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Abstract

:

Urban green spaces (UGSs) satisfy citizens’ physical and psychological demands and are considered an integral part of sustainable urban development. However, the distribution of UGS is often uneven, especially in historic urban areas with high building density and limited facilities, thus leading to issues of green inequity. This study examines two dimensions of green equity in Qingdao’s historic urban area, distributional equity and perceived equity, based on a fine-grained division of units and districts. Distributional equity is analyzed using the Gaussian two-step floating catchment area (G2SFCA) method and Gini coefficient to accurately calculate the equity in distribution and accessibility of UGSs. The perceived equity is assessed through the green view index (GVI) and location quotient of the streets, which represents citizens’ visual perception of green quality. Based on these analyses, a dual-perspective evaluation model of green equity is conducted, and the results show a significant imbalance of greenery supply and population demand in the historical urban area of Qingdao. This disequilibrium in green spaces leads to 62.20% of people living with low green equity, while only 8.12% experience high green equity. To maximize social justice, priority should be given to improving the 15 districts with low green equity; doing so could effectively reduce green inequity within historic urban areas where facilities and resources are relatively scarce, thereby improving the efficiency of urban renewal efforts.
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1. Introduction


Urban green spaces play a crucial role in enhancing the quality of urban life, particularly by promoting environmental sustainability and improving human well-being [1,2]. Multiple studies have provided confirmation that urban green spaces, including parks of various sizes and street greenery, can be considered as biophilic elements. These elements positively impact human health and influence neurological reactions, while also promoting social inclusion [3,4,5]. Considering the numerous benefits they provide, UGSs have become an essential resource for urban residents that they should have equal access to, as well as fair enjoyment of. This aligns with the goal of biophilic urbanism [6].



The distribution of UGSs in China is still uneven. The cities with low economic developments tended to have better urban green space availability than developed cities [7,8], which exemplifies environmental injustice. Additionally, this issue is particularly evident in historic urban areas where resources are more concentrated. The narrow roads and complex internal functions lead to more prominent issues like high population density, traffic congestion, and a poor green space environment compared to other areas in the city [9]. Taking Qingdao as an example, according to the “Statistical Bulletin on National Economic and Social Development of Qingdao”, the green coverage rate of the city’s built-up areas was 45.2%, with a per capita park green space area of 17.4 square meters at the end of 2022 [10]. However, the per capita park green space area in the historic urban areas is only 6.67 square meters, indicating a highly unequal development. Many studies have confirmed that the equity of UGSs has an increasing trend from the city center to the fringe of the city [11,12,13]. Consequently, the historic urban area in the city center requires a more urgent analysis and optimization of green space equity compared to the newly developed areas of the city.



People prefer UGS within walking distance, making spatial distribution the main factor influencing the use of green space. According to Alexander [14], urban green spaces are most frequently used within a three-minute walk or within a two-to-three-block radius of 250 m, which is considered a typical threshold value. After a distance exceeding 300 m, the frequency of use starts to decline [15,16]. However, given the current land use and planning situation in China, achieving a three-minute green walking circle is difficult. Therefore, in the Chinese context, the government has proposed the idea of a fifteen-minute living and walking circle with a service radius of 800–1000 m [17]. Existing studies assess the spatial distribution of urban green spaces by evaluating their accessibility [18,19,20,21]. Early measurement approaches, such as the buffer analysis method [22], gravity model [23], nearest neighbor distance method [24], and network analysis method [25], lacked consideration of residents’ needs or supply capacity. By effectively incorporating both supply and demand factors in evaluating accessibility, the latest two-step floating catchment area (2SFCA) method addresses these previous limitations, and has been widely used in recent studies [26,27,28]. Improved models and methods have emerged based on it, including the Gaussian two-step floating catchment area (G2SFCA) method, providing a comprehensive assessment of accessibility [29,30]. Furthermore, the Gini coefficient has also been proven to be an effective indicator for evaluating the social equity of UGSs. Compared to accessibility evaluation, the Gini coefficient can more intuitively reflect equity and does not require data visualization [31]. Therefore, in the latest studies, the combination of accessibility modeling and Gini coefficient analysis has become the trend for evaluating the equity in the spatial distribution of UGSs. Ren [32] measured community-level park accessibility using Gaussian-based 2SFCA accessibility and explored geographic and social inequities by calculating the Gini index and conducting correlation analysis. Chen [13] applied the G2SFCA method and Gini coefficient to evaluate the accessibility and equity of UGS in order to optimize and simulate the spatial patterns of UGS. In summary, compared to others, the G2SFCA method is more scientific and accurate in assessing UGS accessibility by integrating a distance-decay function and considering the supply scale and population demand of green spaces [33]. The application of Lorenz curves and the Gini index is to assess the evenness of UGS accessibility [34]. The combination method provides a more accurate and comprehensive assessment to evaluate and compare the distributional equity of UGS.



