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Abstract 18 

Equitable access to urban green spaces (UGS) is an important component of social 19 

justice and can be quantified using indices such as urban green space accessibility 20 

(UGSA). However, the spatiotemporal patterns and inequity of UGSA among cities 21 

with different developments during rapid urbanization are unclear, especially lack 22 

evidence at a macroscopic national scale during rapid urbanization. Therefore, we 23 

evaluated the UGSA in 366 cities of China during 1990-2015 by the Gaussian-based 24 

two-step floating catchment area method (Gaussian-based 2SFCA). Then, the inequity 25 

https://www.sciencedirect.com/science/article/pii/S004896972106201X?via%3Dihub
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pattern of UGSA among cities with different economic developments was analyzed by 26 

the concentration curve and concentration index. Finally, the relationship between 27 

UGSA and urban spatial expansion was explored quantitatively by the spatial 28 

econometric model. The results showed that: (1) The overall UGSA in China declined 29 

significantly by nearly 57.23 % during 1990-2015. From the regional perspective, the 30 

UGSA in the southeastern region was always lower than that in the northwestern region, 31 

the Eastern zone presented a downward trend. From the perspective of different sizes 32 

cities, the UGSA of the megacities kept decreasing during 1990-2015, while UGSA of 33 

the large, medium, and small cities had turned to increase since 2010. (2) During rapid 34 

urbanization, the equity of UGSA among the cities gradually improved, while the cities 35 

with low economic developments tended to have higher UGSA. (3) Urban spatial 36 

expansion led to the decrease of UGSA during 1990-2015, while the impact had 37 

spatiotemporal heterogeneity, and UGSA had a positive spatial spillover effect. Our 38 

research provides a comparative baseline for the improvement of UGSA from a 39 

macroscopic perspective for China's urbanization policy in the future and novel insights 40 

into the green justice issue. The results can be compared with the development of UGS 41 

in other countries at different urbanization stages to promote UGS design and policy. 42 

Keywords: Urban green space accessibility; Urbanization; Spatiotemporal patterns; 43 

Inequity; Gaussian-based 2SFCA; Spatial econometric model 44 

1. Introduction  45 

Urban green spaces (UGS) are the artificial, semi-natural, and natural ecosystems 46 
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dominated by vegetation in urban areas, and include parks, gardens, forests, grasslands, 47 

natural reserves (Dai, 2011; Ministry of Housing and Urban-Rural Development of the 48 

People's Republic of China, 2019). The definition also includes blue spaces such as 49 

river corridors and wetlands (Wolch et al., 2014). In this paper, we only considered the 50 

formally designated UGS which are well-recognized, clearly demarcated, managed, 51 

and maintained (e.g., green squares, parks, forest, and large water bodies) rather than 52 

informal green spaces which are often smaller, less obvious, more dispersed, and 53 

unintentional formations with an uncertain legal, socio-economic, and ecological status. 54 

UGS provide a large number of ecosystem services including provisioning, regulating, 55 

and cultural services. First, UGS can provide raw materials (e.g. timber and leaf litter), 56 

and replenish water sources to provide drinking water (Wolch et al., 2014). Second, 57 

UGS reduce air and water pollution, regulate microclimate, prevent flood damage 58 

(Wuestemann et al., 2017; Chen et al., 2019b; Li et al., 2020; Yu et al., 2020; Heo et al., 59 

2021b). Third, UGS provide urban residents with areas for recreation and sporting 60 

activities, which promotes outdoor physical exercises and social interactions, and 61 

contributes to physical and psychological health and human wellbeing (De Ridder et 62 

al., 2004; Macintyre et al., 2019; Zhang et al., 2020b; Pearsall et al., 2020). As a public 63 

service facility, fair and rational access to UGS contributes to social justice (Wolch et 64 

al., 2014; Biernacka et al., 2018). Existing studies have found that UGS can reduce 65 

health disparities between the wealthy residents and vulnerable groups by relieving the 66 

psychosocial stress of poor households (Hunter et al., 2019; Li et al., 2016), mitigating 67 

environmental hazards in lower socioeconomic communities (Bhatnagar, 2017; Myers 68 
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et al., 2013), and improving the health status of vulnerable groups (Alderton et al., 2019; 69 

Demoury et al., 2017; Yeager et al., 2018). Therefore, the opportunities for people to 70 

access UGS should be equitable. The spatiotemporal patterns and inequity of people’s 71 

access to UGS services are receiving increased attention.  72 

The world’s population increasingly lives in cities, and rapid urbanization has been 73 

an important feature of land use and population change in Asia and Latin America in 74 

the last few decades (Wang et al., 2020; Kanbur et al., 2013). This has resulted in a large 75 

expansion of urban land and an explosion in urban populations, which will continue in 76 

the future (United Nations, 2005; United Nations, 2014). The rapid urban land 77 

expansion has led to landscape fragmentation and reduction of green spaces (Kong et 78 

al., 2007; Nations et al., 2014; Sun et al., 2019; Lin et al., 2016), and has initiated a 79 

series of ecological and environmental problems (Guo et al., 2019; Kuang et al., 2017; 80 

Zhang et al., 2018). Urbanization tends to decrease access to UGS, which causes an 81 

impact on the health and well-being of urban residents, which in turn may further 82 

exacerbate social inequity (Wuestemann et al., 2017; Tzoulas et al., 2007). Access to 83 

UGS in this paper refers to residents entry into the UGS on the premise that we assume 84 

all of UGS can be freely reached and safely used for recreational purposes at any time, 85 

without any restrictions (Biernacka et al., 2018). As the largest developing country in 86 

the world, China has experienced rapid urban transformation in the last 30 years (Zhao 87 

et al., 2013). China has been under the uniform leadership of the central government in 88 

the past decades, and there has been tremendous government-led investment in urban 89 

green spaces planning combined with supporting greening policies to mitigate the 90 
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adverse effects of urbanization on the human living environment (Zhao et al., 2013; Wu 91 

et al., 2021). The greening policies and urbanization which are two seemingly 92 

conflicting effects make the relationship between urban residents' access to UGS and 93 

urbanization more complicated. There is an urgent need to explore how access to UGS 94 

and their inequity changes in China during periods of rapid urbanization.  95 

Urban green space accessibility (UGSA) can effectively evaluate both the potential 96 

and the inequity of UGS access for residents (Dai, 2011; Kabisch et al., 2016; Wolch et 97 

al., 2014). UGSA can be defined as the degree of difficulty for people to access UGS. 98 

Previous studies commonly measure UGSA by the distance or travel time for residents 99 

to access UGS (Comber et al., 2008), and the more sophisticated studies take into 100 

consideration the area and quality of green space, transportation cost, population density, 101 

and other factors (Dai, 2011; Norman et al., 2006; Zakarian et al., 1994). Over the past 102 

few decades, multiple methods have been developed to assess the UGSA. The following 103 

methods are the main UGSA evaluation approaches: 1) cover method (Coombes et al., 104 

2010); 2) container method (Haase et al., 2014); 3) gravity model (McCormack et al., 105 

2010). The cover method and container method both assume that residents only choose 106 

the nearest UGS, while they usually have more options, and they even tend to choose 107 

farther UGS. The gravity model considers the possibility of multiple choices, but 108 

ignores the supply-demand relationship between the UGS and population (Wu et al., 109 

2020a). As a special form of the gravity model (Chen et al., 2019c), the two-step floating 110 

catchment area method (2SFCA) not only has most of the advantages of the gravity 111 

model but also takes into account resource supplies and population demands and their 112 
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interactions for measuring potential UGSA (Dai, 2011). Of all the above methods, the 113 

2SFCA and their improved models are most commonly used as 2SFCA have obvious 114 

advantages, and have been widely used in studies on UGSA (Chen, 2019; Hu et al., 115 

2020; Ji et al., 2020; Wu et al., 2020a). The current applications of 2SFCA are mainly 116 

focused on a small scale (e.g., communities or single cities), while there is a rare 117 

application in long-term UGSA research at a national scale. 118 

Most research on UGSA has focused on existing patterns of greenspace and current 119 

levels of access at the city scale (Rigolon et al., 2014; Cetin, 2015; Engelberg et al., 120 

2016; Wu et al., 2020a; Chen et al., 2020; Pearsall et al., 2020; Liu et al., 2021). Some 121 

research works have explored the spatiotemporal patterns of UGSA in a single city 122 

(Xing et al., 2018; Ye et al., 2018). Some studies have looked at the temporal component 123 

at the national or regional scale, for example comparing cities diverging under different 124 

political regimes in Eastern Europe (Kabisch et al., 2013), or comparing city 125 

development patterns on either side of a national border (Inostroza et al., 2019), but few 126 

have looked at long-term spatiotemporal patterns of UGSA at national scale in 127 

developing country with rapid urbanization. 128 

The majority of studies on urban social justice focus on the inequity of UGSA 129 

among groups with different socio-economic status, racial characteristics, age, income, 130 

gender, and other demographic factors, which restrict their analysis to a particular city 131 

(Dai, 2011; Cetin, 2015; Iraegui et al., 2020; Chen et al., 2020; Heo et al., 2021b). 132 

