polluted air are at higher risk of lung cancer, car-
diovascular disease, and other respiratory diseases [13-18]. Persistent PM; 5 pollution
damages the overall image of a city, has a negative impact on attracting capital, talent, and
tourism, and constrains the sustainable socio-economic development of the city [19-22].
Therefore, the potential health and economic benefits of reducing PM; 5 concentrations in
the environment are unquestionable.

In recent years, frequent outbreaks of severe haze in vast areas of China have drawn
widespread public attention [10]. It is estimated that 28% of China’s territory (approxi-
mately 2.72 million square kilometers) was exposed to severe PMj; 5 pollution (>35 pg/ m?)
in 2010, including 75% of the 154 Chinese cities with more than one million inhabi-
tants [23,24]. To improve air pollution, the Chinese government has formulated several
clean air policies and standards [25], such as the Integrated Emission Standard of Air
Pollutants (GB16297-1996), Emission Standard of Air Pollutants of Thermal Power Plants
(GB-13223-2011), Ambient Air Quality Standards (GB3095-2012), Technical Regulation on
Ambient Air Quality Index (HJ633-2012), Emission Standard of Air Pollutants for Coal-
Burning Oil-Burning Gas-Fired Boiler (GB13271-2014), Air Pollution Prevention and Control
Action Plan, the 13th Five-Year Plan for Ecological Environmental Protection, and the 14th
Five-Year Plan for Ecological Environmental Protection. In order to assess the effectiveness
of the implemented mitigation measures, long-term changes in PM; 5 concentration are
generally considered to be effective response indicators [26].

Urban agglomeration (UA), the fastest developing regional type globally, has become a
new regional unit, which enables countries to participate in global competition and interna-
tional division of labor [27]. UA refers to an urban complex with compact space and closed
economic ties formed with one megalopolis as its core and more than three surrounding
metropolitan areas or large and medium-sized cities as its basic units, relying on developed
infrastructure networks such as transportation and communication networks [28]. In 2013,
the China’s Central Conference on Urbanization Work took UAs as the main body for the
promotion of China’s new urbanization for the first time. The government’s report has
regarded UAs as the new social and economic growth pole for 15 consecutive years. UAs
are the focus of high PM; 5 pollution [29,30], and their environmental pollution mechanisms
are more complex [31,32].

It is of great practical value to study the variation characteristics of PM; 5 concen-
trations in UAs to not only increase our understanding of air pollution mechanisms, but
also provide scientific references for the implementation of targeted control measures [33].
Previous studies have shown that the spatial pattern of PM; 5 concentrations has evident
spatial heterogeneity at different time scales [34]. The characteristic analysis of PM; 5
concentrations mainly focuses on the national scale [25,35], provincial scale [36], and ur-
ban [37] or UA [31,38] scale. Most current studies focus on exploring the spatiotemporal
characteristics and driving factors of PM; 5 concentrations, with few studies comparing
the variation of PM, 5 concentrations in multiple UAs [39-41]. At the same time, current
studies often lack analyses aligned with the clean air policies implemented by the Chinese
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government. In addition, current studies ignore the fundamental purpose of PM; 5 concen-
tration monitoring. To be specific, the current research (1) lacks a quantitative evaluation
of the governance effect of current clean air policies and does not point out the areas that
need to be focused on in future policy formulation; (2) lacks a direct correlation between
public health and ambient air quality and fails to provide health guidance for public
outdoor activities.

This study aims to fill the above gaps. Based on PM; 5 data with a spatial resolution of
1 km, this study assesses the distribution and spatial evolution of PM; 5 concentrations in
UAs in China from 2000 to 2021 using econometric and geostatistical methods. In general,
the research objectives of this study include the following three aspects. Firstly, to explore
the spatial and temporal patterns of PM; 5 concentrations in UAs. Secondly, to evaluate the
effectiveness of clean air policies implemented by the Chinese government on air pollution
control. Third, to analyze ambient air quality in UAs and put forward suggestions for
public outdoor activities. This study provides a scientific and practical way to deepen our
understanding of the seasonal variation of PM; 5 concentrations in UAs in China, provides
a theoretical reference for regional public health protection and disease prevention, and
proposes a reasonable pathway by which the government can improve air quality through
sustainable urban planning.

2. Materials and Methods
2.1. Study Area

China’s 13th Five-Year Plan and the National New Urbanization Plan (2014-2020)
identified 19 UAs [42] comprising five national UAs, eight regional, medium-sized UAs,
and six small, regional UAs. Considering the economic development, climatic factors,
and geographical environment, three national mega UAs (Beijing-Tianjin—-Hebei UA, the
middle reaches of the Yangtze River UA, and Chengdu—Chongqing UA) and two regional,
medium-sized UAs (Harbin Changchun UA and Beibu Gulf UA) were selected as the case
study areas of this study (Figure 1 and Table 1).
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Figure 1. UA locations in China. The left and right panels show land use and land cover (LULC)
information for each UA in 2000 and 2020, respectively. The LULC data used were from the GLUD
dataset (https://zenodo.org/record /5210928, accessed on 17 May 2022) developed by Yang and
Huang [43].
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Table 1. Cities in the five UAs.

