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Abstract: High-quality urban green space (UGS) is an integral part of a livable city. The scientific
evaluation of UGS has great value for improving the quality and efficiency of green spaces. In
this study, we integrated the water and walking networks into the existing green index model and
proposed a new green index: the building blue-green index (BBGI). Using this method, we analyzed
the quality of green spaces within 300 m of 2138 buildings located in 13 communities in the Mochou
Lake subdistrict in Nanjing, China. The results revealed that the green-space quality of high-rise,
low-density buildings was greater than that of low-rise, high-density buildings. In addition, buildings
close to water had higher green-space quality, while impervious surfaces reduced green-space quality.
Furthermore, the connectivity and orientation of the road network indicated that even if a community
was close to large parks and water bodies, there would still be lower green-space quality. This study’s
findings highlight the usefulness of evaluation methods for green-space quality that combine blue
and green spaces. We also propose feasible measures for improving neighborhood green-space
planning and land management.

Keywords: urban green space; building blue-green index; neighborhood; high-resolution remoting-
sensing image; network analysis; China

1. Introduction

Urban green space (UGS) is an essential component of a livable city; it can provide
numerous health benefits and promote the sustainability of urban environments [1-6].
When 21-40% of a neighborhood is covered by green space, residents can more easily
access green space, and as the coverage rate increases, residents” happiness will increase
as well [7]. To evaluate the human wellbeing provided by UGSs, many studies have
investigated green space at the neighborhood level, taking the percentage of green areas
as a common indicator of green-space quality [8,9]. The percentage of the green area is
also a concern of city authorities [10]; thus, many greening strategies have been proposed,
including adding green roofs, increasing the number of urban parks, and planting a large
number of street trees [11]. Recently, the benefits of UGS have been found to be related
not only to the absolute amount but also to the quality attributes of green spaces [12-14].
Therefore, it is essential to develop a scientific evaluation method for neighborhood green-
space quality to optimize the distribution of UGS and improve its service performance.

Currently, there are two main methods for assessing UGS quality: subjective percep-
tion measurement and objective measurement. Subjective perception measurement flexibly
acquires green-space quality data using self-reported questionnaires and checklists [15-17].
Thus, it is the more popular method for assessing green-space quality. For example, one
questionnaire-based study included the supply of facilities, the convenience of facilities,
natural features, and the absence of civilization, accessibility, and maintenance as the six
dimensions of green-space quality [18]. However, this method is weak with regard to

Land 2022, 11, 445. https://doi.org/10.3390/1land 11030445

https:/ /www.mdpi.com/journal /land


https://doi.org/10.3390/land11030445
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0000-0003-3184-2684
https://doi.org/10.3390/land11030445
https://www.mdpi.com/journal/land
http://www.mdpi.com/2073-445X/11/3/445?type=check_update&version=3

Land 2022, 11, 445

20f18

depicting the spatial distribution of green-space quality, and therefore provides limited in-
formation for implementing UGS design and planning. Meanwhile, objective measurement
methods use quantitative indicators to evaluate UGS quality based on satellite imagery.
Richards et al. [19] calculated green-space percentage and green space per capita from
panchromatic spectral images provided by Landsat 7. Yan et al. [20] used Pleiades-1A
satellite images consisting of multispectral images and panchromatic images to measure
UGS landscape metrics such as vegetation coverage, patch shape, and density. These single
indicators can reflect the spatial distribution of green space on a macro scale and provide
a wealth of tools for continuous monitoring over long periods. They pay little attention,
however, to the microenvironments of built-up areas [8,16,21]. To address this deficiency,
researchers have defined availability, accessibility, and building density as quantitative
parameters of UGS quality, providing an understanding of UGS quality by integrating these
parameters into green index models [22-25]. In addition, objective measurement is often
used to provide spatial distribution information for urban green space design. Therefore, a
rational selection of evaluation parameters is needed to improve the application of objective
measurements of UGS quality.