However, due to the differences in the definition and scale of UGS, accessibility 133 

indicator, characteristics of cities (e.g., politics, economics, and culture) (Wu et al., 134 
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2021; Zhang et al., 2020a), the results are remarkably inconsistent. Having realized 135 

these gaps, scholars begin to carry out investigations across multiple cities in a region 136 

or a nation. Although there is a successive emergence of studies in Canada (Tooke et 137 

al., 2010), Europe (Kabisch et al., 2016; Zepp et al., 2020), Germany (Wuestemann et 138 

al., 2017), the United States (Nesbitt et al., 2019), and China (Wu et al., 2021), the 139 

comparative objects are mostly within the urban environment, the analyses are usually 140 

based on existing patterns of UGS, and there are few studies on the dynamics of UGS 141 

equity between cities with different development levels at the national or regional scale. 142 

The capacity of urban planning and greening policy implementation is varied in cities 143 

with different development levels. Rapid urbanization will have varying effects on 144 

UGSA in different cities. It remains to be explored how the urbanization changes the 145 

UGS equity between cities. 146 

Therefore, this paper aims to explore spatiotemporal patterns and inequity of 147 

UGSA and its relationship with urban spatial expansion in China during the rapid 148 

urbanization period. Our research objectives are: (1) to calculate the UGSA and analyze 149 

its spatiotemporal patterns of 366 cities in China from 1990 to 2015. (2) to analyze the 150 

dynamic inequity patterns of UGSA among the cities at the different development 151 

stages. (3) to explore the impacts of urban spatial expansion on UGSA through the 152 

spatial econometric models. The study result can provide a comparative baseline for the 153 

improvement of UGSA from a regional and national scale. Meanwhile, it is also an 154 

innovative large-scale application attempt of the 2SFCA method.  155 
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2. Study area and data source 156 

2.1. Study area 157 

In this study, all 366 cities in the Chinese mainland were covered for analysis, 158 

containing cities at three administrative levels: 4 provincial cities (Beijing, Shanghai, 159 

Tianjin, and Chongqing), 21 province directly administrating county cities 160 

(‘Sheng_zhi_xia_xian’), and all prefecture-level administrative unit cities in the 161 

Chinese mainland. The prefecture-level administrative units in China contain the 162 

prefecture-level city (‘Di_ji_shi’), autonomous prefecture (‘Zi_zhi_zhou’), prefecture 163 

(‘Di_qu’), and league (‘Meng’). Some cities had administrative division adjustments 164 

during the period 1990-2015, therefore we applied the 2015 administrative division 165 

boundary in all analyses for ease of comparison.  166 

For comparative purposes, cities within China were allocated into four economic 167 

zones according to China's Economic Geographical Zoning Scheme (National Bureau 168 

of Statistics, 2011; Dou et al., 2020) (Fig. 1) (Table 1). Meanwhile, according to the 169 

2010 sixth national population census data of China and (Dou et al., 2020), 294 cities 170 

(only prefecture-level cities) were divided into 4 population-based city size classes 171 

(Table 2). The Hu Huanyong Line is an important division line of population density 172 

and socioeconomic development in China (Chen et al., 2019a; Chen et al., 2016) (see 173 

Fig. 1), which divides the Chinese mainland into southeastern and northwestern regions. 174 

 175 

Table 1 Economic zones division in China 176 

Zone Provincial-level administrative units 
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Northeastern zone Heilongjiang, Jilin, and Liaoning 

Eastern zone Beijing, Shanghai, Tianjin, Shandong, Guangdong, 
Jiangsu, Hebei, Zhejiang, Hainan, and Fujian. 

Central zone Shanxi, Henan, Anhui, Jiangxi, Hubei, and Hunan 

Western zone Chongqing, Sichuan, Yunnan, Guizhou, Gansu, 
Shannxi, Qinghai, Ningxia, Guangxi, Xinjiang, 
Tibet, and Inner Mongolia 

 177 
Table 2 Population-based city size classes in China 178 

City size Criterion 
megacities > 5 million population 
large cities 1 to 5 million population 

medium cities 0.5 to 1 million population 
small cities < 0.5 million population 

From 1990 to 2015, China's economy developed rapidly, with an increasing 179 

population and substantial urbanization (Fig. 2). Statistics (National Bureau of Statistics, 180 

2016) show that China's GDP has increased by a factor of 35 in 15 years, with an 181 

average annual growth of 235.48 %. Although the population growth rate was relatively 182 

low, about 20.23 %, the total population has increased by 23.19 million. Urban built-up 183 

area (UBUA) increased by 39,975.80 km2, nearly 3.44 times.  184 



10 
 

Fig. 1. Locations of provinces and cities investigated in China, and economic zones. 186 

Redline shows division along the Hu Huanyong line. 187 

Fig. 2. Temporal trend of the total population, GDP, and UBUA in China from 1990 to 189 
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2015. 190 

2.2. Data source 191 

The UGS and UBUA data were extracted from land use and cover change (LUCC) 192 

data. The LUCC datasets for 1990, 2000, 2010, and 2015 were downloaded from the 193 

Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences 194 

(RESDC) (http://www.resdc.cn). Population and GDP datasets for 1990, 2000, 2010, 195 

and 2015 were obtained from RESDC. The spatial resolution of LUCC, population, and 196 

GDP dataset was 1 × 1 km. DEM data were downloaded from RESDC with a resolution 197 

of 90 × 90 m. Administrative unit boundaries for all 366 cities in 2015 were obtained 198 

from the National Geomatics Center of China (http://ngcc.sbsm.gov.cn) at a spatial 199 

scale of 1:4,000,000. 200 

3. Methods 201 

A detailed description of each step is introduced in this section. Fig. 3 presents the 202 

work flow of this study. 203 
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Fig. 3. Work flow chart of this study. Acronyms denote the following meanings: 205 

LUCCs (Land use and cover change datasets), UBUA (Urban built-up area), UGS 206 

(Urban green spaces), Gaussian-based 2SFCA (Gaussian-based two-step floating 207 

catchment area method), UGSA (Urban green space accessibility). 208 

3.1. UGSA evaluation 209 

We defined the green spaces in the UBUA or within a certain distance as UGS. In 210 

addition to agricultural land and unused land, all classes of ecological land were 211 

regarded as UGS containing forest, grassland, river /canal, reservoir, lake, beach land, 212 

and tidal flats (Wolch et al., 2014; Ministry of Housing and Urban-Rural Development 213 

of the People's Republic of China, 2019). Assessment of accessible green spaces 214 
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included all UGS within a 2500 m buffer of the UBUA boundary. This buffer radius 215 

was selected for the following reasons: previous research has shown that regardless of 216 

the modes of transportation, the psychological limit of daily travel is 30min (Wang et 217 

al., 2013). Walking is the most common modes of daily transportation, and walking for 218 

30 minutes can be regarded as the limit of walking accessibility. Generally, humans can 219 

walk 2500 m in 30 minutes at normal walking speed (5 km/h). 2500 m buffer zone was 220 

taken to extract all UGS that people can reach on daily walking. At the same time, UGS 221 

within 2500 m is also suitable for the daily visit of citizens by public transportation and 222 

cycling. Catchments which is larger than 30 min travel distance will over-smooth the 223 

accessibility, thus concealing the variation in accessibility (Dai, 2011). Based on this 224 

buffer, we calculated the UGS data for China’s 366 cities for four periods: 1990, 2000, 225 

2010, and 2015. As an example to visualize the calculations, the spatial distributions of 226 

UGS in Beijing city from 1990 to 2015 are shown in Fig. 4. 227 

 228 

 229 

 230 

 231 

 232 

 233 

 234 
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Fig. 4. Spatial distribution of urban green spaces in Beijing city from 1990 to 2015. 235 

Second, population numbers for 1990, 2000, 2010, and 2015 were calculated for 236 

the areas defined by the UBUA boundaries, and transformed into a points data layer in 237 

ArcGIS. Gaussian-based 2SFCA was performed as follows (Dai, 2011). 238 

Step 1. For each green space j, all population locations (k) within the threshold 239 

travel distance d0 starting from j were identified, to calculate the catchment area of 240 

green space j (Fig. A1). The population at k is weighted using a Gaussian function (G), 241 

which characterizes friction-of-distance as follows: 242 

a.1990 b.2000 

c.2010 d.2015 
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𝐺𝐺�𝑑𝑑𝑘𝑘𝑘𝑘 ,𝑑𝑑0� = �
𝑒𝑒−0.5×�

𝑑𝑑𝑘𝑘𝑘𝑘
𝑑𝑑0

�
2

− 𝑒𝑒−0.5

1 − 𝑒𝑒(−0.5) ,     𝑑𝑑𝑘𝑘𝑘𝑘 ≤  𝑑𝑑0    

0,                   𝑑𝑑𝑘𝑘𝑘𝑘 >   𝑑𝑑0

(1) 243 

where dkj is the travel distance from the populations at k to the green space j. The 244 

weighted population within the catchment of j is summed up as potential users of green 245 

space j. The ratio of green space to populations (Rj) is expressed as follows: 246 

