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Abstract: Urban green space accessibility is an essential consideration in determining environmental
liveability and the well-being of individuals, and the spatial inequity of urban green space supply
and demand has become a research focus. However, few studies have conducted a multidimensional
and comprehensive assessment of the influences on accessibility from the different perspectives of
supply and demand. To address this, our study centred on the mountainous Chongqing region
and established a comprehensive research framework examining the spatial pattern of accessibility
of urban green spaces and its correlation with physical geographical elements and socioeconomic
factors. We reveal the spatial distribution characteristics of urban green space accessibility by
using Gaussian-based two-step floating catchment area and network analysis methods and further
observe the spatial clustering features utilising hotspot analysis. The ordinary least squares (OLS)
model and the spatial lag model were used to evaluate the physical geographical and socioeconomic
disparities. Our findings reveal explicit blind spots in urban green space accessibility, primarily within
the 30 min travel threshold in the city’s marginal area. A discernible supply—demand imbalance
existed in the urban core, constituted by implicit blind spots. Furthermore, we identified that the
relationship between urban green space accessibility and elevation under different methods is not
always consistently significant over space because spatial heterogeneity may exist. Most concerningly,
the study found inequities in urban green space accessibility, particularly impacting vulnerable
demographics such as the elderly and lower-income groups. These results can inform urban planners
and policymakers about the blind spots of urban green space accessibility and sufficiently consider
the physical and socioeconomic heterogeneity of the space to determine where and how to implement
inclusive urban greening policies or planning schemes. It is also of great significance in increasing
awareness of vulnerable groups and preventing environmental inequality.

Keywords: urban green spaces; accessibility; Gaussian-based two-step floating catchment; network
analysis; supply and demand; vulnerable groups

1. Introduction

An urban green space (UGS) is recognised as an urban element that closely mirrors
nature, often associated with recreation, socialisation, aesthetics, cultural heritage and
ecological functions. It is a crucial component of urban design [1,2]. The relevance of
UGSs for urban ecosystem services, urban sustainability and human happiness has been
reaffirmed by an extensive amount of research demonstrating their beneficial effects on the
environment and society [3-6]. UGSs serve key ecological functions, such as the filtration
of air [7], temperature regulation [8] and flood control [9]. Given these substantial benefits,
it is crucial that all city dwellers have easy access to UGSs [10].
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Assessing the availability of UGSs may provide an in-depth awareness of resource
distribution. Recent scholarship highlights the challenges posed by urbanisation, including
the shrinking or insufficient supply of UGSs [11,12], uneven spatial distribution [13] and
environmental injustices related to access [3,14]. The aforementioned phenomena have
sparked heightened scholarly and governmental attention towards the assessment of exist-
ing patterns of UGS distribution and their spatial variations [1,15,16]. In the meantime, with
the acceleration of global urbanisation, high urban population densities place additional
pressures on the upkeep and expansion of UGSs, particularly when it comes to quality
and quantity [2]. Therefore, a substantial, well-distributed supply of UGSs has become
a crucial indicator of the liveability of a city. However, it is crucial to acknowledge that
UGSs may not consistently fulfil the diverse requirements of people. To address this issue,
the accessibility and distribution of UGSs need to be understood in relation to population
density.

As a crucial indicator in spatial equity studies, accessibility is widely considered a
useful tool for evaluating the number and equity of UGS, and its assessment methods have
been continuously optimised in recent years. As a crucial indicator in spatial equity studies,
accessibility is widely considered a useful tool for evaluating the number and equity
of UGS, and its assessment methods have been continuously optimised in recent years.
Traditionally, the ‘container approach’ calculates the per capita UGS by dividing the overall
green space by people residing inside a designated border [17,18]. However, this simplistic
method overlooks the geographic spread of UGSs and people’s mobility patterns, such
as the walking distance and cross-border effects [19,20]. Research has sought to integrate
accessibility into UGS allocation evaluations, recognising that the uneven geographical
distribution of supply and demand creates variations in accessibility. Moreover, various
approaches and models have been devised to assess UGS accessibility by using geographic
information systems (GIS) [21-23]. These include the buffer zone approach, the weighted
distance method, network analysis and the two-step floating catchment area (2SFCA) model.
Among these methods, the network analysis method based on topology and operations
research may more accurately reflect the spatial distribution of the service area of UGSs
because it considers actual road accessibility. In addition, the 2SFCA method is considered
an excellent accessibility method for determining potential spatial differences between
supply and demand [10]. It was first proposed by Radke and Mu in 2000 and subsequently
revised by Luo and Wang in 2003 [24], followed by Luo and Qi’s improvement of the
method to produce enhanced 2SFCA (E2SFCA) [25]. Using a catchment, it explicitly takes
into account resource supplies, population demands and their interactions. However, it
still proposes uniform accessibility within each travel time zone. To detect deficit areas
more efficiently, Dai introduced the Gaussian function into the 2SFCA and discount access
to the catchment area [26], thus making it possible to evaluate the accessibility of the UGS.
Therefore, in this study, the Gaussian-based 2SFCA was selected to measure accessibility,
and multiple modes of transportation were considered to provide a more realistic estimate
of accessibility.

