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The convergence of PM2.5 concentration in Chinese
cities: a distribution dynamic approach

Weiran Lina, Qiuqin Heb and Haijing Yuc

aSchool of Computer and Computing Science, Zhejiang University City College, Hangzhou, China;
bSchool of Economics, Hangzhou Normal University, Hangzhou, China; cResearch Institute of
Quantitative Economics, Zhejiang Gongshang University, Zhejiang, China

ABSTRACT
To fill the gap in the research on the convergence trend of air
pollutants since 2013 in China and overcome the Galton fallacy
caused by the parametric regression method, this study examines
the convergence trend of the annual average concentration of
fine particulate matter 2.5 (PM2.5) in China’s prefecture-level cities
after 2013 using a distribution dynamic approach. The winter
PM2.5 pollution in Chinese cities is severe. Hence, the conver-
gence of the average winter PM2.5 concentration of prefecture-
level cities is also explored in this study. The results show that
during 2015–2019, the annual average PM2.5 concentration level
improved significantly. However, the average PM2.5 winter con-
centration level in 2015–2018 did not significantly decrease, with
some cities showing severe pollution levels. The annual average
PM2.5 of China’s prefecture-level cities exhibit club convergence,
while the PM2.5 concentration in winter exhibits ‘unikurtosis’. In
the long run, the annual average PM2.5 clusters around two lev-
els, at approximately 35lg/m3 and 60lg/m3, while the average
PM2.5 in winter is concentrated at 100lg/m3. In the long run, in
the central region, PM2.5 pollution is more severe than in north-
ern and southern areas, regardless of the annual or winter aver-
age PM2.5 concentration.
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1. Introduction

In recent years, environmental pollution has become a major obstacle to global sus-
tainable development, especially in China. Air pollution creates health risks for people
worldwide (Zeng et al., 2020). For example, Li et al. (2021) show that fine particulate
matter 2.5 (PM2.5) is related to an increase in paediatric outpatient visits for respira-
tory diseases in four Chinese cities. Meanwhile, air pollution also affects a country’s
economic growth and industrial structure, hindering its innovation ability, a crucial
factor for sustainable development (Gil-Alana et al., 2020; Luo et al., 2019; Saunila,
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2020). On 12 September 2013, the State Council of China issued the ‘Ten Measures
of the Air Pollution Prevention and Control Action Plan’ to promote air quality
improvement (henceforth, the Ten Measures for the Atmospheric Country). The pol-
icy was enacted between September 2013 and the end of 2017. According to the final
assessment results of the plan implementation notified by the Ministry of Ecology
and Environment of China, the Chinese government has fully achieved the environ-
mental air quality improvement objectives set out in the Ten Articles of the
Atmospheric Country in 2017.

2013 is the turning point year of China’s air pollution, after which the air pollution
situation of Chinese cities has been improving. On the one hand, since 2013, the lit-
erature on air pollution improvement has mainly focused on evaluating this policy.
For example, Yang et al. (2020) use the difference-in-difference (DID) method to test
the impact of said policy on the monthly average emissions of major air pollutants
such as PM2.5, PM10, sulphur dioxide (SO2), nitrogen dioxides (NO2), carbon mon-
oxide (CO), and ozone (O3). On the other hand, some studies focus on the quantita-
tive assessment of the environmental health benefits generated by the policy. For
example, Wu et al. (2019) argue that policy implementation has prevented approxi-
mately 60,213 premature deaths. However, to the best of our knowledge, very few
studies have addressed the convergence of China’s air pollutant emissions since the
implementation of the 2013 policy. Can the cities with different initial air pollution
levels converge to the same level, and can the cities with poor air quality catch up
with the cities with good air quality, so as to achieve the goal of overall improvement
of national air pollution? These issues are among the core problems in the study of
concentration convergence of air pollutants and are also of interest to the government
and researchers. Hence, this study drew on the convergence mechanism that charac-
terises economic development to examine the convergence characteristics of air pollu-
tant concentrations in prefecture-level cities in China since implementing the Ten
Articles of the Atmospheric Country in 2013.

Convergence theory is an essential corollary of the Solow model of neoclassical
growth (Solow, 1956) originally used to study the convergence of per capita income
across different economies. Convergence may be divided into various categories, such
as beta convergence, sigma convergence, and club convergence (Blanco et al., 2020;
Haller et al., 2021; Yu & Zhang, 2015). The environmental convergence hypothesis is
closely related to the economic convergence hypothesis. Strazicich and List (2003)
find an inverted U-shaped relationship between pollutant emissions and income in
different stages of economic development, that is, the so-called environmental
Kuznets curve (EKC). If the EKC and economic convergence hypothesis hold, we
expect to observe environmental convergence (Nguyen-Van, 2005). Some studies pro-
vide empirical support to the EKC curve (Li, 2016; Rahman et al., 2019; Wawrzyniak
& Dory�n, 2020) but also indicate that the EKC curve does not hold in China (Liu &
Pei, 2017). No consensus in the literature exists as to whether an EKC curve holds in
China. Moreover, addressing the EKC curve can only clarify whether environmental
convergence is observed, with no indication regarding the convergence speed and
club convergence. Therefore, the changing trend of environmental variables in differ-
ent regions or countries should be assessed using a quantitative approach. Many
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studies have been conducted in this area. List (1999) applies convergence theory to
environmental issues for the first time, performing a convergence analysis on the
emissions of SO2 and nitrogen oxides in different states in the United States. The
results show that air pollution exhibits a trend of convergence. Carbon dioxide (CO2)
convergence is the primary focus of research on the convergence of air pollutant
emissions at home and abroad (Apergis et al., 2017; Camarero et al., 2013; Wu & He,
2017; Xu, 2010, 2013), but various studies also address the convergence of SO2 and
haze pollution (Cai et al., 2017; Yu & Zhang, 2015).

