
Does vertical environmental protection pressure promote convergence of

urban air pollution?

Weiran Lina, Yuan Xiaob, Haijing Yuc, Shaowei Shend,*
a Department of Statistics and Data Science, Zhejiang University City College, Hangzhou, 310015, China
b College of Business, Lishui University, Lishui, 323000, China
c Research Institute of Quantitative Economics, Zhejiang Gongshang University, Hangzhou, 310018, China
d School of Business Administration, Zhejiang Gongshang University, Hangzhou, 310018, China

A R T I C L E I N F O

Article History:

Received 22 November 2021

Accepted 25 March 2022

Available online 8 April 2022

A B S T R A C T

Recent research shows that the annual average concentration and winter average concentration of PM2.5 in

Chinese cities have exhibited a convergence trend since 2013. However, the urban air situation in China

remains far from ideal. For an authoritative government, vertical environmental protection pressure (VEPP)

may be an important mechanism to motivate cities with high PM2.5 concentration levels to reduce haze pol-

lution more rapidly compared to cities with low PM2.5 concentrations. Thus, VEPP could be considered an

institutional advantage in China's vertical air pollution allocation strategy. To investigate the impact of the

VEPP of Chinese local governments on the convergence of PM2.5 concentrations, this study uses the counter-

factual distribution dynamics analysis framework, which combines parametric regression analysis with the

nonparametric distribution dynamics technique. The results show that the Chinese government can promote

the convergence of air pollution in local cities to a “favorable” level by increasing the pressure of environ-

mental protection. However, merely increasing VEPP will not completely solve the problem of air pollution

in Chinese cities during winter months. Compared with the central and western regions, the VEPP of local

governments in the eastern region can promote the convergence of the average annual and winter PM2.5

concentrations.

© 2022 The Authors. Published by Elsevier España, S.L.U. on behalf of Journal of Innovation & Knowledge. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

Countries worldwide are focusing on the coordinated develop-

ment of their economies and ecological environment (Bustos-

Contell, Labatut-Serer, Ribeiro-Navarrete, & Climent-Serrano, 2019;

Dabbous & Tarhini, 2021; Lassala, Orero-Blat, & Ribeiro-Navarrete,

2021; Tiago, Gil, Stemberger, & Borges-Tiago, 2021). Air pollution is

not only detrimental to people's health but also hampers sustainable

economic growth (Saunila, 2020). Thus, curbing air pollution, espe-

cially haze pollution, is now a major global challenge, especially in

China, where air pollution is severe (Wei, Gu, Wang, Yao, & Wu,

2018; Zhang, Shuai, Bian, Chen, Wu, & Shen, 2019). In 2013, China

encountered four extensive and persistent haze episodes, exceeding

100 days and affecting 30 provinces and municipalities, with haze

severity reaching its highest historical level. During 2013, 83 percent

of China's population was exposed to air pollution, with an annual

average PM2.5 concentration above 35mg=m3 (Fan & Xu, 2020;

Liu, Han, Xiao, Zhu, & Zhu, 2016; MEE, 2013). Since 2013, particulate

matter with a diameter less than 2.5mm (PM2.5), which forms the

main component of haze, has been the primary air pollutant in China

(Zeng, Liu, Feiock, & Li, 2019). This study therefore selected PM2.5 as

an index to measure air pollution.

Since 2013, China's strategy to combat air pollution has changed.

Due to the serious air pollution, especially the increase in the number

of days of severe haze pollution, China's State Council promulgated

the Air Pollution Prevention and Control Action Plan (APPCAP) in Sep-

tember 2013. This Plan outlined the objectives of China's air pollution

prevention and control efforts over the next decade, and proposed

ten measures. To successfully realize this Plan, China’s Ministry of

Environmental Protection (MEP), on behalf of the State Council,

signed target responsibility letters with 31 provinces, autonomous

regions, and municipalities directly governed by the central govern-

ment (excluding Hong Kong, Macao, and Taiwan). Consequently, spe-

cific requirements and air pollution prevention and control targets

and measures came to be included in local government agenda. The

provinces, cities, and autonomous regions covered by this Plan have
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action plans by considering local conditions. These efforts indicate

China’s determination to control air pollution.

Research based on data prior to 2013 shows that China's central

government has established a relatively complete system of environ-

mental laws and regulations. However, local governments have not

fully implemented these environmental policies, a key reason for the

low efficiency of environmental governance (Cai, Chen, & Gong,

2016; Fraser, Dougill, Mabee, Reed, & McAlpine, 2006; Hong, Yu, &

Mao, 2019; Li & Zhou, 2003; Reed et al., 2018). Since 2013, however,

local governments have come under intense pressure from the cen-

tral government to protect China’s environment. For an authoritative

government, the vertical environmental protection pressure (VEPP)

from the central government may be an important mechanism to

compel cities with high PM2.5 concentration to reduce haze pollution

more rapidly compared to cities with low PM2.5 concentration,

implying that VEPP could be an institutional advantage in China's ver-

tical air pollution allocation strategy. As far as we know, there is little

research in this topic. Therefore, this study investigates the impact of

the VEPP on the convergence of air pollutants to provide an effective

research path for China's national governance strategy on air pollu-

tion.

The main contributions of this study are as follows. First, using

Chinese cities’ annual average PM2.5 data from 2015 to 2019, this

study uses the counterfactual distribution dynamic analysis frame-

work, combining parametric regression analysis with the nonpara-

metric distribution dynamics technique, to investigate the impact of

the VEPP of Chinese local governments on the convergence of PM2.5

concentrations. Second, this study investigates the impact of VEPP on

the convergence of urban average PM2.5 concentration during win-

ter, based on the average PM2.5 concentration data from Chinese cit-

ies from 2015 to 2018. The average annual index is frequently used

as the target in general pollutant concentration convergence studies.

However, air pollution in China, particularly PM2.5 pollution, is

worse during winter than in other seasons. Finally, due to China's

vast territory, there are significant differences in economic, cultural,

and educational levels, as well as local governments’ governance abil-

ities. Accordingly, this study investigates the impact of VEPP on

PM2.5 distribution dynamics in the Eastern, Central, and Western

regions of China.

The remainder of the paper is structured as follows. It starts with

a literature review. In the construction of the indicator and model

section of the study, distribution dynamic method, variable measure-

ment, counterfactual distribution dynamic frame, and data source are

presented. Then, the paper discusses the main results. Finally, conclu-

sions, implications and suggestions for future research are presented.

Literature review

Local governments and air pollution

China's environmental governance is vertical. First, China's highest

legislative body, the National People's Congress, promulgates laws to

control air pollution. Subsequently, pollution management is dele-

gated to the Ministry of Ecological Environment (MEE, 2013), which

is a constituent department of the State Council and is directly

responsible for managing national environmental regulations, with

jurisdiction over air pollution (Liu & Kong, 2021). The implementing

agency is the local Bureau of Ecological Environment (BEE). The pro-

vincial Department of Ecological Environments (DEE) links the local

BEE with the central MEE to directly supervise and coordinate the

implementation of air pollution plans on behalf of the central govern-

ment. However, when environmental governance is implemented at

the local level, it is frequently fraught with difficulties (Zhang et al.,

2019).