UA Area (km?) City (n: Number of Cities)
BTHUA 220,647 Beijing, Tianjin, Tangshan, Baoding, Langfang, Qinhuangdao, Cangzhou, Zhangjiakou, Chengde,
! Shijiazhuang, Xingtai, Hengshui, Handan, Anyang (n = 14)
Wuhan, Huangshi, Ezhou, Huanggang, Xiaogan, Xianning, Xiantao, Qianjiang, Tianmen, Xiangyang,
MYRUA 342 505 Yichang, Jingzhou, Jingmen, Changsha, Zhuzhou, Xiangtan, Yueyang, Yiyang, Changde, Hengyang,
’ Loudi, Nanchang, Jiujiang, Jingdezhen, Yingtan, Xinyu, Yichun, Pingxiang, Shangrao, Fuzhou, Ji’an
(n=31)
CCUA 255,348 Chonggqing, Chengdu, Zigong, Luzhou, Deyang, Mianyang, Suining, Neijiang, Leshan, Nanchong,
! Meishan, Yibin, Guangan, Dazhou, Ya’an, Ziyang, Guangyuan (n = 17)
HCUA 320,624 Harb.in, Dagqing, Qiqihar, Suihua, Mudanjiang, Changchun, Jilin, Siping, Liaoyuan, Songyuan,
Yanbian (17 = 11)
BGUA 96,818 Nanning, Beihai, Qinzhou, Fangchenggang, Yulin, Chongzuo, Zhanjiang, Maoming, Haikou (1 = 9)

The Beijing-Tianjin—-Hebei UA (BTHUA), located in the Bohai Bay region, is the re-
gional economic growth pole in northern China and undertakes the strategic responsibility
of leading the economic development of north China. The middle reaches of the Yangtze
River UA (MYRUA) are the key region for the Chinese government’s implementation of
all-round, deepening reforms and promotion of new-type urbanization. The Chengdu-
Chongqing UA (CCUA) is an essential platform for the development of the west and one
of the regions with the best economic foundation in the west. As an important part of the
Yangtze River Economic Belt, the MYRUA and the CCUA have the geographical advantages
of “connecting the east with the west and connecting the south with the north”. The Beibu
Gulf UA (BGUA) and Harbin Changchun UA (HCUA) are located at the southernmost and
northernmost of China’s “two horizontal and three verticals” urbanization strategy spatial
layout, respectively, and are of great significance to the opening up and development of
western and northeast China. In addition, the HCUA is an important grain-producing
area and industrial base in China. The BTHUA has a large population scale and a high
urbanization level, while the MYRUA, CCUA, and BGUA have a high population growth
rate. The air quality problems caused by the high density of built-up areas and population
and the aggregation of industry cannot be ignored and pose a severe threat to the sus-
tainable development of the region [44]. Case areas with different geographical locations,
population densities, and economic levels provide an excellent opportunity to accurately,
objectively, and comprehensively assess the changes of ambient air quality in China over
the past 20 years.

2.2. Data

The PM; 5 data used in this paper were obtained from the PM; 5 dataset (named
ChinaHighPMj, 5) (https://zenodo.org/record/6398971, accessed on 21 May 2022). The
ChinaHighPM, 5 dataset for the period 2000-2021 was produced by Wei et al. [45,46]
using an artificial intelligence approach in combination with big data products including
ground-based measurements, satellite remote sensing products, atmospheric reanalysis,
and model simulations. This dataset is a series of long-term, full-coverage, high-resolution,
high-quality, ground-level air pollutants datasets (i.e., ChinaHighAirPollutants, CHAP) for
China. The ChinaHighPM, 5 data have a spatial resolution of 1 x 1 km? and include three
time scales, daily, monthly, and annual. The cross-validation coefficient of determination
(CV-R2) for this dataset is 0.92, and the daily root-mean-square error (RMSE) is 10.76 pg/m?3.
The geographical data and administrative boundaries of the study area were obtained from
the basic geographical data of China (1.4 million items). All data were converted into a
unified projection coordinate system (Albers conic equal area) and were resampled to a
spatial resolution of 1 km.
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2.3. Analysis Method
2.3.1. Trend Analysis

The Theil-Sen median trend analysis and Mann-Kendall non-parametric test were
used to detect the trend and significance of PM; 5 concentrations. These non-parametric
methods were free from data distribution or missing data. They have been widely used to
analyze trends in vegetation, precipitation, and temperature [47,48]. The Theil-Sen median
trend is calculated using the following equation:

cPM2.5; — CPM2.5j) 1)

slopepyps = median< i
l p—
where slopeppps (unit: pg/m3/y) is the PMy s concentration trend; and cPM2.5; and
cPM2.5; are pixel PM; 5 concentration at years i and j, respectively. When slopeppas > 0,
the PM, 5 concentration is increasing at the pixel; otherwise, it is decreasing.
The Mann-Kendall non-parametric test is calculated as:

