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The study examines the influence of the urban spatial structure on smog
pollution and its mechanism of action using the panel data of Chinese cities
from 2012 to 2017. Research suggests that the multi-center development of
Chinese cities has aggravated regional smog pollution. Robustness test results
support this finding. Results of the interaction term shed light on the fact that
multi-center spatial development in backward regions can exert a greater
influence on smog pollution. Meanwhile, suppose the research samples are
divided by different zones. In that case, it can be observed that an inverted-U
shape characterizes the multi-center development of regions of East China and
smog pollution. This indicates that worsening smog pollution appears only as a
periodical phenomenon of the pre-stage multi-center development of Chinese
cities, which can be ushered into a turning point through certain paths. Analysis
of the influence mechanism shows that the transport mode and the energy
consumption intensity constitute two major channels for multi-center
development of Chinese cities to affect regional smog pollution.

KEYWORDS

multi-center development, urban spatial structure, smog pollution, night light data,
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1 Introduction

Since 2013, smog pollution caused by a mixture of inhalable particles (Abbas et al.,
20205 Abbas et al., 2022), PM,, and fine particulate matter PM, s, has been rampant
throughout China, causing serious concern for the Chinese government (Yuan et al., 2018;
Liuetal, 2021). To protect the fundamental interests of the Chinese people and to ensure
sound and sustainable development of the Chinese economy, the Central Committee of
the Communist Party of China and the State Council have pinpointed the prevention and
control of environmental pollution as a key task of improving people’s livelihood and
promoting high-quality economic development. The “Air Pollution Prevention and
Control Action Plan” issued by the State Council states expressly that the inhalable
particle concentration of Chinese cities at the county level or above should be brought
down by 10% in 2017 compared with that in 2012. The Chinese government and party
have long been committed to promoting the treatment of smog pollution. But the ongoing
efforts seem to have not yet found a radical solution to this problem besetting Chinese
cities. Worse still, some Chinese regions have even experienced the aggravation of smog
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pollution. Therefore, tackling regional smog pollution has posed
a severe challenge for China.

As an unpleasant outcome of urbanization, smog pollution
has a close bearing on the spatial development of cities (Clark
etal, 2011; Han et al., 2020; Liu et al., 2021). Examined by the
formation mechanism, smog pollution is decided by the
pollutant concentration, atmospheric conditions and air
moisture (Li et al, 2022). Among these factors, pollutant
concentration provides the material basis of pollution, which
is closely related to the spatial development of cities. Driven by
the clustering of elements and the intensity of human activities,
there has been an increasing demand for motor vehicles and
industrial emissions. Urban spatial development has also
the
Therefore, whether regional environmental protection can be

significantly ~changed climate and air humidity.
realized via proper urban spatial development modes is not
only a major concern for the Chinese government and party but
also a theoretical issue urgently requiring further academic
discussions.

A majority of scholars have been interested in investigating
how to address regional smog pollution and have achieved
fruitful findings. Their research generally focuses on economic
development (Cheng et al., 2017; Xie et al., 2019), demographic
distribution (Yu et al., 2020), industrial structure (Bao and Yao,
2016; Hao and Liu, 2016), technological innovation (Abbott,
2017) and environmental regulation (Dong et al., 2020; Gan et al.,
2021). All these research attempts can contribute to a better
understanding of the formative factors of smog pollution in
China. Nevertheless, Chinese scholars have failed to reflect on
smog pollution from the perspective of spatial development
(either single-center or multi-center). Facts have revealed that
multi-center spatial development has a pronounced influence on
regional smog pollution.

On the one hand, multi-center spatial development can
alleviate traffic jams in downtown areas, reduce excessively
high  population density, and reduce concentrated
environmental pollution. On the other hand, multi-center
spatial development can aggravate regional smog pollution.
Diffusion of resources has deprived regional production of the
cluster advantage. The scattered spatial layout of industries has
also increased the cost of environmental management. All this
can result in the worsening of smog pollution. Therefore, the
correlation between smog pollution and regional multi-center
development involves various factors. It is a thought-provoking
whether the

development in Chinese cities can aggravate or mitigate smog

issue acceleration of multi-center spatial
pollution. The extant literature still lacks clear empirical evidence
and a mechanism explanation for this issue.

To better clarify the correlation between smog pollution and
multi-center spatial development of Chinese cities, this study
adopts panel data from 2012 to 2017 as research samples. It
develops the multi-center index based on the global night light

data to measure the multi-center spatial development of Chinese
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cities. Moreover, the satellite-measured PM, 5 concentration is
used to denote smog pollution and examine the influence of
urban spatial structure on smog pollution and its mechanism of
action.