Urban green spaces include street greenery (e.g., street trees, shrubs, and grasslands), parks, gardens, and forests [35]. Previous research had mainly focused on the spatial equity of urban green space distribution based on information about parks, while there has been insufficient attention given to the equity of street greenery, which is closely related to people’s daily travel. Traditionally, the quality of street greenery is typically assessed through questionnaires [36] or field audits [37], both of which are time-consuming and labor-intensive. More efficient approaches assess the density of green by using remote sensing images to explore the normalized difference vegetation index (NDVI) from an overhead perspective [38,39]. However, studies have found that measurements taken from an aerial view primarily focus on the quantity of green space rather than people’s perceptions and may not accurately represent the visual experience and actual greenness perceived by residents compared to eye-level perspectives [40,41]. Based on the reviewed articles, the green view index (GVI) represents an eye-level visual of greenness and is more related to people’s actual perceived greenness and psychological perceptions [42]. It begins in the field of environmental psychology and has proven to be an effective method for assessing street greenery [43,44]. The availability of street view data and advancements in deep learning and semantic segmentation techniques have provided a strong foundation for conducting large-scale studies on street-level GVI [45,46]. Based on these techniques, the method can be further applied to understand green inequality and environmental injustice [47]. Studies have shown a positive correlation between the visual quality of street greenery and human environmental perceptions [48,49,50]. An analysis between urban greenery and human visual perceptions has been conducted using GVI [51,52,53]. It has been proven by many scholars that streets with a GVI greater than 25% will generate positive visual perceptions of greenery [46,54,55]. In conclusion, unlike distributional equity, the evaluation of GVI has enabled assessments of green equity from a visual and perceived perspective.



Few studies have examined both the distributional and perceived equity of urban green spaces in the same context. Therefore, this study focuses on the historic urban area of Qingdao as the study area. Distributional equity is analyzed using the G2SFCA method and Gini coefficient to accurately calculate the equity in distribution and accessibility of UGSs. After that, GVI and location quotient are applied to assess the perceived equity of street greenery, which represents citizens’ visual perception of green quality. Finally, by integrating the data, the spatial pattern of green equity in the Qingdao historic urban area is obtained. This paper aims to precisely measure green equity, identify unequal regions, explore influential factors, and ultimately address urban green equity. It will provide a refined perspective for urban renewal, thereby enhancing the well-being of residents.




2. Materials and Methods


2.1. Study Area and Data


Qingdao, located in the southern part of the Shandong Peninsula, is a renowned leisure tourism city in China. In particular, the historic urban area of Qingdao, with its rich coastal public spaces, undulating hills, and unique cultural history, has great tourism appeal. The current population of the area is 506,000, with a population density of approximately 18,000 people per square kilometer. The millions of tourists that visit Qingdao each year only exacerbate the issue of green inequity within the area, making the contradiction between overpopulation and insufficient greenery even more pronounced. Therefore, while developing cultural tourism, efforts should be made to improve both the quantity and quality of green spaces in order to enhance the green environment in the historic urban area. The study focuses on the historic urban area of Qingdao, which covers approximately 28 square kilometers, including 14 existing historic districts according to the Qingdao Historic and Cultural City Protection Plan (2020–2035) issued by the government. The units are divided based on the principle of being enclosed by secondary roads. Within the research scope, 37 districts were divided and further subdivided into 851 units, marked with numbers ranging from 1 to 851 (Figure 1).