~1 if(cPM2.5; — cPM25; < 0)
sign(cPM2.5; — cPM2.5;) = § 0 if (cPM2.5; — cPM2.5; = 0) )
1 if(cPM2.5; — cPM25; > 0)

n-=1 n
S=1Y Y sign(cPM25; — cPM25;) 3)
i=1 j=it+1
Var(s) = n(n—ll)é2n—|—5) @)
(S—1)/+/Var(S) S>0
Z= 0 S=0 ®)

(S+1)/\/Var(S) S<0

where 7 is the length of the time series; and sign(), S, and Var() are the intermediate
statistic symbols. Z is the indicator for the significance test. The confidence level set in this
study was 0.05; that is, | Z| > 1.96, indicating that the changing trend of PM; 5 concentration
was significant at a 0.05 confidence level.

2.3.2. Qualified Rate

The compliance rate can quantify the governance effect of the clean air policy and
provide an effective reference for future air governance. The qualified rate, also known as
the compliance rate, refers to the ratio of the number of standards met to the total number.
The World Health Organization (WHO) points out that PM; 5 concentration in the air at
5 ug/m? is a safe value. The Chinese government set 35 pug/m3 as the annual average
concentration limit value for PM; 5 concentration in the air (https:/ /www.mee.gov.cn/,
accessed on 6 June 2022). The qualified rate is calculated by the following formula:

Metppp s

100%
Totalppo s x 100% ©)

Qpm2s =

where Qppp5 is the percentage of PMj 5 concentration in the air reaching 35 pg/ m3.
Metppp s represents the number of pixels that satisfy the cPM2.5 < 35 ug/m> condi-
tion, and Totalppn 5 is the total number of pixels. According to “Beijing 20122020 Air
Pollution Control Measures” (http://www.beijing.gov.cn/, accessed on 10 June 2022), the
limit values of PM, 5 concentration were set as 60 pg/m?3, 50 ug/m?, and 35 pug/m3. It
should be noted that the compliance rate for each UA represents the proportion of the area
of each UA that meets the conditions.
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2.3.3. Air Quality Index (AQI)

Ambient air quality is closely related to public health [49]. In 2016, the Chinese
government implemented the Ambient Air Quality Index (AQI) technical regulation to
protect human health and provide health guidelines to the public (https://www.mee.
gov.cn/, accessed on 17 May 2022). The ambient air quality index is calculated by the
following formula:

AQIy; — AQI,

AQI =
Qlpmns BPy: — BPL,

(cPM2.5 — BP,) + AQIp, (7)
where cPM2.5 is pixel PM; 5 concentration, as above. BP;, and BPy; are the lower and
upper limit values adjacent to cPM2.5, respectively. AQIr, and AQIy; are the air quality
indices corresponding to the lower and upper limit values adjacent to cPM2.5, respec-
tively. When 0 < AQIppm2s5 < 50, it is Grade I (Excellent), meaning that the air quality
is satisfactory and free of air pollution, and all types of people can engage in normal
activities. When 50 < AQIppp s < 100, it is Grade II (Good), indicating that the air qual-
ity is acceptable and people with abnormal sensitivity should reduce outdoor activities.
When 100 < AQIppps < 150, it is Grade III (lightly pollution), and it is recommended
that children, the elderly, and people with heart and respiratory illnesses should reduce
prolonged, high-intensity outdoor exercise. When 150 < AQIpppp5 < 200, it is Grade IV
(moderate pollution), and the general public is advised to moderate their outdoor exercise.
When 200 < AQIppmps < 300, it is Grade V (heavy pollution), suggesting that the general
public reduce outdoor exercise. For more details, please visit the website of the Ministry of
Ecology and Environment of China (https://www.mee.gov.cn/, accessed on 17 May 2022).

3. Results
3.1. Temporal and Spatial Characteristics of PM, 5 Concentration in Five UAs
3.1.1. Temporal Variation of PM; 5 Concentration