The study has four main contributions. First, the urban
spatial structure indicated by the pollution size or the land
area might have dimensional defects. Therefore, this study
pursues vectorization of the night light data to construct the
multi-center index to measure the internal spatial structure of a
city and empirically study the influence of multi-center
development on smog pollution. Second, multi-center
development’s positive and negative influences on smog
pollution are studied under the same framework. Third, the
heterogeneity influence of multi-center development at different
economic levels on smog pollution is explored. Fourth, the
mediating effect model is employed to identify the mechanism
of action behind the influence of multi-center spatial
development of cities on smog pollution.

The article is divided into four sections. Section 1 belongs to
the introduction. Section 2 focuses on theoretical analysis.
Section 3 relates to research methodology. Section 4 emphasis

-

on results and discussion. Section 5 explains the influence
difference and mechanism analysis. Similarly, Section 6
summarizes the main findings of the study and proposes

policy implications.

2 Theoretic analysis

Multi-center development is, in essence, a multi-center
spatial structure formed by a relatively balanced distribution
of elements among different cities within one region
(Gebremariam et al., 2012). Therefore, agglomeration theory
can be used to investigate the influence of multi-center
development on smog pollution, combining the resource
aggregation effect, population agglomeration effect, and
concentrated pollution treatment effect. What makes it
possible for cities to maximally optimize resource allocation
and improve resource utilization efficiency, thus reducing
regional environmental pollution, is the positive agglomeration
effect brought by the concentration of resources in central cities.
Population agglomeration can increase the utilization efficiency
of regional infrastructures, which can further improve the quality
of the regional environment (Andreoni and Levinson, 1998;
Castells-Quintana et al, 2021). At the same time, a higher
population agglomeration can bring down the cost of public
supervision but increase the earnings of supervision; this can
stimulate public demand for supervision and positively promote
regional pollution emission reduction and pollution treatment
(Leeuwen, 2004). Central cities can effectively allocate resources
to set up a comprehensive public transport service system and a
pollution treatment and discharge system. All of this is beneficial
to concentrated prevention and control of pollutants.
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But after the development scale is beyond the bearing
capacity of downtown areas, resource agglomeration can
the
megacities such as Beijing, Shanghai and Guangzhou, the

negatively influence environment. Particularly in
excessive accumulation of population and industries have
given rise to myriad urban problems, such as traffic
congestion and environmental pollution. Pressured by the
flow of population to central cities, residence, business, and
production areas have constantly been expanding, which has
inevitably increased the demand for high-energy-consuming and
high-pollution products, such as cement, steel and iron, and coal.
When the resident population of central cities is close to
saturation, the phenomenon of people living and working in
different areas will be growingly prominent. The lengthening of
commuting distance and time can aggravate traffic jams and
emissions of motor vehicle exhaust (Zhang et al., 2021).

To summarize, multi-center development and smog
pollution are not governed by a simple linear correlation. The
influence of multi-center development at different stages on
smog pollution might be varied. Thereby, we propose the first
hypothesis as below:

H1. Multi-center development has a nonlinearly inverted
U-shaped influence on smog pollution.

Based on the smog formation mechanism and summarizing
the findings of previous studies, the current study focuses mainly
on multi-center development that influences smog pollution
through the following paths. First, compared with private
transport modes, such as cars, public transport is more
efficient and the pollutants emitted per passenger are fewer.
Besides, public transport can reduce energy congestion caused
by regional congestion, which can help mitigate smog pollution
2021). public
characterized by a higher requirement of investments, many

(Fang, However, transport facilities are
passengers, etc. These characteristics result in a high threshold
for agglomeration economy. Under the restriction, the single-
center cities have a higher demand for public transport facilities
investments and a higher investment capacity (Yang et al., 2022).
Second, agglomeration of resources in central cities can also
influence smog pollution via the intensity of energy consumption
(Tang et al,, 2018; Dong et al., 2019).

On the one hand, the agglomeration of population and
elements is accompanied by expanding production capacity
and increasing energy consumption. Consequently, regional
pollutant emissions will be on the rise. On the other hand,
technologies can freely flow within the cluster to improve
production efficiency and reduce energy consumption (Elahi
2022).

downtown areas can prompt organizations to increase their

et al., At the same time, industrial clusters in
spending in scientific and technological research. This can
strengthen the energy utilization rate and build competitive
advantages. Third, heavy industry plays an important role in

the national economy, but its high energy consumption and

Frontiers in Environmental Science

03

10.3389/fenvs.2022.1053077

pollution can negatively influence the resource environment
(Liao et al., 2020). Heavy industry departments have special
requirements of traffic and market, so they are mostly laid out in
megacities with comprehensive infrastructures and strong
market demands.