However, as mentioned above, few studies have addressed the convergence charac-
teristics of China’s air pollutant emissions since the implementation of the Ten
Articles of the Atmospheric Country. In addition, most previous studies on conver-
gence have adopted parametric regression methods. When the distribution of the
studied variables tends to be concentrated, divergent, or unchanged, a negative correl-
ation may be observed between the economic growth rate and the initial conditions.
Hence, the sign of convergence is not sufficient to judge whether the economy is con-
vergent, divergent, or stable. This problem is called the Galton fallacy (Huang & Xia,
2014; Quah, 1993). Quah (1996a, 1996b, 1996c, 1997) proposes a non-parametric dis-
tribution dynamic method, which redefines the connotation of club convergence,
compensating for the fact that the parametric regression method only focuses on
whether a single country or region tends to its steady state. Parametric regressions
cannot explain the phenomena of cross-regional changes, stratification, and polarisa-
tion and cannot analyze the long-term trend of the PM2.5 concentration in Chinese
cities when time tends to infinity (Criado & Grether, 2011; Duro, 2013; Wu & He,
2017; Wu et al., 2021; Yutao, 2013).

The contributions of this study are as follows: (1) This study fills the gap in the
study of the convergence of the annual average concentration of PM2.5 in prefecture-
level cities in China since the implementation of the Ten Atmospheric Countries in
2013. (2) As far as we know, our study is the first time to use the method of distribu-
tion dynamic to study the convergence of PM2.5 pollution in Chinese cities. (3)
There are few studies on the convergence of air pollution in specific seasons. The
winter PM2.5 pollution in Chinese cities is severe (Wang et al., 2020). Hence, this
study also examines the convergence of the average winter PM2.5 concentration of
prefecture-level cities in China since 2013.

The remainder of this paper is organised as follows. Section 2 presents the distri-
bution dynamic analysis framework and the data. Section 3 reports the results and
discussion, and the last section provides our concluding remarks and discusses the
study’s policy implications.

2. Materials and methods

To overcome the limitations of traditional convergence analysis methods, Quah
(1996b, 1996c, 1997) proposes a distribution dynamic approach to analyse the
dynamics of economic growth. The distribution dynamic method has also been
employed to study the distribution of pollutant emissions. Two different distribution
dynamic methods exist: discrete and continuous. Due to the simplicity of the
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calculation, most studies use discrete methods to estimate the transition probability
matrix and the corresponding ergodic distribution, but the estimation results of dis-
crete methods are very sensitive to the discretisation process (Johnson, 2005; Quah,
1997). To solve this problem, Quah (1997) proposes a kernel method to estimate the
transition probability and ergodic distribution of an infinite state space. This continu-
ous distribution dynamic method does not require discretisation of variables.
Therefore, it can be considered an improved version of the discrete method (Wu
et al., 2021).

2.1. The distribution dynamic method

2.1.1. Kernel density estimation of PM2.5 in Chinese cities
Quah’s analysis framework comprises three steps. The first is to estimate the prob-
ability density of the variables. In general, the kernel density estimation method
is used.

Let X1,X2, . . . ,Xn be a sample from the probability density ftðxÞ, where x 2 v, v
is an unbounded support set, and the traditional kernel density estimation reads:

f̂ t xð Þ ¼ 1
nh

Xn
i¼1

K
x�Xi

h

� �
, (1)

where K(.) is the kernel function, and h is the bandwidth h ¼ 1:06rn�1=2: The kernel
function satisfies the following condition:ð

K tð Þdt ¼ 1,
ð
tK tð Þdt ¼ 0,

ð
t2K tð Þ < 1:

We used the Gaussian kernel: K uð Þ ¼ 1ffiffiffiffi
2p

p exp � 1
2 u

2
� �

: Through the smooth curve
generated by Eq. (1), we intuitively obtained the overall shape of the PM2.5 concen-
tration distribution in each city and initially explore the existence of club
convergence.