However, most academic research places emphasis on analysing the disparities in the
accessibility of UGSs across different locations but often fails to thoroughly investigate the
factors that contribute to these diverse outcomes. The varying characteristics of physical
geographical elements can directly or indirectly influence human activities and conse-
quently shape social development [27,28]. In addition, it is crucial to assess the correlation
between socioeconomic factors and the accessibility of UGSs since social development
affects living conditions and is the basis for all social activities. Research on UGS demand
has increasingly pivoted from a homogenous population to a relationship-centric focus, con-
sidering the correlation between green spaces and demographic characteristics. This shift
occurred in the context of a broad movement towards people-centred urban construction
that emphasises the needs of specific groups [29,30]. Much of this research focused on de-
veloped countries and examined the association between UGSs, socioeconomic status [31],
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religious attributes [32] and age [33]. Consequently, we must analyse UGS distribution and
accessibility in relation to physical geographical elements and socioeconomic factors.

Inspired by the current challenges of UGS accessibility indicators and the potential
supply-demand imbalance in Chongqing [34,35], this study has three objectives. First, it
introduces a more comprehensive framework for evaluating UGS accessibility in terms of
supply and demand. Second, it identifies key locations for optimising the distribution of
UGS by comparing the results of different methods and identifying explicit and implicit
blind spots. Finally, it also discerns the intrinsic relationships between UGS accessibility,
physical geographical elements and socioeconomic factors, which assists urban and regional
planners in understanding the disparities between them in order to formulate intervention
plans.

The ensuing portions of the study are organised in the following manner: Section 2
provides a comprehensive overview of the data gathering and research method used in this
research. Section 3 presents and analyses the results of UGS accessibility calculations for
different travel modes from the supply and demand perspectives. This section additionally
encompasses the statistical analysis of quantitative data derived from spatial analysis. The
last two sections, respectively, are where the discussion and the conclusions are presented.

2. Materials and Methods
2.1. Study Area

We selected Chonggqing, a typical mountainous city with a complex urban environ-
ment, as our study site. Moreover, Chongging is a rapidly urbanising megacity with
multiple urban centres, while it has a significantly different environment from that of plain
cities, and exemplifies the intensive human-environment relationship in China [34,36] The
city is intersected by four north-south mountains (the Jinyun, Zhongliang, Tongluo and
Mingyue Mountains) and two west—east rivers (the Jialing and Yangtze Rivers). The city’s
complex topography, which is divided by rivers and valleys with a substantial topograph-
ical height difference, constrains the city layout, resulting in a dispersed pattern [37,38].
Moreover, the city’s complex transportation systems and limited availability of construc-
tion land present challenges to rational UGS planning [39]. Despite these challenges, the
point-like three-dimensional layout of green space resources in mountainous cities offers
opportunities for an efficient green space supply. The primary area of interest for our study
is the Chongqing buildup area, situated predominantly within the outer ring road and
consisting of nine administrative districts: Yuzhong, Jiangbei, Yubei, Shapingba, Jiulongpo,
Nanan, Dadukou, Beibei and Banan. These districts comprise 128 subdistricts, collectively
spanning 3140.28 km? (Figure 1). On the basis of local knowledge, we have delineated
the area encompassed by the inner ring as the core area, the area within the outer ring
as the suburbs and the area outside as the urban marginal area. Our study may provide
insights that are applicable to other mountainous cities, particularly those in developing
countries.

The UGS referred to in the text is a collated green space with a certain scale (>3000 m?)
and service function, with the main emphasis on the dimension of its recreational function
and more concerned with the close relationship between the green space and the daily
life of the residents. In total, 724 UGSs were distinguished within (n = 724) the study
area, including parklands and gardens, greenbelts along roads (>5000 m?), greenbelts
along rivers, greening squares, green spaces around residences and green spaces around
institutions. Water bodies and small green spaces, such as roadside greenery, were not
considered.
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Figure 1. Location of the study area (Chongqing, China).