Meanwhile, local governments which pursue rapid economic
development prefer industrial departments of the kind (Li, 2019).
Therefore, cities with single-center spatial development have
more industrial enterprises. At last, multi-center cities follow a
spatial power structure in which multiple centers compete.
Hence, these cities have a strong initiative for pollution
treatment and the advantage of multi-party participation in
pollution treatment (Li and Ye, 2021). When a city has
different areas at a similar economic development level,
enterprises and residents can choose the area by their needs.
This can fuel the competition among subjects of rights in
different areas to strive to improve the quality of the
environment. In light of the analysis above, we propose the
second hypothesis:

H2. Multi-center spatial development can affect smog pollution
via transport mode, energy consumption intensity, degree of
industrial agglomeration, environment regulation level, etc.

3 Research methodology
3.1 Measurement model

In this study, we adopt the panel data model to examine the
influence of multi-center development on smog pollution.

PMi =By + Biqi + B Xie +p; +y, +e (1)

where the subscript 7 is used to denoting the region; ¢ denotes the
year; PM;, denotes the PM, 5 concentration of city 7 at the point of
time, t; q;; denotes the multi-center index of city i at the point of
time, t; X is the control variable which can affect the smog
pollution; y; and y, represent the region and year fixed effect,
respectively; fo stands for the intercept parameter; 3, and f3,
represent the regression coefficient; ¢ indicates the impact of
other random factors. The error term is assumed to be normally
distributed at zero mean value and constant variance (Elahi et al.,
2021; Elahi and Khalid, 2022).

3.2 Smog pollution

The influence of multi-center spatial structure on smog
pollution is the research issue of this paper. We adopt the
global PM,s raster data published by the Atmospheric
Group affiliated to
University. Compared with air pollutant data measured by

Composition  Analysis Dalhousie

ground monitoring spots, the global air pollution data
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obtained by remote sensing retrieval demonstrate better spatial
continuity. They can help measure the pollutant spatial
distribution and changes. This study converts the annual
global PM, 5 raster data reprojection into Lambert conformal
conic projection. Meanwhile, it was cut by China’s administrative
boundary to extract the average annual PM, s concentration
data’ of different Chinese cities in 2017.

3.3 Multi-center index

We used the night light data to measure the regional multi-
center spatial development level. Currently, the multi-center
index is usually based on the population size or the land area.
Thus, the measurement index cannot provide a full picture of the
regional multi-center spatial development level. Additionally,
unlike most countries, China organizes its urbanization on the
basis of the household registration system, which separates rural
areas from urban areas. Consequently, the household type and
the flow of the population are inconsistent. Because of the
inconsistency, population flow has been restricted, and the
regional multi-center index thus measured is smaller than the
actual value. Similarly, the measurement means based on the land
area is also faced with some challenges, for the land use type and
area published by the national government are limited to the
provincial and municipal levels.

In contrast, the multi-center index obtained from the night
light data can favorably address the problems mentioned above.
The night light data are acquired by the VIIRS, which is carried
out by the National Polar-orbiting Operational Environmental
Satellite System Preparatory Project (NPP). The data thus
acquired have a higher definition and sensitivity than the
DMSP-OLS night light data. The China Remote Sensing
Satellite Ground Station of the Chinese Academy of Sciences,
after statistical cleaning and an average noise reduction of the
new-generation night light images, NPP-VIIRS, turns the data
into a complete data product via smooth transition. On that
basis, constraints are established for the annual data product to
realize smoothening of interferences beyond earth surface data
between different years. The difference between annual data
products is equivalent to the difference between the earth’s
surface light. As an indicator of human activities, the night
light can reflect the population agglomeration degree, active
economic degree and other social and economic conditions.
In turn, the conditions above reflected by the night light data
can describe the development status of a country or a region. This
paper uses the night light data product processed by the Chinese

1 This data are generally consistent with the Notice on Implementing
Standards for Ambient Air Quality Standards issued by the Ministry of
Environmental Protection on smog pollution in China, so the data are
highly reliable.
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Academy of Sciences, and the annual global light image data
reprojection is converted into the Lambert conformal conic
projection. Following that, the data are cut by China’s
administrative boundary to obtain the night light data within
Chinese administrative regions at a spatial resolution of 500 m
from 2012 to 2017, respectively.