𝑅𝑅𝑘𝑘 =
𝑆𝑆𝑘𝑘

∑ 𝐺𝐺�𝑑𝑑𝑘𝑘𝑘𝑘 ,𝑑𝑑0�𝑃𝑃𝑘𝑘𝑘𝑘∈�𝑑𝑑𝑘𝑘𝑘𝑘≤𝑑𝑑0�
(2) 247 

where Pk is the population at location k whose centroid lies in the catchment (dkj ≤ d0) 248 

from green space j; Sj is the capacity (i.e., area) of green space at j. The value of 𝑅𝑅𝑘𝑘 249 

represents the per capita green area that the potential users of green space j can obtain.  250 

Step 2. For each population location i, search all green spaces l within the threshold 251 

travel distance d0 from i, thus establishing the catchment for the population at i (Fig. 252 

A2). Rl is weighted using a Gaussian function (G). Sum up weighted Rl within the 253 

catchment area of green spaces i to obtain the spatial accessibility at population location 254 

i as follows: 255 

𝐴𝐴i = � 𝐺𝐺(𝑑𝑑𝑖𝑖𝑖𝑖 ,𝑑𝑑0)𝑅𝑅𝑖𝑖
𝑖𝑖∈{𝑑𝑑𝑖𝑖𝑖𝑖≤𝑑𝑑0}

(3) 256 

where l denotes all green spaces within the catchment of population location i. Ai is the 257 

accessibility score, which represents the amount of green spaces every nearby resident 258 

can obtain. A larger 𝑅𝑅𝑘𝑘  value denoted that each potential resident can access more 259 

green space. 260 

3.2. Spatiotemporal patterns of UGSA 261 

Hot spot analysis (Getis-Ord Gi*) is a spatial statistical method proposed by Getis 262 

and Ord (Giles-Corti et al., 2005) that can effectively identify cold and hot spots with 263 
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statistical significance in space. In hot spot analysis, the Gi* value of each spatial object 264 

was calculated to delimit the high and low clustering. Both Z-score and p-value are used 265 

to measure the statistical significance and to judge whether to reject the null hypothesis. 266 

For a statistically significant positive Z-score, as the Z-score increases, the clustering 267 

of high values becomes closer (hot spots). For a statistically significant negative Z-268 

score, as the Z-score decreases, the clustering of low values becomes closer (cold spots).  269 

The Natural Breaks method is a data classification method designed to determine 270 

the best arrangement of values into different classes, which is also called the Jenks 271 

natural breaks classification method (Jenks, 1967). The main idea of the method is 272 

reducing the variance within classes and maximizing the variance between classes. 273 

Specifically, this method is done by seeking to minimize each class’ average deviation 274 

from the class mean, while maximizing each class’ deviation from the means of the 275 

other groups (Stefanidis et al., 2013). The Natural Breaks method was applied to group 276 

the UGSA in China during 1990-2015. 277 

Global Moran’s I is a classic spatial autocorrelation statistic. The statistic can 278 

measure and analyze the degree of dependency among observations in geographic space. 279 

Global Moran's I > 0 indicates that spatial autocorrelation is postive, and the greater its 280 

value, the more obvious the spatial autocorrelation. Global Moran's I < 0 indicates that 281 

spatial autocorrelation is negative, and the smaller its value, the greater the spatial 282 

difference. Otherwise, Global Moran's I = 0 indicates that the space distribution is 283 

random. 284 

To further analyze the spatiotemporal dynamics of UGSA, we constructed three 285 
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indices, containing overall change of urban green space accessibility (𝑂𝑂𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈), annual 286 

change of urban green space accessibility (𝐴𝐴𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) and annual change percent of urban 287 

green space accessibility (𝐴𝐴𝑂𝑂𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈), to capture the changes in UGSA in different size 288 

cities and different zones. 𝑂𝑂𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 and 𝐴𝐴𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 can measure changes of UGSA and 289 

are effective tools for comparison of variation of UGSA over different 290 

periods. 𝐴𝐴𝑂𝑂𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 was selected for comparison of variation of UGSA for various size 291 

cities in the same period, because it eliminates the effect of city size. The formulae are 292 

as follows: 293 

𝑂𝑂𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘 − 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖 (4) 294 

𝐴𝐴𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =
𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘 − 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖

𝑌𝑌𝑒𝑒𝑌𝑌𝑌𝑌
(5) 295 

𝐴𝐴𝑂𝑂𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 =
�𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘 − 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖�/𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖

𝑌𝑌𝑒𝑒𝑌𝑌𝑌𝑌
(6) 296 

where UGSAi and UGSAj represent the UGSA at the start of year j and end of year i, 297 

respectively. Year is the time span from year j to year i. 𝑂𝑂𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 and 𝐴𝐴𝑂𝑂𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 refer to 298 

the total and annual changes of UGSA, respectively.𝐴𝐴𝑂𝑂𝑃𝑃𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈  represents the annual 299 

change rate of the UGSA from year j to year i. 300 

3.3. Inequity of UGSA among cities 301 

Concentration curves are commonly used to capture inequalities of public services 302 

among different socioeconomic groups (Wagstaff et al., 2003; Doherty et al., 2014). In 303 

Fig. A3, X-axis represents the cumulative percentage of residents’ incomes, Y-axis 304 

represents the cumulative percentage of resource utilization, curve C is the 305 

concentration curve, and M is the line of perfect equality. When curve C is on the left 306 

side of M, it indicates that resources are mainly concentrated in poorer socioeconomic 307 
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groups. When curve C is on the right side of line m, people with higher economic status 308 

possess more resources. The closer the distance between curve C and M, the resource 309 

allocation is more perfect, and vice versa (Fig. A3). In this study, GDP was used to 310 

reflect the level of urban economic development level, and UGSA was the public 311 

service. In order to compare the inequality of UGSA among different years, we drew 312 

the concentration curve of UGSA from 1990 to 2015 based on the total GDP of the 313 

administrative unit in 2015. 314 

The Concentration Index (CI) can also be used for quantifying socioeconomic 315 

inequality (Wagstaff et al., 2003; Doherty et al., 2014). In this study, CI was used to 316 

explore the temporal variation of inequalities of UGSA. The range of CI is between -1 317 

and 1, with zero representing perfect equality. When the CI is positive, it indicates that 318 

the more developed areas have higher UGSA; when the CI is negative, it means that 319 

the higher UGSA is occupied by the less developed areas. The CI can be calculated by 320 

the covariance method, using the following formula: 321 

𝑂𝑂𝐶𝐶 =
2
𝜇𝜇
𝑂𝑂𝑂𝑂𝐶𝐶(𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴, 𝑌𝑌) (7) 322 

where 𝑌𝑌 is the order of city ranking by 2015 GDP, 𝜇𝜇 is the mean of UGSA. 323 

3.4. Impact of urban spatial expansion on UGSA 324 

Studies that ignore spatial factors may produce estimation errors, which are caused 325 

by a significant spatial spillover effect (Liu et al., 2017; Wu et al., 2020b). Considering 326 

potential spatial autocorrelation, we applied spatial econometric models to explore the 327 

impact of urban spatial expansion on UGSA. The dependent variable in this study was 328 

UGSA in logarithmic form (lnUGSA), the independent variable was the proportion of 329 
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UBUA in logarithmic form (lnPUBUA). The control variables contained the proportion 330 

of green space area (PGSA), DEM in logarithmic form (lnDEM), GDP in logarithmic 331 

form (lnGDP), and population in logarithmic form (lnPOP). Logarithms were used to 332 

reduce the influence of large values. 333 

lnUGSA: UGSA is an effective index to measure the inequity of urban residents 334 

in accessing UGS. In this study, the logarithm of the average UGSA of each prefecture-335 

level unit was regarded as the UGSA of the unit. 336 

lnPUBUA: The spread of UBUA will make the land use around the built-up area 337 

change rapidly, thus affecting UGSA. The proportion of UBUA of each prefecture-level 338 

administrative unit was calculated, and the proportion was logarithmic to measure the 339 

speed of urban spatial expansion, representing the speed of urbanization. 340 

PGSA: People living in a city with rich green space resources often have more 341 

opportunities to access green space. We calculated the proportion of green space area 342 

of each administrative unit to represent the number of green space resources 343 

lnDEM: Topography is a common impact factor of the regional economy, 344 

population, and green space resources. In this study, the logarithmic mean value of 345 

DEM of prefecture-level administrative units was calculated to represent the 346 

topography features. 347 

lnGDP: Urban planning in developed regions usually gets more financial support, 348 

considering green space protection and infrastructure construction (Zhao et al., 2013), 349 

which may improve the UGSA to a certain extent. However, there may be a 350 

phenomenon of paying attention to economic development and ignoring green space 351 
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protection, which reduces the UGSA. In this study, the level of economic development 352 

was represented by GDP in logarithmic form.  353 

lnPOP: In cities with a large population will have more social activities and the 354 

per capita green space resources may be less. This study used the logarithm of the total 355 

population of each prefecture-level administrative unit to represent social development 356 

levels. 357 

We constructed three spatial models in this analysis: The Spatial Lagged Model 358 