2.2. Data Collection

The data for this research were compiled from various sources. The first set of data,
pertaining to UGSs, was obtained from open street maps. These data were combined with
GlobeLand30—a 30-metre resolution land cover dataset of Chongqing for the year 2020—
and corroborated and supplemented using geographic data generated by Google Remote
Sensing images. To ensure the consistency and accuracy of our study of UGSs information,
we referred to the land use survey data (1:10,000 scale) provided by the Land and Resources
Bureau. The second set of data, providing details on the residents within each ‘subdistrict’,
was sourced from the Sixth National Population Census of the People’s Republic of China
2010, a resource analogous to the US census tracts. The third dataset was obtained from
the ‘Baidu Sitemap Generator’ in 2021 and covers the subdistrict network information.
Finally, we obtained data about residential communities from Lianjia’s website (http:
/ /www.lianjia.com/ (accessed on 29 July 2021)). Lianjia, one of China’s largest housing
intermediaries, provides real estate and rental services and offers detailed information
about residential communities, such as location, coordinates and prices. We collected data
for 5935 residential areas, including name, household number, longitude, latitude and
average price attributes.

We categorised the selected variables into two dimensions: physical geographic ele-
ments and socioeconomic factors. The first dimension includes factors like elevation and
the proportion of UGSs. The second encompasses road network density, residents’ income
and the percentage of the population that is at least 65 years old in each subdistrict. Given
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the unavailability of public income data for Chinese cities, we used home sale prices as a
proxy for residents” income levels [40,41]. Assuming that a higher quality of life is sought
by higher-income individuals who can afford commercial housing, while those with lower
income opt for affordable housing, provided a basis for our estimations.

2.3. Urban Green Space Accessibility Method
2.3.1. Network Analysis Method

The core purpose of using the network analysis method is to calculate the service area
of UGSs to visually determine the level of service at the supply level of UGSs in the study
area because it is generally believed that people within the service area are more likely
to reach the UGS and enjoy the service. In the traditional radius method, a service area
is depicted as a circle with a radius encompassing a UGS. The network analysis method
offers a more precise measure than the radius method because it determines a facility’s
service area at a specific cost on the basis of a particular travel mode’s road network (either
walking or driving a private car) [32]. This method considers actual travel routes, distances
and travel friction. For this study, we selected residents’ travel time to UGSs as the defining
range of service areas instead of the radius. On the basis of prior research, we set 30 min as
the maximum acceptable travel time for residents. We assumed a 5 km/h walking pace [42].
The driving speeds on the highway, the expressway, the main road, the secondary main
road and the branch road were set at 100, 80, 60, 40 and 20 km/h, respectively.

2.3.2. Gaussian-Based 2SFCA Method

To further analyse the interaction between the supply of UGS and population demand
at different locations, the Gaussian-based 25FCA approach is employed to assess the UGS
accessibility [34]. This method avoids the dichotomy problem that can lead to errors with
the 2SFCA approach [26,43]. The formulas used are outlined below.

The initial step involves conducting a search for all population sites i that fall within a
specified travel time threshold (dp) from each UGS location j. This process establishes the
catchment area for the UGS location j. Individuals at location i will be assigned weights
based on a Gaussian function, denoted as G. The projected number of prospective users for
UGS at position j may be determined by summing the weighted individuals living within
its catchment region. The UGS to population ratio (R;) is expressed as follows:

S.
R = ! , 1)
" Eiqayean) Di % G(dyy)

D; = Ky x H;j, ()

where (D;) denotes the population at site i whose centroid lies inside the catchment (i.e.,
dij < do) of UGS j, and (H,) indicates the overall number of households in the residential
area. (Kp) is the average population per household. According to the average population
per household of urban residents in the Chongging Statistical Yearbook in 2020, the value
is 2.98; dj; is the distance people have to walk or drive to travel from population location i
to UGS site j; UGS capacity (size in square metres) is denoted by Sj; and G is the friction-of-
distance listed below:

e (1/2) x (dl]/do) —(1/2)
G(dyj, do) = 1—e2
0, dl] > d()

, dij < do

7 (3)

Next, the search is conducted for each population site i to identify all UGSs [ that
fall within the specified time threshold (dy) from i. The Gaussian function G is utilised
to discount each R. The summation of discounted R values throughout the region of



Land 2023, 12,1793

60of 17

catchment i is used to ascertain the level of accessibility at population site i, using the

following equation:
A= Zle{d,jgdo} Ry x G(dyj), @)

where R; denotes all the UGSs serving the population at position i, and all of the other
symbols and notations remain consistent with Equation (1). After special weighting, the
accessibility value (A;) can be interpreted as the per capita green area.

The catchment size (dp) is essential in determining whether a UGS is accessible. In this
study, six thresholds ranging from 10 to 30 min with a 5 min increment were tested. The
reason this increment was chosen was to examine the variation in accessibility resulting
from different thresholds, which is consistent with previous studies [15,44]. Meanwhile,
the method considers the road routes based on the actual terrain and the resistance of the
residents to travelling in the travelling process. In addition, the accessibility of UGSs in
each community was determined using the Gaussian-based 2SFCA approach. Then, the
accessibility of each subdistrict was calculated by averaging the UGS accessibility of the
communities.