Combining the night light data and following the spirit of
Meijers and Burger (2010) and Liu et al. (2020) in measuring the
regional multi-center spatial structure, the following equation is
built:

InP; = C — gInR,;. )

where P; stands for the night light luminance of the county i; C
denotes the constant term; R; represents the ranking (in
descending order) of the total night light illuminance of the
county i in the city to which it belongs to. Substitute the total light
illuminance of different counties and their corresponding
ranking into the formula to obtain the coefficient, g, the
urban multi-center index. The larger g is, the more likely the
city’s internal spatial structure features a multi-center one. On
the contrary, it tends to be a single-center one. While measuring
the regional multi-center index, scholars can consider the
importance of fixed ranking. In the end, they will take the top
1, top 3 and top 4 for computing to ensure the comparability of
the multi-center index in different provinces. We think that all
counties reflect a city’s multi-center/single-center spatial
structure. Including all counties in the measurement formula
can more accurately reflect the regional multi-center and single-
center characteristics. Besides, research findings that consider the
fixed ranking are not significantly varied from results not
considering it (Li et al., 2019).

To reduces the heterogeneity among cities, the research
samples do not include Hong Kong, Macau, Taiwan, four
municipalities, and other county-level units, such as states,
alliances and regions. Because of data inadequacy, Tibet,
Qinghai, and Hainan are not included. Besides, regions under
the administration of Jiyuan City, Dongguan City, and
Zhongshan City are also eliminated.

3.4 Intervening variables

Intervening variables of this paper include the travel mode,
of
agglomeration, and level of environmental regulation. The

energy consumption intensity, degree industrial
travel mode is indicated by the regional per capita public bus
service. The energy consumption intensity is measured by the
total industrial electricity utilization percentage in the total
The of

aggregation is measured by the number of industrial

regional industrial output. degree industrial
enterprises in the regional unit area. The environmental
regulation level is reflected by the ratio of industrial waste

emissions to the total industrial output.
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TABLE 1 Descriptive statistics of variables.

Explained Variable

Core Explaining
Variables

Intervening Variables

Control Variables

Variables

Smog Pollution

Multi-center Index

Transport Mode

Energy Consumption
Intensity

Industrial Agglomeration
Level

Environmental Regulation
Level

Economic Development Level

Foreign Direct
Investment (FDI)

Industrial Structure
Population Density

Urbanization Rate

Definitions

Regional PM, 5 Concentration (ug/m?

Urban Multi-center Spatial Development Level

Per Capita Public Bus Service (Bus/10,000 people)

Unit Industrial Output Electricity Consumption (100*kilowatt per hour/
10,000 yuan)

Number of Industrial Enterprises Unit Area (Enterprise/square
kilometers)

Unit Industrial Output Waste Water Discharge (ton/10,000 yuan)

Per Capita GDP (10,000 yuan)
Percentage of FDI in GDP (%)

Percentage of Second Industry Output in GDP (%)
Population Size Per Area (1,000 people/square kilometers)

Percentage of Non-agricultural Population in Total Regional

10.3389/fenvs.2022.1053077

Population (%)
Urban Greening
Urban Innovation
Average Annual Temperature

Average Annual Precipitation

3.5 Control variables

The control variables include regional economic development,
foreign direct investment (FDI), industrial structure, population
density, urbanization ratio, urban greening, urban innovation,
and climate conditions. The regional economic development level
is denoted by the per capita GDP and is processed by the GDP
deflation index, with 2012 as the base period. The percentage of FDI
in GDP measures FDI. The industrial structure refers to the output
percentage of the second industry in GDP. The population size
calculates the population density within the regional unit area. The
percentage of the non-agricultural population can give the
urbanization rate in the total regional population. Urban
greening can be measured as the percentage of public green areas
in the land area. Urban innovation is measured by the number of
regional per capita patents. Climate conditions are measured by
annual regional average temperature and precipitation.

This study adopts the statistics of Chinese cities from 2012 to
2017, which contain 1,578 observed values, as balanced panel data.
These statistics consist of satellite-monitored data and officially-
published yearbook data. The smog data are from the Atmospheric
Composition Analysis Group, affiliated with Dalhousie University.
The light data are contributed by the China Remote Sensing
Satellite Ground Station of the Chinese Academy of Sciences.
Other variable data are from the “Statistical Yearbooks of Chinese
Cities” and the statistical yearbooks of different provinces in
different years. The temperature and precipitation data are
from the China Meteorological Data Service Center. Besides, we

Frontiers in Environmental Science

Percentage of Public Green Area in Land Area (%)
Per Capita Patents (patent/10,000 people)
Average Annual Temperature ("C)

Average Annual Precipitation (meter)

05

Mean Standard deviation
4344 1941
0.92 0.41
8.04 6.50
244 2.94
0.16 0.29
2.81 3.97
545 520
1.63 1.49
4840 956
0.44 0.32
1.66 342
0.98 113
8.75 16.94
1215 395
0.74 0.40

try to supplement the missing value based on statistical yearbooks
of different regions. If the observed value of the same index
fluctuates dramatically in adjacent years, it will be replaced after
being verified by statistical yearbooks of different places. The
descriptive statistics of variables are shown in Table 1.

