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Abstract 8 

Can promoting urbanization and controlling haze pollution result in a win-win situation? 9 

Based on panel data from 287 prefecture-level cities in China, this paper uses the 3SLS 10 

and GS3SLS estimator methods to study the spatial interaction between haze pollution 11 

and urbanization. The results show the following: (1) There is a spatial interaction 12 

between haze pollution and urbanization. On the whole, haze pollution and urbanization 13 

have a typical inverted U-shaped relationship. (2) Haze and urbanization show different 14 

relationships in different regions. The haze pollution in the area left of the Hu Line has 15 

a linear relationship with urbanization. (3) In addition to haze, urbanization also has a 16 

spatial spillover effect. When the haze pollution in the surrounding areas increases, the 17 

haze pollution in the area will also increase, but the level of urbanization will increase. 18 

When the level of urbanization in the surrounding areas increases, it will promote the 19 

level of urbanization in the local area and alleviate the haze pollution in the local area. 20 

(4) Tertiary industry, greening, FDI and precipitation can help alleviate haze pollution. 21 

FDI and the level of urbanization have a U-shaped relationship. Industry, transportation, 22 

population density, economic level and market scale can promote regional urbanization. 23 

Keywords: Urbanization ·  Haze pollution ·  3SLS · GS3SLS · Spatial 24 

interaction· Remote sensing data 25 

Introduction 26 

As a bad weather condition, haze pollution has been threatening people all over 27 

the world since the last century. The earliest record of the phenomenon is the "Great 28 

Smog of London" event in 1952. According to statistics, nearly 8000 people died of 29 

respiratory diseases caused by this haze incident. As far as China is concerned, the 30 

"severe haze event in central and eastern China" that occurred in 2013 was relatively 31 

similar to the event in London. At that time, the highest haze concentration in Shanghai 32 

reached 600 μg/m3 and that in Nanjing reached 943 μg/m3. Scholars have previously 33 

studied 129 cities in China and found that in 2015 alone, haze pollution caused 631230 34 

premature deaths in 129 cities (G. Zhu et al., 2019). If the state does not introduce policy 35 

control, 2% of the GDP will be lost in 2030, and the estimated life loss will be 100 36 
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billion yuan (Y. Xie et al., 2019). Therefore, to control haze pollution, countries all over 37 

the world have carried out various aspects of exploration. For example, after the London 38 

incident, the London government encouraged the use of natural gas and promoted 39 

public transport. Germany has implemented the Clean Air Action Plan. However, haze 40 

pollution has many influencing factors, which make it difficult to control. For example, 41 

urbanization, energy intensity and natural factors affect haze pollution. Therefore, only 42 

by accurately understanding the interaction between haze pollution and its influencing 43 

factors can we better solve the problem of haze pollution. 44 

Since the beginning of the 21st century, the popularity of computers has brought 45 

the world into the Information Age. Countries all over the world have made rapid 46 

developments. According to data released by the World Bank, the world's GDP in 2000 47 

was 33.588 trillion US dollars, but by 2017, it had reached 80.951 trillion US dollars. 48 

China's achievements in infrastructure construction and economic construction have 49 

shocked the world, and the country’s level of urbanization has been continuously 50 

improved. As shown in Fig. 1, the proportion of China's urban population was only 51 

36.22% in 2000 but had reached 59.58% by 2018. The per capita electricity 52 

consumption increased from 1 MWh in 2000 to 4.6 MWh in 2017. Although China's 53 

progress is shocking, the environmental problems caused by this progress are 54 

increasingly frequent, especially haze pollution, which causes great harm to people's 55 

health and has attracted increasing attention in recent years. China still needs to make 56 

continuous progress in regard to urbanization, the social economy and so on. However, 57 

as a large energy user, maintaining good air quality has become China’s responsibility. 58 

Therefore, improving air quality while promoting social development has become a 59 

problem we must think about. How can haze pollution be alleviated while promoting 60 

urbanization? What is the interaction between haze pollution and urbanization? 61 

Obviously, to realize the win-win situation of urbanization and haze pollution control, 62 

these questions must be answered first. However, haze pollution and urbanization are a 63 

pair of factors that can influence each other. Only by studying the interaction between 64 

haze and urbanization can we better describe the relationship between them. 65 

Therefore, this paper uses the 3SLS and GS3SLS estimator methods to conduct a 66 

more in-depth study on the relationship between them. The first part of this paper is the 67 

introduction. The second part and the third part are a literature review and theoretical 68 

mechanism analysis. Model method and variables are the fourth part. The fifth part is 69 

empirical analysis. The sixth part is the robustness test. The seventh part is the 70 

conclusion and policy recommendations. 71 
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 72 

Fig. 1 Proportion of urban population and electricity consumption per capita 73 

Literature review 74 

With the increasing frequency of haze pollution, the harm of this phenomenon to 75 

human health has received increasing attention. Chen et al.(2017) conducted a study on 76 

the impact of pollution in 2014 and found that if air quality meets national standards, 77 

then the number of people dying from health-related diseases can be reduced by 78 

approximately 168000, and economic benefits of 33.2 billion yuan can be generated. 79 

Subsequently, Li et al.(2018) studied the harm of haze pollution on 62 cities in 2015 80 

and found the negative impacts of haze pollution to be very significant. Among these 81 

impacts, approximately 125000 people died prematurely due to haze, the economic loss 82 

was approximately 57.06 billion yuan, and the per capita loss of these cities reached 83 

1970 yuan. 84 

By 2016, haze pollution was still causing huge losses in China, with 964000 deaths 85 

related to haze pollution and approximately 1.1 million related cases of chronic 86 

bronchitis and asthma. At the same time, such pollution caused economic losses of US 87 

$101.39 billion, accounting for 0.91% of the national GDP in 2016 (Maji et al., 2018). 88 

The latest research also shows that from 2015 to 2017, the health loss caused by haze 89 

pollution reached 34.45 million yuan, and the economic loss reached 285.3 billion yuan. 90 

This research also shows that by 2017, haze pollution had decreased compared to 91 

previous years; however, this pollution level is still relatively serious (Fu et al., 2020). 92 

Haze pollution has a huge negative impact on human health and the social economy. 93 

Therefore, it is necessary to carry out a more in-depth study on haze pollution to achieve 94 

a win-win situation in regard to the governance of haze pollution and social 95 

development. 96 

Haze pollution is related to many factors, which makes it difficult to control. Liu 97 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