2.4. Hot Spot Analysis Using Getis Ord Gi* Statistic

We used a hot spot analysis (Getis-Ord Gi*) tool to identify the geospatial clustering
of hot (high) and cold (low) spots of UGS accessibility and to explore the spatial layout
of UGS accessibility under different methods and modes of transportation [45]. One of
the benefits of utilising this tool is its capability to ascertain localised connections among
observations and their neighbouring entities, hence facilitating the visualisation of spatial
interaction patterns through the identification of small clusters or minor outliers [46,47].
The following is the formula used to obtain the Getis-Ord Gi* local statistics [48]:

Y wiixi — XY wii
j= ] j=1""1,]
G = = ®)
n 2 n
n @}~ (T @)

n—1

where the variable x; denotes the attribute value associated with item j. The variable
w;; represents the spatial weight between features i and j. Additionally, the variable n
corresponds to the overall amount of traits.

X="="" —— (6)
And
noy2 .
S= % -X. @)

For each feature in the dataset, the Gi* statistic returns a z-score as its output. A z-score
that is significantly positive shows a pronounced concentration of high values, commonly
referred to as a ‘hot spot’. Conversely, a z-score that is slightly negative signifies a notable
concentration of low values, often referred to as a ‘cold spot’. This method offers a more
comprehensive illustration of the spatial clustering attributes pertaining to the accessibility
of UGSs as opposed to solely examining the extreme values of high or low accessibility in
isolation.

2.5. Spatial Autoregressive Analyses

To compare the disparities in the calculation of UGS accessibility using the two meth-
ods across various influencing factors, the study conducted weight calculations and indica-
tor combinations on the results of two distinct methods. The analysis involved comparing
the accessibility results under different travel modes using the entropy weights method.
Additionally, we selected variables related to physical geographical elements and socioe-
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conomic factors for statistical analysis. Initially, we constructed an ordinary least squares
(OLS) regression model to examine the relationships between the dependent variable
(UGS accessibility) and the independent variables (physical geographical elements and
socioeconomic factors). For our analysis, we included indicators such as residents’ income,
elevation, road network density, the proportion of the elderly and the proportion of UGSs.
These indicators were selected based on their significance in defining geosocial conditions
and specific groups, as emphasised in prior research [49,50]. Given that population density
is already incorporated in the formula for the Gaussian-based 2SFCA method, it was not
included in the regression analysis. Subsequently, in order to address the possibility of
global autocorrelation in the data, the use of Moran’s I statistic was employed to evalu-
ate the existence of global autocorrelation in both variables that are dependent and the
mistakes of the initial OLS models. Spatial regression was conducted when significant
spatial autocorrelation was detected in the study area using Moran'’s I-statistic. The spatial
regression model resolved spatial dependencies that the linear regression analysis was
incapable of handling [51]. The utilisation of Lagrange multiplier testing indicated that the
spatial lag model (SLM) was the most optimal selection for this study. The selection of the
inverse of the distance matrix was considered to be the optimal approach for representing
spatial relationships in the data. The equation for the SLM model is as follows:

y=pWy+Xp+e (8)

where W represents the matrix of spatial weights. The parameter p characterises the range
of spatial autocorrelation between —1 and 1. Additionally, oWy quantifies the spatial
dependence present in y. The matrix X represents observations on the covariates, with
dimensions n x k. § is the k x 1 vector of regression coefficients, and e is an n x 1 vector of
errors that have been independently and uniformly distributed.

3. Results
3.1. Spatial Distribution of Urban Green Space Accessibility
3.1.1. Accessibility Evaluation Based on Supply

The spatial distribution of the accessibility of UGSs is shown in Figure 2, and the
coverage of the accessibility of UGSs is illustrated in Table 1, according to the different
modes of transportation. Areas not covered by the accessibility range within a certain
threshold time are identified as explicit blind spots, meaning ‘no supply’ zones. The
findings indicate that there is a decline in the accessibility of UGSs as one moves from
the core area towards the urban marginal area. The coverage of accessibility <15 min
within the core area is 69.86%; the same coverages in the suburbs and urban marginal
area are 12.17% and 2.68%, respectively. As shown in Table 2, a 14.97% coverage requires
more than 30 min to reach a UGS within the inner ring road. These uncovered areas are
mainly situated southeast, possibly due to the hindrance posed by the Tongluo Mountain
Range that traverses this area. Meanwhile, a 30 min walking range covers 29.09% of the
area in the suburbs. Although the built-up area of Chongging is dominated by good
accessibility under the driving mode, 28.81% of the area requires 30 min at least to arrive at
a UGS, mainly located in areas outside the outer ring road. Under 30 min of walking and
driving, the explicit blind spots accounted for 93.06% and 73.90% of the urban marginal
area, respectively.