2.1.2. Transition probability estimation
Although the kernel density estimates at the beginning and the end of the period pro-
vide an initial assessment of the evolution of the PM2.5 concentration level distribu-
tion, a direct comparison of kernel densities cannot reflect changes in different
locations within the city. Even if the PM2.5 concentration level distribution does not
change significantly over time, changes may still be observed in different regions
within the distribution. The transition probabilities between different periods provide
information on the flows within a city. Therefore, the second step of the Quah’s ana-
lysis framework estimates the transition probabilities. A discrete and the continuous
method exist for estimating the transition probability. The advantage of the discrete
method is intuitive, and the advantage of the continuous method is that it can over-
come some of the information loss characterising the discretisation process. Hence,
this study combined the two methods to study the internal mobility of cities.
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2.1.2.1. Discretised transition probability. The discretisation of the transition prob-
ability estimation first needs to determine the various states. The Ambient Air
Quality Standards (GB 3095—2012) formulated by the Ministry of Environmental
Protection of China divides the PM2.5 index into six levels according to the classifica-
tion of air quality levels. A ‘good’ level (a pollution level that does not cause signifi-
cant adverse effects on human health) entails two intensities: ‘excellent’ and ‘good’.
There are four levels of ‘harmful’ (a pollution level that causes significant adverse
effects on human health): ‘light’, ‘medium’, ‘heavy’, and ‘severe’ ‘light’, ‘medium’,
‘heavy’, and ‘severe’ (Table 1).

Based on the average concentration of PM2.5, this study divided Chinese cities
into four urban agglomerations (Table 2).

Assuming that the state of urban air pollution at time t is a random variable It , to
examine the evolution of the urban air pollution distribution club, we considered the
first-order discrete transition probability, that is, the probability of a transition from
state It�1 at time t � 1 to state It at time t:

Pt�1!t ¼ mt�1!t

mt
, (2)

where mt represents the frequency of state It, mt�1!t is the frequency of transition
from state It�1 to It, and Pt�1!t represents the probability matrix of the transition
from state It�1 to It:

2.1.2.2. Continuous transition probability. Let ftðxÞ and ftþsðyÞ denote the cross-sec-
tional distribution density of China’s prefecture-level city PM2.5 at time t and time
t þ s, respectively, where s > 0: Assuming that the evolution of the distribution is a
time-invariant first-order distribution, the future income distribution ftþs yð Þ may be
estimated as follows:

Table 2. PM2.5 urban agglomerations.
Symbol Annual average concentration of PM2.5 (lg=m3) Club

C1 0–35 Superior City Group
C2 36–75 Good urban agglomeration
C3 76–115 Lightly polluted urban agglomeration
C4 >¼116 Heavily polluted urban agglomeration

Note: Since almost no cities exhibit an annual average PM2.5 concentration higher than 150, levels four, five, and
six are combined as ‘heavy pollution’.
Source: Calculated by the authors.

Table 1. Air quality grade corresponding to the PM2.5 index.
Air quality index Average daily concentration of PM2.5 (lg=m3) Air quality level

0–50 0–35 Level 1 (Excellent)
51–100 36–75 Level 2 (Good)
101–150 76–115 Level 3 (Light pollution)
151–200 116–150 Level 4 (Moderate pollution)
201–300 151–250 Level 5 (Severe pollution)
301–500 251–500 Level 6 (Extreme pollution)

Source: The Ambient Air Quality Standards (GB 3095—2012) formulated by the Ministry of Environmental Protection
of China.
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ftþs yð Þ ¼
ð1
0
us yxð Þft xð Þdx, (3)

where usðyjxÞ is the transition probability that determines the evolution process of
PM2.5; in line with the discrete method, for any x, we obtain

Ð1
0 usðyjxÞdy ¼ 1

(Johnson, 2005).
The continuous transition probability is estimated as follows (Hyndman et al.,

1996):

ûs yxð Þ ¼
f̂ t, tþs x, yð ÞbftðxÞ , (4)

where bft ðxÞ is estimated by Eq. (1), and

f̂ t, tþs x, yð Þ ¼ 1
nhxhy

Xn
i¼1

K
x�xi
hx

,
y�yi
hy

� �
, (5)

The two-dimensional kernel function uses the product kernel:

K
x�xi
hx

,
y�yi
hy

� �
¼ K

x�xi
hx

� �
�K y�yi

hy

� �
:

2.1.3. Continuous ergodic distribution
The third step of the Quah’s analysis framework estimates the ergodic distribution of
the continuous states. Assuming that the transition probability does not change over
time, the ergodic distribution analyses the long-term trend of the PM2.5 concentra-
tion in Chinese cities.

The expression of the ergodic distribution of the continuous state is t ! 1 at
both ends of Eq. (3):

f1 yð Þ ¼
ð1
0
us yxð Þf1 xð Þdx, (6)

where usðyjxÞ is estimated using Eq. (4). Equation (6) is the second kind of homoge-
neous Fredholm integral equation for the ergodic distribution f1 yð Þ: This study used
the iterative algorithm of Guo (2007) to find an approximate solution for f1 yð Þ: In
addition, ftþs yð Þ may be subject to short-term external shocks. However, in the long
run, the ergodic distribution f1 yð Þ is independent of the initial PM2.5 distribution
and can be seen as an expansion of the transition probability (Johnson, 2005).