0%

10%

20%

30%

40%

50%

60%

70%

Electricity consumption percapita(MWh/capita)

Proportion of urban population(%)



4 

 

et al.(2019) found that industrial structure and roads can promote haze pollution. In a 98 

recent study, Zhang et al.(2019) studied 152 cities and found that emission intensity and 99 

energy intensity inhibited PM2.5 concentrations in 137 and 99 cities, respectively. Jiang 100 

et al.(2018) further studied the impact of socioeconomic factors on haze pollution and 101 

found that industrial activities have a greater impact on haze pollution. Social factors 102 

can explain 44% - 48% of the changes in haze pollution. In addition to social factors, 103 

the impact of natural factors on haze pollution cannot be ignored (Yang et al., 2018). 104 

For example, Yang et al.(2017) found that temperature, humidity, wind speed and 105 

ground pressure all affect haze pollution. Y. Liu et al.(2018) found that the impact of 106 

natural factors on haze in different seasons also varies. Zhao et al.(2019) found that the 107 

PM2.5 concentration will be relatively high in winter and relatively low in summer. Bai 108 

et al.(2020)research also supports the conclusion that the PM2.5 concentration is high in 109 

winter. In addition to social and natural factors, there are also some other factors that 110 

affect haze pollution. Shi et al.(2019) conducted a questionnaire survey and found that 111 

the psychological factors of individuals are also related to haze pollution. The 112 

psychological will of individuals regulates their behaviors towards haze pollution, thus 113 

affecting haze pollution. Therefore, it is very important to study the relationship 114 

between haze pollution and influencing factors more deeply and accurately. 115 

Similar to haze pollution, urbanization also has many influencing factors. To 116 

promote urbanization more efficiently and realize the win-win situation of urbanization 117 

and haze control, it is also important to clarify the influence of many factors on 118 

urbanization. In terms of the economy, Bai et al.(2012) pointed out that in the long run, 119 

the expansion of built-up areas and per capita GDP are mutually causal; i.e., 120 

urbanization and economic growth have a positive feedback relationship. Economic 121 

development can affect not only the level of urbanization but also the regional 122 

differences in urbanization (Xu and Hou, 2019). In addition, per capita GDP and the 123 

urban-rural income ratio also affect regional differences in urbanization (Lin et al., 124 

2018). Ye et al.(2018) studied the impact of financial agglomeration, FDI, fixed asset 125 

investment and other factors on urbanization. They found that financial agglomeration 126 

can promote urbanization, but it has a smaller impact on the western region of China 127 

and a greater impact on the eastern and central regions. FDI and fixed asset investment 128 

can promote urbanization. 129 

In addition to economic factors, government factors also affect urbanization. Zhou 130 

et al.(2017) used a logistic model to study land development and utilization and found 131 

that unlike foreign countries, urban land development in China is the result of 132 

cooperation and competition between local governments and enterprises. Only when 133 

enterprises and governments cooperate can land development achieve maximum 134 

benefits. In addition, public services and land finance are also factors affecting 135 

urbanization. Land finance has a significant role in promoting the process of 136 
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urbanization, and the efficiency of public service supply significantly slows down the 137 

speed of urbanization marginalization (Lu et al., 2019). In addition to social factors, 138 

natural factors also have an impact on urbanization. Tian and Wu(2015) found that 139 

roads and rivers have a significant impact on urbanization; i.e., urban areas are inversely 140 

proportional to the distance from the road and inversely U-shaped to the distance from 141 

the river. The latest research also shows that natural environmental pollution inhibits 142 

urbanization; in addition, with the rise of residents' health costs, the inhibition effect is 143 

increasingly stronger(Wu et al., 2020). Therefore, as an important factor affecting 144 

urbanization, it is very important to study the relationship between natural 145 

environmental pollution and urbanization in the process of urbanization. 146 

With a deepening understanding of haze pollution hazards, research on haze and 147 

urbanization is gradually increasing. As early as 2014, Han et al.(2014) found that 148 

urbanization has a considerable impact on haze pollution. Fang et al.(2015) found that 149 

the AQI was significantly affected by haze and urbanization. Subsequently, some 150 

scholars found that urbanization leads to an increase in the number of immigrants, 151 

which leads to an increase in traffic emissions in urban areas, thereby aggravating haze 152 

pollution (Shen et al., 2017). However, J. Liu et al.(2018) found that wetlands in areas 153 

with high levels of urbanization are conducive to alleviating haze pollution; therefore, 154 

retaining wetlands in the process of urbanization can moderately alleviate haze 155 

pollution. Since then, people have conducted more in-depth research on urbanization 156 

and haze pollution. For example, many studies have found inverted U-shaped and 157 

inverted N-shaped relationships between urbanization and haze pollution (Liu et al., 158 

2020a; X. Wang et al., 2018; Wu et al., 2018; W. Xie et al., 2019; Xu et al., 2019a; Xu 159 

et al., 2019b; Dong et al., 2020). Of course, the opposite view also exists. W. Zhu et 160 

al.(2019) divided urbanization into economic, land and population urbanization and 161 

found that there is no inverted U-shaped or inverted N-shaped relationship between 162 

economic urbanization and haze pollution but only a linear relationship. Population 163 

urbanization can alleviate haze pollution, while land urbanization has no significant 164 

impact on haze pollution. Some studies have considered the influence of spatial lag. Du 165 

et al.(2018) showed that when the urbanization of surrounding areas increases, the 166 

urbanization of this region will also increase. Du et al.(2019) pointed out that the spatial 167 

dependence of PM2.5 is generally within the range of 200 km. Local and surrounding 168 

economic urbanization have a significant impact on the PM2.5 concentration, and 169 

population urbanization has no significant effect on the PM2.5 concentration. In addition 170 

to using China's data to study China's urbanization and haze pollution, some scholars 171 

also use the data of other countries in the world. N. Wang et al.(2018) found an inverted 172 