4 Results and discussion

4.1 Multi-center development and smog
pollution

In the study, a regression analysis of explained variables such
as smog pollution and multi-center index is performed. Compared
with Columns (3) and (4), Columns (1) and (2) of Table 2 added
the quadratic term of multi-center index to the estimation model.
The results of the Hausman test are statistically significant at 1%.
This means that the fixed effect model should be chosen.
Therefore, Columns (1) and (3) estimation results required
further attention. When the quadratic term of multi-center
index is added to the model, the quadratic term coefficient fails
to pass the significance test. In other words, there is no inverted
U-shaped correlation between the multi-center index and smog
concentration. According to the EKC curve verification process,
the quadratic term is eliminated for another round of regression.
The multi-center index coefficient is significantly positive at the
significance level of 1%. This means that the multi-center spatial
development has aggravated regional smog pollution. This

frontiersin.org
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TABLE 2 Regression results of multi-center development and smog pollution.

Variables (1) 2) 3) (4)
FE RE FE RE
Smog pollution
Multi-center Index 13.714* 134250 6426 6.151%
(6.284) (4.591) (1.961) (1.491)
Multi-center Index * -3.086 -3.057*
(2.528) (1.826)
Economic Development Level —0.852*** —0.997*** —0.851*** —0.993***
(0.118) (0.112) (0.118) (0.112)
Foreign Direct Investment (FDI) 0.249 0.896** 0.233 0.888**
(0.463) (0.376) (0.463) (0.376)
Industrial Structure 0.093* 0.189*** 0.094* 0.186***
(0.055) (0.050) (0.055) (0.050)
Population Density 1.477 21.297°% 1.572 21.044**
(4.765) (2.942) (4.765) (2.943)
Urbanization Rate 0.565 0.618* 0.592 0.622*
(0.577) (0.318) (0.576) (0.319)
Urban Greening —1.254** 0.0002 —1.288** -0.015
(0.615) (0.532) (0.615) (0.532)
Urban Innovation -0.009 0.011 -0.011 0.010
(0.039) (0.037) (0.039) (0.037)
Average Annual Temperature 1.317%%¢ -0.053 13110 -0.057
(0.426) (0.213) (0.426) (0.214)
Average Annual Precipitation -0.171 —-2.866*** -0.161 —2.855%**
(1.040) (0.959) (1.040) (0.959)
Constant Term 14.498** 17.463°% 18.108*** 21.4330*
(7.201) (4.496) (6.567) (3.827)
Time Effects YES YES YES YES
Regional Effects YES YES YES YES
Sample Size 1,578 1,578 1,578 1,578
R 0.339 0.317 0.338 0.317
Hausman Chi2(13) = 84.03 Chi2(12) = 83.33
Test 0.000 0.000

The coefficient standard error is within the brackets. *, ** and *** are significant at the significance level of 10%, 5% and 1%, respectively.

suggests that H1 proposed by this paper is not substantiated. The
multi-center development of Chinese cities is still in a worsening
state of smog pollution.

Resource integration, population aggregation and
all the

development of central cities and reduce smog pollution. The

concentrated pollution treatment can promote

concentration of elements enables a full play of the
agglomeration effect of central cities as well as efficient
utilization of resources. Population agglomeration can
improve the utilization efficiency of infrastructures and
provide public monitoring of environmental regulation.
Through reasonable utilization of resources, central cities can

finish constructing the public transport service system and
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treatment
of
environmental pollution at the early development stage.

pollution and discharge system. Therefore,

agglomeration elements can  alleviate  regional

When the actual resource bearing of central cities is beyond
the environmental bearing capacity, resource agglomeration can
lead to the worsening smog pollution. Under this condition,
multi-center spatial development is conducive to mitigating
pollution through reduction of energy consumption, diffusion
of high-pollution industrial clusters, and improvement of
regional environmental standards. However, estimation results
of this paper suggest that multi-spatial development within a city
has aggravated smog pollution to a larger extent than reduced the

latter.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1053077

Qie et al.

TABLE 3 Regression results of the interaction term.

Variables (1)

)

Smog pollution

Multi-center Index * Economic Development Level 0.487*** 0.522%**
(0.188) (0.190)
Multi-center Index 4.279%* 4.174**
0.487+% (2.122)
Economic Development Level —1.420*%** —1.457%%*
(0.245) (0.251)
Control Variable NO YES
Time Effect YES YES
Region Effect YES YES
Sample Size 1,578 1,578
R 0.342 0.332

The coefficient standard error is within the brackets. *, ** and *** are significant at the
significance level of 10%, 5% and 1%, respectively.