Recently, research on human wellbeing provided by green space has expanded the
research objectives from green spaces to blue—green spaces. As a result, increasing atten-
tion has been paid to the positive effects of blue spaces on green-space ecosystems and
sustainable landscape planning [26-29]. A growing body of research based on subjective
perception measurement has proposed that the combination of blue and green spaces can
provide better ecological and social service functions than green spaces alone [30-32]. For
example, research has found that multilayered green space combined with water provide
the highest-quality restorative green space [33]. Surveying residents’ and visitors” percep-
tions of the social value of green park spaces, Chen et al. [34] found that distance to water
positively promoted both groups’ experience of the recreational and cultural value of green
spaces. However, those objective methods have not reached a consensus on blue space as
an evaluation parameter for UGS quality. Many cities in developing countries are located
in areas with dense water networks; thus, a method integrating the blue-space context into
the evaluation parameters of UGS quality is needed [28,35].

To improve the rationality of objective measurement methods at the neighborhood
level by combining blue and green spaces, this study (1) reviewed the literature on the objec-
tive evaluation of neighborhood green-space quality; (2) constructed a building blue—-green
index (BBGI) using network analysis to assess UGS quality of Mochou Lake Subdistrict in
Nanjing, China; (3) analyzed the differences between BBGI and the traditional green index;
and (4) made practical suggestions for improving the design of neighborhood green spaces.

2. Study Area and Data
2.1. Study Area

Mochou Lake Subdistrict is located in Hexi New Town, Jianye District, Nanjing, China.
It is adjacent to the Qinhuai River to the east. The subdistrict ranks sixth in Nanjing
Province in terms of the total population with 117,219 people (Mochou Lake Subdistrict
Office, 2018). It is about 4.28 square kilometers (Figure 1). Mochou Lake Subdistrict is
a subtropical humid climate zone with four distinct seasons. The area is rich in flora,
vegetation grows well, and the vegetation coverage rate is 37%. Moreover, UGS in the
area reflects a typical landscape interwoven with blue and green spaces. The interior
green space in the subdistrict is mainly composed of shelter forests along the river and
vegetation planted along roadsides and in parks. There are two large parks with large
areas of water to the east of the subdistrict. There are 13 communities in the Mochou Lake
Subdistrict (source: www.njjy.gov.cn/, accessed on 3 February 2022). The community is the
smallest administrative unit in China. Here, the concept of community is the same as that
of neighborhood but has a different name.
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Figure 1. Study site and vegetation cover map.

2.2. Data Sources and Preprocessing

This study used GF-2 satellite data, based on imaging for 26 April 2018. The image
was taken by the first optical remote-sensing satellite. It is an optical remote-sensing image
which consists of one panchromatic band (Band: 450-900 nm) with a spatial resolution of
1 m, and four multispectral bands (Band red: 630-690 nm; Band green: 520-590 nm; Band
blue: 450-520 nm; Band NIR: 770-890 nm) with a spatial resolution of 4 m (source: http:
/ /www.cresda.com/CN/, accessed on 3 February 2022). This type of high-resolution image
achieves the level of accuracy needed for image information extraction and classification,
with rich spectral features and texture information [18,36]. Although the satellite’s data
are relatively new, its land cover classification performance has been recognized [37].
Using ENVI 5.3, high-resolution images were preprocessed by conducting radiometric
calibrations, atmospheric correction, orthorectification, and fusion.

Vector data provided by the Mochou Lake Subdistrict Office were used to extract
accurate residential building block data and road network data. The Outdoor Assistant
application was used for field investigation to rectify and supplement the data.

3. Methods
3.1. Progress in the Objective Measurement of Neighborhood Green-Space Quality

Taking into account the disorder of buildings and green spaces in Indian cities,
Gupta et al. [22] proposed the urban neighborhood green index (UNGI). In this method, a
residential area was divided into uniform grids of 20 x 20 m?, which are used as the unit
of green-space quality evaluation. UNGI is the result of the weighted superposition of four
parameters (green index, proximity to green space, building density, and building height).

First, the band values in the multispectral image are applied to generate an NDVI
map. According to the map, the greenness in each grid is calculated to determine the
green index. Second, the study area is classfied into four land types (including densely
planted areas, sparsely planted areas, open spaces without plants, and built-up areas)
by using the maximum likelihood supervision classification method. Proximity to green
space is calculated by calculating the percentage of the area of the cells contained in 20 m
buffer zones. Third, the high-rise building index is calculated by caiculating the proportion
of high-rise building cells in each grid. Finally, the values of the four above indexes
are normalized, and the analytic hierarchy process is used to determine their weights.
Compared with an index for measuring the amount of green space on a macro scale, UNGI
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is more accurate because it not only evaluates greenness at the neighborhood level but also
considers accessibility to green space and the effect of building height on the availability of
green space. However, since this method is a homogeneous grid method, it cannot identify
the spatial distribution of residents” actual activity spaces.