Land 2023, 12,1793 8of 17

@) (b)

Figure 2. Spatial distribution of service area to urban green spaces under walking and driving modes.
(a) Walking mode; (b) Driving mode.

Table 1. Coverage of accessibility of urban green spaces.

Travel Time Consumption The Core Area The Suburbs The Urban Marginal Area Total Coverage
Modes (min) Area (km?) (%) Area (km?) (%) Area (km?) (%) Area (km?) (%)
Walking <5 49.10 16.60 46.92 2.57 5.01 0.49 101.04 3.22
5-10 97.35 32.92 82.90 4.53 11.23 1.10 191.48 6.10
10-15 59.61 20.16 92.60 5.07 11.10 1.09 163.31 5.20
15-20 19.36 6.55 97.85 5.35 13.07 1.29 130.28 4.15
20-25 14.85 5.02 75.66 4.14 11.09 1.09 101.61 3.24
25-30 11.19 3.78 135.85 743 20.03 1.97 167.07 5.32
Driving <5 152.31 51.50 363.14 19.86 28.57 2.81 544.02 17.32
5-10 114.65 38.77 600.63 32.86 46.39 4.56 761.63 24.25
10-15 28.78 9.73 382.88 20.94 39.94 3.93 451.61 14.38
15-20 0 0 155.29 8.49 47.26 4.65 202.55 6.45
20-25 0 0 144.12 7.88 51.79 5.10 19591 6.24
25-30 0 0 28.70 1.57 51.38 5.05 80.08 2.55

Table 2. Regression results of accessibility with physical geographic elements and socioeconomic

factors.
Multiple Regression Spatial Lag Regression
ariables ccessibility Based on ccessibility Based on ccessibility Based on ccessibility Based on
Variabl A bility Based A bility Based A bility Based A bility Based
Supply Supply-Demand Supply Supply-Demand

Proportion of the elderly_In —0.220 ** 0.173 —0.243 ** 0.212
Income_In 0.049 ** 0.484 *** 0.053 *** 0.484 ***
Density of road network_In 0.825 *** —0.736 *** 0.596 *** —0.623 **
Proportion of green area_In 0.094 *** 0.200 *** 0.071 *** 0.197 ***
Elevation_In —0.477 ** 2.357 *** —0.373 2.231 ***
Constant —4.326 *** —22.353 *** —1.844 —18.20 ***
Lagged Coeff (Rho) — — 0.591 *** 0.494 **
R square 0.797 0.453 0.834 0.504
AIC 162.5644 442.6414 149.4884 441.5876
BIC 179.6766 459.7536 172.3047 464.4039

*** p <0.01 and ** p < 0.05 indicate significant differences at 1% and 5% test levels, respectively.
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3.1.2. Accessibility Evaluation Based on Supply-Demand

The evaluation of accessibility on the basis of supply indicates that the core area
exhibits the highest accessibility within a 15 min threshold for various travel modes,
encompassing the largest coverage of access to UGSs. However, considering its population
density, the core area does not present a significant advantage. The heterogeneity in
accessibility observed from these two perspectives may be attributed to the high population
density in the core area, leading to a situation where the residents” demand for UGSs
exceeds the available supply. Figure 3 depicts the spatial distribution of UGS accessibility
for pedestrians and drivers obtained using the Gaussian-based 2SFCA method within
a 30 min threshold. At the regional scale, subdistricts with good accessibility decline
from the suburbs towards the core area, while subdistricts with poor accessibility are
predominantly located in the urban marginal area. Analysing at the subdistrict scale, we
found that 16 subdistricts (12.5% of all subdistricts) fail to access UGSs within the threshold
time when using the walking mode, mainly in the urban marginal area. Additionally,
67 subdistricts exhibit accessibility scores below 2.42, primarily in the core area. In the
driving mode, 11 subdistricts (8.59% of all study subdistricts) have no access to UGSs,
and these subdistricts are distributed in the urban marginal area. Comparatively, the
accessibility of the core area improves in the driving mode but remains dominated by
subdistricts with scores below 2. Overall, the explicitly blind spots with zero accessibility
are primarily concentrated in the urban marginal area, where the distribution of UGSs is
virtually non-existent.

(a) (b)

Figure 3. Spatial distribution of accessibility of urban green spaces under the Gaussian-based 2SFCA
method. (a) Walking mode; (b) Driving mode.