(SLM) considers the possible spatial spillover effects between dependent variables. The 359 

Spatial Error Model (SEM) considers the influence of random error terms of neighbor 360 

units on the random errors in the focal unit. Lastly, the Spatial Durbin Model (SDM) 361 

considers the influence of independent variables and dependent variables of neighbor 362 

units on dependent variables in the focal unit. The formulae of the three models are as 363 

follows: 364 

SLM: 365 

 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖 = 𝛼𝛼 + 𝛾𝛾ln𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑖𝑖𝑖𝑖 + βC𝑖𝑖𝑖𝑖 + 𝜌𝜌�𝑊𝑊𝑖𝑖𝑘𝑘 𝑙𝑙𝑙𝑙 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘𝑖𝑖 +𝑢𝑢𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖

𝑛𝑛

𝑘𝑘

(8) 366 

SEM: 367 

 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖 = 𝛼𝛼 + 𝛾𝛾ln𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑖𝑖𝑖𝑖 + βC𝑖𝑖𝑖𝑖 + 𝜑𝜑∑ 𝑊𝑊𝑖𝑖𝑘𝑘𝑒𝑒𝑖𝑖𝑖𝑖𝑛𝑛
𝑘𝑘 + 𝑢𝑢𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖 (9)              368 

SDM: 369 

𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖 = 𝛼𝛼 + 𝛾𝛾ln𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑖𝑖𝑖𝑖 + βC𝑖𝑖𝑖𝑖 + 𝜌𝜌∑ 𝑊𝑊𝑖𝑖𝑘𝑘
𝑛𝑛
𝑘𝑘 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘𝑖𝑖 + 𝜃𝜃 ∑ 𝑊𝑊𝑖𝑖𝑘𝑘

𝑛𝑛
𝑘𝑘 𝑙𝑙𝑙𝑙 𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑘𝑘𝑖𝑖

+𝜎𝜎∑ 𝑊𝑊𝑖𝑖𝑘𝑘
𝑛𝑛
𝑘𝑘 𝑂𝑂𝑘𝑘𝑖𝑖 + 𝑢𝑢𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖 (10)

 370 

（i,j=1,2,…,n; t=1990,2000,2010,2015） 371 

where i and j denote prefecture-level administrative units, n is the total number of 372 
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prefecture-level administrative units and t indicates time. 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖  is the UGSA 373 

vector of the ith province at time t.  𝑙𝑙𝑙𝑙𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑖𝑖𝑖𝑖 is the vector of the main independent 374 

variable, the proportion of the built-up area. C𝑖𝑖𝑖𝑖  is the matrix of control variables, 375 

containing PGSA, lnDEM, lnGDP, and lnPOP. 𝑢𝑢𝑖𝑖 is the cross-sectional intercept term. 376 

𝜀𝜀𝑖𝑖𝑖𝑖 is the random error term. 𝑊𝑊𝑖𝑖𝑘𝑘 denotes the element of the ith row and the jth column 377 

of the spatial weight matrix.  𝑊𝑊𝑖𝑖𝑘𝑘 𝑙𝑙𝑙𝑙 𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘𝑖𝑖 in equation (1) is the 𝑊𝑊𝑖𝑖𝑘𝑘 interacts with 378 

the spatially lagged dependent variable.  𝑊𝑊𝑖𝑖𝑘𝑘𝑒𝑒𝑖𝑖𝑖𝑖 in equation (9) is the 𝑊𝑊𝑖𝑖𝑘𝑘 interacts 379 

with the spatially dependent random error term. 𝑊𝑊𝑖𝑖𝑘𝑘𝑙𝑙𝑙𝑙 𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑘𝑘𝑖𝑖  and ∑ 𝑊𝑊𝑖𝑖𝑘𝑘
𝑛𝑛
𝑘𝑘 𝑂𝑂𝑘𝑘𝑖𝑖  in 380 

equation (10) denote the 𝑊𝑊𝑖𝑖𝑘𝑘 interacts with the spatially lagged independent variables, 381 

containing the main independent variable (lnPUBUA) and control variables. 382 

The inverse-distance matrix was used for spatial weighting within the spatial 383 

econometric model. This is based on the reciprocal distance between the geometric 384 

center points of cities.  385 

There are five effects for each model: ordinary least squares (OLS), random effect, 386 

spatial fixed effect, temporal fixed effect, and spatiotemporal fixed effect. Because the 387 

data for control variables selected in this analysis are invariable, only the OLS, random 388 

effects, and time fixed effects were considered. 389 

The method is based on LeSage and Pace (LeSage et al., 2009). First, Lagrange 390 

Multiplier test (LM test) statistics (LMLag, LMError) and Robust Lagrange Multiplier 391 

test (Robust-LM test) statistics (R-LMLag、R-LMError) are constructed to determine 392 

whether the variables show spatial correlation, and whether SLM and SEM models 393 

are suitable for our data. Second, Wald test Statistics (Wald test lag, Wald test error) 394 
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and Likelihood Ratio test (LR test) statistics (LR test lag, LR test error) were used to 395 

test hypothesis 1 and hypothesis 2 of spatial econometric models respectively, to 396 

determine whether SDM can be simplified into SLM and SEM models. The SDM was 397 

a more suitable model than the SLM if Hypothesis 1 was rejected, while the SDM was 398 

more suitable than the SEM if Hypothesis 2 was rejected. Third, the Hausman test 399 

was used to determine whether the fixed effects (FE) or random effect (RE) panel 400 

model should be selected.  401 

Hypotheses 1: H0：𝜃𝜃=𝜎𝜎1=𝜎𝜎2=…=𝜎𝜎5=0 402 

Hypotheses 2: H0：𝜃𝜃= - 𝜌𝜌 𝛾𝛾，𝜎𝜎1= - 𝜌𝜌𝛽𝛽1, 𝜎𝜎2= - 𝜌𝜌𝛽𝛽2,…, 𝜎𝜎5= - 𝜌𝜌𝛽𝛽5 403 

In this study, we use the following rules to determine the applicable model: if the 404 

null hypotheses of Wald test and LR test are rejected, SDM should be selected; if the 405 

null hypotheses of Wald test are not rejected, and Robust-LM test supports SLM, we 406 

choose the SLM; if the null hypotheses of LR test cannot be rejected, and Robust-LM 407 

test supports SEM, SEM should be selected; If the result of LM, Wald or LR statistics 408 

is inconsistent, SDM should be chosen. 409 

Further, we calculated the marginal effects of urban spatial expansion on UGSA 410 

based on the method proposed by Lesage and Pace (LeSage et al., 2009), including 411 

direct, indirect, and overall average marginal effects. The direct marginal effects 412 

indicate the influence of the local independent variable on the dependent variable. 413 

Indirect effects can be used to measure the impact of an independent variable in the 414 

neighbor area on the local dependent variable. Overall average marginal effects, 415 

namely total effects, represents the overall influence of the independent variable on 416 
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the dependent variable. 417 

4. Results 418 

4.1. Spatiotemporal patterns of UGSA in China 419 

4.1.1. Overall spatiotemporal patterns of UGSA in China 420 

From 1990 to 2015, UGSA in China decreased rapidly (Table 3). The results 421 

showed that the overall UGSA in all cities decreased by more than half (57.23%) during 422 

the study period, from 48,491.48 m2/person in 1990 to 20,739.11 m2/person in 2015, 423 

decreased by 27,752.3 m2/person, with an annual reduction of 2.29 %. In particular, the 424 

reduction percentage for overall UGSA was the highest during 1990-2000, with an 425 

annual reduction of 5.91 %. The overall UGSA showed a trend of rapid reduction from 426 

1990 to 2000, a slow increase from 2000 to 2010, and then a renewed but slow reduction 427 

from 2010 to 2015. 428 

In this study, lnUGSA were grouped by the Natural Breaks method (Fig. 5), 429 

Hotspot Analysis (Getis-Ord Gi*) was used to identify hot and cold spots with statistical 430 

significance (Fig. 6), and we applied global Moran’s I to determine the global spatial 431 

autocorrelation of UGSA. Our results showed that there was no significant change in 432 

the overall spatial patterns of UGSA in China from 1990 to 2015. High UGSA areas 433 

were mainly concentrated northwestern region indicated by the Hu Huanyong Line, 434 

appearing in Qinghai, Tibet, central and western Inner Mongolia, Yunnan, and Guizhou. 435 

There were hot spots in these areas. The regions with low UGSA were mainly 436 

concentrated southeastern region indicated by the Hu Huanyong Line, including Henan, 437 
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Hebei, Shandong, Jiangsu, and Anhui where there were significant cold spots in these 438 

provinces. The patterns of UGSA presented spatial autocorrelation on a regional scale. 439 

The global Moran’s I of lnUGSA were 0.064 (1990), 0.065 (2000), 0.013 (2010) and 440 