To solve the abovementioned deficiency of UNGI, Li et al. [23] used lidar data and
multispectral remote-sensing imagery to develop a building proximity to green space
index (BPGI). In this method, a 20 m circular buffer is generated around the center of
a building’s mass. The value of BPGI is equal to the ratio of the area of green space to
the area of non-green space. Then, based on BPGI, Liu et al. [24] developed the building
neighborhood green index (BNGI), which can reveal disparities in residents’ proximity to
green spaces at the neighborhood level. This method defines a 20 m buffer area around a
building as the analysis unit, as opposed to a 20 m x 20 m grid. Although the parameters
of BPGI are similar to those in UNGI—including green index, green-space proximity,
building sparsity, and high-rise building sparsity—there are differences in the calculation
methods. First, proximity to green space is equal to the percentage of vegetation areas to
the area of the building buffer zone. Second, the building sparsity index is defined as the
proportion of nonbuilding areas in a single building’s 20 m buffer zone. Similarly, high-
rise sparsity is the proportion of non-high-rise buildings in the 20 m buffer of a building.
BPGI is more of a microscale evaluation of UGS quality because it can reveal disparities in
residents’ proximity to different types of vegetation at the neighborhood level. Moreover,
the building buffer method in BPGI suggests that green-space accessibility is an important
aspect that affects UGS evaluation since residents can better enjoy the benefits of green
space when they can more easily access it [38]. The present study provides new evidence
that a convenient walking environment has a positive effect on the availability of green
space [39,40]. However, the BPGI model does not consider the process of walking from a
building to green space.

Recently, a urban green accessibility index considering the topological relationship
between the road network and the green space was proposed [41]. The index includes
three parameters: green amount, topological importance of street, and distance from green
space to street. Firstly, the NDVI map of the city is generated based on high-definition
images. Then, the topological importance of urban roads is determined by the choice index
and integration index in the space syntax software. Finally, the straight-line distance from
each green patch to the road is calculated through QGIS software. This method addresses
the defect that the above urban green indexes ignore: the road environment.

The above urban green indexes consider the interaction of neighborhood green spaces
and built-up features without considering the effect of blue space on UGS quality. To
measure UGS quality from the perspective of the combination of blue and green spaces,
Wang et al. [42] developed a hybrid land-use pattern index to identify the characteristics
of blue-green space at the neighborhood level. This model consists of four parameters:
building coverage ratio, green-blue surface ratio, impervious surface ratio, and mean
building height. Based on the supervised classification of high-resolution satellite images,
the proportion of blue-green spaces and the proportion of impervious surfaces are obtained.
They used building vector data from Baidu Maps to calculate building coverage ratio and
mean building height. This method not only considers blue-green space as a whole but also
considers buildings and impervious surfaces as important factors affecting UGS ecological
quality. However, Wang et al. (2021) aimed to explore the role of urban blue-green space
in promoting the cooling effect, as opposed to objectively assessing green-space quality.
That study used the method to cluster the landscape patterns of neighborhood blue—green
spaces, which could not readily quantify the value of UGS quality. Moreover, the walking
accessibility of UGS and the distribution of high-rise buildings were not considered.

Recent research on blue-green space characterizes the quality of blue-green space by
calculating the proportion of three land cover types of blue, green, and impervious surface
through high-resolution remote sensing, which provides a new method for the optimization
of green space indexes. Since walking areas and blue spaces are both important aspects
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of green-space quality, a green index model that can evaluate the blue-green space in the
walkable area of a neighborhood is needed.

3.2. A New Framework for Analyzing Neighborhood Green Sapce Quality—Building a
Blue-Green Index

3.2.1. Research Framework

The proposed BBGI is a new neighborhood green-space quality measurement that
incorporates the land-use pattern index of blue—green space into green index models such
as UNGI and BNGL. It varies widely in its evaluation scale and the selection of parameters
(Figure 2). Based on the street space design by Japanese architect Aihara Yoshito, “External
Space Design”, when people are active as walkers, the most pleasant travel distance is
300 m [43]. Therefore, a 300 m maximum distance has been proposed as the default option
for UGS assessment [5].
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Figure 2. Research framework.