The local BEE must accept the MEE’s guidance, while also recog-

nizing the leadership and financial support of the local government,

which appoints personnel to the local BEE. Therefore, the local gov-

ernment administers environmental management (Liu &

Kong, 2021). Under political centralization norms, the central govern-

ment appoints local governments based on their relative perfor-

mance. Therefore, some local government officials who are vying for

promotions, may neglect their responsibilities toward the environ-

ment. The key to China’s environmental pollution control, therefore,

lies in correcting the behavior of local governments (Caldeira, 2012;

Kou & Han, 2021; Xu, 2011; Yang, Liao, & Wei, 2020; Zhao, Liang, &

Zhang, 2021).

In this regard, many scholars have conducted relevant research

from different perspectives (Jia & Chen, 2019; Kou & Han, 2021; Liu &

Kong, 2021; Xu et al., 2021; Zhang, Jin, & Meng, 2020; Zhang, Wang,

Yang, Ren, Ran, & Hao, 2021). 2013 is a turning point in China's air

pollution control management, and since then, local Chinese govern-

ments have been under intense pressure from the central govern-

ment to protect the environment. Therefore, the question remains—

can the central government’s VEPP encourage local governments to

fulfill their responsibilities actively? A few recent studies focus on the

direct impact of VEPP on air pollution. Using provincial data in China

from 2003 to 2017, Kou and Han (2021) empirically tested local gov-

ernments’ regulatory behavior regarding sulfur dioxide under the

dual pressure of VEPP and fiscal pressure. Their results show that as

VEPP increases, local governments will intensify regulation of sulfur

dioxide. To the best of our knowledge, few studies have addressed

the impact of VEPP on the convergence of air pollutants in China’s cit-

ies, and this could have significant implications for formulating

appropriate environmental policies.

In economic research, the original concept of convergence sug-

gests that underdeveloped economies aspire to draw level with their

richer counterparts in per capita income (Solow, 1956). Haze pollu-

tion also has a catch-up effect between cities, implying that cities

with higher PM2.5 concentrations experience higher reductions in

haze pollution than those with lower PM2.5 concentrations. There

are several benefits to be derived from understanding the conver-

gence of different air pollutants. From an international perspective,

establishing the presence of convergence in pollution indicators is

crucial for the relevant officers in the environment ministries of both

developed and developing countries to propose practical environ-

mental blueprints (Payne, 2020; Solarin et al., 2021). From a national

perspective, haze pollution convergence can provide a theoretical

basis for the rational allocation of haze reduction goals. For instance

heavily polluted cities can embark on more haze mitigation meas-

ures, and the convergence analysis of haze can be useful for formulat-

ing appropriate environmental policies (Fan & Xu, 2020).

In recent years, there have been many studies on the convergence

of CO2 and air pollutants (List, 1999; Apergis & Payne, 2017;

Apergis, Payne, & Topcu, 2017; Camarero, Picazo-Tadeo, & Tamarit,

2013; Liu, Hong, Li, & Wang, 2018; Nourry, 2009; Rios & Gian-

moena, 2018; Van, 2005). On the research results of the convergence

trend of air pollutants in China since 2013, Lin et al.(2021) show that,

in the long run, the annual average PM2.5 clusters around two levels

—35mg=m3 and 60mg=m3 ���while the average PM2.5 in winter is

concentrated at 100mg=m3 , indicating a severe level of pollution.

Although APPCAP contributes toward haze reduction to a certain

extent, to change China’s winter urban pollution, factors affecting the

convergence of air pollutants among cities must be examined.

Neoclassical growth theory hypothesizes that market forces pro-

mote the free flow of labor and capital. When the capital−labor ratio

is balanced in various regions, the per capita income among regions

tends to equalize—that is, economic convergence depends more on

the "invisible hand" of market allocation (Qian, Yuan, Wang, Zhang, &

Gong, 2021; Zhao, 2008). However, as the environment is considered

a form of public good, based on the attributes of public goods and the

externality of pollution, the environmental Kuznets curve does not

suggest a spontaneous transformation between income and
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environmental quality, following income growth (Yang &

Yang, 2011). In other words, environmental convergence must rely

on the "tangible hand" of the government.

For an authoritative government, VEPP from the central govern-

ment could be an important factor in urging local governments to

actively improve air quality (Jia & Chen, 2019). If the VEPP on local

governments leads to the convergence of PM2.5 concentration in cit-

ies—that is, the VEPP of local governments makes cities with high

levels of PM2.5 reduce haze pollution much faster than cities with

low PM2.5 concentration—VEPP could be an institutional advantage

in China's vertical air pollution allocation strategy. Therefore, this

study investigates the impact of the VEPP on the convergence of air

pollutants, to provide an effective research direction for China's

national governance strategy on air pollution at the city level.

Counterfactual distribution dynamic analysis framework

Previous studies on convergence adopt the parameter regression

method, which may lead to Galton’s fallacy (Quah, 1993). In order to

overcome the “Galton fallacy”, Quah (1996 a, b, c; 1997) proposed a

nonparametric distribution dynamic method. Compared with the

parametric regression method, the nonparametric distribution

dynamic research method can provide the shape information of the

overall distribution of variables, fully describe the internal liquidity

of the distribution evolution process, and intuitively describe the

future distribution information of variables with the help of ergodic

distribution.

Considering the influence of specific factors on convergence is,

however, difficult when studying convergence using the distribution

dynamics technique. Quah (1997) was the first to apply the condi-

tional analysis method to study the "spatial" dimension of income

distribution dynamics. Based on the conditional analysis method,

Wu, Wu, and Cheong (2020) examined the impact of geographical

location, capital accumulation, trade openness, and industrial struc-

ture on per capita GDP distribution dynamics. Fiaschi, Lavezzi, and

Parenti (2009) proposed a counterfactual method combining

parametric regression analysis with the distribution dynamics

method because the conditional analysis method can only roughly

reveal if a factor affects the dynamic distribution. Fiaschi et al. (2009)

examined the impact of the European Union’s (EU) regional policies

on the process of labor productivity convergence across a wide sam-

ple of European countries from 1980 to 2002. Using

Fiaschi et al.’s (2009) counterfactual framework, Giorgio and Fran-

cesco (2019) investigated the role of bank foundations in the distri-

bution dynamics of interprovincial income in Italy. In this study,

Fiaschi et al.’s (2009) counterfactual framework is used to quantita-

tively assess the role of VEPP in the convergence process of PM2.5

concentration levels in Chinese cities.

Construction of the indicator and model

Distribution dynamics method

Quah's analysis framework comprises three steps. The first step

involves estimating the probability density of variables. Generally,

the kernel density estimation method is used (Lin et al., 2021):

Let X1;X2; . . . . . . ;Xn be a sample from the probability density ftðxÞ,
where x2x, x is an unbounded support set, and the traditional ker-

nel density estimation reads:

^f t xð Þ ¼ 1

nh

X

n

i¼1

K
x� Xi

h

� �

; ð1Þ

where K(.) is the kernel function, and h is the bandwidth

h ¼ 1:06sn�1=2. The study applies the Gaussian kernel

KðuÞ ¼ 1
ffiffiffiffiffi

2p
p exp � 1

2u
2

� �

.

The second step entails estimating the transition probability

’tðyjxÞ:represents time t and time t, respectively+ t. The PM2.5 con-

centration in China's prefecture-level cities has a cross-sectional dis-

tribution density.

Let ftðxÞ and ftþtðyÞ represent the cross-sectional distribution den-

sity of PM2.5 concentration in China’s prefecture-level cities at t and t

þt respectively, where t> 0. Assuming that the evolution of the dis-

tribution is a time-invariant first-order distribution, future income

distribution can be estimated ftþtðyÞ as follows:

ftþt yð Þ ¼
Z

1

0

’tðyjxÞft xð Þdx; ð2Þ

where ’tðyjxÞ determines the transition probability of the PM2.5 con-

centration evolution process.