U-shaped relationship between urbanization and haze pollution based on data from G20 173 

countries. Wang et al.(2020) divided 190 countries into four subpanels according to the 174 

level of national income and found that the impact of urbanization on haze pollution is 175 
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significantly different between income-based subpanels. This shows that each country 176 

should formulate appropriate haze control strategies according to its own urbanization 177 

level. 178 

In summary, most of the current studies on the relationship between haze pollution 179 

and urbanization only consider one-way impacts, while some scholars have pointed out 180 

that they can cause and effect each other(Zhao et al., 2018). That is, haze pollution and 181 

urbanization are a pair of variables that can influence each other. Only by studying the 182 

interaction between these two factors can we describe the relationship between haze 183 

pollution and urbanization more accurately. The existing research has not been involved 184 

in such a description up to this point. Therefore, we use the 3SLS and GS3SLS methods 185 

to study how haze and urbanization interact in space. Compared to previous studies, 186 

this study considers the interaction between haze pollution and urbanization. At the 187 

same time, the spatial spillover effect between the two factors is considered to make the 188 

result more convincing. It is hoped that this study can supplement the theory of the 189 

interaction between haze pollution and urbanization. At the same time, it provides a 190 

reference for haze pollution control and urbanization development. 191 

Theoretical mechanism analysis 192 

The effect of urbanization on haze pollution 193 

The measurement of urbanization level involves many indicators, such as 194 

population and land. Some of these factors can achieve sustainable development, while 195 

others will lead to environmental degradation. The process of urbanization is 196 

accompanied by the optimization of the industrial structure. At present, China is mainly 197 

focused on secondary industry, which requires much energy use and is often 198 

accompanied by high levels of pollution. In the process of urbanization, this will change 199 

gradually, and the industrial structure will gradually be dominated by the third industry 200 

with low pollution. Therefore, in the process of urbanization, haze pollution is often 201 

affected by the "structural effect". In addition, to beautify urban areas and meet people's 202 

needs in the process of urbanization, many green spaces and parks are built in cities. 203 

According to people's subjective feelings, the air quality in places with more green 204 

vegetation is better. Lu et al.(2017);Qin et al.(2020) also believe that greening can help 205 

alleviate haze. In the process of urbanization, the urban population increases, so the 206 

traffic pressure increases. To reduce traffic pressure, existing roads will be optimized 207 

or new roads will be built. Better or longer traffic roads often lead to an increase in 208 

vehicle flow, which will impose a burden on the environment and aggravate haze 209 

pollution. 210 

Urbanization brings about further development to the region. It is a potential 211 

market for investors, and such regions will further open to the outside world to attract 212 
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foreign investment. To attract foreign investment, regions often lower the 213 

environmental standards to attract foreign investment, thus causing environmental 214 

pollution (Zeng and Shen, 2019). This is called the pollution paradise hypothesis. Some 215 

scholars have different views, and they think that FDI does not aggravate China's haze 216 

pollution (Zhou et al., 2019). In addition, studies have shown that China's urbanization 217 

has the characteristics of spatial agglomeration (Liu et al., 2020b). The advantage of 218 

spatial agglomeration is that it can promote technological exchange and competition 219 

between cities and towns, thus promoting the development of cities and towns. 220 

However, the agglomeration of urbanization leads to an increase in regional energy 221 

consumption; therefore, urbanization may also affect haze pollution through the 222 

agglomeration effect. 223 

The effect of haze pollution on urbanization 224 

First, in periods of relatively serious haze, the government will issue a series of 225 

environmental protection laws and regulations, adjust the industrial structure in a short 226 

period of time, and strictly restrict some secondary industrial sectors that are vulnerable 227 

to pollution. This will strictly increase the cost of these industries, and many enterprises 228 

will shut down, leading to a large amount of worker unemployment. Urbanization thus 229 

includes the urbanization of both land and personnel. When workers are unemployed, 230 

this will have a greater impact on urbanization. Second, in addition to restricting high-231 

pollution industries, foreign-funded enterprises may also be subject to strict restrictions, 232 

prompting foreign-funded enterprises to adopt environmental protection technologies 233 

to break the pollution paradise hypothesis. To promote urbanization, the government 234 

will build roads to increase the number of vehicles, which will easily lead to haze 235 

pollution and traffic congestion. To solve this problem, the government will further 236 

carry out road construction to further promote urbanization. 237 

Gan et al.(2021)shows that haze is closely related to the economy. Economy also 238 

has a great influence on urbanization. When regional economic development is better, 239 

it is more conducive to regional urbanization. In addition, studies have shown that haze 240 

pollution has an immigration effect, with people being more willing to go to cities with 241 

good air quality and low levels of haze pollution (Li and Zhang, 2019). This increases 242 

the population and the labor force in the immigration area, while the labor force in the 243 

area with more serious haze pollution decreases. This change in the labor force will 244 

have a significant impact on the construction of the city. Although the labor force may 245 

be reduced in areas with heavy haze, heavy pollution levels often cause people's 246 

attention to health to increase and stimulate people's demand for green and healthy 247 

products, which expands the local market scale, helps attract enterprises to enter and 248 

promotes local development. 249 

The interaction mechanism is shown in Fig. 2. 250 
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 251 

Fig. 2 Interaction mechanism 252 

Model method and variables 253 

Model method 254 

According to the analysis above, haze and urbanization may have mutual influence. 255 

If we only use a single equation model to estimate and study the influence of one 256 

direction, the result is not accurate. Therefore, based on panel data from 287 prefecture-257 

level cities from 2000 to 2017, this paper uses 3SLS and GS3SLS to explore whether 258 

haze pollution and urbanization can interact. 259 

3SLS is a complete information estimation method. First, it estimates each 260 

equation by 2SLS, and then it estimates the covariance matrix of the disturbance term 261 

of the whole system. Finally, it estimates the GLS of the whole system. GS3SLS 262 

introduces spatial factors on the basis of 3SLS and introduces the spatial lag term and 263 

spatial weight matrix into the simultaneous equation model. 264 

The simultaneous equation model between haze pollution and urbanization is 265 

established as follows: 266 𝑙𝑛𝑝𝑚𝑖𝑡 = 𝛼0 + 𝛼1𝑙𝑛𝑢𝑟𝑏𝑖𝑡 + 𝛼2𝑙𝑛𝑢𝑟𝑏2𝑖𝑡 + ∑ 𝛼𝑖𝑋𝑖𝑡𝑛𝛼=3 + 𝜇𝑖𝑡              (1) 267 𝑙𝑛𝑢𝑟𝑏𝑖𝑡 = 𝛾0 + 𝛾1𝑙𝑛𝑝𝑚𝑖𝑡 + ∑ 𝛾𝑖𝑌𝑖𝑡𝑛𝑖=2 + 𝜑𝑖𝑡                    (2) 268 