For this study, the 300 m road network analysis threshold was used to determine
the walkable area, which is the evaluation scale for BBGIL. Then, to analyze the effect of
walkable area on the evaluation results, we calculated neighborhood walkability, which
was defined as the ratio of the walkable area of all buildings in the neighborhood to the
walkable area of all buildings in the study area. There were also differences in the selection
of parameters. Five factors were selected: vegetation index, blue index, impervious surface
index, green index, and high-rise building index. Finally, the analytic hierarchy process
(AHP) was used to determine the weights of the factors to obtain the evaluation results.

Supervised classification is a common technique in traditional classification methods.
In this study, the maximum likelihood classifier was used to extract three landcover types,
including green space, water surface, and impervious surface. First, we used image maps
from Google Earth as the base map to analyze the distribution to ensure that the selected
samples were accurate and representative. A total of 238 training samples were manually
delineated. Then, the Region of Interest (ROI) separability tool in ENVI 5.3 was used to
calculate the statistical distance between each class to avoid substantial similarities between
samples. The separability values of the samples between the landcover types were all
greater than 1.9, indicating high separability. Finally, we evaluated the accuracy of the
classification result map using the confusion matrix method. Overall accuracy was 98.81%,
and the Kappa coefficient was 0.93.
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3.2.2. Green Index

The green index measures the amount of green space in a city. Appropriate green
indicators in UGS planning and design provide residents with a high level of green space.
We measured the green index by calculating the proportion of green-space area in the
network buffer zone to the total area of the network buffer zone. The formula is

Ai-green
Ai—m’ea

Ajicr = @
where Aj 4, is the network buffer area of i building. A; ¢, is the green-space area in the
network buffer zone of building i.

3.2.3. Vegetation Index

The numerical value of NDVI is closely related to parameters such as the leaf area
index and photosynthesis. It is used as the closest factor to describe vegetation growth
status and coverage [44]. We calculated NDVI [NDVI = (NIR — R)/(NIR + R)] using the
spectral characteristics of the red-light band (R) (0.63-0.69 um) and the near-infrared band
(NIR) (0.77-0.89 um). The formula is

Y NDVI

2
Ai—ﬂreu ( )

Ajivcr =

where A;_;, is the network buffer area of building i. Y NDVI is the sum of NDVI values in
the network buffer zone of building i.

3.2.4. Blue Index

Blue and green spaces should both be considered in sustainable landscape design [45].
Thus, we measured the blue index by calculating the proportion of the area of blue space in
the network buffer zone to the total area of the network buffer zone. The formula is

Aip
Ai—urea

Aipr = 3)
where A; 4., is the network buffer area of building i, and A; p is the water body area in the
network buffer zone of building i.

3.2.5. Impervious Surface Index

Impervious surfaces, including concrete pavement, roads, buildings, and plazas,
are considered an essential factor for understanding built-up environments [46,47]. The
proportion of impervious surfaces coverage has been used to assess built-up density [48].
Urban impervious surfaces can represent the degree of urbanization and the health of
urban ecosystems [49].

We therefore measured the impervious surface index by the proportion of the area of
impervious surface in the network buffer zone to the total area of the network buffer zone.
The formula is
Awis.

4
Ai—area ( )

Ajs1 =

where A; ., is the network buffer area of building i, and A; i is the impervious surface
area in the network buffer zone of building i.

3.2.6. High-Rise Building Index

Building height can also affect satisfaction and well-being for people accessing green
spaces surrounding buildings [50]. Based on China’s residential design code, we defined a
building with more than six floors as a high-rise.
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Thus, the high-rise building index was used to measure the total floor area of buildings
with more than six floors. The formula is

L A(H;—6)xS;

5
Ai—area ( )

Ajpr =

where A; gye, is the network buffer area of building i. H; is the number of floors of high-rise
building j. S; is the floor area of high-rise building j. }© A Hj—6)xs; 1S the summed floor area

of the part above six stories in high-rise buildings.

3.2.7. Weight Determination and Overlay Analysis

According to the values obtained for each building unit, we converted the final
evaluation value of each indicator into four green-space quality grades (i.e., low, medium,
high, and very high quality) by using Natural Breaks Jenks Method (Table 1). We then
used the spatial analyst tool in ArcGIS 10.5 to reclassify and standardize all indicators. The
evaluation results provided a relative value for comparison analysis and visualization.