In distribution dynamic analyses, the ergodic distribution f1 yð Þ is represented by a
kernel density map, while the three-dimensional graphs and contour maps are typic-
ally used to represent the continuous transition probability ûs yxð Þ: The kernel density
estimation of the continuous transition probability can be plotted on a two-dimen-
sional contour map (the PM2.5 concentration level at time t on the x-axis and the

2560 W. LIN ET AL.



PM2.5 concentration level at time þ s on the y-axis) and the corresponding three-
dimensional map. According to Quah (1997), a 45-degree diagonal line was added to
the contour map. If the main part of the distribution is mainly around the 45 degree
diagonal and parallel to the 45 degree diagonal, then the internal fluidity of the indi-
vidual level is not high. If the overall PM2.5 is in a period of improvement (just in
line with the situation in China after 2013), and the main body of the contour line is
clockwise around a 45-degree diagonal, then the PM2.5 concentration levels in
Chinese cities have a trend of convergence. If the main part of the distribution is par-
allel to the x-axis, it indicates a complete convergence of the variables (Huang &
Xia, 2014).

2.2. Data sources and processing

The list of China’s prefecture level cities in this study comes from China City
Statistical Yearbook 2019 published by National Bureau of Statistics (2020), with a
total of 298 prefecture level cities.

2.2.1. Air pollutant data
Air pollutant data were obtained from the national urban air quality real-time release
platform of the China Environmental Monitoring Station, including daily and hourly
air pollution information from 1 January 2015 to 31 December 2019, from all
Chinese observation sites. The data algorithms for obtaining air pollutants in 298 pre-
fecture-level cities were as follows:

A: Since 2014, the number of PM2.5 monitoring stations in China has been con-
stantly changing. In order to ensure the consistency of data collection, the observa-
tion sites in China from 1 January 2015 to 1 January 2016 are used, a total of 1497
sites. As some sites have too many default values by the end of 2019, the sites with a
missing rate of more than 40% were discarded, a total of 38 sites were deleted, and
1459 valid sites were retained.

B: The Baidu Geocoder API (https://maplocation.sjfkai.com/) was employed to
obtain the latitude and longitude of 298 prefecture-level cities. We then matched
these data with air pollution observation sites to find the nearest station, used the
data of this station as the air pollution information of the nearest city, and obtained
298 hourly observations for prefecture-level cities.

C: We calculated the average of the daily PM2.5 data of the 298 cities and then
obtained the annual and winter (1 November–29 February) average of each city.

2.2.2. China’s regions
During the Seventh Five-Year Plan period, the State Planning Commission divided
the country into three major zones—eastern, central, and western—according to the
distance from the coastline and the level of economic development. The eastern
region includes the 12 provinces and municipalities of Liaoning, Hebei, Beijing,
Tianjin, Shandong, Jiangsu, Shanghai, Zhejiang, Fujian, Guangdong, Guangxi, and
Hainan. The central region comprises Heilongjiang, Jilin, Inner Mongolia, Shanxi,
Henan, Anhui, Hubei, Hunan, and Jiangxi. The western region includes Shaanxi,
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Gansu, Ningxia, Qinghai, Xinjiang, municipalities of Chongqing, Sichuan, Yunnan,
Guizhou, and Tibet.

3. Results

3.1. Distribution dynamic of PM2.5 in Chinese cities

3.1.1. The overall changes in PM2.5
Many local governments in China have begun disclosing PM2.5 information since
2014. Comprehensive data are available from 2015. Therefore, this study used data
from the 2015–2019 period. As mentioned above, wintertime was considered the
period between 1 November in the current year to 29 February in the next year.

The left-hand panel of Figure 1 indicates that compared with 1998, the kurtosis of
the PM2.5 kernel density estimates in 2013 clearly shifted to the right, and the kur-
tosis height dropped significantly, indicating a scattered ‘bikurtosis’. During
1998–2013, the overall PM2.5 level of Chinese cities deteriorated, showing a trend of
club convergence. The right peak is near 60lg/m3, indicating that the annual average
PM2.5 concentration in many cities in China is relatively high.

Since 2013, the State Council of China and local governments have taken active
measures to control air pollution. The right-hand panel of Figure 1 indicates that
compared with 2015, the PM2.5 kernel density curve in 2019 shifted significantly to
the left, and the kurtosis height increased substantially, indicating a ‘bikurtosis’ pat-
tern (right kurtosis is not evident). The results show that from 2015 to 2019, the
overall PM2.5 concentration level of Chinese cities substantially decreased. Especially
in cities with severe tail pollution, a tendency towards club converge is suggested but
not evident. Most cities exhibit left kurtosis (35 lg/m3).