Distributional equity is measured based on quantity and distribution data of urban green space and population. According to the Urban Green Spaces Classification Standard CJJ/T 85-2017 [56], parks are divided into comprehensive parks, theme parks, community parks, and leisure parks. The data on green space shape and location, as well as road network data, were collected from Amap. A total of 10 comprehensive parks, 47 theme parks, 8 community parks, and 3 leisure parks are selected, with a total green space area of approximately 3.32 square kilometers. The spatial distribution of UGSs is shown in Figure 2. This project collects residential data from the Anjuke and Lianjia platforms within the historic urban area of Qingdao. After data collection, the residential communities under construction and unoccupied areas were excluded. A total of 345 residential units were identified (Figure 2). Using the average of 2.55 people per household as the standard, as reported in the Seventh National Census of Qingdao (http://qdsq.qingdao.gov.cn, accessed on 21 September 2022), the population of each residential area was calculated.



This project utilizes Baidu Street View (BSV) images as the main data source for calculating perceived equity. The road network was obtained using OpenStreetMap 5.1 and ArcGIS 10.3. Street sample points were set every 60 m, and the latitude and longitude coordinates of each point were extracted. Additionally, Python was used to access various street sample points and retrieve 360° panoramic street images using the Baidu Map Panoramic Static Image API 2.0, with a shooting angle of 0° (horizontal view). After verification, 2857 street sample points were selected in the historic urban area of Qingdao, and approximately 2857 valid BSV images were obtained (Figure 2). These street view images were captured in August 2020 and have a resolution of 3276 × 819 pixels.




2.2. Evaluating Distributional Equity of UGS


2.2.1. Accessibility of UGS: G2SFCA Method


G2SFCA accessibility considers both supply and demand factors to comprehensively and accurately calculate the accessibility of urban green spaces [13,32]. The approach is performed in two steps. Firstly, the supply–demand ratio is evaluated. The distance threshold (    d   0    ) for each green space (j) is determined by calculating the population demand within the threshold range. The Gaussian function (G) can be used to assign weights according to the distance decay function.


    R   j   =     S   j       ∑  k ∈     d   k j   ≤   d   0        G     d   i j       P   k        



(1)







In the formula,     R   j     is the park-to-population ratio within a certain radius, and represents the supply;     S   j     is the size of the green space (j);     P   k     is the population at location (k), and represents the demand;     d   k j     is the distance between the supply and the demand points;     d   0     is set to 1 km according to the fifteen-minute living and walking circle proposal [17]; and   G     d   i j       is the Gaussian equation:


  G     d   i j     =           e   −   1   2   ×         d   y       d   0         2     −   e   −   1   2       1 −   e   −   1   2       ,                   d   i j   ≤   d   0           0 ,                                                           d   i j   >   d   0              



(2)







Secondly, accessibility is calculated by searching all parks within the threshold range for each demand point (i). The park’s supply–demand ratio (    R   j    ) is multiplied by the Gaussian function to obtain the accessibility index (      A   i     D    ) of each demand point. A higher value indicates a higher level of accessibility.


      A   i     D   =   ∑  j ∈     d   i   ≤   d   0        G     d   i j         R   j    



(3)








2.2.2. Equity of UGS: Lorenz Curve and Gini Index


The Gini coefficient and the Lorenz curve have a wide range of applications in evaluating the level of public resource services. The Gini coefficient is based on the Lorenz curve, which plots the cumulative proportion of the population and accessibility. The line of perfect equality is represented by a 45° angle, and the Gini coefficient is calculated by measuring the ratio of the area between the 45° line and the Lorenz curve. The formula is as follows:


  G = 1 −   ∑  n = 1   k        P   n   −   P   n − 1         A   n   +   A   n − 1        



(4)




where n = 1, 2, 3, …, k represents the number of streets;     P   n     is the cumulative proportion of population; and     A   n     is the cumulative proportion of green space accessibility. The Gini coefficient typically ranges from 0 to 1. A higher Gini coefficient indicates a more inequitable distribution of UGSs.