Table 1. Standards for UGS quality division, different factors, and their weights.

Factor Ratio/Average Grade Evaluation Weights
0.54-1.34 7 Very high-quality green space
Vegetation index 0.34-0.54 5 High-quality green space 0.3367
(VI 0.21-0.34 3 Medium-quality green space :
0.00-0.21 1 Low-quality green space
0.50-1.00 7 Very high-quality green space
Green index 0.30-0.50 5 High-quality green space 01956
(GI) 0.12-0.30 3 Medium-quality green space ’
0.00-0.12 1 Low-quality green space
0.00-0.13 7 Very high-quality green space
Impervious surfaces Index 0.13-0.36 5 High-quality green space 0.1087
(Is1) 0.36-0.63 3 Medium-quality green space ’
0.63-1.00 1 Low-quality green space
0.25-0.64 7 Very high-quality green space
Blue index 0.08-0.25 5 High-quality green space 09393
(BI) 0.02-0.08 3 Medium-quality green space ’
0.00-0.02 1 Low-quality green space
0.00-0.02 7 Very high-quality green space
High-rise building Index 0.02-0.06 5 High-quality green space 0.1197
(HBI) 0.06-0.12 3 Medium-quality green space )
0.12-0.27 1 Low-quality green space

The factor weights were determined using AHP. The AHP method is a systemic
decision analysis tool which can quantifies the relative importance of each factor to the
complex system [51,52]. Because of the varying degrees of importance of each indicator,
standardization was performed to reflect the degree of difference between indicators. A
pairwise judgment matrix was utilized, and the corresponding weight of each indicator was
calculated (Table 1). A consistency test was conducted on the indicator system to ensure
the quality of indicators, and the logic of the weight coefficient was measured. Finally,
superposition analysis was performed based on the weights of the indicators to obtain a
comprehensive evaluation map of the subdistrict’s green space.

4. Results
4.1. Study Area Evaluation Results for Each Parameter

The Mochou Lake Subdistrict remote-sensing image was classified into three landcover
types: vegetation (37%), impervious surface (58%), and water area (5%) (Figure 3).
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Figure 3. Land cover classification map.

The green-space index (Figure 4a) indicated that the Jiangdongmen, Mingyuan, and
Fengqi yuan communities in the west and the Changhong Road and Mochou Lake commu-
nities in the east had relatively large amounts of green space. Meanwhile, other communities
had inadequate green space, with the green coverage of most buildings being low.

The impervious surface index (Figure 4b) indicated that the impervious surface condi-
tions of the Changhong Road and Mochou Lake communities in the east, Jiangdongmen in
the west, and the Yanhe communities in the south were the best. The impervious surface
coverage of most buildings in the study area was below the medium level.

The blue index (Figure 4c) indicated that compared to the communities far from water
bodies, communities adjacent to Mochou Lake Park and along the east side of the Qinhuai
River enjoyed more blue space, while it was inconvenient for the communities around
Nanhu Lake Park to enjoy the health benefits offered by the water in Parks. Moreover,
we found that most buildings with higher blue-space coverage also had higher green-
space coverage.

These three types of land cover presented very different green-space quality maps.
For example, the central part of the Mingyuan community had a high green index, but the
impervious surface and blue indexes were low. Therefore, considering them at the same
time when evaluating green-space quality is necessary.

From the results of the NDVI analysis (Figure 5a), we estimated the vegetation index
(Figure 5b). The vegetation index showed that most communities were generally covered
by vegetation. Surprisingly, the Beiwei and Yanhe communities, which had low blue and
green indicators, had a high-quality vegetation context. We also found that buildings with
high-quality blue space had generally low NDVI values.

From the results of the building distribution map (Figure 6a), we can see that the build-
ings in the Mochou Lake Subdistrict were all arranged through orderly urban planning.
The high-rise building index (Figure 6b) showed that most communities were made up
of low-rise buildings. Therefore, most low-rise buildings had high-quality green space.
It is worth noting that the Changhong Road community on the southeast side had very
high-quality green space in terms of the green indexes, vegetation indexes, and impervi-
ous surface indexes. Based on the high-rise building index, however, it had low-quality
green space.
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4.2. Evaluation Results Based on BBGI

The evaluation factors for the Mochou Lake Subdistrict were weighted and superim-
posed according to the corresponding weights from Table 1. The BBGI results were then
computed and were classified into four green-space quality categories (Figure 7). Accord-
ing to the BBGI results for 2138 buildings, we obtained the proportion and distribution of
green-space quality in each community (Table 2).