where lnpmit is the logarithm of PM2.5 concentration in year t of area i, while lnurbit and 269 

lnurb2it are the logarithm of urbanization and urbanization square of area i in year t, 270 

respectively. Xit and Yit are control variables of the haze pollution equation and 271 

urbanization equation, respectively; 𝛼0  and 𝛾0  are constant terms of the haze 272 
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pollution equation and urbanization equation, respectively; and 𝜇𝑖𝑡  and 𝜑𝑖𝑡  are 273 

disturbance terms. By introducing the spatial lag term and the spatial weight matrix into 274 

model 1 and model 2, the spatial simultaneous equation model constructed in this paper 275 

can be obtained as follows: 276 𝑙𝑛𝑝𝑚𝑖𝑡 = 𝛼0 + 𝜌1𝑤𝑖𝑗𝑙𝑛𝑝𝑚𝑖𝑡 + 𝛼1𝑙𝑛𝑢𝑟𝑏𝑖𝑡 + 𝛼2𝑙𝑛𝑢𝑟𝑏2𝑖𝑡 + ∑ 𝛼𝑖𝑋𝑖𝑡𝑛𝛼=3 + 𝜇𝑖𝑡     (3) 277 𝑙𝑛𝑢𝑟𝑏𝑖𝑡 = 𝛾0 + 𝜌3𝑤𝑖𝑗𝑙𝑛𝑢𝑟𝑏𝑖𝑡 + 𝛾1𝑙𝑛𝑝𝑚𝑖𝑡 + ∑ 𝛾𝑖𝑌𝑖𝑡𝑛𝑖=2 + 𝜑𝑖𝑡          (4) 278 

where 𝑤𝑖𝑗 is the spatial panel weight matrix. To be more comprehensive, this paper 279 

comprehensively considers the economic factors and geographical distance factors and 280 

constructs the geographical weight matrix of the panel economy with reference to S. 281 

Wang(2013); that is, it is the reciprocal of the absolute value of the product of the 282 

difference between the per capita GDP of two cities and the linear distance. The 283 

remaining variables are the same as previously mentioned. 284 

Variable selection 285 

Selection of endogenous variables 286 

This paper studies the interaction between urbanization and haze pollution. The 287 

model includes the urbanization equation and haze pollution equation, and each 288 

equation has an explained variable. The selection of the explained variables for each 289 

equation is described below. 290 

First, we discuss the choice of dependent variable in the haze pollution equation. 291 

For the haze pollution equation, we choose the most mainstream and direct annual 292 

average PM2.5 concentration in prefecture-level cities as the dependent variable. This is 293 

also the mainstream way for scholars to measure haze pollution. This is expressed in 294 

lnpm. 295 

Next, we discuss the choice of dependent variable in the urbanization equation. 296 

Urbanization is a comprehensive index that includes the urbanization of land and the 297 

increase in built-up areas. It also includes the urbanization of personnel and so on. 298 

Therefore, to characterize urbanization more comprehensively, we refer to the articles 299 

by Cai and Lv(2018);Li and Zhang(2011);F. Wang et al.(2013) and other scholars. After 300 

standardizing the unit built-up area and the number of on-the-job employees per unit 301 

area of each city, we use the entropy weight method (EWM) to represent the 302 

urbanization level. We calculate the information entropy of each data point as 𝐸𝐽 =303 − 1ln𝑛 ∑ 𝑝𝑖𝑗𝑙𝑛𝑝𝑖𝑗𝑛𝑖=1 , where 𝑝𝑖𝑗 = 𝑥𝑖𝑗 ∑ 𝑥𝑖𝑗𝑛𝑖=1⁄ . After obtaining the information entropy 304 

for E1,E2,…,Ek, the weight of each index is determined as 𝑤𝑖 = (1 − 𝐸𝑖) (𝑘 − ∑ 𝐸𝑖)⁄ . 305 

Urbanizationit = ∑ 𝑤𝑖𝑅𝑖𝑗𝑛1 , where 𝑅𝑖𝑗 is the normalized value. In this paper, the weight 306 

of the unit built-up area and number of on-the-job workers per unit area are 0.47 and 307 

0.53, respectively. Compared to a single indicator, this process can reflect urbanization 308 
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more comprehensively. At the same time, this paper introduces the square term of 309 

urbanization. Urbanization is represented by lnurb, and the quadratic term of 310 

urbanization is represented by lnurb2. 311 

Selection of control variables 312 

Next, we discuss the selection of control variables for the haze pollution equation. 313 

Haze pollution has many influencing factors, including social factors and natural factors. 314 

To be more comprehensive and social control variables, we choose the proportion of 315 

three industries (lnsc), greening degree (lngre), FDI (lnfdi) and traffic condition (lntra). 316 

For the control variable related to natural factors, we choose precipitation (prec). The 317 

proportion of the tertiary industry in GDP is used to express the proportion of the 318 

tertiary industry. The per capita green area of each area is used to indicate the degree of 319 

greening. The real amount of FDI per capita in the region is used to represent FDI. 320 

Because the administrative areas of different prefecture-level cities are different, we 321 

take the unit road area to measure the traffic situation. The precipitation is expressed by 322 

the annual average precipitation of each region. The original annual precipitation data 323 

in each region are from the European Center for Medium Range Weather Forecasts. The 324 

annual average precipitation of each region was extracted by ArcGIS software. 325 

Finally, we discuss the choice of control variables in the urbanization equation. 326 

For the urbanization equation, we choose the proportion of secondary industry (lnec), 327 

FDI (lnfdi), the FDI square term (lnfdi2), population density (lnpopu), traffic condition 328 

(lntra), market scale (lnmar) and economic level (lnecon) as control variables. The 329 

proportion of the output value of the secondary industry in GDP is used to express the 330 

proportion of the secondary industry. The population density is represented by the 331 

population density of each region. Retail sales of consumer goods are used to represent 332 

market scale. The economic level is expressed by the annual average nighttime light 333 

intensity of each region. Compared to the GDP, the nighttime light data come from 334 

satellite data, which reflects the economic level more objectively. Nighttime light 335 

intensity refers to the extraction method of Cao Ziyang, Liang Li and other scholars 336 