0.024 (2015), respectively. The global Moran’s I were all positive and extremely 441 

significant (P<0.01), suggesting that the spatial patterns of UGSA had a significant and 442 

positive spatial autocorrelation, and the global spatial autocorrelation of UGSA first 443 

decreased (1990-2010) and then increased (2010-2015). 444 

 445 

 446 

 447 

 448 

 449 

 450 

 451 

  

b.2000 a.1990 
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Fig. 5. Overall spatiotemporal patterns of urban green space accessibility in China 452 

from 1990 to 2015. 453 

 454 

 455 

 456 

 457 

 
 

c.2010 d.2015 

a.1990 b.2000 
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Fig. 6. Hot spot analysis of urban green space accessibility in China from 1990 to 458 

2015. 459 

4.1.2. Dynamic analysis of UGSA in the different zone in China 460 

The UGSA in the different zones all showed a decreasing trend from 1990 to 2015. 461 

The UGSA decreased the fastest in the Western zone (2.32 % annually) and the slowest 462 

in the Northeast zone (1.26 % annually). Despite the UGSA in the Western zone 463 

decreasing rapidly, the UGSA in this zone was still the highest in 2015, reaching 464 

49,791.23 m2/person. In 2015, the UGSA in the Eastern zone was the lowest, only 465 

2,989.10 m2/person. 466 

The UGSA in the Western zone showed a similar trend to the overall UGSA in 467 

China. The ACPUGSA in the Western zone increased from - 6.08 % (1990-2000) to 2.00 % 468 

(2000-2010), and the ACPUGSA in China increased from - 5.91 % to 1.55 %. When the 469 

ACPUGSA in the Western zone decreased from 2.00 % (2000-2010) to - 2.15 % (2010-470 

c.2010 d.2015 
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2015), the ACPUGSA in China decreased from 1.55 % to - 1.90 %.  471 

During the study period, the UGSA in the Eastern zone always showed a 472 

downward trend, but the downward trend was gradually contained (Table 3). The 473 

UGSA in the Eastern zone decreased from 4.06 % (1990-2000) to 2.38 % (2000-2010), 474 

and further decreased to 0.12 % in 2010-2015. 475 

4.1.3. Dynamic analysis of UGSA in cities of different sizes in China  476 

From 1990 to 2015, the overall UGSA in cities of different sizes decreased 477 

significantly. OCUGSA of all selected cities was -7,592.49 m2/person and ACPUGSA was 478 

-1.93 % (Table 4). ACPUGSA increased from -5.00 % (1990-2010) to 7.46 % (2010-479 

2015). 480 

The UGSA varies significantly among cities of different sizes. The UGSA in 481 

megacities always decreased during the study period, while the UGSA in large, medium, 482 

and small cities had been increasing since 2010, and the growth rate of small cities was 483 

as high as 8.59 %. With the increase of urban scale, the UGSA gradually decreased. In 484 

2015, the UGSA in megacities was only 390.72 m2/person, while UGSA in small cities 485 

was 14,731.48 m2/person, the UGSA in small cities was almost 38 times of that in 486 

megacities. We found that UGSA was always in inverse proportion to the size of the 487 

city during the study period. 488 
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Table 3 Urban green space accessibility in different zones in China during 1990–2015. 489 
Zone 1990-2000   2000-2010   2010-2015   1990-2015   2015  

 
OCUGSA   ACUGSA   ACPUGSA 

 
OCUGSA   ACUGSA   ACPUGSA 

 
OCUGSA   ACUGSA   ACPUGSA  OCUGSA   ACUGSA   ACPUGSA  UGSA 

  (m2/Person)   (m2/Person) (%)   (m2/Person) (m2/Person) (%)   (m2/Person) (m2/Person) (%)   (m2/Person) (m2/Person) (%)   (m2/Person) 

Eastern zone -2702.08 
 

-270.21 
 

-4.06 
 

-940.08 
 

-94.01 
 

-2.38 
 

-17.50 
 

-3.50 
 

-0.12  -3659.66 
 

-146.39 
 

-2.20  2989.10 

Central zone -3067.22 
 

-306.72 
 

-4.27 
 

-624.99 
 

-62.50 
 

-1.52 
 

155.53 
 

31.11 
 

0.89  -3536.68 
 

-141.47 
 

-1.97  3643.27 

Western zone -71975.87 
 

-7197.59 
 

-6.08 
 

9300.39 
 

930.04 
 

2.00 
 

-6006.37 
 

-1201.27 
 

-2.15  -68681.85 
 

-2747.27 
 

-2.32  49791.23 

Northeastern zone -2295.38 
 

-229.54 
 

-4.05 
 

128.44 
 

12.84 
 

0.38 
 

389.23 
 

77.85 
 

2.23  -1777.71 
 

-71.11 
 

-1.26  3885.38 

Overall -28652.61   -2865.26   -5.91   3074.06   307.41   1.55   -2173.82   -434.76   -1.90   -27752.37   -1110.09   -2.29   20739.11 

 490 
Table 4 Urban green space accessibility in various size cities in China during 1990–2015 491 

City size 1990-2000   2000-2010   2010-2015   1990-2015   2015 

 
OCUGSA   ACUGSA   ACPUGSA 

 
OCUGSA  ACUGSA  ACPUGSA  OCUGSA 

 
ACUGSA 

 
ACPUGSA  OCUGSA 

 
ACUGSA 

 
ACPUGSA  UGSA 

  (m2/Person)   (m2/Person)   (%)   (m2/Person)   (m2/Person)   (%)   (m2/Person)   (m2/Person)   (%)   (m2/Person)   (m2/Person)   (%)   (m2/Person) 

Megacity -807.41 
 

-80.74 
 

-6.33   -71.52  -7.15  -1.53  -5.61 
 

-1.12 
 

-0.28  -884.54 
 

-35.38 
 

-2.77  390.72 

Large city -990.63 
 

-99.06 
 

-3.74 
 

-383.36  -38.34  -2.31  106.09 
 

21.22 
 

1.67  -1267.90 
 

-50.72 
 

-1.92  1379.18 

Medium city -1976.52 
 

-197.65 
 

-4.17 
 

-286.87  -28.69  -1.04  213.86 
 

42.77 
 

1.72  -2049.53 
 

-81.98 
 

-1.73  2693.44 

Small city -14737.43 
 

-1473.74 
 

-5.12 
 

-3715.54  -371.55  -2.65  4425.11 
 

885.02 
 

8.59  -14027.86 
 

-561.11 
 

-1.95  14731.48 

Overall -7854.33   -785.43   -5.00   -1941.48   -194.15   -2.47   2203.32   440.66   7.46   -7592.49   -303.70   -1.93   8113.52 

Overall change of urban green space accessibility (OCUGSA) 492 

Annual change of urban green space accessibility (ACUGSA)  493 

Annual change percent of urban green space accessibility (ACPUGSA) 494 
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4.2. Inequity pattern of UGSA in China 495 

Fig. 7 shows the dynamic inequity patterns of UGSA between cities with different 496 

economic development levels during 1990-2015. The concentration curves of UGSA in 497 

the four phases are all on the left side of the perfect equity line, and the CI indexes are 498 

all negative, which indicates that less-developed cities always had more UGSA than 499 

developed cities during the study period. 500 

The inequity of UGSA in cities with different development levels gradually 501 

decreased during 1990-2015. The absolute value of CI reduced gradually, the CI value 502 

of UGSA was -0.73 in 1990 and -0.60 in 2015. The proportion of UGSA occupied by 503 

less developed cities was gradually decreasing. In 1990, the poorest 20 % of the cities 504 

occupied nearly 80 % of the UGSA, while the poorest 40 % of the cities had 505 

approximately 80 % of the UGSA in 2015. 506 

 507 
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 508 

Fig. 7. Concentration curves for urban green space accessibility. Fig a, b, c, and d 509 

represent four phases containing 1990, 2000, 2010, and 2015 respectively. 510 

4.3. Impact of urban spatial expansion on UGSA in China 511 

The estimation results of the nine models, including All sample model, different 512 

size city models (Mega city, Large city, Medium city, and Small city), and different 513 

zone models (Northeastern zone, Eastern zone, Central zone, and Western zone) are 514 

presented in Table 5. The LM test or Robust-LM test statistics of all models were 515 

significant, which demonstrated spatial correlation effects. The Hausmann test showed 516 

that all Hausmann estimators were significant at the 10 % level, so the fixed effect 517 

model was suitable for our estimation. Most of the models rejected the null hypothesis 518 

of the Wald test and LR test, suggesting that SLM and SEM were not suitable for our 519 

data, and so the SDM was applied in our analysis. Therefore, the nine models we 520 

CI= -0.734 CI= -0.648 

CI= -0.616 CI= -0.601 

a b 

c d 
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constructed were spatial Durbin model with fixed time effect (SDM-TFE). 521 

4.3.1. All sample model 522 

First of all, the results of All sample model showed that there is a significant 523 

negative correlation between urban spatial expansion and UGSA (P<0.01), indicating 524 

that the expansion of UBUA led to the decline of UGSA. Then, 𝑊𝑊𝑖𝑖𝑘𝑘ln𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑘𝑘𝑖𝑖 had a 525 

significant positive impact on 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖, suggesting that UBUA had a positive spatial 526 

spillover effect. Finally, we also found that the 𝑊𝑊𝑖𝑖𝑘𝑘𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘𝑖𝑖 had a significant positive 527 

impact on 𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖, which demonstrated that there was a positive spillover effect of 528 