Legend
Building Blue-Green Index (BBGI)
Mochou Lake Subdistrict
Road
I Very high-quality green space
High-quality green space
Medium-quality green space
I 1ow-quality green space

Figure 7. Building blue-green index map.

The quality of green space in the Mochou Lake Subdistrict was classified as follows:
very high (28.02%), high (30.12%), medium (11.41%), and low (30.6%) (Table 2). Overall,
the quality of green space was estimated to be relatively high. The very high-quality
green spaces were concentrated in the Beiwei Road and Changhong Road communities.
These two communities were built recently, dispersed with high-rise buildings and rich
vegetation. They are also near Mochou Lake Park and Nanhu Lake Park, providing the
area with high-quality green spaces. Low-quality green space was situated mainly in the
low-rise and dense residential areas, which contained single vegetation types, disheveled
sheds, and many cement surfaces.
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Table 2. Neighborhood walkability, green index, and BBGI results.
Percentage of Four Green-Space Quality Grades
Community . .
No. (Number of Nelghbm:h.ood Evolution Very High- High- Medium- Low-
Buildings) " akability Index Quality Quality Quality Quality
Green Space  Green Space  Green Space  Green Space
1 Jiangdongmen 0.06 GI 0.19% 3.09% 2.81% 0.09%
(132) : BBGI 0.70% 2.34% 2.10% 1.03%
5 Beiwei road 0.12 GI 0.09% 0.51% 3.13% 7.67%
(244) : BBGI 6.55% 2.15% 0.33% 2.39%
3 Mingyuan 0.05 GI 0.14% 0.51% 0.65% 2.90%
(90) ' BBGI 0.23% 0.51% 0.33% 3.13%
4 Zhaoyuan 0.04 GI 0 0.00% 0.47% 5.05%
(118) : BBGI 0.33% 1.50% 0.33% 3.37%
5 Fenggiyuan 0.06 GI 0.09% 1.26% 3.93% 2.81%
(173) : BBGI 0.56% 2.06% 0.56% 4.91%
6 Chating 0.03 GI 0 0.09% 0.84% 2.48%
97) ' BBGI 0 1.22% 0.89% 2.25%
7 Changhong 0.14 GI 3.32% 3.18% 2.67% 4.96%
road : BBGI 9.31% 3.13% 1.17% 0.51%
g Yiytian 00 Gl 0 0.61% 1.31% 3.09%
(107) ) BBGI 0.80% 0.80% 0.51% 2.90%
9 Mochou lake 011 GI 0.75% 4.44% 5.33% 0.65%
(239) ' BBGI 4.44% 4.02% 1.31% 1.40%
10 Yanhe 0.10 GI 0 0.09% 0.33% 6.45%
(149) : BBGI 2.48% 3.46% 0.80% 0.23%
1 Wenti 0.04 GI 0 0 0.37% 6.22%
(140) : BBGI 0.19% 2.43% 1.17% 2.76%
12 Shuiximen 0.10 GI 0 0.05% 1.26% 7.02%
(178) ' BBGI 1.12% 2.67% 0.65% 3.88%
13 Beilei 0.08 GI 0 0.19% 0.75% 8.14%
(169) : BBGI 1.12% 3.79% 1.26% 7.73%
Mochou Lake Subdistrict GI 4.58% 14.03% 23.85% 57.53%
(2138) BBGI 28.02% 30.12% 11.41% 30.6%

4.3. Comparison of the Green Index and BBGI

Comparing the green index (Figure 4a) and BBGI (Figure 7), we found different results.
In the study area, BBGI showed better green-space quality than the green index did. The
green index revealed that low-quality green space was distributed in most communities,
while only a small amount of medium-quality and high-quality green space was distributed
around Mochou Lake Park and on the main roads of the community. Table 2 shows that
only the Changhong Road community had very high-quality green space, with 3.32%,
and the remaining communities were below 1%. Meanwhile, BBGI showed that each
community had more high-and medium-quality green space.

4.4. The Effect of Neighborhood Walkability on UGS Quality

Compared with the green index, BBGI was more sensitive to neighborhood walkability.
We compared communities with different degrees of neighborhood walkability.