2.3. Evaluating Perceived Equity of UGS


2.3.1. Visual Perception of UGS: Green View Index


The green view index (GVI) represents the proportion of greenery within the field of view, and is a metric used to quantify the visual perception of greenery in streets. In this study, the visibility of street greenery was analyzed using semantic segmentation (SegNet), a convolutional neural network based on machine learning algorithms, to extract image features. The greenery information extracted by the SegNet model is complete and retains details well, as shown in Figure 3. By calculating the proportion of pixels representing the sky, sidewalk, road, buildings, and greenery in 2857 existing images, the GVI is derived using the following formula:


    G   j   =     ∑  i = 1   4      g   i j         ∑  i = 1   4      A   i j       × 100 %  



(5)




where     G   j     is the GVI at sample point (j);     g   i j     is the pixel area of greenery at sample point (j) at angle (i); and     A   i j     is the pixel area of the entire image.




2.3.2. Equity of GVI: Location Quotient


The location quotient is a widely used indicator that studies the spatial distribution of specific features and is now widely used in evaluating the equity of green spaces [33]. The location quotient is the ratio of the green visibility of the population in a street to the green visibility of the population in the entire research area. This measurement can effectively reflect the distribution and equity of the GVI. The formula is as follows:


    Q   i   =       q   i       p   i      /    q   p      



(6)




where     Q   i     is the location quotient of sample point (i);     q   i     and     p   i     are the GVI and population at sample point (i), respectively; and q and p denote the GVI and population of the entire area, respectively. If the location quotient is greater than 1, it indicates that the GVI of the location is higher than the average value of the research area. The larger the value, the greater the green visibility.






3. Results


3.1. Distributional Equity of UGS


Based on the G2SFCA method, an origin–destination (OD) cost matrix was used to analyze the accessibility of 345 residential units in the Qingdao historic urban area by walking, with a travel time threshold of 15 min. The park accessibilities of 851 units were classified into nine levels using the natural breaks method in ArcGIS 10.7, with red being more accessible and blue being less accessible (Figure 4). Levels 1–3 indicate low accessibility with 563 units, levels 4–6 indicate medium accessibility with 220 units, and levels 7–9 indicate high accessibility with 65 units. The proportions are 66%, 26%, and 8%, respectively (Table 1). The accessibility decreases from the southeast to the northwest part of the historic urban area, with the lowest value recorded in the west and north areas, at 0.002. This can be attributed to the presence of denser residential neighborhoods and a concentration of industrial activities in that area. The disequilibrium of UGS supply and demand leads to 64.34% of people living with low accessibility and 27.25% with medium accessibility.



To further demonstrate the inequity of UGS accessibility in the Qingdao historic urban area, the Gini coefficient and the Lorenz curve were measured based on Equation (4). Figure 5 illustrates that the Gini coefficient of green space accessibility is 0.775, indicating an unequal distribution. There is a significant disparity in the distributional equity of UGS in the historic urban area, as only 8.41% of the population lives in green spaces with high accessibility. This shows that the allocation and planning of green spaces are unrelated to population distribution and needs, resulting in an unequal distribution of green spaces in the Qingdao historic urban area. Improvements need to be made in the urban renewal process for the 15 districts with low accessibility, including D2-5, D7-9, D11, D14, D16, D18, D22-23, D30, and D34 (Table A1).