The transition probability ’tðyjxÞ is estimated as follows

(Hyndman, Bashtannyk & Grunwald, 1996):

’̂tðyjxÞ ¼ ^f t;tþt x; yð Þ
^ft xð Þ;

ð3Þ

where ^ft ðxÞ is estimated by equation(1) and,

^f t;tþt x; yð Þ ¼ 1

nhxhy

X

n

i¼1

K
x� xi
hx

;
y� yi
hy

� �

ð4Þ

where the two-dimensional kernel function adopts the product ker-

nel: K x�xi
hx

; y�yi
hy

� �

¼ K x�xi
hx

� �

� K y�yi
hy

� �

.

The third step in Quah’s analysis framework involves estimating

the ergodic distribution of continuous state. The ergodic distribution,

under the assumption that the transition probability does not change

over time, can be used to examine the long-term trend of PM2.5 con-

centrations in China’s prefecture-level cities.

The expression of ergodic distribution of continuous state is to

make t!1 at both ends of equation (2):

f1 yð Þ ¼
Z

1

0

’tðyjxÞf1 xð Þdx ð5Þ

Lin et al. (2021) used Guo’s (2007) iterative algorithm to calculate

f1 ðyÞ. The same algorithm is used in this study.

ftþsðyÞ must be subject to short-term external shocks; in the long

run, however, the ergodic distribution f1 ðyÞ is independent of the

initial PM2.5 distribution, and can be regarded as the expansion effect

of transition probability (for details, see Lin et al., 2021).

Vertical environmental protection pressure indicator

Since VEPP is a fuzzy concept, it is difficult to quantify. However,

the author's wishes are often expressed in the text. Meanwhile, the

conceptual model and language expression characteristics of the text

reflect the author's effective information (Ghose, Ipeirotis, & Li,2012;

Kou & Han, 2021). Therefore, Kou and Han (2021) argued that VEPP

from the central government can be measured by the relevant docu-

ments issued by the central government, and they refer to the con-

cepts of Chen and Chen (2018) to construct the VEPP index of

provincial local governments. The research object of Kou and

Han (2021) is the provincial government, while the research object in

this study is the municipal local government. The first problem in

this study is measuring the VEPP index at the municipal level.

China's central government does not directly manage local gov-

ernments at the city level, but indirectly manages them through pro-

vincial governments. Provincial governments link local governments

with the central government and directly supervise and coordinate

the implementation of local governments’ air pollution plans on

behalf of the central government. Simultaneously, China's govern-

mental work report provides a summary of administrative actions
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and details regarding implementation of governmental decisions and

resolutions. It is a programmatic document guiding the government’s

work (Chen & Chen, 2018). The annual work report of China's provin-

cial governments not only summarizes the achievements of the pro-

vincial government in a particular year, but also proposes the work

plan for the next year. Thus, the higher the frequency of environ-

ment-related words in the provincial government’s annual work

report, the greater the pressure on environmental protection for

municipal governments in the province. As the provincial govern-

ment is the local authority that represents the central government,

the total number of words related to the environment in the annual

work report of the provincial government can be used as a proxy var-

iable for the pressure faced by the local municipal government

regarding environmental protection.

(1) Environmental terms include (Chen & Chen, 2018): environmen-

tal protection, pollution, energy consumption, emission reduction,

sewage, ecology, green, low carbon, air, chemical oxygen demand,

sulfur dioxide, carbon dioxide, PM10, and PM2.5.

Figures 1 (a) and (b) show that, from 2008 to 2019, the proportion

of words related to the environment in the annual work reports of 31

provincial governments has increased yearly, and local governments

at the municipal level have been under increasing pressure to ensure

environmental protection. Prior to 2014, several of China’s local

municipal governments did not disclose PM2.5 data, and reporting of

comprehensive data began in 2015. Therefore, the study period for

this research is 2015−2019. This study takes the average value of the

proportion of environment related words in provincial governments’

annual work reports from 2015 to 2019 as a proxy for the VEPP of

municipal local governments since the implementation of APPCAP,

which is abbreviated as GWRj(j=1,2,. . .,31).

(1) In the previous step, the environmental protection pressure indi-

cators of China’s municipal local governments were constructed

using words related to the environment in the work report of pro-

vincial governments. However, each city within a province experi-

ences the same pressure of environmental protection, which is

obviously unreasonable. Chen and Chen (2018) believe that the

impact of provincial governments’ governance on their internal

prefecture-level cities varies with the proportion of heavy indus-

tries in each city. For cities with a higher proportion of heavy

industries, the impact will be higher. Apparently, for cities with a

higher proportion of heavy industries, the impact of environmen-

tal governance will be much better, and the pressure of environ-

mental protection from provincial governments will be higher.

This study draws on the Chen and Chen (2018)’s concept of “varia-

tion” and shows that the municipal governments within a prov-

ince experience different levels of pressure depending on the

"proportion of municipal heavy industry"(HIPiÞ. The proportion of

heavy industry in the i-th prefecture-level city is multiplied by the

frequency or proportion of environment-related words in the

annual work report of the provincial government of the city. Thus,

the environmental protection pressure index of the prefecture-

level municipal government is obtained: HIPi � GWRj;where the i-

th city is managed by the j-th provincial government.

(2) However, even two cities with a high proportion of heavy indus-

try may have dissimilar levels of pollution. For example, Shi-

zuishan City, a prefecture-level city in the Ningxia Hui

Autonomous Region, and Shijiazhuang City in Hebei Province are

major industrial cities with a high proportion of heavy industries.

However, the former had average annual PM2.5 concentration of

36mg=m3 in 2019, while the latter has experienced heavy air pol-

lution in recent years, and the pressure of environmental protec-

tion is much higher in Shijiazhuang City than in Shizuishan.

Clearly, the "proportion of municipal heavy industry" as a varia-

tion variable is reasonable, but it still needs to be modified appro-

priately. Due to varying air pollution conditions, municipal local

governments must face different levels of environmental protec-

tion pressure. Therefore, the "past" air pollution conditions of

local governments can be considered a new variable of variation.

Thus, we obtain the vertical environmental protection pressure

index of the i-th city during the period 2015−2019:

VEPP2019
i ¼ HIPi � GWRj � AQIi=AQI , where the i-th city is man-

aged by the j-th provincial government. AQIi is the city’s air quality

index level in 2015, AQI is the sample mean of AQIi.

Figure 1. Kernel density of the proportion of environment-related words in government work reports

Note: (a) Annual kernel density curve of the proportion of environment-related words among all words in the work reports of 31 provinces, autonomous regions, and munici-

palities in China directly under the central government (excluding Hong Kong, Macao, and Taiwan); (b) Kernel density curve of the proportion of environment-related words in the

work reports of 31 provinces, autonomous regions, and municipalities directly under the central government between 2008−2012 and 2013−2019.
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Calculation of counterfactual value of urban PM2.5

The influencing factor in this study is the VEPP of local govern-

ments (VEPP2019
i ). Similar to Giorgio and Francesco (2019), the coun-

terfactual level of the annual average PM2.5 concentration at the end

of 2019 for the i-th city is:

PM2:5cf _2019
i ¼ exp ln PM2:5act_2015

i

� �

þ ĝ
cf

i

� �

; ð6Þ

where PM2:5act_2015
i is the actual annual average PM2.5 concentration

of the i-th city in 2015, ĝicf is the counterfactual PM2.5 concentration

growth rate in the i-th city. The calculation is as follows:

ĝicf ¼ gfit_2019i � a1 VEPP2019
i � VEPP

� �

; ð7Þ

where gfit_2019i is the fitting value of the PM2.5 concentration growth

rate. According to the predicted value of equation (8), a1 is the

estimated coefficient VEPP2019
i and VEPP is the sample average of

VEPP2019
i .