3.2. Spatial Layout of Urban Green Space Accessibility

On the basis of the 30 min walking and driving modes, the accessibility of UGSs
exhibits an unclear agglomeration centre, as depicted in Figures 2 and 3. In order to enhance
our comprehension of the spatial layout of accessibility at the subdistrict level, we utilised
the hot spot analysis tool referred to as Getis-Ord Gi*. A hot spot is defined as a spatial
unit characterised by a high value and surrounded by other spatial units with similarly
high values. Conversely, a cold spot represents a spatial unit that features a lower value
and neighbouring units that also possess low values. In our analysis, we found a distinct
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spatial mismatch between the two accessibility aggregation patterns. Figure 4a,b illustrate
that the urban marginal area primarily comprises cold spot aggregation areas, while the
core area exhibits accessible hot spot aggregations from the supply perspective. Notably,
for the accessibility evaluation based on supply and demand, the cold spot aggregation
area is primarily concentrated in the core area.

Figure 4. Gi* cluster map for the hot spot analysis of urban green space accessibility under walking
and driving modes. (a) Accessibility of walking mode under the network analysis method; (b) Acces-
sibility of driving mode under the network analysis method; (c) Accessibility of walking mode under
the Gaussian-based 25FCA method; (d) Accessibility of driving mode under the Gaussian-based
2SFCA method.

3.3. Spatial Correlation between Urban Green Space Accessibility and Related Variables

The findings of the hotspot analysis reveal a spatial mismatch in the accessibility of
UGSs as determined by using two distinct methods, with each based on different perspec-
tives. To further investigate the potential influencing factors contributing to variations in
accessibility, we examined the physical geographic elements and the socioeconomic factors.
As depicted in Figure 5a, the percentage of the population that is aged 65 and older rises
from the core area outwards. Figure 5b,d show a similar trend in the way they are dis-
tributed, and we find that the core area presents high road density and population density.
Moreover, the core area demonstrates a relatively flatter elevation than the surrounding
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areas. Additionally, the core area has become an implicit blind spot for accessibility partly
because of the excessive population density surpassing the capacity of UGSs. Consequently,
a significant number of residents lack effective access to UGSs. Figure 5g illustrates the
results obtained by normalising and combining these factors, with lower values in the core
area compared to other areas.

Figure 5. Spatial distribution of physical geographical elements and socioeconomic factors. (a) Pro-
portion of the elderly; (b) density of population; (c) residents” income; (d) density of road network;
(e) proportion of urban green space; (f) elevation; (g) standardised consolidated values.

This study employs a multiple regression model to explore UGS accessibility and
the correlations between various physical geographic elements and socioeconomic factors
from diverse viewpoints. According to the OLS analysis, the variance inflation factor was
below 2, indicating that the explanatory variables were free of multicollinearity issues.
However, the significant Moran'’s I values obtained from both the network analysis and
Gaussian-based 2SFCA methods for the OLS models (Moran’s I = 0.090, z score = 2.091,
p < 0.05; Moran’s I = 0.484, z score = 10.509, p < 0.01) suggest spatial autocorrelation within
the residuals.

Given this spatial autocorrelation, further analyses were conducted using spatial
regressions to examine the correlation between UGS accessibility and the selected indepen-
dent variables using both methods independently. The spatial autoregressive lag model
(SARlag) was chosen for this study based on the Lagrange multiplier test, which demon-
strated its superiority to the spatial error regression model. Furthermore, the SARlag model
outperformed the OLS model, demonstrated by the elevated R? and log likelihood values,
decreased AIC values and significant spatial lag coefficients (rho), indicating a strong
spatial dependence on UGS accessibility. The relationships between UGS accessibility
and the index of physical geographic and socioeconomic factors under the two methods
showed that the SARlag regression explains about 83.40% and 50.40% of the variations in
the changes in UGS accessibility in the 122 subdistricts, respectively.

The regression results (Table 2) show apparent disparities in green space access. For
both the OLS and SARlag models, the network analysis method revealed a positive and
statistically significant effect of income on UGS accessibility. Notably, a discernible inverse
correlation was observed between the proportion of elderly residents and UGS accessibility.
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Adding a one unit increase in the natural logarithm of the elderly corresponds to an average
of 22.0% and 24.3% decrease in the logarithm of accessibility of UGSs under both models.
It may be due to the unique features of the mountainous city that the travel behaviours of
the elderly are not fully considered in the urban green space planning process, resulting
in inequitable urban green space planning for the elderly. The steepness of the mountain
cities exacerbates this inequity. However, no correlation existed between elevation and the
accessibility of UGSs from a supply-only aspect.