3.1.2. China’s inter-city mobility and convergence
The kernel density estimation curves at the beginning and the end of China’s urban
PM2.5 distribution describe the overall morphological changes in the PM2.5 distribu-
tion. However, these values do not reflect changes in inter-city mobility. In this study,
the discrete transition probability matrix was used to examine the mobility of
Chinese urban agglomerations and between urban agglomerations. Based on the

Figure 1. Left: Annual average PM2.5 kernel density of Chinese cities from 1998 to 2013. Right:
Annual average PM2.5 kernel density of Chinese cities from 2015 to 2019. Note: 1998–2013 aver-
age PM2.5 concentration data source: Columbia University project (van Donkelaar et al., 2016).

2562 W. LIN ET AL.



continuous transition probability three-dimensional map and contour map, we fur-
ther studied the convergence of Chinese urban PM2.5 levels.

As shown in Table 3, most urban agglomerations reduced their PM2.5 pollution
during the sample period, except for a small number of cities in the superior urban
agglomerations. The transfer status of urban agglomerations is that of neighbouring
urban agglomerations, indicating that China achieved success in treating PM2.5 pollu-
tion, but further measures are still needed.

All members of the ‘lightly polluted urban agglomeration’ shifted towards the
‘good urban agglomeration’, indicating that China achieved remarkable results in the
governance of cities with high PM2.5 pollution. However, further measures need to
be introduced in the future to promote their transition to a ‘superior urban agglomer-
ation’. The internal mobility of ‘good urban agglomeration’ is more significant than
that between other urban agglomerations. It is worth mentioning that cities in a ‘good
urban agglomeration’ only shifted towards a ‘superior urban agglomeration’. The
internal mobility of the ‘superior urban agglomeration’ is much greater than the
mobility between clubs. Almost all cities in the ‘superior urban agglomeration’
remained in the same category during the sample period.

Overall, cities in superior urban agglomerations did not witness worsened pollu-
tion levels, while polluting cities shifted towards good urban agglomerations.
Approximately 63% of the cities in a ‘good urban agglomeration’ remained in this
category, and approximately 37% shifted towards a ‘superior urban agglomeration’.
Preliminary analysis showed that Chinese cities form clusters in a ‘superior urban
agglomeration’ and ‘good urban agglomeration’, and the distribution of PM2.5 in
Chinese cities generates a ‘multi-peak’ pattern, showing a club convergence trend.

The left-hand panel of Figure 2 is the three-dimensional map of the PM2.5 transi-
tion probability density from 2015 to 2019, and the right-hand panel represents the
two-dimensional contour map of the PM2.5 transition probability density for the
same period (the projection of the left-hand panel figure).

The analysis of discrete transition probability only showed that approximately 63% of
the ‘good urban agglomeration’ cities in this interval remained inside the original club.
Whether these cities improved their PM2.5 levels cannot be determined by discrete tran-
sition probabilities. The continuous transition probability image (Figure 2, right-hand
panel) clearly shows that the portion of 36–75lg/m3 is almost entirely below the 45-
degree diagonal, indicating that the annual average PM2.5 concentration of cities in this
range decreased from 2015 to 2019.

Overall, the transition probability contour lines are almost entirely below the 45-
degree line, with a clockwise shape, which indicates that almost all cities improved

Table 3. The transition probability matrix of PM2.5 in Chinese cities from 2015 to 2019.
SUA GUA LPUA HPUA ni

SUA 0.981 0.019 0 0 52
GUA 0.366 0.634 0 0 205
LPUA 0 1 0 0 30
HPUA 0 0 0 0 0

Note: SUA¼ Superior City agglomeration, GUA¼Good urban agglomeration, LPUA¼ Lightly polluted urban agglom-
eration, HPUA¼Heavily polluted urban agglomeration.
Source: Calculated by the authors.
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their PM2.5 levels. Cities with a lower initial level of PM2.5 exhibit a lower improve-
ment rate, while cities with a higher initial level of PM2.5 improved significantly,
which means that the PM2.5 concentration level of Chinese cities shows a conver-
gence trend during the sample period.

Furthermore, the high-end of the distribution (approximately greater than 75lg/
m3) is almost parallel to the x-axis (y¼ 60), implying that cities with severe air pollu-
tion tend to gather at 60lg/m3, forming a club. The low-end of the distribution (less
than 35 lg/m3) is partly above the 45-degree diagonal, which means that the PM2.5
concentration of some cities in a ‘superior urban agglomeration’ increased, while the
PM2.5 concentration of cities with ‘good’ grades declined; hence, these two types of
cities may form a club at the junction of superior and good grades (35 lg/m3).

If the conditional probability does not change with time, that is, the governance
intensity remains unchanged, will the distribution of PM2.5 in Chinese cities exhibit
stratification and polarisation in the long run? Will it eventually form a club? The
answer to these questions may be obtained using continuous ergodic distribution ana-
lysis (instead of parametric regression).

3.1.3. Long-term PM2.5 distribution in Chinese cities
The ergodic distribution is unrelated to the initial distribution; it is an enlarged ver-
sion of the transition probability and long-term steady-state distribution. The left-
hand side of Figure 3 shows the ergodic distribution in 1998–2013 and 2015–2019,
while the right-hand side of Figure 3 depicts the actual distribution in 2019 and the
ergodic distribution in 2015–2019.