According to Fiaschi et al.’s (2009) approach, the regression model

should consider the variables of interest, implying that the model

should adequately explain the growth rate of PM2.5 in this study.

According to Chen and Chen (2018), the regression model developed

for urban PM2.5 concentrations in 2015−2019 adds to the govern-

ment’s environmental governance and meteorological element

(2018). The following is the established regression model:

gi ¼ a0 þ a1VEPP
2019
i þ a2Provincei þ a3Dcityi þ a4climate2019i

þ ei; ð8Þ

where gi is the actual growth rate of PM2.5 concentration in the i-th

city from 2015 to 2019. VEPP2019
i represents the VEPP indicator of the

i-th city from 2015 to 2019. Provincei is the dummy variable of the

Figure 2. Actual and counterfactual distribution of annual average PM2.5 concentration in Chinese cities

Note:(a) Actual and counterfactual distribution of annual average PM2.5 in Chinese cities in 2019; (b) Three-dimensional figure of the transfer probability of annual average

PM2.5 and its counterfactual value in Chinese cities in 2019; (c) Two-dimensional contour line of the numerical transfer probability of annual average PM2.5 and its counterfactual

in Chinese cities in 2019; (d) Actual and counterfactual ergodic distribution of annual average PM2.5 in Chinese cities from 2015 to 2019. The calculation of the counterfactual ergo-

dic distribution in Figure 2 (d) is similar to the actual ergodic distribution, except that the average annual level of PM2.5 in Chinese cities in 2019 is the counterfactual value. The esti-

mate of the counterfactual ergodic distribution of average winter PM2.5 concentrations in Chinese cities in 2018 is also comparable.

5
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province to which the i-th city belongs. Dcityi is the difference

between the characteristics of the i-th city at the beginning (2015)

and the end (2019), and the characteristics includes per capita GDP,

GDP, proportion of secondary industry, loans from financial institu-

tions per capita, proportion of FDI in GDP, per capita financial and sci-

entific and technological expenditure, per capita road construction

area, number of Internet users, population per unit area, and propor-

tion of heavy industry in industry (Chen & Chen, 2018). climate
2019
i is

the average annual wind speed for the i-th city in 2019.

Specifically, the process of calculating the counterfactual value of

the average winter PM2.5 concentration in Chinese cities is like the

calculation process of the average annual PM2.5 concentration in Chi-

nese cities.

Data source and pretreatment

The urban PM2.5 concentration and China's regional division in

this study adopted Lin et al.’s (2021) relevant definitions. The proce-

dures for deriving the urban AQI index value and PM2.5

concentration, are the same. The acquisition and processing instruc-

tions for the other main variables are as follows:

(1) City characteristics: the data for city characteristics for this study

were obtained from the China Urban Statistical Yearbook (2016,

2019). The 2016 Yearbook provided data for 2015, and data in the

2019 Yearbook pertain to 2018. Since the China Urban Statistical

Yearbook in 2020 had not been published at the time of this study,

we retrieved the urban characteristics data from the China Urban

Statistical Yearbook in 2019.

(2) The proportion of heavy industry clusters in the i-th prefecture-

level city (HIPi): when constructing the VEPP value of the i-th city

in 2015−2019, the average proportion of heavy industry clusters

is required. The data source for the proportion of heavy industry

clusters in urban areas is the Economic Profile Systems (EPS) data-

base. However, up to the research of this study, most cities catego-

rized as urban heavy industrial cities in the EPS database appeared

only until 2016. Therefore, in this study, the average proportion of

Figure 3. Counterfactual analysis of average PM2.5 concentration distribution in Chinese cities during winter

Note: (a) Actual and counterfactual distribution of average winter PM2.5 in Chinese cities in 2018; (b) Three-dimensional figure of the value transfer probability of average win-

ter PM2.5 and its counterfactual of Chinese cities in 2018; (c) Two-dimensional contour of the numerical transfer probability of average PM2.5 and its counterfactual of Chinese cit-

ies during winter in 2018; (d) Actual and counterfactual ergodic distribution of winter average PM2.5 in Chinese cities from 2015 to 2018.
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urban heavy industry from 2003 to 2016 was selected as the esti-

mated proportion of urban heavy industry. In the calculation pro-

cess, the missing data were automatically ignored.

(3) The provincial government work report: annual government

work reports were collected from 31 Chinese provinces (exclud-

ing Hong Kong, Macao, and Taiwan) from 2003 to 2019 from the

respective provincial official websites. Text was segmented in the

government's work reports, the frequency of the environmentally

relevant words was counted, and the proportion of these words

to total word frequency in the government reports was calculated.

We took the annual average of the proportion of environment-

related words from 2015 to 2019 as the foundation for the devel-

opment of proxy variables representing the VEPP of local govern-

ments since 2015.

(4)Meteorological data: meteorological data were captured by the

“Worldmet” R package, as developed by Carslaw (2017). The steps

involved are as follows: the longitude and latitude of 298 prefec-

ture-level cities were obtained by using Baidu Geocoding API;

from the "Worldmet” R package language, hourly weather data of

the nearest meteorological station to the city were obtained (Hai-

kou City is missing, so it has been excluded); the hourly wind

speed of 297 cities in 2019 is averaged to obtain the 2019 average

annual wind speed of the i-th city; the hourly wind speed of 297

cities from November 1, 2008 to February 29, 2019 is averaged to

obtain the 2018 winter average wind speed of the i-th city.

Empirical results

Counterfactual distribution analysis of annual average PM2.5

concentration in Chinese cities

Figure 2(a) shows the actual distribution and counterfactual dis-

tribution of annual average PM2.5 concentration in China’s prefec-

ture-level cities in 2019. According to Fiaschi et al.’s (2009)

framework, the counterfactual value of the annual average PM2.5

concentration of the i-th city is obtained when the city’s VEPP reaches

the national urban average level. In other words, the counterfactual

distribution curve of the annual average PM2.5 concentration in 2019

is obtained under the assumption that all cities will bear the same

environmental protection pressure during 2015−2019. However, the

actual situation shows that during 2015−2019, the environmental

protection pressure borne by each city is different, which leads to the

difference between the actual distribution curve and the counterfac-

tual distribution curve in Figure 2(a). Compared with the counterfac-

tual distribution curve, the actual distribution curve is more

concentrated, the curve kurtosis is steeper, and the left and right

sides of the curve "shrink" inward. Overall, this shows that VEPP can

significantly encourage cities with high PM2.5 concentration to

improve their air quality; by contrast, the air quality of cities with

low PM2.5 concentration, degrades somewhat under the correspond-

ing environmental protection pressure.