As shown in Figure 2, the PM, 5 concentrations in the five UAs showed a significant de-
crease from 2000 to 2021. The PM; 5 concentration in the BTHUA decreased from 55.84 ug/ m3
in 2000 to 36.47 pg/m3 in 2021, with a downward trend of approximately 0.85 pug/(m3/y).
The maximum value of PM, 5 concentration was 76.68 g/ m?3, which occurred in 2013. In
the period 2000-2021, the PM, 5 concentration in the MYRUA decreased from 42.17 pg/m?
t0 29.62 pig/m?, with a decreasing trend of approximately 0.83 g/ (m?/y). The maximum
PM, 5 concentration was 63.23 pg/ m3 in 2013. The PM, 5 concentration of the CCUA
decreased from 44.63 pg/m?3 in 2000 to 30.23 pg/m3 in 2021, with a declining trend of
0.90 ug/ (m3/ y). The maximum PMj, 5 concentration was 62.68 ug/ m3, which occurred
in 2013. The PM; 5 concentration of the HCUA decreased from 36.93 ng/ m3 in 2000 to
26.00 pg/m?3 in 2021, with a decreasing trend of 0.45 pg/(m?3/y). The maximum PM, 5
concentration was 48.27 ug/ m3, which occurred in 2013. The PM; 5 concentration of the
BGUA decreased from 30.76 ug/m3 in 2000 to 25.10 pug/m? in 2021, with a downward
trend of 0.52 ug/(m3/y). The maximum PM, 5 concentration was 45.81 pg/m3, which
occurred in 2007.

The time-based curve of PM, 5 concentration in the five UAs showed an inverted U
shape, with the “left peak slope” indicating the variation from 2000 to 2005, the “peak
bottom” indicating the variation from 2005 to 2013, and the “right peak slope” indicat-
ing the variation from 2013 to 2021 (Figure 2). In the period 2000-2013, the upward
trends of PM; 5 concentration in the BTHUA, MYRUA, CCUA, HCUA, and BGUA were
1.08 pg/(m?/y), 124 ug/(m3/y), 111 ug/(m3/y), 0.60 ug/(m?/y), and 0.57 pg/(m?/y),
respectively. In the period 2013-2021, the downward trends of PM; 5 concentration in
the BTHUA, MYRUA, CCUA, HCUA, and BGUA were 5.29 ug/(m?/y), 4.18 ug/(m?/y),
4.03 ug/(m3/y), 2.85 ug/(m3/y), and 2.20 ug/(m?3/y), respectively.
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Figure 2. Interannual variation of PM;5 concentration at spatial average scale in (a) BTHUA,
(b) MYRUA, (c) CCUA, (d) HCUA, (e) BGUA. The pink, green, and blue dotted lines in the graph
represent 2000-2021, 2000-2013, and 2013-2021, respectively.

To explore the seasonal distribution characteristics of PM; 5 concentration in the five
UAs, the monthly average PM;5 concentrations data from 2000 to 2021 were used to
calculate PM, 5 concentration in spring (March to May), summer (June to August), autumn
(September to November), and winter (December to February of the following year) of each
year. As seen in Figure 3, the PM; 5 concentration of the five UAs showed similar seasonal
patterns, and the variation curve was a single-valley “V” shape. The PM,; 5 concentration
was highest in winter and lowest in summer. The PM; 5 concentration in spring and
autumn was similar but slightly higher in autumn. From 2000 to 2021, the average PM; 5
concentrations for the BTHUA in spring, summer, autumn, and winter were 56.50 g/m?,
47.50 pug/m3, 57.50 pg/m?>, and 82.00 ug/m?, respectively. The average concentrations of
PM, 5 in the MYRUA were 48.00 pg/m? (spring), 33.50 pg/m3 (summer), 50.50 pg/m?>
(autumn), and 70.50 pg/ m? (winter). The average PM, 5 concentrations in spring, summer,
autumn, and winter for the CCUA were 46.50 nug/ m?3, 31.50 ug/ m3, 41.50 ug/ m3, and
74.00 ng/m?, respectively. The average PM, 5 concentrations in the four seasons for the
HCUA were 36.50 ug/m3, 22.50 pug/m3, 35.50 pug/m?3, and 56.50 pg/m3. The average
PM, 5 concentration for the BGUA in the four seasons was 34.50 pg/ m?3, 21.50 ug/ mS,
40.50 pg/m?3, and 50.00 pg/m?3. The BTHUA had the highest PM, 5 concentration, followed
by the MYRUA and CCUA; the HCUA and BGUA had the lowest.
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Figure 3. Seasonal variation of PM; 5 concentrations in the five UAs over the period 2000-2021.