From a long-term perspective, the ergodic distribution between 1998 and 2013
(the left-hand side of Figure 3) indicates that if the government does not implement
effective measures to prevent air pollution (the transition probability remains
unchanged), most cities will concentrate around a kurtosis of approximately 80lg/
m3, while the limit of PM2.5 for light pollution is 75 lg/m3. In contrast, between
2015 and 2019, after the Chinese government introduced strict pollution control
measures, the kurtosis of the ergodic distribution dropped significantly and shifted to
the left, and the overall distribution became more dispersed, showing a ‘bikurtosis’
situation. The ‘club convergence’ observed in Figures 1 and 2 indicates that if the

Figure 2. Left: 2015–2019 PM2.5 transition probability density three-dimensional diagram. Right:
2015–2019 PM2.5 transition probability density two-dimensional contour.
Source: Organized by the authors.
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Chinese government maintains the current intensity of pollution control, the annual
average concentration of PM2.5 in Chinese cities will improve in the long run.

As shown in the right-hand side of Figure 3, the distribution of PM2.5 in Chinese
cities in 2019 shows insignificant ‘bikurtosis’. The left kurtosis is approximately 35lg/
m3, while the right kurtosis is approximately 60lg/m3, and the right kurtosis is sig-
nificantly lower than the left. The graph of the ergodic distribution indicates that its
right kurtosis (near 60 lg/m3) is significantly higher than other kurtosis values, sug-
gesting that in the long run, if the transition probability does not change with time,
many Chinese cities will tend to concentrate around 60lg/m3, a relatively high
annual average level of PM2.5 compared to the 35 lg/m3 observed in 2019.
Therefore, the government should continue to increase urban air pollution control
efforts. As mentioned above, on 27 June 2018, the State Council of China issued the
Three-Year Action Plan for Winning the Blue Sky War, confirming that the Chinese
government attaches great importance to air pollution.

3.2. Distribution dynamic in winter

3.2.1. Overall changes in PM2.5 in Chinese cities in winter
Figure 4 indicates that the average winter PM2.5 distribution in Chinese cities in
2018 is rather concentrated, showing an inconspicuous bimodality pattern, with the
left kurtosis more pronounced than right kurtosis. The left kurtosis in the vicinity of
40 lg/m3 indicates that the PM2.5 pollution in Chinese cities in winter improved to
some extent. However, in 2018, the city’s winter average PM2.5 concentration is
mostly greater than 75 lg/m3 (the threshold value of light pollution per day), and a
less evident right kurtosis is formed near 110 lg/m3. These results show that although
the overall PM2.5 pollution situation improved in winter, the improvement in
severely polluted cities is limited.

3.2.2. Mobility and convergence between Chinese cities in winter
As shown in Table 4, overall, the cities in the four urban agglomerations decreased
their PM2.5 concentration levels, especially cities with severe pollution. However, a
considerable proportion (45%) of lightly polluted urban agglomerations remained in

Figure 3. Left: The ergodic distribution in 1998–2013 and 2015–2019. Right: The actual distribution
in 2019 and the ergodic distribution in 2015–2019.
Source: Organized by the authors.
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the same category, with no significant improvement in their PM2.5 pollution levels.
The government should strengthen pollution control measures in this part of the city.

Almost all members of the ‘severely polluted urban agglomeration’ shifted towards
the ‘lightly polluted urban agglomeration’, indicating that China achieved remarkable
results in the governance of cities with severe PM2.5 pollution. However, pollution-
reduction measures need to be strengthened to further promote the transition
towards a ‘good urban agglomeration’ and ‘superior urban agglomeration’. The
internal mobility of ‘lightly polluted urban agglomerations’ is almost identical to the
mobility between urban agglomerations. Many large cities remained in their original
urban agglomerations, and some cities shifted towards ‘heavily polluted urban
agglomerations’. Hence, the government needs to strengthen pollution control meas-
ures for ‘lightly polluted urban agglomerations’. The internal mobility of the ‘good
urban agglomeration’ cities is greater than that of urban agglomerations. It is worth
mentioning that some cities in the ‘good urban agglomeration’ also shifted towards
‘lightly polluted urban agglomerations’. The internal mobility of ‘superior urban
agglomeration’ is far greater than that between urban agglomerations, and almost all
cities remained in the same category. Overall, China’s PM2.5 pollution situation in
winter improved slightly. Severe pollution still exists, and light pollution must be con-
trolled to prevent further deterioration.

The overall transition probability of winter PM2.5 concentration levels in
2015–2018 as seen in Figure 5 is substantially different from that in Figure 2, which
is generally below the 45-degree diagonal. The contour map of the average PM2.5

Figure 4. The distribution of average PM2.5 in winter in Chinese cities from 2015 to 2018.
Source: Organized by the authors.