(Cao et al., 2015; Chai et al., 2015; Liu et al., 2012; Liang et al., 2020). The original 337 

data are from the NOAA National Environmental Information Center. After saturation 338 

correction, continuity correction and other processes, ArcGIS software is used to extract 339 

the average nighttime light intensity of cities at different levels from 2000 to 2017 to 340 

represent the economic level of each region. 341 

Data sources 342 

The PM2.5 concentration data are from the Atmospheric Composition Analysis 343 
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Group at Dalhousie University1. The annual mean PM2.5 concentrations were extracted 344 

by ArcGIS software. Precipitation data are from the European Center for Medium 345 

Range Weather Forecasts2 . The nighttime light intensity data are from the NOAA 346 

National Environmental Information Center3 . The precipitation and nighttime light 347 

intensity were also extracted by ArcGIS software. Other control variables are from the 348 

2001-2018 China Urban Statistical Yearbook, as well as the statistical yearbook of local 349 

cities and their statistical annual reports. Among these sources, the economic data are 350 

based on the year 2000, excluding the price factor; in addition, the data related to foreign 351 

exchange are calculated according to the annual average exchange rate. The data is 352 

logarithmically processed. Because the values of precipitation data are small, the 353 

logarithm is not taken. The descriptive statistics of the data are shown in Table 1. 354 

 Table 1 Descriptive statistics of data 355 

variable max min mean sd 

lnpm 4.6822 1.141 3.6267 0.5037 

lnurb 4.3876 -4.0633 1.1613 1.0091 

lnsc 4.4854 2.1401 3.6112 0.2605 

lntra 6.4693 -3.9243 3.0533 1.2358 

lngre 6.4996 -2.7901 1.9284 1.1701 

lnec 4.525 2.0857 3.8599 0.2893 

lnfdi 11.2758 -3.1492 5.1487 1.912 

prec 0.0948 0.003 0.0371 0.0184 

lnpopu 9.3557 1.5476 5.7053 0.9248 

lnmar 18.5888 5.4723 14.6545 1.2569 

lnecon 4.4545 -2.9318 0.8908 1.3459 

Empirical analysis 356 

Spatial autocorrelation analysis 357 

Global spatial autocorrelation analysis 358 

First, the spatial autocorrelation between haze pollution and urbanization is 359 

verified. We will explore by calculating the global Moran’s I index. The formula is as 360 

follows: 361 𝐼 = 𝑛 ∑ ∑ 𝑤𝑖𝑗(𝑥𝑖 − �̅�)(𝑥𝑗 − �̅�)𝑛𝑗=1𝑛𝑖=1𝑛 ∑ ∑ 𝑤𝑖𝑗 ∑ (𝑥𝑖 − �̅�)2𝑛𝑖=1𝑛𝑗=1𝑛𝑖=1  362 

where xi and xj are the corresponding variables of haze pollution or urbanization in the 363 

                                                             
1 http://fizz.phys.dal.ca/~atmos/martin/?page_id=140 
2 https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-
means?tab=overview 
3 https://ngdc.noaa.gov/eog/download.html 
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two regions, respectively, and wij is the spatial weight matrix. Here, we use the 364 

standardized spatial adjacency weight matrix. The results of the global spatial 365 

autocorrelation test are shown in Table 2. 366 

Table 2 Global spatial autocorrelation test results 367 

year 
lnpm lnurb 

Moran's I z p-value* Moran's I z p-value* 

2000 0.813 20.432 0.000 0.274 6.963 0.000 

2001 0.812 20.456 0.000 0.268 6.791 0.000 

2002 0.793 19.963 0.000 0.285 7.222 0.000 

2003 0.774 19.477 0.000 0.291 7.387 0.000 

2004 0.781 19.732 0.000 0.295 7.48 0.000 

2005 0.786 19.835 0.000 0.287 7.277 0.000 

2006 0.778 19.610 0.000 0.279 7.093 0.000 

2007 0.796 20.066 0.000 0.299 7.577 0.000 

2008 0.767 19.323 0.000 0.301 7.632 0.000 

2009 0.727 18.380 0.000 0.31 7.863 0.000 

2010 0.751 18.958 0.000 0.362 9.142 0.000 

2011 0.774 19.515 0.000 0.32 8.116 0.000 

2012 0.780 19.650 0.000 0.338 8.559 0.000 

2013 0.768 19.365 0.000 0.358 9.063 0.000 

2014 0.730 18.419 0.000 0.346 8.749 0.000 

2015 0.752 18.946 0.000 0.375 9.468 0.000 

2016 0.773 19.443 0.000 0.373 9.426 0.000 

2017 0.748 18.845 0.000 0.386 9.766 0.000 

Both haze pollution and urbanization have high spatial autocorrelation at the 368 

significance level of 1%. The spatial autocorrelation of urbanization is weaker than that 369 

of haze pollution, but the spatial autocorrelation of urbanization increases with time. 370 

Local spatial autocorrelation test 371 

Local spatial autocorrelation is investigated by drawing a Moran scatter plot. Due 372 

to space limitations, we have only drawn Moran scatter plots of urbanization and haze 373 

pollution in 2000, 2006, 2012, and 2017, as shown in Fig. 3 and Fig. 4. The Moran 374 

scatter diagram of urbanization and haze pollution shows that urbanization and haze 375 

pollution present spatial agglomeration characteristics. 376 
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D 

 

Fig. 3 scatter plot of urbanization.(A)2000 (B)2006 (C)2012 (D)2017 377 
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C 

 

D 

 

Fig. 4 scatter plot of haze.(A)2000 (B)2006 (C)2012 (D)2017 378 

Empirical results 379 

To remove the correlation of random disturbance terms between equations, 3SLS 380 

is used. At the same time, considering the spatial spillover effect of endogenous 381 

variables, this paper uses GS3SLS to make estimates. The estimation results of the two 382 

methods are shown in Table 3. 383 

Table 3 Estimation results of 3SLS and GS3SLS 384 

variable 
lnpm lnurb 

3SLS(equation 1) GS3SLS(equation 3) 3SLS(equation 2) GS3SLS(equation 4) 

lnpm 

  -0.494*** -1.062*** 

  (-9.67) (-15.71) 

lnurb 
0.379*** 0.245***   

(12.21) (10.45)   

lnurb2 
-0.078*** -0.067***   

(-10.77) (-12.45)   

W*lnpm 

 0.718***  0.763*** 

 (29.97)  (10.91) 