The green index (Figure 8) showed that the green-space quality of the two communities
with a neighborhood walkability value higher than 0.1 in Mochou Lake and Changhong
Road was better than that of other communities. Although the neighborhood walkability
of the Shuiximen and Beiwei Road communities was also higher than 0.1, their green-space
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quality was not as good as that of Jiangdongmen and Fengqi Road, whose neighborhood
walkability values were only 0.06 and 0.07, respectively. BBGI, meanwhile, showed that
except for the Shuiximen community, the communities with a neighborhood walkability
value higher than 0.1 had higher green-space quality (Figure 9). The high building density
increased the impervious surface area, which contributed to the overall low quality of green
spaces in Shuiximen. As shown in Figure 1, while the west side of Shuiximen is adjacent to
Nanhu Park, the internal building density is very high with basically no vegetation cover
in the living environment. The Beiweilu community has a high degree of mixed land use.
There is a university as well as government office buildings and commercial facilities on
the north side. The survey revealed a great deal of green space surrounding these facilities.
BBGI can therefore be considered a more accurate measurement for identifying the effect of
neighborhood walkability on UGS quality.
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Figure 8. Relationship between the green index and neighborhood walkability.
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5. Discussion
5.1. Advantages of BBGI
In this study, we presented a tool for assessing the quality of UGS for each building in

a neighborhood as opposed to measuring the green quality of each grid or administrative
district. The advantages of BBGI are as follows. First, BBGI integrates specific urban
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characteristics such as vegetation, water, impervious surface, and building height into
GIL thus, it is more in line with reality. For example, if we only consider green space
and plants and ignore water, the eastern part of the Mochou Lake community adjacent to
Qinhuai River and Mochou Lake Park would be considered to have the same green-space
quality as the Yanhe community, which is adjacent to the main road. BBGI shows not
only the overall distribution of green-space quality but also the UGS quality in walkable
areas surrounding each building. Second, this study was the first to apply GF2 remote
sensing to the evaluation of green space at neighborhood level. It has been suggested
that high spatial resolution images do not always meet the needs of UGS research [53,54].
However, for urban areas where buildings are arranged in a certain order and distance, our
research supported the use of high spatial resolution images for green-space assessment.
We achieved a high overall coefficient and Kappa coefficient, satisfying the requirements
of classification accuracy. Furthermore, since the spatial resolution of imagery provided
by the GF2 satellite is 1 m, we could identify small patches of green space, in line with
those who have suggested that small-scale green space should be the focus of UGS research
based on remote sensing [55].

Finally, the assessment measure used in this study is representative of the trend toward
combining microscale measurement and macroscale analysis in UGS research [16,56,57].
The evaluation of UGS quality at the building level is more objective and authentic [50].
Meanwhile, the method is suitable for helping the local government identify blind spots in
the built environment and take effective measures to improve it.

5.2. Implications for UGS Planning and Design

Our results suggested that BBGI was a more accurate indicator than the general index
for assessing UGS quality. We found that BBGI identified better green-space quality than the
green index. Recent studies have also found that the green index might underestimate UGS
quality [22,58]. Thus, we proposed that the comprehensive assessment of neighborhood-
scale green-space quality could provide more detailed implications for urban planners and
policymakers.

This study contributes to the environmental justice literature by revealing the uneven
spatial distribution of UGS quality at different scales. At the neighborhood scale, we found
that the green-space quality of high-rise, low-density communities was higher than that of
low-rise, high-density communities. This was similar to Gupta et al. [22]. However, some
buildings in high-rise, low-density communities still had lower green-space quality than
those in low-rise communities. This was mainly attributable to the different distribution
patterns of green space. In high-rise, low-density areas, green space was attached to estate
companies or institutions and evenly distributed around each building. In low-rise, high-
density areas, which were old and mainly built by state and collective units, green space
was distributed either around the boundary of residential areas or concentrated in the
center of residential areas.

Gated communities are one major type of residential area in China. In this case, in
addjition to the public and private provision of green space in the community, there is also a
form of club provision. One study found that the complementarity of clubbed green space
and public green space is possible [9,59]. Thus, we also propose a policy framework that
encourages clubbed communities with high-quality green space to share green space with
other communities with low-quality UGS [59]. For example, Gupta et al. [60] argued that
there is great potential for institutional green space to be converted into public green space
on nonworking days through compensation mechanisms acceptable to residents.