Alternatively, the Gaussian-based 2SFCA method revealed that higher-income res-
idents had substantially greater access to UGSs (p < 0.01), suggesting an income-driven
accessibility disparity, which is similar to the results of the network analysis method. Ad-
ditionally, elevation, a distinguishing geographic factor between mountainous and plain
cities, exerted a positive influence on UGS accessibility from a supply and demand per-
spective. However, contrary to the hypothesis that a higher road network density would
enhance accessibility, our findings indicate a negative correlation between these two vari-
ables. This unexpected result can be attributed to the overdeveloped street network that
imposed restrictions on urban land use and thereby reduced the available UGSs.

4. Discussion

An escalating conflict between supply and demand has arisen in the urban environ-
ment due to the increasing constraints and expanding population. Despite studies that have
examined the supply and demand of UGS in developed and developing countries [52] and
recognised that the inequity of UGS is mainly reflected in the supply and people’s demand
for UGS, there is a dearth of knowledge that exists regarding the equitable distribution of
resources for UGSs among all city residents [19,52]. The contributions of this paper are
mainly reflected in the following aspects: Firstly, based on the existing studies, a more
sophisticated analytical framework is proposed to analyse the supply and demand of the
urban master plan, which integrates the network analysis method, attenuation coefficients,
Gaussian functions and travel modes to provide a more realistic evaluation. Meanwhile, the
study further enhances the assessment by considering accessibility under both modes. This
contribution offers methodological support and a theoretical reference for the evaluation
of UGS accessibility in other cities. Secondly, we utilised multidimensional evaluation
indicators to identify the heterogeneity in UGS accessibility according to different physical
geographical elements and socioeconomic factors, with particular attention to vulnerable
populations. Assessment results provide policymakers and planners with decision-making
information conducive to achieving equity in the distribution of UGSs.

The marginal area of Chongqing’s built-up region has the weakest allocation of UGS
resources and suffers from significant service deficits. During the examination of spatial
distribution, we noted marked polarisation in the UGS accessibility of supply within a
30 min threshold time across different modes of transportation. High accessibility areas
are predominantly distributed in the core area, while explicit blind spots persist in the
urban marginal area. This is similar to the findings of previous studies [52,53]. Viewing this
through a supply-demand lens, subdistricts lacking accessibility are also primarily situated
in the urban fringe, validating the efficacy of the network analysis method in identifying
explicit blind spots. For these explicit blind spots devoid of supply, especially the urban
marginal areas with inferior UGS resources, future successful green space planning can be
realised through spatial excavation by reserving space for greening, effectively allocating
UGS and anticipating futural demand.

Assessing the spatial layout, the results underscore the spatial incongruity in the
accessibility of two distinct categories of UGSs, with a distinct supply—demand imbalance
in the core area. Despite the strengths of the core UGS catchment area, there is a deficiency
in meeting all of the residents’ daily needs, thus manifesting as an implicit accessibility
blind spot. This shortfall is likely attributable to the high population density in the core
area that constantly intensifies the pressure on the allocation of UGS and the intensive
land development encroaching on the available UGSs. Concurrently, an overly dense road
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network further restricts and fragments the distribution of UGSs, which discourages the
development of UGSs and ultimately hinders efficient resource allocation. Therefore, the
mismatch between the supply and demand of UGS needs to be emphasised in the urban
greening process. Currently, it may be difficult to build large UGSs due to the fixed and
compact land use patterns and land demand restrictions [54,55]. Considering these factors,
other greening strategies such as vertical greening and informal green spaces could be
implemented in the future to strengthen linkages between nearby green spaces and create
more daily recreational opportunities for residents to boost their sense of belonging to a
city [56]. Furthermore, the potential for UGS development in the suburbs can be utilised.
Population redistribution is facilitated by emphasising the suburbs in order to alleviate land
development pressures in the core area. This strategy could enhance the spatial patterns of
UGS accessibility in Chongqing and reduce both explicit and implicit blind spots.

According to the findings of the spatial correlation analysis, there is some heterogene-
ity in the relationship between UGS accessibility and altitude under different methods.
Therefore, an effective analysis of the elevation is necessary in order to effectively safe-
guard access to sufficient green space. Elevation, a crucial physical geographic element
that distinguishes mountainous from plain cities, can serve as a foundational parameter
for future research on cities in mountainous regions. Chongging, a city typified by its
mountainous and riverine landscape, faces stringent constraints on urban construction
land due to its varied topography, including numerous mountains and valleys. Therefore,
planning in this city should prominently feature its unique topographical elements. Specif-
ically, in the suburbs—the transition zones between core and marginal regions—where
both UGS resources and population density are moderate, planning should accentuate
the cities’ mountains and rivers. The steep topography of these areas engenders a three-
dimensional, high-low fragmented distribution of UGSs, thereby enhancing their service
efficiency. Consequently, future urban development should prioritise three-dimensional
space development and maximise green spaces amid densification [57].