W*lnurb 

 -0.164***  0.139*** 

 (-10.78)  (4.86) 

lnsc 
-0.128*** -0.064***   

(-4.65) (-2.93)   

lnec 

  0.075** 0.164*** 

  (2.05) (4.20) 

lngre 
-0.066*** -0.036***   

(-9.24) (-6.22)   

lnfdi 
-0.038*** -0.008** -0.034* -0.075*** 

(-7.88) (-2.02) (-1.94) (-4.09) 

lnfdi2 

  0.004** 0.006*** 

  (2.10) (2.97) 
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lntra 
0.168*** 0.144*** 0.045*** 0.045*** 

(17.05) (18.80) (2.68) (2.65) 

lnecon 

  0.282*** 0.298*** 

  (19.52) (20.28) 

lnpopu 

  0.358*** 0.330*** 

  (16.79) (15.19) 

lnmar 

  0.171*** 0.170*** 

  (16.14) (14.86) 

prec 
-6.640*** -3.473***   

(-17.63) (-11.26)   

_cons 
3.887*** 1.117*** -2.218*** -3.100*** 

(39.25) (9.55) (-10.10) (-10.81) 

t statistics in parentheses 

* p < 0.1, ** p < 0.05, *** p < 0.01 

 

Analysis results of haze pollution equation 385 

From model 1 and model 3 in Table 3, it can be seen that whether the GS3SLS 386 

method considering spatial factors or the 3SLS method without considering spatial 387 

factors is adopted, the coefficient corresponding to the first term of urbanization (lnurb) 388 

is positive and that of the quadratic term (lnurb2) is negative. The results show that 389 

there is an inverted U-shaped relationship between urbanization and haze pollution. 390 

Without considering the spatial factors, the turning point is the urbanization rate of 391 

11.35%. When the spatial factors are considered, the inflection point becomes 6.22%, 392 

which indicates that the speed of reaching the inflection point increases after 393 

considering the spatial factors. Therefore, considering the factors of space, regional 394 

cooperation and urbanization will become a relatively fast way to alleviate haze 395 

pollution. 396 

From the spatial lag term in model 3, the spatial lag term of haze pollution 397 

(W*lnpm) is positive and that of urbanization (W*lnurb) is positive. The results show 398 

that the haze in this region will increase with the increase in haze in surrounding areas. 399 

When the urbanization level of the surrounding areas increases, the local haze pollution 400 

will be alleviated. According to the above spatial agglomeration analysis and the spatial 401 

lag term of urbanization in the empirical results, urbanization has a certain spatial 402 

spillover effect and has the characteristics of high agglomeration or low agglomeration. 403 

After the urbanization level of the surrounding areas is improved, the urbanization level 404 

of the region will also develop. For other control variables, increasing the proportion of 405 

the tertiary industry (lnsc) and the greening degree (lngre) can significantly alleviate 406 

haze pollution. Increasing FDI (lnfdi) can also alleviate haze pollution. The possible 407 

reason for these outcomes is that when foreign investment increases, enterprises have 408 
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more capital with which to upgrade their equipment and technology to adapt to the 409 

environment and may also introduce foreign advanced technology to reduce pollution. 410 

Therefore, in China as a whole, the pollution paradise hypothesis is not tenable. Traffic 411 

conditions (lntra) significantly increase haze pollution. When traffic development 412 

increases, the level of car driving and exhaust emissions increases, thus increasing the 413 

severity of haze pollution. For natural factors, at the significance level of 1%, both 414 

model 1 and model 3 show that precipitation (prec) can significantly reduce haze 415 

pollution. The main component of haze is PM2.5 floating in the air. When the 416 

precipitation increases, the PM2.5 in the air can be wrapped in rainwater to achieve the 417 

air purification effect. 418 

Analysis results of urbanization equation 419 

In both model 2 and model 4, haze pollution (lnpm) hinders urbanization (lnurb) 420 

at the significance level of 1%, and the effect of hindrance is more obvious when 421 

considering spatial factors. Therefore, the impact of haze pollution on urbanization is 422 

underestimated in the traditional econometric model. The coefficient of the spatial lag 423 

term of haze pollution (W*lnpm) in model 4 is 0.763. This result shows that the 424 

urbanization of this region will increase with the aggravation of haze in surrounding 425 

areas. A possible reason for this result is that both residents and developers tend to 426 

choose areas with better environments; therefore, when the haze in this area is lighter, 427 

it is more likely to be favored by immigrants and developers. Similarly, the coefficient 428 

of the spatial lag of urbanization (W*lnurb) in model 4 is 0.139 at the significance level 429 

of 1%, which indicates that when the urbanization level of surrounding areas is 430 

relatively high, it also has a certain driving effect on the urbanization of the region. A 431 

possible reason for this outcome is that when the urbanization level of the surrounding 432 

areas is relatively high, the region will also use the market and economy of the 433 

surrounding areas to construct the urbanization of the region. 434 

For the control variables, at the significance level of 1%, increasing the proportion 435 

of secondary industry (lnec) can increase local urbanization. The secondary industry 436 

mainly consists of heavy industry, which needs much manpower and can thus directly 437 

promote both local employment and urbanization. The corresponding coefficient of 438 

FDI(lnfdi) is -0.075, and the quadratic coefficient of FDI(lnfdi2) is 0.006, which are 439 

significant at the significance level of 1%. Thus, the results show that FDI and 440 

urbanization have a positive U-shaped relationship. With the increase in FDI, the level 441 

of urbanization will first decrease and then increase. The inflection point is that the per 442 

capita FDI is 518.01 yuan. When the per capita FDI exceeds 518.01 yuan, urbanization 443 

will increase with the increase in per capita FDI. Traffic conditions (lntra), economic 444 

level (lnecon), population density (lnpopu) and market scale (lnmar) all promote 445 

urbanization at the significance level of 1%. When traffic conditions are relatively 446 
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developed, it is easy to communicate with the outside world and transport goods. The 447 

higher the economic level is, the more money will be spent on construction, thus 448 

promoting urbanization. When the population density is greater, it means that there are 449 

more labor resources; as is often the case, the more abundant the labor resources, the 450 

lower the labor cost is, which is favored by enterprises and thus promotes urbanization. 451 