Next, we analyzed the conclusion drawn from Figure 2(a) in com-

bination with the transition probability graph between the actual

and the counterfactual distributions in Figures 2(b) and (c). In Figure 2

(b), the main part of the transfer probability contour line obviously

presents a "clockwise" shape. In the high-end part of the horizontal

axis, the main part of the contour line is located below the 45 degree

diagonal, indicating that if cities with high annual PM2.5 concentra-

tion bear the same environmental protection pressure between 2015

and 2019, the annual PM2.5 concentration of these cities in 2019 will

be between 70mg=m3and 100mg=m3; in practice, however, cities

with high annual PM2.5 concentration had different environmental

protection pressures for the period from 2015 to 2019. The actual

annual PM2.5 concentration of these cities in 2019 varied between 50

mg=m3 and 70mg=m3, which further details that VEPP significantly

instigates cities with high PM2.5 concentration to improve the air

quality. At the lower end of the horizontal axis in Figure 2(b), the

main part of the contour line is located above the 45-degree diagonal,

indicating that the air quality of cities with low PM2.5 concentration

is slightly degraded under the corresponding environmental protec-

tion pressure.

In summary, it can be concluded that VEPP can promote the con-

vergence of urban average annual PM2.5 concentration. Compared

with cities with low average annual PM2.5 concentration, VEPP has a

greater impact on cities with a high average annual PM2.5 concentra-

tion.

Ergodic distribution is the distribution of PM2.5 concentration in

Chinese cities when time tends toward infinity under the assumption

that the transition probability is constant. Ergodic distribution can

reflect the long-term distribution of urban PM2.5 concentration and

is the expansion effect of transfer probability. Through a comparative

analysis of the actual ergodic distribution and the counterfactual

ergodic distribution of the urban annual average PM2.5 concentra-

tion, the long-term impact of VEPP on the urban annual average

PM2.5 concentration can be obtained.

Figure 2(d) shows that compared with the counterfactual

ergodic distribution curve, the actual ergodic distribution shows

an obvious shift toward the left, and is more concentrated. This

implies that if China's cities experience the same average level of

environmental protection pressure from 2015 to 2019, according

to the counterfactual traversal distribution curve, the average

annual PM2.5 concentration of most cities in the future will focus

on the serious pollution level of 100mg=m3. In fact, China's cities

are under different pressures from environmental protection.

According to the actual ergodic distribution curve, the average

annual PM2.5 of most cities in the future will be between

40mg=m3and 60mg=m3. This shows that VEPP can have a long-term

impact on the urban average annual PM2.5 concentration distribu-

tion, and promote the distribution of urban PM2.5 concentration in

the "good" direction.

Counterfactual distribution analysis of average PM2.5 concentration in

Chinese cities during winter

Figure 3(a) shows the actual and counterfactual distribution

curves of average PM2.5 in winter 2018 in China’s prefecture-level

Figure 4. Eastern, Central, and Western China

Note:This study does not include Hong Kong, Macao, and Taiwan

Source: Lin et al. (2021)
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cities. Like Figure 2(a), compared with the real curve of inverse distri-

bution, the actual distribution curve is more concentrated, the curve

kurtosis is steeper, and the left and right sides of the curve "shrink"

inward. Combined with Figures 3(b) and (c), similar to the annual sit-

uation, VEPP can overall significantly encourage cities with high

PM2.5 concentration to improve the air quality; however, the air

quality of cities with low PM2.5 concentration degrades slightly

under corresponding environmental protection pressure. Therefore,

VEPP can also promote the convergence of urban average PM2.5 con-

centration in winter.

Figure 3(d) shows that in similar annual situations, compared

with the counterfactual ergodic distribution curve, the actual ergodic

distribution shows an obvious shift toward the left, and is more con-

centrated. This shows that VEPP can also have a long-term impact on

the urban average PM2.5 concentration distribution in winter, and

promote the urban PM2.5 concentration distribution in the "good"

direction. However, it must be recognized that China's PM2.5 pollu-

tion in winter is still at a relatively serious level, from both the coun-

terfactual and actual distribution curves. To some extent, this shows

that continuous VEPP will not completely solve the problem of air

pollution in winter.

Counterfactual distribution analysis of PM2.5 in sub-regional cities

As illustrated in Figure 4, China was classified into three economic

zones during the Seventh Five Year Plan period based on geographi-

cal location, economic construction conditions, and regional varian-

ces at the real economic and technological level (Lin et al., 2021).

Figure 5 depicts the counterfactual and actual distribution curves

of the annual average PM2.5 concentrations in cities in Eastern, Cen-

tral, and Western China. It should be noted that the counterfactual

values of i-th city in Figure 5 are the same as those in Figure 2. Simi-

larly, the counterfactual values of i-th city in Figure 6 are like those in

Figure 3. Figure 5 shows that only the counterfactual curve in the

East, notably on the right, extends to both sides when compared to

the actual distribution curve. This demonstrates that the VEPP of the

local government in the eastern region can promote the convergence

of average annual PM2.5 concentrations in eastern cities in a "good"

direction. The VEPP of local governments in the central and western

regions diverges from the average PM2.5 concentrations.

Figure 6 depicts the winter average counterfactual distribution

curve for cities in eastern, central, and western China, and this is simi-

lar to the actual distribution curve. Only the counterfactual curve in

Figure 5. Counterfactual and actual distribution curve of urban annual average PM2.5 concentration in Eastern, Central, and Western China

Note: Counterfactual and actual distribution curve of urban annual average PM2.5 concentration in 2019 in (a) Eastern China; (b) Central China; (c) Western China.
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the East extends toward both sides when compared to the actual dis-

tribution curve in winter. This demonstrates that compared to the cen-

tral and western regions, the VEPP of the local government in the

eastern region can promote the convergence of average PM2.5 concen-

trations in China’s eastern cities in the "good" direction during winter.

The VEPP of local governments in the central and western regions

forced the annual average PM2.5 concentrations in winter to diverge.

Discussion

China's air pollution control reached a tipping point in 2013.

According to the existing research, PM2.5 concentration levels in Chi-

nese cities have shown a convergence trend since 2013, both annu-

ally and in winter. However, the average winter PM2.5 concentration

in Chinese cities converges to the level of serious pollution. Therefore,

it is necessary to explore the factors affecting the convergence of

urban PM2.5 concentration.

China's environmental governance mechanism is a vertical gover-

nance structure. The relevant central management institutions for-

mulate laws and regulations on environmental protection, while

local governments are responsible for implementing specific environ-

mental protection measures. Given that local governments exercise

environmental management power, the behavior of local govern-

ment leaders is crucial to environmental governance. However, local

government leaders tend to focus on local economic development for

personal promotion, thus ignoring environmental protection. Schol-

ars believe that for an authoritative government, VEPP from the cen-

tral government is an important factor to motivate local

governments to actively improve air quality (Jia & Chen, 2019).

Therefore, this study investigates the impact of VEPP on the conver-

gence of air pollutants, to provide an effective research direction for

China's national governance strategy to address air pollution. Specifi-

cally, we developed the VEPP of local government indicators based

on the frequency of occurrence of environmental phrases in the pro-

vincial work report. Subsequently, we examined the impact of local

governments’ VEPP on the distribution dynamics of PM2.5 concentra-

tion in Chinese cities using the counterfactual analysis framework, as

first proposed by Fiaschi et al. (2009).

The study findings are as follows. (1) The VEPP of local govern-

ments can support the convergence of the annual average and winter

average PM2.5 concentration in Chinese cities in a "favorable" direc-

tion, and the same result can be achieved using a long-term ergodic

distribution analysis. (2)The main part of the counterfactual distribu-

tion and the real curve both exceed 100mg=m3 in winter, indicating

that the increase in VEPP cannot completely solve the problem of air

pollution in Chinese cities during winter. (3) Compared to the central

and western regions, only the VEPP of local governments in the east-

ern region promote the convergence of the average annual and

Figure 6. Counterfactual and actual distribution curve of urban average PM2.5 concentration in winter in Eastern, Central, and Western China

Note:(a) Counterfactual and actual distribution curve of urban average PM2.5 concentration in 2018 winter in (a) Eastern China; (b) Central China; (c) Western China.