UGSA. 529 

Further, we calculated the marginal effects of urban spatial expansion on UGSA 530 

including direct, indirect, and overall average marginal effects (Table 6). The direct 531 

effect coefficient of urban spatial expansion was -0.49 (significant at the 1 % 532 

significance level), which demonstrated that a 1 % increase in the average local PUBUA 533 

would decrease UGSA by 0.49 %. The indirect effect of urban spatial expansion was 534 

positive (0.48) and significant at 1 % significance level. The overall impact was 535 

negative, but not significant. 536 

As for the influence of control variables, the results also showed that the PGSA 537 

had a positive effect on UGSA, a 1 % increase in the PGSA increased the UGSA by 538 

0.04 %, which was significant at the level of 1 %. Then, population and GDP had 539 

significant negative effects on the UGSA. Population had the largest impact (-0.62), 540 

followed by GDP. When the population and GDP increase by 1 %, the UGSA decreased 541 

by 0.62 % and 0.29 %, respectively. Finally, DEM also had a significant negative impact 542 
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on UGSA, which indicated that the UGSA is poorer in higher elevation areas. 543 

4.3.2. Different size city models 544 

There were differences in the impact of urban spatial expansion on UGSA in 545 

different size cities. Except for the Mega city model, the coefficients of urban spatial 546 

expansion in the remaining three models were negative. The 𝑊𝑊𝑖𝑖𝑘𝑘ln𝑃𝑃𝑈𝑈𝑃𝑃𝑈𝑈𝐴𝐴𝑘𝑘𝑖𝑖 only in 547 

the Mega city and the Small city model had a significant impact on the UGSA, which 548 

was -0.37 and 0.25, respectively, demonstrating that there were negative and positive 549 

spatial spillover effects in the urban spatial expansion in these cities respectively. The 550 

𝑊𝑊𝑖𝑖𝑘𝑘𝑙𝑙𝑙𝑙𝑈𝑈𝐺𝐺𝑆𝑆𝐴𝐴𝑘𝑘𝑖𝑖 in the Mega city, Medium city and Small city models had a significant 551 

positive impact on UGSA, which indicated that there was a positive spillover effect of 552 

UGSA in these cities. The direct effects of urban spatial expansion in the Large city, 553 

Medium city, and Small city models were all negative, and significant at the level of 554 

1 %. The direct effect of urban spatial expansion in the Medium city model was the 555 

highest, followed by Small city model, and the direct effect in Large city model was the 556 

weakest. Only the Medium city model’s indirect effect of urban spatial expansion was 557 

a significant negative. For the overall effect, every 1 % increase in the urban spatial 558 

expansion in medium cities reduced the UGSA by 1.06 %, and the impacts on small 559 

cities, large cities, and megacities were not significant. Urban spatial expansion in 560 

medium cities had the strongest impact on UGSA. 561 

The control variables have different effects on the UGSA in different size cities. 562 

Our results showed that the direct effects of the PGSA on the UGSA were significantly 563 

positive. Most of the indirect effects in the models were not significant, only the 564 
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Medium city model had significant positive effects. For the overall effect, except for 565 

megacities, the PGSA had a significant positive impact on the UGSA in the other three 566 

sizes of cities, with the strongest impact on medium cities, followed by small cities, and 567 

the weakest impact on large cities. Secondly, the influence of DEM on the UGSA was 568 

also different. Only in the Small city model, DEM had a significant negative direct 569 

effect on UGSA, which meant that the UGSA in small cities was possibly more affected 570 

by the local topographical conditions. However, the overall effect of DEM on the UGSA 571 

in the Small city model was significantly positive, because the indirect effect was 572 

positive and offsets part of the direct effect. Compared with small cities, the UGSA in 573 

medium cities was much more affected by DEM, and the overall effect was -0.43 (P < 574 

0.01). The direct effect of population on the UGSA in different sized cities was 575 

significant and negative, which meant that more local population lead to less UGSA. 576 

The indirect effects of the population were mostly positive and significant. However, 577 

only in the Small city model, the overall effect was significantly negative. The direct 578 

effect of GDP on Mega city and Large city models were - 0.57 and 0.23 respectively. 579 

For cities of different sizes, the indirect and overall effects of GDP were not significant. 580 

4.3.3. Different zone models 581 

The impacts of urban spatial expansion on UGSA varied among the different zones 582 

in China. In the Northeastern zone, Eastern zone, Middle zone, and Western zone 583 

models, the coefficients of urban expansion were all negative and passed the 584 

significance test. Only the spatial lag terms of the PUBUA in the Eastern and Central 585 

zone models had a significant positive impact on the UGSA, indicating that there were 586 
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positive spatial spillover effects in the urban spatial expansion of the two zones. The 587 

spatial lag term of UGSA in the Eastern, Central, and Western zone models had 588 

significant positive impacts on UGSA, indicating there were positive spillover effects 589 

of UGSA in these three zones. In the four zone models, the direct effect of PUBUA was 590 

all significant negative, and the order of effect was Central zone model > Northeastern 591 

zone model > Eastern zone model > Western zone model. Only the indirect effect of the 592 

Eastern zone model passed the significance test and is positive. For the overall effect 593 

of the four zone models, the impacts of urban spatial expansion on UGSA were all non-594 

significant.  595 

The effects of control variables on UGSA in four zones were also different. Firstly, 596 

the PGSA in the four zone models had significant positive effects on UGSA (P < 0.01). 597 

As for the indirect effect, PGSA only had significant positive effects in the Central and 598 

Western zones models. From the overall effect, the PGSA had significant positive 599 

impacts on UGSA in the Eastern, Middle, and Western zone models, with the strongest 600 

impact in the Central zone, followed by the Eastern zone, and the weakest in the 601 

Western zone. Secondly, the impact of DEM on the UGSA was also different between 602 

zones. From the perspective of direct effect, only Northeastern and Western zone 603 

models passed the significance test. There were positive and negative direct effects in 604 

Northeastern and Western zone models, respectively. The indirect and overall effects 605 

of DEM on UGSA in the Central and Western zones models passed the significance 606 

test, and the overall effects on the Central and Western zones models were -0.64 and 607 

0.21, respectively. The direct effect of population on UGSA in different zones models 608 
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were significant and negative. The overall effect was negative, and the overall effect of 609 

Eastern, Central, and Western zone models are significant, the order of overall effect 610 

was Central zone model > Eastern zone model > Western zone model. Finally, besides 611 

the Central zone model, GDP had significant direct effects on UGSA in the other three 612 

zone models, which were positive for the Northeastern and the Eastern zone models, 613 

and negative for the Western zone model. The indirect and overall effects of GDP were 614 

not significant.615 
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Table 5 Estimation results of the spatial panel models (Note: ***, and ** indicate p < 0.01 and p < 0.05 respectively) 616 
Dependent variable lnUGSA   
  City Zone 

  All samples Mega Large Medium Small   Northeastern Eastern Central Western 

lnPUBUA -0.52*** 0.26  -0.31*** -0.47*** -0.36***  -0.25 -0.26*** -0.36*** -0.19*** 

PGSA 0.03*** 1.58** 2.65*** 2.28*** 3.23***  1.28*** 3.05*** 1.86*** 3.40*** 

lnDEM 0.09** -0.16  -0.07 0.08 -0.16**  0.15 0.03 -0.06 -0.49*** 

lnPOP -0.43*** -1.31*** -1.13*** -0.93*** -0.79***  -1.06*** -1.05*** -0.80*** -0.77*** 

lnGDP 0.05 -0.61*** 0.22** 0.10 -0.02  0.22** 0.20*** -0.08 -0.16*** 

W*lnPUBUA 0.51*** -0.37 -0.60 -0.14 0.25**  -0.84 0.44*** 0.37*** 0.09 

W*PGSA -0.005** 0.61  -0.43 0.17 -2.01***  -0.19 -1.10*** 0.51 -2.19*** 

W*lnDEM -0.17*** 0.07  -0.06 -0.33*** 0.25***  -0.01 -0.06 -0.21** 0.62*** 

W*lnPOP 0.10 1.09*** 1.09** 0.98*** 0.64***  0.71 0.27 0.14 0.59*** 

W*lnGDP -0.20*** 0.37  0.22 -0.003 0.09  0.38 -0.05 0.02 0.08 

W*lnUGSA 0.46*** 0.23** -0.16 0.43*** 0.66***  -0.14 0.49*** 0.58*** 0.37*** 

R-squared 0.87 0.87 0.74 0.85 0.87  0.79 0.88 0.93 0.81 

Hausman test 24.25** 17.48 41.01*** 42.39*** 42.89***  24.12** 36.78*** 26.99*** 56.06*** 