When the whole region has a large market scale, residents will have a higher willingness 452 

to consume, and then the local market will more easily attract foreign enterprises to 453 

enter and promote urbanization. 454 

Analysis of regional heterogeneity 455 

In 1935, Chinese geographer Hu Huanyong drew a line on a map of China with 456 

Heihe city as the starting point and Tengchong County as the ending point, which was 457 

called the Hu Line. According to the census, the area on the right side of the Hu Line 458 

only accounts for 43.8% of the total area of China, while the proportion of the 459 

population located on that side is as high as 94.1%. Both the economy and urbanization 460 

levels in the eastern region far outperform those for the western region of the Hu Line. 461 

For further study, we divide the study area into eastern and western regions of the Hu 462 

Line to study the regional consistency. We use ArcGIS software to determine the 463 

longitude and latitude coordinates of the starting point and end point of the Hu Line, 464 

and we divide the line into left-side and right-side areas. The area through which the 465 

Hu Line passes is allocated according to the area size on both sides. The division results 466 

of the Hu Line in China are shown in Fig. 5. The empirical results of 287 prefecture-467 

level cities are shown in Table 4. 468 
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 469 

Fig. 5 The results of the Hu Line division in China 470 

Table 4 Regional heterogeneity test results 471 

variable 
lnpm lnurb 

Right of the Hu Line Left of the Hu Line Right of the Hu Line Left of the Hu Line 

lnpm 

  -1.624*** -0.397** 

  (-19.57) (-2.14) 

lnurb 
0.292*** -0.111***   

(9.78) (-3.30)   

lnurb2 
-0.093*** 0.001   

(-13.05) (0.09)   

W*lnpm 
0.716*** 0.956*** 1.051*** 0.219 

(33.38) (22.63) (14.17) (0.99) 

W*lnurb 
-0.142*** 0.036 0.118*** 0.571*** 

(-9.95) (1.00) (3.87) (9.50) 

lnsc 
-0.020 0.061   

(-0.84) (1.48)   

lnec 

  0.262*** -0.002 

  (5.93) (-0.02) 

lngre 
-0.020*** -0.029**   

(-3.32) (-2.19)   

lnfdi 
0.006 0.026*** -0.215*** 0.247*** 

(1.46) (2.73) (-9.04) (7.69) 
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lnfdi2 

  0.017*** -0.025*** 

  (7.32) (-4.68) 

lntra 
0.154*** 0.057*** 0.157*** -0.065* 

(18.66) (3.97) (8.04) (-1.71) 

lnecon 

  0.231*** 0.157*** 

  (13.00) (3.45) 

lnpopu 

  0.474*** 0.203*** 

  (15.25) (3.88) 

lnmar 

  0.206*** 0.044 

  (15.82) (1.56) 

prec 
-1.926*** -9.938***   

(-5.79) (-4.20)   

_cons 
0.741*** -0.024 -3.783*** -1.021 

(6.44) (-0.11) (-12.05) (-1.49) 

t statistics in parentheses 

* p < 0.1, ** p < 0.05, *** p < 0.01 

 

Analysis results of haze pollution equation 472 

The relationship between urbanization and haze pollution to the right of the Hu 473 

Line is still an inverted U-shaped curve, and the inflection point is 4.81%. However, in 474 

the area to the left of the Hu Line, only the first-order coefficient of urbanization is 475 

significantly negative; the second-order coefficient of urbanization is not significant. 476 

This result shows that urbanization can promote the alleviation of haze pollution in the 477 

area to the left of the Hu Line. 478 

For haze pollution and urbanization spatial lag terms, the area to the right of the 479 

Hu Line is consistent with the result of the overall regression. However, the spatial lag 480 

term of urbanization (W*lnurb) to the left of the Hu Line is not significant. A possible 481 

reason is that the level of urbanization in the western region is low, and it is difficult to 482 

have an impact on the local area when the urbanization in the surrounding areas 483 

increases only slightly. In addition, the corresponding coefficient of FDI (lnfdi) in the 484 

western region of the Hu Line is positive at the significance level of 1%, which indicates 485 

that FDI leads to haze pollution in the area to the left of the Hu Line. Therefore, although 486 

the pollution paradise hypothesis is not tenable throughout the whole country, it does 487 

seem tenable in the areas left of the Hu Line. A possible reason for this outcome is that 488 

it is difficult to restrict the environmental standards to attract foreign investment due to 489 

the low economic level of the region to the left of the Hu Line. Whether to the right or 490 

the left of the Hu Line, traffic (lntra) will increase haze pollution, and precipitation 491 

(prec) will alleviate haze pollution. 492 
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Analysis results of urbanization equation 493 

Whether to the right or the left of the Hu Line, haze pollution (lnpm) hinders 494 

urbanization. However, the haze pollution in the western region of the Hu Line is 495 

weaker than that in the east. A possible reason is that the level of urbanization in the 496 

western region of the Hu Line is lower than that in the eastern region. At present, the 497 

main goal is to promote urbanization; thus, the impact of haze on these areas will be 498 

weak. However, the urbanization level in the eastern region is higher, and the 499 

environmental status is given more attention; therefore, the region is more sensitive to 500 

haze. 501 

The spatial lag term to the right of the Hu Line is not different from the previous 502 

results. The spatial lag term of urbanization (W*lnurb) on the left side of the Hu Line 503 

is positive, which is not significantly different from the previous conclusion. However, 504 

the spatial lag term of haze pollution (W*lnpm) on the left of the Hu Line is not 505 

significant. A possible reason is that the level of urbanization to the left of the Hu Line 506 

is relatively low. Even though the surrounding areas have a certain amount of haze 507 

pollution, the main goal of the whole area to the left of the Hu Line is to promote 508 

urbanization. For other control variables, the first term of FDI (lnfdi) to the right of the 509 

Hu Line is negative, while the second term (lnfdi2) is positive; thus, the level of 510 

urbanization first decreases and then increases with the increase of FDI. However, for 511 

the region to the west, the coefficient of the first term of FDI (lnfdi) is positive, while 512 

the coefficient of the second term (lnfdi2) is negative, which shows that the relationship 513 

between FDI and urbanization has an inverted U-shaped curve. A possible reason for 514 

this result is that the initial inflow of foreign capital is conducive to local urbanization. 515 