9

W. Lin, Y. Xiao, H. Yu et al. Journal of Innovation & Knowledge 7 (2022) 100186



winter PM2.5 concentrations in China’s eastern cities in a "good"

direction.

The study results show that an authoritative government can

motivate local governments to combat air pollution and converge to

a “favorable” level by increasing the pressure of environmental pro-

tection, implying that the central government’s VEPP can encourage

the implementation of China's urban air pollution classified treat-

ment strategy. That is, the VEPP of local governments makes cities

with high PM2.5 concentration reduce haze pollution more rapidly

than cities with low levels of PM2.5 concentrations. Based on the air

pollution situation, the central government can exert different types

of pressure on local governments, denoting that China's vertical air

pollution allocation strategy is effective.

However, improvement in VEPP cannot completely solve the

problem of winter air pollution in Chinese cities. Notably, due to

weather factors that are not conducive for the diffusion of air pol-

lutants and factors such as coal burning for heating in the north

during winter, Chinese cities have been combating more serious

air pollution during winter than in other seasons (Xu, Lin, & Taqi,

2020). Local governments must implement more effective meas-

ures to promote improved air quality during winter. However,

local governments are not only under pressure of environmental

protection from the central government but also face the pressure

of local economic development (Kou & Han, 2021). Stringent air

pollution control measures may hamper the development of the

local economy, which is also the main guide for the promotion of

local government officials. The empirical analysis conducted in

this study shows that notwithstanding serious air pollution in

Chinese cities during winter, merely increasing the pressure of

central environmental protection may not be a good solution. We

must find the path of coordinated economic development and

pollution control, that ensures high-quality and sustainable eco-

nomic development.

Finally, the VEPP of local governments in the central and western

regions forced the average PM2.5 concentrations in winter to diverge,

implying that the VEPP of local governments makes cities with high

PM2.5 concentration reduce haze pollution much slower than cities

with low levels of PM2.5 concentration. The central government

must reinforce pressure for environmental protection in heavily pol-

luted cities in the central and western regions, implement stringent

environmental laws and regulations, and strengthen accountability

to promote the convergence of urban air pollution levels in the cen-

tral and western regions.

Notwithstanding serious air pollution, relying only on the central

government’s pressure of environmental protection will not urge

local governments enough to improve air quality. New factors that

can improve the convergence level of urban air pollution must be

explored. Seeking new factors such as public participation to make

China's urban air pollution converge to a better level is our suggested

future research direction.

Acknowledgments

The author would like to thank the reviewers for their construc-

tive comments. Funding agencies did not participate in research

design, data collection, analysis and interpretation, nor did they par-

ticipate in the writing of papers.

References

Apergis, N., & Payne, J. E. (2017). Per capita carbon dioxide emissions across US states

by sector and fossil fuel source: evidence from club convergence tests. Energy Eco-
nomics, 63, 365–372. doi:10.1016/j.eneco.2016.11.027 https://doi.org/.

Apergis, N., Payne, J. E., & Topcu, M. (2017). Some empirics on the convergence of car-
bon dioxide emissions intensity across US states. Energy Sources, Part B: Economics,

Planning, and Policy, 12(9), 831–837. doi:10.1080/15567249.2017.1310956 doi.

org/.

Bustos-Contell, E., Labatut-Serer, G., Ribeiro-Navarrete, S., & Climent-Serrano, S. (2019).

Beyond subsidies: a study of sustainable public subordinated debt in Spain. Sus-
tainability, 11(4), 1049. doi:10.3390/su11041049 https://doi.org/.

Cai, H., Chen, Y., & Gong, Q. (2016). Polluting thy neighbor: Unintended consequences
of Chin’s pollution reduction mandates. Journal of Environmental Economics and

Management, 76, 86–104. doi:10.1016/j.jeem.2015.01.002 https://doi.org/.

Caldeira, E. (2012). Yardstick competition in a federation: Theory and evidence from
China. China Economic Review, 23(4), 878–897. doi:10.1016/j.chieco.2012.04.011

https://doi.org/.
Camarero, M., Picazo-Tadeo, A. J., & Tamarit, C. (2013). Are the determinants of CO2

emissions converging among OECD countries? Economics Letters, 118(1), 159–162.

doi:10.1016/j.econlet.2012.10.009.
Carslaw, D. C. (2017). Worldmet: Import Surface Meteorological Data from NOAA Inte-

grated Surface Database (ISD). R package version 0.9.5. https://CRAN.R-project.org/
package=worldmet.

Chen, S. Y., & Chen, D. K. (2018). Air pollution, government regulations and high-qual-
ity economic development. Economic Research Journal (Chinese), 2, 20–34.

Dabbous, A., & Tarhini, A. (2021). Does sharing economy promote sustainable economic

development and energy efficiency? Evidence from OECD countries. Journal of
Innovation & Knowledge, 6(1), 58–68. doi:10.1016/j.jik.2020.11.001 https://.

Fan, X., & Xu, Y. (2020). Convergence on the haze pollution: City-level evidence from
China. Atmospheric Pollution Research, 11(6), 141–152. doi:10.1016/j.

apr.2020.03.004 https://doi.org/.

Fiaschi, D., Lavezzi, A. M., & Parenti, A. (2009). Counterfactual Distribution Dynamics
Across European regions. Discussion Paper, No. 85. Dipartimento di Scienze Econom-

iche, University of Pisa.
Fraser, E. D., Dougill, A. J., Mabee, W. E., Reed, M., & McAlpine, P. (2006). Bottom up and

top down: Analysis of participatory processes for sustainability indicator identifi-
cation as a pathway to community empowerment and sustainable environmental

management. Journal of Environmental Management, 78(2), 114–127. doi:10.1016/

j.jenvman.2005.04.009 https://doi.org/.
Giorgio, C., & Francesco, P. (2019). Income distribution dynamics among Italian provin-

ces. The role of bank foundations. Applied Economics, 51(29), 3198–3211.
doi:10.1080/00036846.2019.1572866 https://doi.org/.

Ghose, A., Ipeirotis, P. G., & &Li, B. (2012). Designing ranking systems for hotels on

travel search engines by mining user-generated and crowdsourced content. Mar-
keting Science, 31(3), 493–520.

Guo, S. G. (2007). Some methods of solving integral equations. Journal of Sichuan Uni-
versity of Science & Engineering (in Chinese), 20(5), 53–56.

Hong, T., Yu, N., & Mao, Z. (2019). Does environment centralization prevent local gov-
ernments from racing to the bottom? Evidence from China. Journal of Cleaner Pro-

duction, 231, 649–659. doi:10.1016/j.jclepro.2019.05.181 https://doi.org/.

Hyndman, R. J., Bashtannyk, D. M., & Grunwald, G. K. (1996). Estimating and visualizing
conditional densities. Journal of Computational & Graphical Statistics, 5(4), 315–336.

doi:10.1080/10618600.1996.10474715.
Jia, K., & Chen, S. (2019). Could campaign-style enforcement improve environmental

performance? Evidence from China's central environmental protection inspection.

Journal of Environmental Management, 245(SEP.1), 282–290. doi:10.1016/j.jenv-
man.2019.05.114 https://doi.org/.