The regression coefficient of other control variables is basically
consistent with the expectation. The economic development level
has a negative influence on smog pollution. This means that
regions with a higher economic development level have
adequate funds for local pollution treatment. Meanwhile,
economic growth can also increase residents’ requirements for
the quality of the environment. In this process, the economic
development level can play the role of informal environmental
regulation. The industrial structure has significantly reduced smog
pollution. The increasing percentage of the second industry
characterized by high energy consumption and pollution has a
significantly positive influence on smog pollution.

The influence of urban greening on regional smog pollution
is significantly negative. Favorable greening areas of a city can
help purify the air by filtering and absorbing dust.

At last, dust is found to have a significantly positive influence
on regional smog pollution. When the temperature rises, the
aerosol concentration will speed up its increase. Thereby, smog
will be hard to diffuse. This is also why a high temperature can
lead to a worsening of regional smog.

4.2 Analysis of interaction term

Considering the relevance between the multi-center spatial
development of a region and the economic development level, the
interaction term between the aforesaid two variables is added to the
model for further analysis. As one can observe from Table 3, the
regression results with and without adding the control variable
show good agreement with each other. The influence of the
interaction term on smog concentration is significantly
negative. This means that, compared with developed regions,

regions with backward economic development experience a
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stronger negative influence of multi-center development on
smog pollution. Restricted by backward economic development,
infrastructure construction and fiscal support will be limited. The
low production efficiency caused by multi-center spatial
development of these regions can compound smog pollution.
Additionally, local governments are eager to seek economic
growth, thus showing too much preference for industrial
development. Under this condition, the local governments do not
have adequate funds to invest in public transport and technological
innovation. Consequently, smog pollution can be aggravated.

4.3 Robustness test

To verify the robustness of estimation results given by the
model of this paper, the explained variable and the explaining
variable are alternatively chosen. Specifically, following the spirit
of Meijers and Burger (2010), cities ranking in the top 2, top 3 or
top 4 in a province are adopted for regression by Eq. 1. The mean
of the multi-center index, g, obtained by the three regressions is
the new multi-center index of the province. The new variable is
used to replace the multi-center index in the benchmark model
for regression. Second, the average annual PM, 5 concentration of
inhalable of newly-increased cities in “Statistical Yearbooks of
China 2019” is used to replace the satellite-monitored smog data.
The results are reported in Table 4.

It is obvious that the multi-center index’s positive influence on
smog pollution remains significant at the significance level of 1%.
Besides, the quadratic term has failed to pass the significance test.
The correlation between multi-center development and smog
pollution is not a significant inverted-U shape but a significantly
positive monotonic one. This can provide solid evidence for the high
robustness of benchmark analysis in the previous part.

4.4 Verification of instrumental variable

Though the robustness of benchmark results is verified by
changing variables, this method cannot effectively address the
endogeneity resulting by omitted variables and simultaneous
causality. To further enhance reliability of research findings,
this paper resorts to the research method proposed by
Gebremariam et al. (2012). The product between the scale
distribution of river density and the reciprocal rate is adopted
as the instrumental variable of the multi-center index for a more
robust estimation. The results are reported in Table 5 below.

Regression results of the instrumental variable obtained by
above. The
coefficient of the instrumental variable is significantly positive.

the multi-center index are shown in Table 5

At the same time, the under-identification test and the weak
instrumental variable test results also indicate the feasibility of
adopting the product between the scale distribution of river
density and the reciprocal rate as the instrumental variable.
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TABLE 4 Results of robustness test.

1

Change the core explaining variable

10.3389/fenvs.2022.1053077

@) (€) )

Change the explained variable

New Multi-center Index 7.138 5.604**
(5.023) 2.717)
New Multi-center Index* -1.032
(2.841)
Multi-center Index 7.713** 4.254**
(3.859) (1.468)
Multi-center Index’ -1.383
(1.327)
Control Variable YES YES YES YES
Time Effect YES YES — —_
Region Effect YES YES YES YES
Sample Size 1,578 1,578 194 194
R? 0.335 0.335 0.516 0.515

The coefficient standard error is within the brackets. ¥, ** and *** are significant at the significance level of 10%, 5% and 1%, respectively.

TABLE 5 Estimation based on instrumental variable.

Variables

1

Multi-center index

)

Smog pollution

River Network Density * Reciprocal Rate 0.196***

(0.050)
Multi-center Index 91.566**

(28.278)

Control Variable YES YES
Time Effect YES YES
Region Effect YES YES
Sample Size 1,578 1,578
LM- statistic 15.319
p-value 0.000
Cragg-Donald Wald F statistic 15.323

The coefficient standard error is within the brackets. ¥, ** and *** are significant at the significance level of 10%, 5% and 1%, respectively.

The influence of the multi-center index on smog pollution is still
significantly positive. Estimation by the instrumental variable
approach suggests that the core conclusions of this paper can still
be substantiated.