However, while the area to the left of the Hu Line has higher terrain, the infrastructure 516 

is relatively poor. Thus, it is difficult for foreign capital to flow into the local 517 

infrastructure field, which hinders the further development of cities and towns. Other 518 

variables, except for that of traffic condition (lntra), have no significant difference from 519 

the results of the previous analysis. For the area to the left of the Hu Line, traffic 520 

conditions (lntra) are a very weak impediment to urbanization. A possible reason is that 521 

the terrain to the west of the line is more dangerous, and there are many mountainous 522 

areas; thus, the construction of roads in this terrain needs high levels of capital 523 

investment. Once excessive capital is occupied, other available capital for promoting 524 

urbanization will be relatively reduced. In addition, the corresponding coefficient of 525 

population density (lnpopu) in the area to the west of the Hu Line is 0.203, which is 526 

higher than other coefficients, which indicates that if we want to promote urbanization 527 

in the western area, the issue of how to increase the population in the western area is 528 

the key factor. 529 

Robustness test 530 
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To test the robustness of the model, the inverse distance matrix and the economic 531 

distance matrix are used to regress with GS3SLS. The inverse distance matrix is the 532 

reciprocal of Euclidean distance between two regions. The economic distance matrix is 533 

the reciprocal of the absolute value of the difference between the average per capita 534 

GDP of the two regions. The test results are shown in Table 5. There is no significant 535 

difference between the results of the robustness test and the previous results. Therefore, 536 

the model has good robustness. 537 

Table 5 Robustness test results 538 

variable 

lnpm lnurb 

Inverse distance 
matrix 

Economic distance 
matrix 

Inverse distance 
matrix 

Economic distance 
matrix 

lnpm 

  -0.856*** -1.060*** 

  (-12.00) (-17.58) 

lnurb 
0.256*** 0.266***   

(12.59) (10.69)   

lnurb2 
-0.059*** -0.079***   

(-12.88) (-13.34)   

W*lnpm 
0.921*** 0.618*** 0.606*** 0.801*** 

(44.32) (24.45) (7.69) (13.32) 

W*lnurb 
-0.295*** -0.142*** 0.366*** -0.027 

(-16.43) (-9.51) (10.56) (-1.06) 

lnsc 
-0.072*** -0.073***   

（-3.52） (-3.10)   

lnec 

  0.120*** 0.195*** 

  (3.12) (4.95) 

lngre 
-0.035*** -0.045***   

(-6.37) (-7.15)   

lnfdi 
0.002 -0.014*** -0.092*** -0.059*** 

(0.67) (-3.35) (-5.22) (-3.16) 

lnfdi2 

  0.007*** 0.005** 

  (3.79) (2.38) 

lntra 
0.137*** 0.162*** 0.009 0.055*** 

(20.06) (19.70) (0.54) (3.20) 

lnecon 

  0.284*** 0.304*** 

  (20.23) (20.30) 

lnpopu 

  0.297*** 0.367*** 

  (13.98) (16.50) 

lnmar 

  0.153*** 0.178*** 

  (13.37) (15.81) 

prec 
-3.123*** -3.834***   

(-10.83) (-11.59)   
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_cons 
0.480*** 1.500*** -2.775*** -3.595*** 

(4.64) (12.12) (-9.2) (-12.73) 

t statistics in parentheses 

* p < 0.1, ** p < 0.05, *** p < 0.01 

Conclusions and policy recommendations 539 

Based on panel data from 287 prefecture-level cities in China from 2000 to 2017, 540 

this paper studies the spatial interaction between haze pollution and urbanization. It is 541 

hoped that this study can supplement the relevant theories and provide a reference for 542 

improving atmospheric conditions and promoting the development of new urbanization. 543 

The results show the following: 544 

(1) Haze pollution and urbanization can influence each other. As a whole, haze 545 

pollution and urbanization have a typical inverted U-shaped relationship. Without 546 

considering the spatial factors, the turning point is the urbanization rate of 11.35%. 547 

When considering the spatial factors, the inflection point becomes 6.22%. 548 

(2) Regional heterogeneity analysis shows that on the right of the Hu Line, haze 549 

and urbanization conform to the Environmental Kuznets curve. However, on the left of 550 

the Hu Line, haze pollution decreases with the improvement of urbanization level. 551 

(3) In addition to haze pollution, urbanization also has a "spatial spillover effect". 552 

Haze in the surrounding areas will promote the urbanization level of the local area, but 553 

it will also make haze pollution in the local area more serious. When the level of 554 

urbanization in the surrounding areas increases, it will promote the level of urbanization 555 

in the local area and alleviate the haze pollution in the local area. 556 

(4) Tertiary industry, greening, FDI and precipitation can help alleviate haze 557 

pollution, and traffic will aggravate haze pollution. Second, industry involvement, 558 

transportation, population density, economic level and market scale can promote 559 

regional urbanization. Urbanization first decreases with increasing FDI and then 560 

increases, and the inflection point is 518.01 yuan per capita FDI. 561 

Based on the above conclusions, this paper puts forward the following policy 562 

recommendations: 563 

(1) The relationship between haze pollution and urbanization has an inverted U-564 

shaped curve. Therefore, when dealing with haze pollution, we should formulate haze 565 

control policies according to the urbanization level of the region and the surrounding 566 

areas to minimize the delay of urbanization while controlling haze. At the same time, 567 

they all have a spatial spillover effect. Therefore, in the governance of haze pollution 568 

and the promotion of urbanization, the cooperation between regions in formulating haze 569 

control policies and urbanization policies can achieve maximum benefits. 570 

(2) In the area to the left of the Hu Line, the improvement of urbanization level is 571 

conducive to alleviating haze pollution, and the reduction of haze pollution can promote 572 
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urbanization. Therefore, vigorously promoting the urbanization level in the area to the 573 

left of the Hu Line can realize a positive feedback effect between alleviating haze 574 

pollution and promoting urbanization. 575 

(3) In areas with heavy haze pollution, we should promote the transformation of 576 

industrial structure, vigorously develop tertiary industry, and at the same time formulate 577 

policies to attract foreign investment to increase the green construction of cities and 578 

towns. In addition, in some seasons or areas with less precipitation, the prevention and 579 

control measures of haze should be stricter. In relatively less-developed areas, we 580 

should properly develop secondary industry sectors and increase employment, 581 

infrastructure investment and road construction. FDI and urbanization have a positive 582 

U-shaped relationship; therefore, we should formulate a policy of introducing foreign 583 

capital according to the current situation of regional FDI so that foreign capital can 584 

promote regional urbanization to the maximum extent. 585 
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