Table 4. The transition probability matrix of winter PM2.5 in Chinese cities from 2015 to 2018.
SUA GUA LPUA HPUA ni

SUA 0.826 0.174 0 0 46
GUA 0.181 0.75 0.061 0.007 144
LPUA 0 0.476 0.452 0.071 84
HPUA 0 0 0.923 0.077 13

Note: SUA¼ Superior City agglomeration, GUA¼Good urban agglomeration, LPUA¼ Lightly polluted urban agglom-
eration, HPUA¼Heavily polluted urban agglomeration.
Source: Calculated by the authors.
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transition probability in winter in 2015–2018 (Figure 5) lies on both sides of the 45-
degree diagonal, and the area on the lower side is significantly larger than the area
on the upper side. This result implies that the overall winter PM2.5 level in Chinese
cities in 2015–2018 decreased, but its improvement is not as substantial as that
observed in the annual average level (the right-hand side in Figure 2). Most of the
low-end distribution (less than 40 lg/m3) lies above the 45-degree diagonal, indicating
that the PM2.5 concentration level of cities in this area increased, while the middle
part (40–100 lg/m3) mainly lies above the 45-degree diagonal and is parallel to it,
indicating that the urban PM2.5 concentration level in the middle part of the distri-
bution improved to some extent. However, the internal relative ranking remains
unchanged, and the high-end distribution (greater than 100lg/m3) is parallel to the
x-axis, indicating a trend of club convergence in cities at this stage in 2015.

Overall, Figure 5 shows that the contour line of the average PM2.5 transition
probability in winter periods mainly lies below the 45-degree line and presents an
hour-hand shape in 2015–2018. Therefore, similar to the year situation, a trend of
convergence is observed in winter, but the rate of convergence is slower than that of
the average annual concentration.

3.2.3. Long-term PM2.5 distribution in Chinese cities in winter
The ergodic distribution in Figure 6 shows ‘unikurtosis’ and concentrated morpho-
logical characteristics. The observed kurtosis (100 lg/m3) is in the interval of rela-
tively severe pollution, while the actual distribution peak of the average PM2.5
concentration in the winter of 2018 is approximately 40 lg/m3 and presents a non-
evident bimodal state with a left high peak and a right low peak.

Overall, during 2015–2018, the average winter PM2.5 concentration in Chinese cit-
ies improved to some extent. However, the overall situation is still not optimal, espe-
cially in heavily polluted cities. During 2015–2018, the winter average PM2.5
concentration levels of Chinese cities showed a trend of convergence, slower than the
annual average convergence rate of 2015–2019, and exhibited a state of ‘unikurtosis’.
If the transition probability is constant over time, that is, the Chinese government
cannot further formulate effective measures to improve China’s winter air pollution,

Figure 5. Three-dimensional diagram of the transition probability and the corresponding two-
dimensional contour.
Source: Organized by the authors.
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the average winter PM2.5 level in most cities in China will exhibit kurtosis (100lg/
m3) in the long run.

3.3. Regional analysis of PM2.5 distribution in Chinese cities

This section analysed the regional characteristics of the PM2.5 distribution in Chinese
cities and the transition probability matrix and its ergodic distribution in the three
regions established by the State Planning Commission during the Seventh Five-Year
Plan period (Figure 7).

Table 5 shows the discrete probability transition matrix of the annual average
PM2.5 for cities in eastern, central, and western China from 2015 to 2019. Overall,
the cities in the three regions decreased their pollution levels. The internal mobility
rate of the ‘good urban agglomeration’ in the central region is significantly greater
than the proportion of transfers to the ‘superior urban agglomeration’.

Table 6 reports the discrete probability transition matrix of the average PM2.5 in
winter in eastern, central, and western cities in China from 2015 to 2018. Compared
with the overall improvement in the year, the winter improvement is marginal. In
particular, the internal mobility of severely polluted cities in the eastern and central
regions is greater than 0, which means that cities in these two regions are still heavily
polluted. In addition, the ratio of ‘lightly polluted urban agglomeration’ to ‘good
urban agglomerations’ is only approximately 50% in the three regions, and some cit-
ies in the central and western regions shifted towards the ‘heavily polluted urban
agglomeration’. The results indicate that the government should strengthen pollution
control measures in heavily polluted cities in the eastern and central regions. For cit-
ies in the central and western regions that shifted towards heavily polluted urban
agglomerations, the reasons must be further investigated, and pollution management
should be strengthened.

Figure 8 shows the annual average PM2.5 ergodic distribution of cities in eastern,
western, and central China from 2015 to 2019. The ergodic distributions of the three
regions present a multi-kurtosis pattern. The kurtosis on the right-hand side of the

Figure 6. The ergodic distribution of PM2.5 in winter 2015–2018 and the actual distribution of
PM2.5 in the winter of 2015.
Source: Organized by the authors.
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Figure 7. Three regions of China.
Note: Described in section 2.2.2.