Kou, P., & Han, Y. (2021). Vertical environmental protection pressure, fiscal pressure,
and local environmental regulations: Evidence from China’s industrial sulfur diox-

ide treatment. Environmental Science and Pollution Research, 28, 1–16. doi:10.1007/

s11356-021-14947-7 https://doi.org/.
Lassala, C., Orero-Blat, M., & Ribeiro-Navarrete, S. (2021). The financial performance of

listed companies in pursuit of the Sustainable Development Goals (SDG). Economic
Research-Ekonomska Istra�zivanja, 34(1), 427–449. doi:10.1080/

1331677X.2021.1877167 https://doi.org/.
Li, H., & Zhou, L. A. (2003). Political turnover and economic performance: The incentive

role of personnel control in China. Journal of Public Economics, 89(9−10), 1743–

1762. doi:10.1016/j.jpubeco.2004.06.009 https://doi.org/.
Lin, W., He, Q., & Yu, H. (2021). The convergence of PM2.5 concentration in Chinese cit-

ies: A distribution dynamic approach. Economic Research-Ekonomska Istra�zivanja,
1–19.

List, J. A. (1999). Have air pollutant emissions converged among US regions? Evidence

from unit root tests. Southern Economic Journal, 66(01), 144–155. doi:10.2307/
1060840 doi.org/.

Liu, J., Han, Y. Q., Xiao, T., Zhu, J., & Zhu, T. (2016). Estimating adult mortality attribut-
able to PM2.5 exposure in China with assimilated PM2.5 concentrations based on a

ground monitoring network. Science of The Total Environment, 568, 1253–1262.
doi:10.1016/j.scitotenv.2016.05.165 https://doi.org/.

Liu, C., Hong, T., Li, H., &Wang, L. (2018). From club convergence of per capita industrial

pollutant emissions to industrial transfer effects: An empirical study across 285 cit-
ies in China. Energy Policy, 121, 300–313. doi:10.1016/j.enpol.2018.06.039 https://

doi.org/.
Liu, C., & Kong, D. (2021). Does political incentive shape governments' disclosure of air

pollution information? China Economic Review, 69, 101659.

Ministry of Ecology and Environment (MEE). (2013). Bulletin on China's ecological
environment (in Chinese). http://www.mee.gov.cn/hjzl/zghjzkgb/lnzghjzkgb/.

Nourry, M. (2009). Re-examining the empirical evidence for stochastic convergence of
two air pollutants with a pair-wise approach. Environmental and Resource Econom-

ics, 44(4), 555–570. doi:10.1007/s10640-009-9301-9 https://doi.org/.
Payne, J. E. (2020). The convergence of carbon dioxide emissions: A survey of the

empirical literature. Journal of Economic Studies(7), 47. doi:10.1108/JES-12-2019-

0548/full/html doi/.
Quah, D. T. (1993). Galton's Fallacy and tests of the convergence hypothesis. Scandina-

vian Journal of Economics, 95(4), 427–443. doi:10.2307/3440905 https://doi.org/.

10

W. Lin, Y. Xiao, H. Yu et al. Journal of Innovation & Knowledge 7 (2022) 100186

http://dx.doi.org/10.1016/j.eneco.2016.11.027
http://dx.doi.org/10.1080/15567249.2017.1310956
http://dx.doi.org/10.1080/15567249.2017.1310956
http://dx.doi.org/10.3390/su11041049
http://dx.doi.org/10.1016/j.jeem.2015.01.002
http://dx.doi.org/10.1016/j.chieco.2012.04.011
http://dx.doi.org/10.1016/j.chieco.2012.04.011
http://dx.doi.org/10.1016/j.econlet.2012.10.009
https://CRAN.R-project.org/package=worldmet
https://CRAN.R-project.org/package=worldmet
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0008
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0008
http://dx.doi.org/10.1016/j.jik.2020.11.001
http://dx.doi.org/10.1016/j.apr.2020.03.004
http://dx.doi.org/10.1016/j.apr.2020.03.004
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0011
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0011
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0011
http://dx.doi.org/10.1016/j.jenvman.2005.04.009
http://dx.doi.org/10.1016/j.jenvman.2005.04.009
http://dx.doi.org/10.1080/00036846.2019.1572866
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0014
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0014
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0014
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0015
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0015
http://dx.doi.org/10.1016/j.jclepro.2019.05.181
http://dx.doi.org/10.1080/10618600.1996.10474715
http://dx.doi.org/10.1016/j.jenvman.2019.05.114
http://dx.doi.org/10.1016/j.jenvman.2019.05.114
http://dx.doi.org/10.1007/s11356-021-14947-7
http://dx.doi.org/10.1007/s11356-021-14947-7
http://dx.doi.org/10.1080/1331677X.2021.1877167
http://dx.doi.org/10.1080/1331677X.2021.1877167
http://dx.doi.org/10.1016/j.jpubeco.2004.06.009
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0022
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0022
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0022
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0022
http://dx.doi.org/10.2307/1060840
http://dx.doi.org/10.2307/1060840
http://dx.doi.org/10.1016/j.scitotenv.2016.05.165
http://dx.doi.org/10.1016/j.enpol.2018.06.039
http://dx.doi.org/10.1016/j.enpol.2018.06.039
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0026
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0026
http://www.mee.gov.cn/hjzl/zghjzkgb/lnzghjzkgb/
http://dx.doi.org/10.1007/s10640-009-9301-9
http://dx.doi.org/10.1108/JES-12-2019-0548/full/html
http://dx.doi.org/10.1108/JES-12-2019-0548/full/html
http://dx.doi.org/10.2307/3440905


Quah, D. T. (1996a). Convergence empirics across economies with (some) capital

mobility. Journal of Economic Growth, 1(1), 95–124. doi:10.1007/BF00163344
https://doi.org/.

Quah, D. T. (1996b). Empirics for economic growth and convergence. European Eco-
nomic Review, 40(6), 1353–1375. doi:10.1016/0014-2921(95)00051-8 doi.org/.

Quah, D. T. (1996c). Twin peaks: Growth and convergence in models of distribution

dynamic. The Economic Journal, 106(437), 1045–1055. doi:10.2307/2235377 doi.
org/.

Quah, D. T. (1997). Empirics for growth and distribution: Stratification, polarization,
and convergence clubs. Journal of Economic Growth, 2(1), 27–59. doi:10.1023/

A:1009781613339 https://doi.org/.

Qian, Z., Yuan, L., Wang, S., Zhang, Q., & Gong, B. (2021). Epidemics, convergence, and
common prosperity: Evidence from China. China & World Economy, 29(6), 117–

138. doi:10.1111/cwe.12397 https://doi.org/.
Reed, M. S., Vella, S., Challies, E., De Vente, J., Frewer, L., Hohenwallner-Ries, D., . . .

van Delden, H. (2018). A theory of participation: What makes stakeholder and pub-
lic engagement in environmental management work? Restoration Ecology, 26, S7–

S17. doi:10.1111/rec.12541 https://doi.org/.

Rios, V., & Gianmoena, L. (2018). Convergence in CO2 emissions: A spatial economic
analysis with cross-country interactions. Energy Economics, 75, 222–238.

doi:10.1016/j.eneco.2018.08.009 https://doi.org/.
Solarin, S. A., Yilanci, V., & Gorus, M. S. (2021). Convergence of aggregate and sectoral

nitrogen oxides in G7 countries for 1750−2019: Evidence from a new panel Four-

ier threshold unit root test. Journal of Cleaner Production, 324, 129298.
doi:10.1016/j.jclepro.2021.129298 https://doi.org/.

Solow, R. M. (1956). A contribution to the theory of economic growth. The Quarterly
Journal of Economics, 70(1), 65–94. doi:10.2307/1884513.