3.2. Perceived Equity of UGS


According to the criteria proposed by researchers, the GVI level can be divided into five categories: 0–5%, 5–15%, 15–25%, 25–35%, and more than 35%. Among these categories, a GVI of 25% is considered to be a relatively good perception of greenery, while a GVI above 35% indicates an excellent perception of greenery. During the research, ArcGIS 10.7 was used to visualize the GVI of 2857 street sample points in order to obtain the overall distribution of greenery in the study area. Furthermore, the data were rasterized to calculate the GVI within each unit. Therefore, the GVI has been divided into nine levels, with 25% and 35% as values to differentiate between low, medium, and high levels of greenery (Figure 6). The results show that the average GVI of the Qingdao historic urban area is 18.23%, which is lower than 25%. The areas with high GVI values, at 25% and above, are primarily concentrated in the southern and eastern parts of the historic urban area, whereas the northern districts have the lowest GVI values, at 15% and below. As a result, there are 598 units with low greenery, 95 units with medium greenery, and 158 units with high greenery, accounting for 70%, 11%, and 19% of the total, respectively. The distribution of greenery is uneven, and there is a significant regional disparity (Table 2 and Table A1).



To examine the spatial differentiation of perceived equity in greenery, this research calculated the location quotient and categorized it into five levels. The overall perceived equity is relatively low, with an average value of 0.27. The highest location quotient, at 5.0, is in Badaguan and Taipingjiao historic district (D36), which is a national AAA-level tourism attraction with pleasant road greening. Fourteen districts lack greenery, with location quotients less than 0.3. Areas with low equity are mainly distributed in the central and western parts, which are predominantly old residential areas (Figure 7).




3.3. Classification of UGS Spatial Patterns


The normalized spatial distribution of the two approaches, weighted equally at 0.5 each, is shown in Figure 8, representing the assessment of green equity in the historic urban area of Qingdao. Levels 1–3 indicate low green equity, levels 4–6 indicate medium green equity, and levels 7–9 indicate high green equity. The results show that the green equity in the historic districts of Qingdao is relatively low, and its distribution is extremely uneven. Specifically, 75% of the units have low green equity, 20% have medium green equity, and 5% have high green equity (Table 3, Table A1). Areas with higher green equity are concentrated on the east and south sides, near Zhongshan Park, reaching a maximum value of 0.89 in Liaoning District (D20). The lowest value is distributed in the western and northern areas, with values below 0.05. The disequilibrium of green spaces leads to 62.20% of people living with low green equity, while only 8.12% have high green equity. To minimize environmental injustice, it is essential to identify units and districts that require urgent optimization during future green planning processes in order to improve green equity. In future renovations, it is recommended to maintain the current state of D25, D26, D29, D31, and D35-36. The priority should be on the renovation of D2, D4-5, D7-9, D11, D16-17, D21-22, D28, D30, D34, and D37, especially D2, D4, D5, and D11, with a green equity value lower than 0.05.





4. Discussion


4.1. Methodological Contributions


By 2050, approximately two-thirds of the global population will reside in urban areas, as stated in the World Urbanization Prospects [57]. The growing population will result in increased environmental pressure on urban spaces, particularly in historic urban areas that have limited green spaces. Therefore, this study focuses on the current state of green equity in Qingdao’s historic urban area in order to identify unequal areas with limited access to green spaces and minimal visibility of greenery. The contributions of this paper are in the following aspects:



Firstly, the scale of the research is fine-grained. Detailed units and districts are divided, allowing for the display of research results in a more accurate spatial context and improving research precision related to the equity of green spaces. It responds to the requirements of fine-grained urban management within the context of urban renewal in China.



Secondly, the evaluation of green equity, which is a combination of distributional and perceived equity of UGSs, is more comprehensive. In this study, we first focused on the distributional equity of green space. The G2SFCA method has been used to improve the drawbacks of the traditional 2SFCA method, which neglects distance decay factors and different service radii [29,30,31,32,33,34]. This enhances the accuracy of accessibility evaluation. However, the measurement of distributional equity does not consider street greenery, which is also an important component of urban green spaces. Knez [58] demonstrated the challenges of identifying differences in urban greenery using remote sensing images, while obvious discrepancies in greenery can be perceived by people based on eye-level perspectives in Gothenburg, Sweden. It represents an eye-level visual of greenness that is more related to people’s actual visual perceptions. With the development of deep learning techniques and the availability of street view data, the GVI offers a potential solution for measuring the eye-level perception of greenness. Most of the results from previous studies support the association between urban greenery (using GVI as an indicator) and human environmental and visual perceptions [48,49,50,51,52,53,54,55]. Therefore, the perceived equity of UGS is assessed based on GVI and location quotient. In conclusion, this study integrates the implications of both perspectives, considers not only the distributional equity but also the perceived equity, and spatially matches the findings from both aspects. This comprehensive approach is an innovation in this paper.