Moreover, although there is evidence that small, fragmented green spaces are indica-
tive of worse quality compared to large, contiguous ones [61,62], we found that commu-
nities adjacent to large public parks did not necessarily have higher-quality green space.
We also found that communities along rivers or lakes did not necessarily have a higher
blue index. The main reason for this is that in developing cities, the layout of large public
parks is based on blueprint planning rather than the conditions of the road network. In-
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convenient pedestrian roads and enclosed walls around neighborhoods make it difficult
to access blue—green spaces. Another reason is that most of Nanhu park and Mochou
Lake park are covered by water, leaving little space for vegetation and green space. Low
green-space coverage and NDVI lower the quality of green space in nearby areas. Wu
and Zhang [45] reached a similar conclusion with regard to Suzhou—another Chinese city
that has dense blue spaces. We should pay attention, therefore, to the value of blue space
in the evaluation of green-space quality. Based on our findings, we propose that a blue
space-oriented network can be constructed to improve the connectivity between UGS and
neighborhoods [63]. For example, a blue—green infrastructure (BGI) network [28] could be
established by connecting existing parks, historical sites, recreational sites, and rivers.

The BBGI may also provide implications for optimizing urban land use patterns in
crowed residential areas. For communities with high impervious index and low green
index, it is possible to convert impervious water into green space to improve the accessibility
of buildings to green space. However, for communities with low impervious index and low
green index, the scarcity of land made it difficult to add green space. Three-dimensional
greening could be an alternative strategy [64].

5.3. Limitations and Future Research

This study had some limitations. First, the GF-2 image we used was captured on
26 April 2018. This could have resulted in some bias because of seasonal differences [55].
In the future, periodic assessments based on multi-temporal images can be used to reveal
neighborhood green-space evolution in terms of socioeconomic and neighborhood char-
acteristics [20,65]. Sathyakumar et al. [66], for example, studied changes in green-space
distribution in Mumbai from 2001 to 2011 and found that the quantity of green space had
decreased and that the landscape had become fragmented; these changes showed obvious
differences at the neighborhood scale.

Second, in constructing the network analysis model, we do not classify UGS at different
hierarchical levels. However, distinguishing the hierarchy of UGS is important since
different kinds of green space meet the needs of different population groups [60]. Thus,
future studies could test the quality of green space by considering different buffers in
network analysis to further reveal the distribution of UGS based on BBGI.

Third, BBGI is an objective measurement based on an overhead view. Studies have
shown that green-space measurements based on eye level and overhead views reveal
different aspects of green-space quality [8,16]. For example, citizens’ thermal comfort
brought by green space is an important aspect of green space quality, which can only
be measured by questionnaires methods [67-69]. Thus, BBGI is needed to combine with
subjective perceptual data to provide more insightful recommendations regarding UGS
planning and design.

Finally, Li et al. [23] noted that building-oriented UGS measurement has the potential
to be applied to more macroscale urban areas. However, further tests and improvements
are needed before BBGI is applied in the real world. The developed BBGI is an indicator
for residential areas in central districts. The areas are simply classified into three land cover
types (water, green space, and impervious surface). In order to accommodate different land
use patterns and management policies between central districts and suburban districts
future research needs to perform more specific land use classifications.

6. Conclusions

Although UGSs have multiple benefits for communities, increasing the amount of
green space has not always been a top priority, especially given the problems of limited
spaces with various conflicting uses. In this regard, the Mochou Lake Subdistrict is typical
of many large cities in that simply considering the proportion of green space is not sufficient
for improving the quality of the living environment. This study developed a blue-green
space evaluation method that provides a more microscopic perspective by using residential
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building blocks. The method assesses UGS quality based on network analysis and provides
an objective decision-making approach for UGS.

The results revealed that owing to building density and the distribution of UGSs
and water bodies, high-quality green spaces were mainly distributed near newly built
residential areas or around green park spaces. Most older neighborhoods had low-quality
green spaces. This study contributed to our understanding of the complementarity between
subjective perception and objective measurement. Based on the findings, we recommend
improving UGS quality in older neighborhoods through the public use of clubbed green
space, promoting the land management policies, implementing three-dimensional green-
ing, and constructing a blue space-oriented network system. These findings offer an
improved understanding of how to better plan and design high-quality green spaces in
urban environments.
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