5 Influence difference and
mechanism analysis

5.1. Regional difference

Multi-center spatial development is significantly varied in
different Chinese regions, with the multi-center development
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level of eastern regions being significantly higher than that of
central and western regions (Day et al., 2017). This brings forth the
following question: Does regional difference exist in the influence
of multi-center spatial development on smog pollution? Table 6
estimates the influence of multi-center development of eastern,
central and eastern regions on smog pollution.

Unlike national results, the multi-center index and its
quadratic term from regression results of the eastern region
both pass the significance test. This means that the PM,;
concentration of the eastern region first rises and then
along with the progress
development. Therefore, it is apt to say that aggravation of

decreases of multi-center

smog pollution is only a periodical phenomenon at the early
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TABLE 6 Sample regression by different regions.

Eastern region

Smog pollution

Multi-center Index 64.915°%*
(13.779)
Multi-center Index* -10.937*
(6.401)
Control Variable YES
Time Effect YES
Region Effect YES
Sample Size 564
R 0.485

10.3389/fenvs.2022.1053077

Central region Western region

-6.845 ~18.39**
(9.336) (8.757)
5.069 4.228
(4.015) (3.243)
YES YES
YES YES
YES YES

600 414
0.469 0.471

The coefficient standard error is within the brackets. *, *, * and *, *, * are significant at the significance level of 10%, 5% and 1%, respectively.

stage of multi-center development, which can enter a turning
point through a certain paths. This further substantiates that
H1 makes sense under some conditions and gives us the hope
that smog pollution will be mitigated with the deepening of
the
inverted U-shaped correlation has not yet formed between

multi-center development. Nevertheless, significantly
multi-center development and smog pollution in the western
and central regions.

Why is the regional difference between the eastern region and
the central and western region so significant considering the
influence of their multi-center development on smog pollution?
This paper attributes this phenomenon to the following causes.
First, in contrast to the central and western regions, the eastern
region enjoys a higher economic and social development level.
Thereby, when multi-center development happens to the eastern
region, economic development of the eastern region will still be
on track towards high-quality development by limiting the
development of high-energy-consumption, high-pollution
industries. Moreover, in regions with a high economic
development level, residents have a higher requirement of the
environment, which will prompt local governments to draw up
higher environmental standards.

On the other hand, the infrastructures of the eastern region
are relatively comprehensive. Urban residents can reduce traffic
transportation via public transport. At the same time, regions can
ensure a high energy utilization efficiency and reduce pollution
emissions through the reciprocal borrowing model and a full play
of the comparative advantages of specialization and collaboration
under a comprehensive traffic network.

In contrast, the social and economic development of the
central and western regions is backward, and their infrastructure
construction is insufficient. When cities seek multi-center
development in these regions, local governments might
introduce industrial enterprises to speed up local economic
growth. But the backward transport facilities have impeded
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efficient resource flow among regions, reducing their energy
utilization efficiency and objectively compounding smog
pollution in central and western regions.

5.2 Mechanism analysis

The theoretical analysis of this paper suggests that multi-
center development can influence regional smog pollution
through four mediating transmission mechanisms, namely
transport mode, energy consumption intensity, industrial
agglomeration level, and environmental regulation level.
Therefore, this paper follows the method proposed by Baron
and Kenny (1986) to build a mediating effect model:

PMi; = By + By + By Xie +t; + 9, + € (3)
Medium;; = 0y + 01 + 6, X +y, + 1, + ¢, 4)
Yi = Ao + Migie + LuMediumy + A3 X +y, + 4, + w0y (5)

where X denotes the vector set made up of control variables;
Medium is a potential mediating variable, transport mode, energy
consumption intensity, industrial agglomeration degree or
environmental regulation level; PM stands for the degree of
smog pollution; g represents the urban multi-center index.
According to the principle of the mediating effect model, if
the coefficients, 1, 6; and A,, are both significant, and the
coefficient, A, is smaller than f; or the significance of the
former reduces compared with that of the latter, it means the
mediating effect exists.

Table 7 reports the estimation results of various mediating
variables. The coefficient of urbanization in Eq. 3 is the
estimation coefficient of urbanization in Column (3) of
Table 2.
consumption intensity are regarded as mediating variables, the

We find that when transport mode and energy

coefficient of the multi-center index in Eq. 5 is smaller than the
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TABLE 7 Mechanism test of the influence of multi-center development on smog pollution.