The high-density road network fails to consistently have a positive influence on
accessibility. On the one hand, as a link between UGSs and residents, transportation
networks can affect the efficiency of UGSs in providing services to residents. A properly
planned road network system can benefit residents in terms of accessibility of UGSs. On the
other hand, an increase in road density fails to consistently improve the accessibility of UGS,
and an overdeveloped street network instead restricts land use [5,54], thus reducing the
amount of available UGS. At the same time, the economic value of land further increases
the pressure on UGS. For example, landowners make more profit from urban commercial,
industrial and residential land development than from green infrastructure land. To solve
the mentioned problems, landscape planners can increase or improve the existing street
green space and pocket parks based on rational design and utilisation of road networks
or also design UGSs in some redevelopment projects, such as urban village reform, and
rebuild abandoned factories to form high-quality living communities using UGS planning
and landscape design as well as to strengthen connections with nearby UGS.

Indeed, the widely available housing sales data in China can serve as a valid indicator
for different social groups when studying a city because they can reflect many other socioe-
conomic conditions, such as income levels [45]. Discrepancies in UGS accessibility have
been observed pertaining to specific neighbourhood socioeconomic characteristics [58].
Subdistricts with higher social status are favoured in terms of UGS provision, which is
in line with previous research. To be specific, our study clearly demonstrates that UGS
accessibility is better in areas where high-income populations are located. We argue that
higher-income groups are more capable of choosing resource-rich, high-quality living
environments, thus suggesting that economically vulnerable families are being deprived of
access to UGSs, exposing social inequities. In addition, this study reveals low UGS acces-
sibility in subdistricts with a high level of population aging. The problems of population
ageing will exist for some time in China, which may significantly increase the demand
for social infrastructure, including the demand for UGS service resources. In this context,
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inadequate access to UGSs for the elderly may raise issues of environmental injustices that
require pre-awareness and effective countermeasures. Therefore, planning and construct-
ing UGSs solely on the basis of supply or demand optimisation, assuming a homogenous
population, fails to provide a comprehensive solution. Considering the accessibility of
various social groups is an indispensable aspect of green planning [59]. Therefore, residents
of disadvantaged communities should be prioritised for UGS additions, optimising the
spatial pattern of accessibility to ensure equity [60,61].

Findings from this study have important policy implications and can provide method-
ological references and theoretical support for planners and policymakers. Chongqing
has prioritised a greening strategy where all residents live within a 15 min walk from
the nearest UGS. The Liangjiang New Area and the Jiulongpo District are national pilot
districts for the ‘quarter-hour convenient living circle’. The Jiulongpo District encompasses
18 subdistricts, while the Liangjiang New District spans parts of the Jiangbei, Yubei and
Beibei Districts in Chonggqing, covering a total of 36 subdistricts. This approach aims to
provide residents with UGS services within a 15 min walking radius. However, our study
identified a gap, with only 69.68% accessibility coverage within a 15 min walking radius in
the core area that has the highest population density. Therefore, striving for complete UGS
service coverage should be considered a key priority in UGS planning. Simply increasing
the size and improving the functions of UGSs may lead to further spatial inequality. It is
crucial to comprehensively consider the nature of the land, the amount and type of UGS,
the quality of UGS and the level of supply and demand.

5. Conclusions

Taking the buildup area of Chongging as an example, this study enhanced the evalu-
ation of UGS accessibility from multiple viewpoints. Regarding spatial distribution, we
identified explicit blind spots in the threshold time from a supply perspective, especially in
urban marginal areas. These marginal areas were also found to be disadvantaged when
assessed from the supply—-demand perspective. A comparison of the spatial layouts of
the two types of accessibility reveals that although the core area has a generous supply of
UGSs, it cannot meet the needs of all residents, rendering it an implicit blind spot in UGS
accessibility. However, the suburbs exhibit potential for UGS development. The future
expansion and development of UGSs in the suburbs can not only extend their service areas
to the periphery but also partially alleviate the land and population pressure in the core
area. Moreover, our analysis revealed that there is some heterogeneity in the relationship
between accessibility and both elevation and road network density, suggesting that eleva-
tion and road network density should be considered critical factors in future studies on
mountainous cities. Lastly, we observed that vulnerable groups, such as people aged 65 and
over and low-income populations, experience disadvantages in accessing UGSs. Insights
into the spatial distribution and demand preferences of these groups will undoubtedly aid
in promoting future urban social equity.

In summary, our study suggests that an effective UGS planning policy should em-
phasise three key aspects: (i) implementing targeted measures to mitigate explicit and
implicit blind spots from diverse supply and demand perspectives, (ii) paying attention
to the unique physical geography of mountainous cities and considering the develop-
ment of three-dimensional spaces and (iii) enhancing awareness of vulnerable groups and
mitigating social inequality.
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