Table 5. The transition probability matrix of annual PM2.5 of cities in eastern, central, and west-
ern regions from 2015 to 2019.
Eastern regions SUA GUA LPUA HPUA ni

SUA 1 0 0 0 27
GUA 0.429 0.571 0 0 70
LPUA 0 1 0 0 18
HPUA 0 0 0 0 0
Central regions
SUA 0.875 0.125 0 0 8
GUA 0.269 0.730 0 0 89
LPUA 0 1 0 0 12
HPUA 0 0 0 0 0
Western regions
SUA 1 0 0 0 17
GUA 0.457 0.544 0 0 46
LPUA 0 0 0 0 0
HPUA 0 0 0 0 0

Note: SUA¼ Superior City agglomeration, GUA¼Good urban agglomeration, LPUA¼ Lightly polluted urban agglom-
eration, HPUA¼Heavily polluted urban agglomeration.
Source: Calculated by the authors.

Table 6. The transition probability matrix of winter PM2.5 of cities in eastern, central, and west-
ern regions from 2015 to 2018.
Eastern regions SUA GUA LPUA HPUA ni

SUA 0.8 0.2 0 0 30
GUA 0.265 0.735 0 0 49
LPUA 0 0.481 0.519 0 27
HPUA 0 0 0.889 0.111 9
Central regions
SUA 1 0 0 0 5
GUA 0.119 0.712 0.153 0.017 59
LPUA 0 0.476 0.405 0.119 42
HPUA 0 0 1 0 3
Western regions
SUA 0.819 0.182 0 0 11
GUA 0.167 0.833 0 0 36
LPUA 0 0.467 0.467 0.067 15
HPUA 0 0 1 0 1

Note: SUA¼ Superior City agglomeration, GUA¼Good urban agglomeration, LPUA¼ Lightly polluted urban agglom-
eration, HPUA¼Heavily polluted urban agglomeration.
Source: Calculate by the authors.
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western cities is approximately 50 lg/m3, the kurtosis on the right-hand side of the
eastern cities is approximately 55 lg/m3, and the right kurtosis of the central part is
approximately 60 lg/m3. Compared with eastern and western cities, the annual PM2.5
level of cities in the central region improved less. In the long run, there will be a rela-
tively large number of cities with annual average PM2.5 levels greater than 60lg/m3

in these areas.
The winter conditions of the three regions generally exhibit very high ‘unikurtosis’

(Figure 9). The kurtosis is approximately 90 lg/m3 in eastern cities, nearly 100lg/m3

in western cities, and approximately 115lg/m3 in central cities. In the long run, the
winter PM2.5 pollution situation in the three regions is not expected to be optimal,
especially in the central cities. Central cities show the smallest improvement both in
annual and winter PM2.5 concentration terms. The Chinese government should
strengthen the winter PM2.5 control in all regions, especially in the central region.

Figure 8. The annual average PM2.5 ergodic distribution of cities in three regions from 2015
to 2019.
Source: Organized by the authors.

Figure 9. The ergodic distribution of winter PM2.5 of cities in three regions from 2015 to 2018.
Source: Organized by the authors.
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4. Concluding remarks

This study investigated the convergence of PM2.5 concentration in Chinese cities
after the implementation of the Ten Measures for the Atmospheric Country intro-
duced in 2013. Kernel density was used to estimate the average PM2.5 concentration
distribution changes during the 2015–2019 period and 2015–2018 winter seasons.
Quah’s (1997) method was employed to analyse the PM2.5 trend convergence and
internal mobility of Chinese cities using discrete and continuous transition probabil-
ities. Finally, using a continuous ergodic distribution, the distribution of the PM2.5
concentration in Chinese cities was analysed from a long-term perspective.

The results show that the annual average PM2.5 in Chinese cities improved signifi-
cantly during the sample period, but pollution reduction in winter is marginal. The
average PM2.5 concentrations in the 2015–2019 and 2015–2018 winter seasons show
convergence, but the convergence speed in the 2015–2018 winter seasons is slow. In
2015–2019, the annual average PM2.5 of Chinese cities exhibits club convergence,
while in the 2015–2018 winter seasons, no club convergence is observed. From a
long-term perspective, if the transition probability does not change over time, the
Chinese government cannot formulate effective measures to improve China’s winter
air pollution. Then, the average value of PM2.5 in winter will be concentrated around
kurtosis values (100 lg/m3) in most Chinese cities. The ergodic distribution of cities
in central China is more left-biased than in the western and eastern areas. Whether it
is an annual or a winter curve, the ergodic distribution of the three regions in winter
approximately presents a ‘unikurtosis’ pattern and a relatively high level of pollution.

From the annual perspective, the Chinese government’s air pollution policy
achieved great success, but the level of winter pollution in Chinese cities is still
severe. The Chinese government should adopt continuous pollution control policies
to accelerate the pollution reduction. The ergodic distribution of Chinese cities in
winter should converge to sustainable pollution levels.

Future research should consider various other factors that influence convergence, which
is a very important topic, but it rarely appears in the study of distribution dynamic.
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