Variables Eq. 3 Eq. 4

Eq. 5

Transport mode as intervening variable

Multi-center 6.426*** —1.629*** 6.0417%%
Index
(1.961) (0.620) (1.962)
Intervening —-0.236***
Variable
(0.087)
Variables Eq. 3 Eq. 4

Industrial Agglomeration Degree as Intervening

Variable
Multi-center Index 6.426"%% 0.329
(1.961) (0.432)

Intervening Variable

Eq. 3 Eq. 4 Eq. 5

The intermediary variable is energy

consumption intensity

6.426** -0.621* 6.193**

(1.961) (0.295) (1.962)
-0.374**
(0.184)

Eq. 5 Eq. 3 Eq. 4 Eq. 5

The intermediary variable is the level of
environmental regulation

6.428¢ 6.426%** —-0.004 6.440%**
(1.962) (1.961) (0.010) (1.962)
-0.007 3.291
(0.126) (5.340)

The control variable is introduced to the regression model. The time and region fixed effects are all controlled. The coefficient standard error is within the brackets. *, ** and *** are

significant at the significance level of 10%, 5% and 1%, respectively.

corresponding coefficient in Eq. 3. This can help lead to the
conclusion that the multi-center spatial structure can cause an
increase in adoption of private transport modes and energy
consumption intensity, which can jointly compound regional
pollution. However, as mediating variables, estimation results
with industrial agglomeration degree and environmental
regulation level fail to pass the mediating effect test. Table 7
reveals that the multi-center spatial structure cannot significantly
reduce the degree of industrial agglomeration and improve the
level of environmental regulation. A possible reason is that
attempting to drive economic growth in the short term, local
governments of new towns and districts might attract enterprises
to gather there via policy preferences, fund support, and
reduction of discharge standards. To sum up, multi-center
development at the national level has not effectively
stimulated the transfer of regional industrial enterprises and
increased the intensity of local environmental regulation. This
means that the role of multi-center development in reducing

smog pollution has not yet been fully played.

6 Conclusion and policy implications

This study uses panel data of Chinese cities from 2012 to
2017 as research samples. Meanwhile, the urban multi-center
spatial development index is built based on the global night light
data. The satellite-monitored PM, 5 concentration is then used to
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represent the smog pollution. Based on the above research
conditions, the influence of multi-center development on
smog pollution and its mechanism of action are empirically
examined. Results found that an inverted-U shape does not
the
development on regional smog pollution but a significantly

govern influence of urban multi-center spatial

positive monotonic correlation. Results of the interaction

items show that in regions with backward economic
development, multi-center spatial development can exert a
more significant influence on smog pollution. Regional
that

eastern

indicate
the
development and smog pollution. This can help shed light on

research samples an inverted U-shaped

correlation ~ governs region’s  multi-center
that aggravation of smog pollution is only a periodical
phenomenon of urban multi-center development, which can
enter a turning point through some paths. Analysis of the
mechanism of action implies that transport mode and energy
consumption intensity are paths for urban multi-center
development to affect regional smog pollution. But the
mediating effect of the degree of industrial agglomeration and
the environmental regulation level is insignificant.

Combining the research above findings, this paper provides
the following three policy implications.

First, under the background that urban problems, such as
traffic jams and environmental pollution, keep popping up, the
concept of multi-center spatial development has found extensive

applications in guiding urban planning. Most scholars and
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decision-makers believe that multi-center spatial development is
an important spatial, strategic means for China’s urban pollution
treatment. On the contrary, this paper’s empirical research
reveals that blindly encouraging cities to implement the multi-
center development strategy at China’s municipal level might
aggravate regional smog pollution. Currently, most Chinese cities
have not yet arrived at the turning point of the resource
agglomeration effect, which necessitates continuous efforts to
consolidate the dominating role of central cities.

Second, particularly in regions with backward economic
development, more efforts should be made to encourage
elements to gather in central regions. Local governments should
pay attention to transport infrastructures, with more funds invested
in improving the regional and cross-regional public transport
network and promoting the full flow of regional green transport
and elements. Meanwhile, governments should draw up strict
environmental standards, resist the entry of high-energy-
consumption and high-pollution industries, stick to sustainable
development, and strictly fight against the wrong development
mode of “development comes before smog treatment”.

Third, the eastern region’s multi-center development and
smog pollution features an inverted U-shaped correlation. In
other words, the aggravation of smog pollution is not an
inevitable outcome but a periodical reflection of urban multi-
center spatial development. When the agglomeration of
resources has exceeded the regional environmental bearing,
agglomeration can negatively influence the environment.
Therefore, the future “saturated cities” development direction
should be shifted to multi-center spatial development. To reduce
the losses of the agglomeration effect caused by the diffusion of
elements, local governments should emphasize constructing
infrastructures for regional connection. The reciprocal
borrowing model and the comparative advantages of
specialization and collaboration can ensure efficient energy
utilization, thus reducing pollution emissions. At the same
time, local governments should increase investments in
regional public transport and efficiently ensure the intensity of
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