3.1.2. Spatial Pattern of PM, 5 Concentration

As shown in Figure 4, the PM; 5 concentration of the HCUA in northeast China and
BGUA in southwest China was lower than that of the CCUA, MYRUA, and BTHUA in
central China. In addition, there was significant spatial heterogeneity in PM; 5 concen-
tration within UAs. The northwest of the BTHUA had low PM, 5 concentrations, and
the southeast had high PM, 5 concentrations. Specifically, Chengde and Zhangjiakou
recorded low PM; 5 concentrations, while Shijiazhuang, Baoding, Xingtai, and Handan
recorded high PMj; 5 concentrations. The MYRUA had high PM, 5 concentrations in the
northwest and low PM; 5 concentrations in the southeast. The PM, 5 concentrations were
lower in Zhuzhou, Ji’an, Fuzhou, and the west of Yichang, while those in Xiangfan, Jing-
men, Jingzhou, Xiaogan, and Wuhan were higher. The PM, 5 concentrations in the CCUA
showed a “bowl-shaped” spatial pattern, with high PM,; 5 concentrations in the central part
and low PMj, 5 concentrations in the surrounding area. The PM; 5 concentrations in Ya’an,
northern Dazhou, eastern Chongging, northern Guangyuan, and western Mianyang were
comparatively low. In contrast, those in Chengdu, Meishan, western Chongging, Yibin,
Zigong, and Neijiang were relatively high. The PM; 5 concentrations in the HCUA showed
high PM; 5 concentrations in the middle and low PMj, 5 concentrations in the surroundings.
Specifically, Qigihar, Yanbian, and Mudanjiang had lower PM, 5 concentrations, while
Changchun, Harbin, Jilin, and Songyuan had higher PM; 5 concentrations. The PM; 5
concentrations in the BGUA were characterized by “high in the northwest and low in the
southeast”. The PM, 5 concentrations in Haikou, Zhanjiang, and Maoming were relatively
low, while those in Nanning, Qinzhou, and Yulin were high.

The PM; 5 concentrations in the five UAs showed significant variations, exhibiting
an upward trend from 2000 to 2013 and a downward trend from 2013 to 2021 (Figure 4).
As shown in Figure 5, the PM; 5 concentrations in the southeast of the BTHUA increased
in all four seasons during the period 2000-2013. The PM, 5 concentration in the west of
the MYRUA showed an increasing trend in all four seasons, while that in the east showed
a rising trend in spring and winter. The PM; 5 concentration of the CCUA increased in
spring, summer, and winter. The PM; 5 concentration of the HCUA increased significantly
in the autumn. The PM; 5 concentration in the northwest part of the BGUA showed a
significant increase trend in spring. From 2013 to 2021, the PM; 5 concentrations in the
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southeast of the BTHUA showed a downward trend in the four seasons, while those in the
northwest showed a decreasing trend in summer and autumn. The PM, 5 concentrations
of the MYRUA and CCUA showed a downward trend in the four seasons. The PM, 5
concentration of the CCUA decreased significantly in spring, summer, and winter. The
PMj, 5 concentrations of the HCUA and BGUA showed a significant decreasing trend in
spring, summer, and autumn.
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Figure 4. Spatial pattern of PM; 5 concentrations in the five UAs during 2000-2021. PM;5: Fine
particulate matter < 2.5 pm in aerodynamic diameter (unit: jg/m?).
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Figure 5. Trend changes of PM; 5 concentrations in the five UAs during 2000-2013 and 2013-2021.
“Not Sig.” means the confidence level was greater than 0.05. A Sen’s slope value greater than
0 indicates an increasing trend in PM; 5 concentrations, while a value less than 0 indicates a decreasing
trend in PM, 5 concentrations. The unit of the Sen’s slope is pg/m?3/y.

As shown in Figure 6, during 2000-2013, the trend changes of the annual average PM; 5
concentration in the study area were 0.5-1.0 (33.12%, where % represents the proportion of
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Area ratio (%)

the five UAs) and 1.0-1.5 (28.30%). The trend changes of PM, 5 concentration in spring were
0.5-1.0 (33.78%) and 1.0-1.5 (19.59%). The trend changes of PM; 5 concentration in summer
were 0.5-1.0 (30.93%) and 1.0-1.5 (14.33%). The trend changes of PM; 5 concentration in
autumn were 0.5-1.0 (17.71%), 1.0-1.5 (19.76%), and 1.5-2.0 (12.62%). The trend changes of
PMj, 5 concentration in winter were 1.5-2.0 (18.99%) and >2.0 (15.82%). Over the period
20132021, the trend changes of the annual mean PMj, 5 concentration in the study area were
<—4.5 (21.84%), —4.5-—3.5 (26.12%), —3.5-—2.5 (32.27%), and —2.5-—1.5 (19.37%). The
trend changes of PM; 5 concentration in spring were <—4.5 (19.80%), —4.5-—3.5 (20.79%),
and —3.5-—2.5 (19.28%). The trend changes of PM; 5 concentration in summer were
—3.5-—2.5 (27.86%) and —2.5-—1.5 (46.55%). The trend changes of PM; 5 concentration
in autumn were <—4.5 (26.92%), —4.5-—3.5 (30.77%), and —3.5-—2.5 (35.57%). The trend
changes of PM, 5 concentration in winter were <—4.5 (37.14%) and —4.5-—3.5 (13.05%).
In general, the increase in PMj 5 concentration occurred primarily in autumn and winter,
while the decrease in PM; 5 concentration occurred predominantly in spring.

a b
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Figure 6. Trend changes of PM; 5 concentrations in the five UAs over the period (a) 2000-2013 and
(b) 2013-2021. “Not Sig.” means the confidence level was greater than 0.05. The color of the bar
chart represents the Sen’s slope (unit: pg/ m3/ y). A Sen’s slope value greater than 0 indicates an
increasing trend in PMj 5 concentrations, while a value less than 0 indicates a decreasing trend in
PMj; 5 concentrations.