Saunila, M. (2020). Innovation capability in SMES: A systematic review of the literature.
Journal of Innovation & Knowledge, 5(4), 260–265. doi:10.1016/j.jik.2019.11.002

https://doi.org/.

Tiago, F., Gil, A., Stemberger, S., & Borges-Tiago, T. (2021). Digital sustainability commu-
nication in tourism. Journal of Innovation & Knowledge, 6(1), 27–34. doi:10.1016/j.

jik.2019.12.002 https://.
Van, P. N. (2005). Distribution dynamics of CO2 emissions. Environmental and Resource

Economics, 32(4), 495–508.

Wei, Y., Gu, J., Wang, H., Yao, T., & Wu, Z. (2018). Uncovering the culprits of air pollu-
tion: Evidence from China's economic sectors and regional heterogeneities. Journal

of Cleaner Production, 171, 1481–1493. doi:10.1016/j.jclepro.2017.09.246 https://
doi.org/.

Wu, J., Wu, Y., & Cheong, T. S. (2020). New evidence on the convergence and regional
clusters in China: A weighted continuous distribution dynamic approach. Applied

Economics, 53(8), 976–995. doi:10.1080/00036846.2020.1820443 doi.org/.

Xu, C. (2011). The fundamental institutions of China's reforms and development. Jour-

nal of Economic Literature, 49(4), 1076–1151. doi:10.1257/jel.49.4.1076 DOI:.
Xu, S., Sun, K., Yang, B., Zhao, L., Wang, B., Zhao, W., & Su, M. (2021). Can public partici-

pation in haze governance be guided by government? Evidence from large-scale
social media content data mining. Journal of Cleaner Production, 318, 128401.

doi:10.1016/j.jclepro.2021.128401 https://doi.org/.

Xu, B., Lin, W. R., & Taqi, S. A. (2020). The impact of wind and non-wind factors on
PM2.5 levels. Technological Forecasting and Social Change, 154, 119960.

doi:10.1016/j.techfore.2020.119960 https://doi.org/.
Yang, Z. K., & Yang, J. (2011). The relationship effect between income inequality and

environment quality: A literature review. Public Management (in Chinese), 2, 119–

123.
Yang, T., Liao, H., & Wei, Y. M. (2020). Local government competition on setting emis-

sion reduction goals. Science of The Total Environment, 745, 141002. doi:10.1016/j.
scitotenv.2020.141002 https://doi.org/.

Zhao, Y. K. (2008). Factors affecting economic convergence − Micro optimization and
external constraints. Research on Financial and Economic Issues (in Chinese), 12, 9–

16.

Zhao, Y., Liang, C., & Zhang, X. (2021). Positive or negative externalities? Exploring the
spatial spillover and industrial agglomeration threshold effects of environmental

regulation on haze pollution in China. Environment Development and Sustainability,
23(3), 1–22. doi:10.1007/s10668-020-01114-0 https://doi.org/.

Zeng, J., Liu, T., Feiock, R., & Li, F. (2019). The impacts of China's provincial energy poli-

cies on major air pollutants: A spatial econometric analysis. Energy Policy, 132,
392–403. doi:10.1016/j.enpol.2019.05.052 https://doi.org/.

Zhang, Q., Yu, Z., & Kong, D. (2019). The real effect of legal institutions: Environmental
courts and firm environmental protection expenditure. Journal of Environmental

Economics and Management, 98, 102254. doi:10.1016/j.jeem.2019.102254 https://
doi.org/.

Zhang, Y., Shuai, C., Bian, J., Chen, X., Wu, Y., & Shen, L. (2019). Socioeconomic factors of

PM2.5 concentrations in 152 Chinese cities: Decomposition analysis using LMDI.
Journal of Cleaner Production, 218, 96–107. doi:10.1016/j.jclepro.2019.01.322

https://doi.org/.
Zhang, Z., Jin, T., & Meng, X. (2020). From race-to-the-bottom to strategic imitation:

How does political competition impact the environmental enforcement of local

governments in China? Environmental Science and Pollution Research, 27(20),
25675–25688. doi:10.1007/s11356-020-09003-9 https://doi.org/.

Zhang, J., Wang, J., Yang, X., Ren, S., Ran, Q., & Hao, Y. (2021). Does local government
competition aggravate haze pollution? A new perspective of factor market distor-

tion. Socio-Economic Planning Sciences, 76, 100959. doi:10.1016/j.
seps.2020.100959 https://doi.org/.

11

W. Lin, Y. Xiao, H. Yu et al. Journal of Innovation & Knowledge 7 (2022) 100186

http://dx.doi.org/10.1007/BF00163344
http://dx.doi.org/10.1007/BF00163344
http://dx.doi.org/10.1016/0014-2921(95)00051-8
http://dx.doi.org/10.2307/2235377
http://dx.doi.org/10.2307/2235377
http://dx.doi.org/10.1023/A:1009781613339
http://dx.doi.org/10.1023/A:1009781613339
http://dx.doi.org/10.1111/cwe.12397
http://dx.doi.org/10.1111/rec.12541
http://dx.doi.org/10.1016/j.eneco.2018.08.009
http://dx.doi.org/10.1016/j.jclepro.2021.129298
http://dx.doi.org/10.2307/1884513
http://dx.doi.org/10.1016/j.jik.2019.11.002
http://dx.doi.org/10.1016/j.jik.2019.11.002
http://dx.doi.org/10.1016/j.jik.2019.12.002
http://dx.doi.org/10.1016/j.jik.2019.12.002
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0042
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0042
http://dx.doi.org/10.1016/j.jclepro.2017.09.246
http://dx.doi.org/10.1016/j.jclepro.2017.09.246
http://dx.doi.org/10.1080/00036846.2020.1820443
http://dx.doi.org/10.1257/jel.49.4.1076
http://dx.doi.org/10.1016/j.jclepro.2021.128401
http://dx.doi.org/10.1016/j.techfore.2020.119960
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0048
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0048
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0048
http://dx.doi.org/10.1016/j.scitotenv.2020.141002
http://dx.doi.org/10.1016/j.scitotenv.2020.141002
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0050
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0050
http://refhub.elsevier.com/S2444-569X(22)00026-9/sbref0050
http://dx.doi.org/10.1007/s10668-020-01114-0
http://dx.doi.org/10.1016/j.enpol.2019.05.052
http://dx.doi.org/10.1016/j.jeem.2019.102254
http://dx.doi.org/10.1016/j.jeem.2019.102254
http://dx.doi.org/10.1016/j.jclepro.2019.01.322
http://dx.doi.org/10.1016/j.jclepro.2019.01.322
http://dx.doi.org/10.1007/s11356-020-09003-9
http://dx.doi.org/10.1016/j.seps.2020.100959
http://dx.doi.org/10.1016/j.seps.2020.100959

	Does vertical environmental protection pressure promote convergence of urban air pollution?
	Introduction
	Literature review
	Local governments and air pollution
	Counterfactual distribution dynamic analysis framework

	Construction of the indicator and model
	Distribution dynamics method
	Vertical environmental protection pressure indicator
	Calculation of counterfactual value of urban PM2.5
	Data source and pretreatment

	Empirical results
	Counterfactual distribution analysis of annual average PM2.5 concentration in Chinese cities
	Counterfactual distribution analysis of average PM2.5 concentration in Chinese cities during winter
	Counterfactual distribution analysis of PM2.5 in sub-regional cities

	Discussion
	Acknowledgments
	References