LMLag 126.20*** 3.21 1.28 13.28*** 15.69***  0.55 11.94*** 100.21*** 0.25 

R-LMLag 5.38** 8.86*** 6.71** 0.28*** 32.40***  4.40** 8.52*** 38.89*** 55.57*** 

LMError 546.16*** 0.16 1.58 54.29*** 308.47***  1.47 90.88*** 75.46*** 126.17*** 

R-LMError 425.34*** 5.80** 7.01*** 41.29*** 325.17***  5.31** 87.47*** 14.15*** 181.49*** 

Wald test Lag 227.74*** 35.57*** 13.43** 96.98*** 218.90***  6.45 156.86*** 53.99*** 139.54*** 

LR test Lag 171.60*** 25.13*** 14.11** 76.15*** 186.97***  6.94 100.33*** 37.82*** 121.81*** 

Wald test Error 88.64*** 25.55*** 19.53*** 33.68*** 16.05***  11.79** 32.840*** 48.15*** 51.97*** 

LR test Error -127.73 23.82*** 19.94*** 34.35*** 13.92**  12.60** 33.24*** 42.80** 46.99** 

Model SDM-TFE SDM-TFE SDM-TFE SDM-TFE SDM-TFE   SDM-TFE SDM-TFE SDM-TFE SDM-TFE 
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Table 6 Marginal effects (Note: ***, and ** indicate p < 0.01 and p < 0.05 respectively) 617 

Effect Variables All samples 
City  Zone 

Mega Large Medium Small  Northeastern Eastern Central Western 

Direct lnPUBUA -0.49*** 0.22  -0.31** -0.51*** -0.36***  -0.25 -0.22*** -0.33*** -0.19*** 

PGSA 0.03*** 1.72 2.67*** 2.41*** 3.24***   1.30*** 3.11*** 2.18*** 3.34*** 

lnDEM 0.08** -0.16  -0.08  0.05  -0.13**  0.15 0.03  -0.11  -0.47*** 

lnPOP -0.45*** -1.19*** -1.14*** -0.86*** -0.78***  -1.08*** -1.08*** -0.86*** -0.75*** 

lnGDP 0.03  -0.57** 0.23** 0.11  -0.02   0.22 0.20*** -0.08  -0.16*** 

Indirect lnPUBUA 0.48*** -0.37  -0.48  -0.55*** 0.05   -0.72  0.58*** 0.34  0.03  

PGSA 0.01*** 1.13 -0.78  1.87*** 0.39   -0.42  0.74 3.52*** -1.42*** 

lnDEM -0.23*** 0.04  -0.03  -0.48*** 0.41**  -0.02  -0.07  -0.54*** 0.68*** 

lnPOP -0.17** 0.90** 1.11** 0.94*** 0.34   0.76  -0.47 -0.72 0.46*** 

lnGDP -0.32*** 0.28  0.17 0.07  0.20  0.32 0.09  -0.06  0.04  

Total lnPUBUA -0.01  -0.15  -0.79 -1.06*** -0.31   -0.97  0.36  0.01  -0.16 

PGSA 0.04*** 2.84  1.88*** 4.28*** 3.62***  0.88  3.85*** 5.69*** 1.92*** 

lnDEM -0.15*** -0.12  -0.11  -0.43*** 0.28  0.12  -0.05  -0.64*** 0.21** 

lnPOP -0.62*** -0.29  -0.02  0.07  -0.44  -0.32 -1.55*** -1.58*** -0.29** 

lnGDP -0.29*** -0.31  0.39  0.18  0.18    0.54  0.29  -0.14  -0.12  

618 
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5. Discussion 619 

5.1. Change of UGSA varied among the cities of different sizes during China’s 620 

urbanization 621 

The overall UGSA decreased seriously during the study period, and our spatial 622 

econometric model confirmed that the decline of local UGSA was the result of urban 623 

spatial expansion. In the early stage of urbanization in China, the spatial expansion of 624 

UBUA occupies the UGS and reduces the UGSA directly (Lin et al., 2013; Cao et al., 625 

2017; Deng et al., 2009). Meanwhile, the increase of UBUA is often accompanied by 626 

the aggregation of the urban population leading to a further decline in the per capita 627 

green space occupancy. Since the reform and opening-up policy in 1978, megacities 628 

and large cities in the east coastal zone were prioritized for urbanization and 629 

socioeconomic developments, and the UBUA rapidly expanded (Fang, 2009; Liu et al., 630 

2014). With the rapid development of eastern cities, cities in other zones began to enter 631 

the stage of rapid urbanization from 1990 to 2000. The UGSA in cities of different sizes 632 

showed a trend of rapid decline in that period. In particular, UGSA in megacities 633 

declined significantly, with an average annual decline of 6.33%. Due to the China 634 

Western Development Plan in 1999 and the Rise of the Central China Plan in 2004, the 635 

UBUA of China's medium and small cities in west and central zones began to grow 636 

significantly (Dou et al., 2020; Kuang et al., 2016). It explains to some extent the 637 

general decline of UGSA in cities of different sizes from 2000 to 2010.  638 

It is worth mentioning that the decline rate of the UGSA in cities with different 639 
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size in China from 2000 to 2010 was significantly lower than that from 1990 to 2000, 640 

and in addition to the slight decline of UGSA in megacities, the UGSA in cities of other 641 

sizes had turned to an increase from 2010 to 2015. It suggests that although urban 642 

spatial expansion led to the decline of UGSA during the rapid urbanization, the impact 643 

of urbanization on UGSA in China has a clear spatiotemporal heterogeneity. The 644 

decline of UGSA caused by urban spatial expansion only can be considered as a 645 

phenomenon in a specific period or region.  646 

China's greening policies may also have played an important role in the subsequent 647 

change of UGSA. In 1992, the State Council issued the Urban Greening Regulations 648 

which made clear the importance of UGS but lacked specific urban greening objectives 649 

(State Council of the PRC, 2011). The circular of the State Council on Strengthening 650 

Urban Greening Construction in 2001 further defined the objectives and tasks of urban 651 

greening: by 2010, the green space rate of urban planning built-up areas should reach 652 

more than 35%, and the green coverage rate should reach more than 40 % (State Council 653 

of the PRC, 2001). To a certain extent, it curbed the decline of UGSA from 2000 to 654 

2010, and made the UGSA of the large, medium, and small cities show an upward trend 655 

from 2010 to 2015.  656 

The results of our spatial econometric model indicated that there was a positive 657 

spatial spillover effect of UGSA in China. Local city governments in China are sensitive 658 

to the central government’s greening policies and there is often a competitive 659 

relationship between local governments. They usually refer to the UGS development of 660 

neighboring cities to determine the UGS supply of their cities, which leads to positive 661 
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spillover effects as a result of UGS construction (Xu et al., 2018). Thus, positive 662 

greening policy and planning can not only promote the UGS supply level of the local 663 

city, but also indirectly improve the UGS supply level of the surrounding cities. The 664 

declining trend of UGSA in cities of different sizes slowed down from 2000 to 2010, 665 

and the general increase of UGSA from 2010 to 2015 may benefit from the spatial 666 

spillover effect of local government greening policy.  667 

In a few cases, decreases in the urban population could also explain improvements 668 

in the UGSA for local and surrounding cities. A decrease in population does not 669 

automatically lead to a decline in residential areas and a subsequent increase in urban 670 

green space on a large scale (Kabisch et al., 2013)，but increases the per capita green 671 

space occupancy. For example, in the Sichuan, Chongqing, and Guizhou continuous 672 

area, which is the most densely populated area in the Western zone, cities experienced 673 

a significant outflow of permanent residents during 2000-2010 (Mao et al., 2015), the 674 

middle period of our analysis, when the regional UGSA values slightly improved.  675 

The spatiotemporal changes of UGSA are highly related to the UGS. In Ethiopia, 676 

the UGS in its rapid urbanization areas also showed a declining trend from 1975 to 677 

2015 (Molla et al., 2018). However, things are different in the developed areas in 678 

Europe and U.S.A. There was nearly no change in UGS between 1990 and 2000 but 679 

increased in UGS from 2000 to 2006 in Europe (Kabisch et al., 2013). Meanwhile, UGS 680 

were relatively constant from 2000 to 2016 in the 40 U.S. Northeastern urban counties 681 

(Heo et al., 2021a). Countries and cities of different sizes or development stages may 682 

have different abilities to maintain UGS. As the Chinese cities always have been under 683 
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a uniform regime during the rapid urbanization in the past three decades, the change of 684 

UGSA in China has unique characteristics and can be used as a broad reference. UGSA 685 

based on Gaussian-based 2SFCA mainly depends on the LUCC data and can be easily 686 

applied to the cities in other developing countries or developed areas, which are under 687 

multiple regimes or at different stages of urbanization. 688 

5.2. The improvement of UGSA equity comes at the expense of the cities in the 689 

Western zone  690 

During the period of rapid urbanization, cities with lower economic development 691 

levels always had more UGSA in China. Ranked by GDP in 2015, 85 % of the poorest 692 

20% cities were located in the Western zone and had about 65 - 80 % of UGSA during 693 

the study period. According to LUCC data, China's Western zone was rich in natural 694 

green space resources, accounting for about 74 % of the total green space in China in 695 