3.2. Qualified Rate of PM; 5 Air Quality

As shown in Figure 7, there is a clear interannual variation trend in the PM; 5 air
quality qualified rate for the five UAs during 2000-2021. The PM; 5 air quality qualified rate
decreased during 2000-2013 and increased during 2013-2021. In 2000, the PM; 5 air quality
qualified rate of the BTHUA was 14.52% (<35 pg/m?), 28.41% (35 pg/m3-50 ug/m3), and
10.63% (50 pg/m3-60 pg/m3). The PM, 5 air quality qualified rate of the MYRUA was
19.71% (<35 pg/m?), 59.16% (35 pg/m3-50 pg/m3), and 2.05% (50 pg/m3-60 pg/m?3). The
PM,5 air quality qualified rate of the CCUA was 11.65% (<35 pg/ m?3), 57.10%
(35 pg/m3-50 pg/m?3), and 31.05% (50 pg/m3-60 pg/m?). The PM, s air quality qual-
ified rate of the HCUA was 47.51% (<35 ug/ m?3) and 52.24% (35 ug/ m3-50 ug/ m3).
The PM; 5 air quality qualified rate of the BGUA was 95.05% (<35 ug/ m3) and 4.95%
(35 ug/m3-50 pg/m3). In 2013, the PM, 5 air quality qualified rate of the BTHUA was 0.01%
(<35 pg/m?3), 29.52% (35 pg/m3-50 pg/m?), and 11.26% (50 pg/m3-60 pg/m3). The
PM, 5 air quality qualified rate of the MYRUA was 16.58% (35 ug/m3-50 pg/m?) and
29.37% (50 pug/m3-60 pg/m3). The PM, 5 air quality qualified rate of the CCUA was 2.08%
(<35 pg/m?3), 13.47% (35 pg/m3-50 pg/m?), and 24.44% (50 pg/m3-60 pg/md3). The
PM,5 air quality qualified rate of the HCUA was 4.43% (<35 ug/ m3) and 52.73%
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(35 pg/m3-50 pg/m?) and 29.86% (50 pg/m3-60 pg/m?). The PM, s air quality quali-
fied rate of the BGUA was 6.99% (<35 pg/m?), 86.97% (35 png/m3-50 pg/m?), and 6.04%
(50 pug/m3-60 pg/m?). In 2021, the BTHUA’s PM; 5 air quality qualified rate was 44.57%
(<35 ng/ m3) and 54.72% (35 ng/ m3-50 ng/ m3). The PM; 5 air quality qualified rate
of the MYRUA was 80.00% (35 pg/m>-50 pg/m?) and 20.00% (50 pg/m3-60 pg/m?3).
The PM, 5 air quality qualified rate of the CCUA was 82.04% (<35 pg/m?3) and 17.96%
(35 png/ m3-50 ug/ m?3). The qualified rate of PM; 5 air quality of the HCUA was 99.74%
(<35 pg/m3). The BGUA's PMj 5 air quality qualified rate was 100% (<35 pg/m3). It can be
concluded from the PM; 5 air quality qualified rate of the five UAs that the clean air policy
implemented by the Chinese government in 2013 achieved significant treatment effects.

Legend
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Figure 7. Qualified rate of PM; 5 air quality in the five UAs over the period 2000-2021.

Analyzing the spatial pattern of the PM; 5 air quality compliance rate can provide
a practical reference for future air governance policy formulation. As shown in Figure 8,
there was obvious spatial heterogeneity in the PM;5 air quality qualified rate within
UAs. By 2015, the BTHUA’s PM;5 air quality did not reach the standard (i.e., PM;5
concentration > 60 j1g/m?), including in Beijing, Tianjin, Shijiazhuang, Tangshan, Baoding,
Xingtai, and Handan. The MYRUA'’s cities of Xiangfan, Jingmen, Xiaogan, and Wuhan
failed to satisfy the PM; 5 concentration standards. The CCUA’s cities of Chengdu, Leshan,
Zigong, and Neijiang were non-compliant with PMj 5 air quality standards. The HCUA’s
cities of Siping, Changchun, and Harbin failed to satisfy the PM, 5 concentration standards.
The PM; 5 air quality substandard areas of the BGUA were predominantly distributed
in Nanning. By 2020, the BTHUA’s PM; 5 air quality did not meet the standard (i.e.,
PMj, 5 concentration > 50 pg/m?), including in Shijiazhuang, Baoding, Hengshui, Xingtai,
Handan, and Anyang. The PM; 5 air quality of the other four UAs all met the standard
(PM; 5 concentration < 50 ug/ m?3). The Chinese government set 35 pg/ m? as the annual
average concentration limit value for PMj; 5 concentration in the air (https://www.mee.
gov.cn/, accessed on 7 July 2022). The PM; 5 air quality of both the HCUA and BGUA
was below 35 j1g/m3. Certain areas need to be given special attention to achieve this goal
(i.e,, PMy 5 concentration < 35 ug/m?), including Beijing, Tianjin, Shijiazhuang, Tangshan,
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Baoding, Xingtai, and Handan in the BTHUA; Xiangfan, Jingmen, Tianmen, Qianjiang, and
Xiaogan in the MYRUA; and Chengdu, Leshan, and Zigong in the CCUA.

Legend
PM2.5 (ug m-3)

Value

|:]<35
[ ]ss-s0
[ 50-60

Figure 8. Spatial pattern of PM, 5 air quality qualified rate in the five UAs over the period 2000-2021.

3.3. Assessment of Ambient Air Quality

Ambient air quality is closely related to public health [49]. In 2016, the Chinese
government implemented the Ambient Air Quality Index (AQI) technical regulation to
protect human health and provide health guidelines to the public (https://www.mee.
gov.cn/, accessed on 7 July 2022). The spatial pattern of ambient air quality in the five
UAs from 2000 to 2021 is shown in Figure 9. The ambient air quality in the study area
showed a decreasing trend from 2000 (Grade I: 30.51%) to 2013 (Grade I: 2.55%) and an
increasing trend from 2013 to 2021 (Grade I: 80.81%). As of 2021, 19.19% of the five UAs was
classified as having Grade Il ambient air quality, and people who are extremely sensitive
to breathing in these areas should reduce outdoor activities. Specifically, the ambient air
quality of Chengde and Zhangjiakou in the northwest of the BTHUA was classified as
Grade I. In contrast, the ambient air quality of Beijing, Tianjin, Shijiazhuang, Tangshan,
Baoding, Xingtai, and Handan in the southeast was classified as Grade II. The MYRUA's
ambient air quality in Zhuzhou, Ji’an, Fuzhou, and Yichang was classified as Grade I, while
it was Grade Il in Xiangfan, Jingmen, Jingzhou, Xiaogan, and Wuhan. In the CCUA, the
ambient air quality of Ya’an, Dazhou, Chongging, Guangyuan, and Mianyang was Grade
I, and that of Chengdu, Meishan, Yibin, Zigong, and Neijiang was Grade II. The ambient
air quality of the entire area of the HCUA and BGUA was classified as Grade I, and the
population located in this area can exercise outdoors adequately.
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Figure 9. Spatial pattern of ambient air quality (AQI) in the five UAs over the period 2000-2021.

4. Discussion
4.1. Temporal and Spatial Characteristics of PM 5 Concentration

In the context of industrialization and urbanization, economic development has
brought improved living standards and led to the deterioration of air quality. As the
mainstay of promoting China’s new urbanization, UAs have more complex environmental
pollution mechanisms and are the concentration area of PMj 5 pollution. The study of five
UAs in China further confirmed that PM; 5 concentrations showed an increasing trend
from 2000 to 2013 (Figure 2). Affected by the air mitigation measures implemented by the
Chinese government in 2013, the PM; 5 concentration showed a significant downward trend
from 2013 to 2021 (Figure 2). The reports [23,50] of several scholars support the findings
of the present study. This study found that PM; 5 concentrations in the five UAs showed
similar seasonal patterns from 2000 to 2021, and the variation curve was a single-valley
“V” shape (Figure 3). The PM; 5 concentrations of the five UAs were highest in winter
and lowest in summer. The same conclusion was reached in the study by Fontes et al. [50]
and Huang et al. [42]. In this study, we further quantified that the increase in PMj; 5 con-
centrations occurred mainly in autumn and winter. In contrast, the decrease in PM; 5
concentrations occurred mainly in spring.

4.2. Clean Air Policy and Health Guidelines Related to PM; 5 Concentration

Targets for the next five years were specified in the Air Pollution Prevention and
Control Action Plan. We selected five UAs based on differences in geographical location,
population density, and economic level. Although the extent of improvement in PM; 5
concentrations varies between regions, the overall evidence suggests that clean air policies
have improved China’s air quality. As can be seen from the PM; 5 air quality qualified
rate of the five UAs, the clean air policy implemented by the Chinese government in 2013
has achieved remarkable governance effects (Figure 7). Xu and Zhang’s research [37] and
Zhang et al. [25] reached a similar conclusion that the implemented clean air strategy has
successfully improved air quality in China. Consistent with our findings, reducing PM, 5
concentrations in UAs in recent years has improved regional ambient air quality. The
difference is that our study used econometric methods to further quantify the impact of the
clean air policies implemented by the Chinese government on air pollution.
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The Beijing 2012-2020 Air Pollution Control Measures, issued by the Beijing municipal
government in 2012, set the regional PM; 5 concentrations limit for 2015, 2020, and 2030
at 60 pg/m3, 50 pug/m3, and 35 pg/m3, respectively. We found that the areas in the
BTHUA where the PM,; 5 air quality in 2020 did not meet the standard (that is, PMy5
concentrations >50 pg/m?) mainly included Shijiazhuang, Baoding, Hengshui, Xingtai,
Handan, and Anyang (Figure 7). It indicates that these policies have not attracted sufficient
attention from UAs. In order to achieve the target of PM, 5 concentrations below 35 pg/m?,
the spatial attributes and landforms of UAs at different development levels should be
considered when formulating new clean air policies and implementing new urbanization
development plans in the future. We should pay particular attention to ambient air quality
pollution in the southern part of the BTHUA, the southwestern part of the MYRUA, and
the northwestern part of the CCUA.