2015. The UGSA of the Western zone was 4.07-6.08 times the sum of the other zones. 696 

However, urbanization in the Western zone is largely behind other regions and the 697 

UBUA occupied less green space (Maimaitiming et al., 2013; Du et al., 2019). In 698 

addition, the Western zone is sparsely populated and it is easier for residents to access 699 

UGS in the Western zone than in the other zones.  700 

The equity of UGSA among cities in China had improved gradually over time. 701 

However, the improvement of UGSA equity has come at the expense of the Western 702 

zone cities’ UGSA. The initial average UGSA in the Western zone in 1990 was the 703 

highest but their decline rate was the fastest during the last 30 years. Although the initial 704 

UGSA of the other three zones was low in 1990, the decline rate was slow, and the total 705 
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decline was only 13.07 % of that in the Western zone. Thus, the difference in UGSA 706 

decline rates between the four zones leads to the gradual improvement of UGSA equity 707 

in China overall. It is noteworthy that the downward trend of UGSA in cities of the 708 

Eastern zone had been curbed in recent years. The high level of urbanization in the 709 

Eastern zone may be close to a turning point on the Kuznets curve (Yang et al., 2013), 710 

and urbanization will increase the demand for green space and ecosystem services. At 711 

the same time, the Eastern zone may benefit from the central government's greening 712 

policy and the spillover effect of UGSA. We believe that the cities in the Eastern zone 713 

will optimize urban spatial planning in the near future and the UGSA will increase 714 

further.  715 

The pattern of improved equity across China’s cities is mainly a function of the 716 

rapid decline of UGSA in cities of the Western zone, where UGSA is facing a severe 717 

challenge from urbanization, rather than an improvement in cities of the other zones. 718 

UGSA of cities in the Western zone decreased by 68,681.85 m2/person, with an average 719 

annual decrease of 2.51 % from 1990 to 2015. Especially after 2010, UGSA in the 720 

Central and Northeast zones had shown an upward trend, and the ACPUGSA of the 721 

Eastern zone was only -0.12 %, while the ACPUGSA of the Western zone was as high as 722 

-2.15 %. The Western zone had a great impact on the overall UGSA level of China as 723 

its vast territory. The improvement of UGSA in the Western zone deserves urgent 724 

attention. The previous study also found similar results that the UGS coverage of cities 725 

in the Western zone showed a declining trend from 2002 to 2012, and spatial disparity 726 

of UGS coverage also declined across 288 cities in China (Wang et al., 2019). It is worth 727 
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noting that the UGSA of prefecture-level cities in the Western zone had been on the rise 728 

since 2010, with an average annual growth rate of 9.93 %, according to analysis on data. 729 

However, the UGSA in the cities of the Western zone declined seriously with an average 730 

annual decrease of 2.51 % after 2010. This is because the calculation of UGSA in the 731 

cities of the Western zone also took into account the UGSA in the province directly 732 

administrating county, autonomous prefecture, league, and prefecture (See section 2.1, 733 

it introduces the classification of cities that we analyzed). Our results showed that after 734 

2010, the ACPUGSA of the autonomous prefecture, league, and prefecture was -1.44 %, 735 

-6.74 %, and -4.20 %, respectively. In China，the changing pattern of green space was 736 

a response to the combined effects of rapid urbanization and greening policies, and 737 

green space coverage may increase with urbanization level (Gan et al., 2014). Greening 738 

policy plays an important role in the growth of UGS in China (Wang et al., 2019). As 739 

autonomous prefectures, leagues, and prefectures in the Western zone are in the middle 740 

and early stages of urbanization. There is not enough financial support for local UGS 741 

development and the implementation of the central government’s greening policy is 742 

insufficient. Therefore, in the future, urbanization policies that suit local conditions 743 

need to be designed in different zones. Meanwhile, more attention should be paid to the 744 

urban planning and construction of cities in the Western zone, especially the urban 745 

construction of autonomous prefectures, leagues, and prefectures. 746 

5.3. Limitations and future work 747 

There are still some limitations in our research. First, due to the spatial resolution 748 

of land use data, small patches of green space inside UBUA may be overlooked to some 749 
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extent. It could potentially have introduced calculation errors, which may underestimate 750 

the UGSA in some cities, and affect more localized dynamics within the megacities and 751 

large cities. In the future, high-resolution remote sensing data can be considered as 752 

auxiliary data to calculate UGSA. Second, we only consider the size of available UGS 753 

to evaluate accessibility and future studies should consider the quantitative features of 754 

UGS such as tree coverage, vegetation species, tree canopy coverage, trail density and 755 

number of supporting facilities (Dai, 2011; Zhang et al., 2020a). The qualitative features 756 

of UGS should also be taken into account, including quietness, spaciousness, 757 

maintenance, safety, cleanliness, aesthetics, and others (Wende et al., 2012; Stessens et 758 

al., 2020; Huang et al., 2021). At the same time, whether UGS is admitted or not is also 759 

a crucial qualitative feature, which is highly related to whether UGSA can be evaluated 760 

more accurately. Research on qualitative features often provides valuable insight, which 761 

can explain in greater depth how aspects of the environmental impact on target groups’ 762 

lives, and contribute to determining the pertinent target for intervention (Macintyre et 763 

al., 2019; Burton et al., 2015). Third, we only consider the large-scale formal UGS, but 764 

not the informal green space. In future research, we should use a wider classification of 765 

UGS including informal spaces (e.g., pocket parks, green walls or roofs, residential 766 

green spaces, and others). UGS of a smaller size close to the place of residence need to 767 

be fully considered, as they are the most easily available areas for the citizens. Fourth, 768 

we chose a Gaussian function to reflect the travel friction between urban residents and 769 

UGS over realistic distances in urban settings, which assumes travel friction is uniform 770 

with distance. It may not fully capture the actual travel friction within individual cities 771 
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in which the travel distance will vary depending on city morphology, natural barriers 772 

such as rivers, road networks, and public transport networks (Dai, 2011). But using the 773 

same travel mode is more convenient to compare the UGSA between a large number of 774 

different cities. Fourth, buffer analysis was applied to simplify the calculation, but this 775 

may overestimate the UGSA. The combination of road network data can bring more 776 

accurate results, which is worth considering in the next work. Fifth, we only took into 777 

account the location of the residents, the results can be used to reflect static justice but 778 

not dynamic justice. In the next work, we can look at the availability and accessibility 779 

of UGS during e.g., commute to work to produce the result reflecting dynamic justice. 780 

Sixth, our methodology focused on walking, the most common mode of daily 781 

transportation for residents to access UGS. However, it is possible in the future to 782 

calculate accessibility using a range of traffic modes including biking, taking public 783 

transit, and driving a private vehicle. In the end, the method of this study is applicable 784 

to the global scale. In future work, our method of the UGSA can be applied for the cities 785 

around the world can be calculated in combination with the data set of global scale (e.g., 786 

remote sensing data, population, statistical yearbook), to compare the UGSA and its 787 

spatial inequity among the different regions in the world. 788 

6. Conclusion 789 

We found that the UGSA in China declined significantly during the rapid 790 

urbanization and the overall decline was nearly 57.23 %. The UGSA in the southeastern 791 

region indicated by the Hu Huanyong Line was always lower than that in the 792 
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northwestern region. Cities with low economic development levels had more UGSA in 793 

China. Urban spatial expansion leads to the decline of UGSA on the whole during the 794 

study period, and UGSA had a positive spatial spillover effect. The equality of UGSA 795 

between cities had improved gradually over time. 796 

However, the improvement in the equity relationship comes at the expense of the 797 

rapid decline of UGSA in cities of the Western zone. The UGSA in the Western zone is 798 

facing a severe challenge from urbanization, and cities in the Western zone had a large 799 

number of UGS resources but they did not pay much attention to the protection and 800 

planning of UGS, which caused a significant UGSA decline in recent decades. More 801 

attention should be paid to the UGS planning and protection of autonomous prefectures, 802 

leagues, and prefectures, because there was a significant UGSA decline in recent years. 803 

While the impact of urbanization on UGSA in China has a clear spatiotemporal 804 

heterogeneity and the urban spatial expansion decline UGSA only can be regarded as a 805 

regional or specific period phenomenon. The change of UGSA in different zones was 806 

affected by population migration and the greening policies of central or local 807 

governments. UGSA in China had a positive spatial spillover effect, which indicates 808 

that where the local government improves the UGSA of the city this may also indirectly 809 

improve the UGSA of surrounding cities as local city authorities follow trends set by 810 

their neighbors. The greening policies of the central government are effective and the 811 

city's greening policies have a demonstration effect. It is still necessary to continue to 812 

implement greening policies to curb the decline of UGSA.  813 

Our study provides new evidence from a macroscopic perspective for the study of 814 
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dynamic inequity of UGS among cities, spatiotemporal patterns, and its relationship 815 

with urban expansion during the period of rapid urbanization. It provides a baseline for 816 

the future development of China's UGS development strategies and scientific samples 817 

for other countries’ UGS policies. The UGSA calculated by 2SFCA in this study can be 818 

easily applied in a large-scale comparative study for other regions in the world in the 819 

future.  820 
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