Ambient air quality is closely related to public health. Although the ambient air
quality of the five UAs has improved significantly over the past decade (Figure 9), there is
still 19.19% of the regions in need of further improvement in ambient air quality. These
areas include Beijing, Tianjin, Shijiazhuang, Tangshan, Baoding, Xingtai, and Handan in the
BTHUA; Xiangfan, Jingmen, Jingzhou, Xiaogan, and Wuhan in the MYRUA; and Chengdu,
Meishan, Yibin, Zigong, and Neijiang in the CCUA. People with abnormal respiratory
sensitivity should reduce prolonged outdoor activities in the above-mentioned areas.

4.3. Research Limitations and Prospects

Using econometric and geostatistical methods, this paper evaluated the distribution
and spatial evolution of PM, 5 concentrations in five UAs in China from 2000 to 2021, ex-
plored the effectiveness of the clean air policy implemented by the Chinese government on
air pollution control, analyzed the ambient air quality of UAs, and put forward suggestions
for public outdoor activities. However, this study also has some limitations. First, there
are differences in the spatial and temporal patterns of PM; 5 concentrations in different
UAs [34,36,38]. Therefore, the relationship between UAs and PMj, 5 concentrations should
be fully explored in future studies. Secondly, the spatial-temporal patterns of PM; 5 concen-
trations in different UAs respond to clean air policies differently. Some studies indicated
that different socio-economic [30], urban structure [32], and geographical conditions [44]
may have different effects on PM; 5 concentrations, especially in the UA region. Notably,
Shi et al. [32] quantified the relationship between urban form and seasonal variation of
PM, 5 concentrations in 279 cities in China. Their results showed that only urban form
compactness was significantly associated with PM, 5 concentration in summer and autumn.
Still, more urban form indicators were considerably related to PM; 5 concentration in spring
and winter. The influence of urban form on PM, 5 concentrations becomes more and more
obvious from the national scale to the UA scale with seasonal change. The relationship
between urban form and PM, 5 concentrations is very sensitive to seasonal changes in
different regions. Constructing an ideal urban structure through a flexible urban planning
strategy is important for solving the PMj; 5 pollution problem. In general, the classification
of UAs needs to be carried out from multiple perspectives, taking into account factors
such as land use intensity, land use type, and landscape structure to explore the response
of different types of UAs in terms of PM; 5 concentrations and their relation to clean
air policies.

5. Conclusions

In this study, we assessed the spatiotemporal dynamics of PM, 5 concentrations in five
UAs in China from 2000 to 2021 and explored the effectiveness of government-implemented
clean air policies to combat air pollution. In addition, the ambient air quality index (AQI)
was used to describe the air quality of the UAs.

(1) The clean air policy implemented by the Chinese government in 2013 achieved sig-
nificant treatment effects. From 2000 to 2013, the PM; 5 concentrations showed an
increasing trend, and, after 2013, the PM, 5 concentrations showed a decreasing trend.
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Seasonally, PM; 5 concentrations were highest in winter and lowest in summer. Spa-
tially, the PM; 5 concentrations in the HCUA and BGUA were lower than those in the
CCUA, MYRUA, and BTHUA. In terms of variation characteristics, the increase in
PM3 5 concentrations mainly occurred in autumn and winter, and the decrease mainly
occurred in spring;

(2) The government should strengthen air management in these regions where air quality
compliance rates are not up to standard in the future. In 2021, the PM; 5 air quality
compliance rates (i.e., <35 ug/ m3) of the BTHUA, MYRUA, CCUA, HCUA, and
BGUA were 44.57%, 80.00%, 82.04%, 99.74%, and 100%, respectively. The areas that
failed to meet the standards mainly included the southern part of the BTHUA, the
southwestern part of the MYRUA, and the northwestern part of the CCUA;

(3) In 2021, 19.19% of the five UAs still had an ambient air quality of Grade II (i.e.,
50< AQIppp 5 <100). These regions included Beijing, Tianjin, Shijiazhuang, Xiangfan,
Jingmen, Chengdu, and Meishan. People with abnormally sensitive breathing in these
areas should reduce their outdoor activities.
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