4.2. Implications for Urban Green Space Planning


Providing equitable green spaces is crucial for sustainable urban development, fostering social harmony, and improving the overall well-being of residents [59,60]. The study utilized improved methods, including G2SFCA and GVI, to analyze the distribution pattern of green space accessibility and street greenery in the historic urban area. The Gini coefficient and location quotient are applied to analyze the green inequality. By considering the accessibility of green space, street green visual index, and population density, a detailed map of green equity in Qingdao’s historic urban area is generated. The results highlight a significant imbalance in urban green space, with only 8.12% of the population residing in areas that have sufficient green spaces. This indicates that the supply of green spaces and street greenery is not meeting the demand of the population, leading to this disequilibrium. To maximize social justice, priority should be given to improving the 15 districts with low green equity. Among them, D4-5, D8-9, D16, D28, D30, and D37 are primarily residential areas with high population pressure, where optimization ideas such as pocket parks and other informal small and functional parks have the potential to meet residents’ demands for UGS. On the other hand, D17 and D21-22 are mainly commercial and tourism areas, so the optimization should prioritize improving street-level greenery and shaping a pleasant and green tourism environment. In the second phase of urban renewal, efforts can be focused on improving the green spaces in the 16 districts with medium green equity, among which are 6 districts with residential areas and 7 districts with tourism attractions.



It is necessary to accurately identify areas with an inadequate supply of urban green spaces in order to provide a basis for government decision-making on the optimization of urban green spaces, thereby improving the efficiency of urban renewal efforts. The research results are of great significance in evaluating the equity of green space in the historic urban area of Qingdao and provide a refined perspective for urban renewal, thereby enhancing the well-being of residents.




4.3. Limitations and Future Research


From the perspective of distributional green equity, there are two main limitations. Firstly, the Ministry of Housing and Urban-Rural Development encourages cities to promote the development of green spaces and walking networks within communities. It emphasizes the importance of coordinating public buildings, parks, and other facilities, connecting multiple residential units to create a fifteen-minute living circle with a service radius of 800–1000 m [17]. Therefore, in this study, UGS accessibility is measured based on a fifteen-minute walking distance, with a maximum service radius of 1000 m. However, there are various forms of travel modes under different time thresholds [33]. In the subsequent study, different travel mode preferences and travel scenarios will be taken into consideration. Secondly, the G2SFCA method represents the supply and demand between UGS and the population but does not consider the differences in demand among population groups. UGS accessibility can be affected by non-spatial and self-selection factors, such as personal preferences and social activities. The majority of studies focus on park accessibility without considering people’s willingness to self-move and self-select [32], which calls for future research to explore green equity based on attractiveness or desirability to people with different levels of activity or self-selection.



From the perspective of perceived green equity, although GVI has advantages for urban greenery research, this assessing method also has shortcomings. It could not distinguish non-vegetation green pixels from vegetation pixels, such as green light or green cars [61]. Compared with manual extraction, the accuracy of SegNet for measuring street view data is between 80% and 99% [62]. The result can be affected by lighting conditions and weather [63]. In this study, Baidu Street View images were collected in the summer, thus potentially overlooking any seasonal variations in street greenery. Numerous studies have confirmed that seasonal changes in vegetation can result in fluctuations in the benefits provided by street greenery in regions with varying climates throughout the year [64]. In future studies, we will collect representative samples from different months to observe street greenery in different seasons, allowing for the measurement of changes in street greenery on a more detailed time scale. Furthermore, scholars have measured the correlation between the quality of street greenery and resident satisfaction through a combination of questionnaires and street view data. Helbich [50] examined the linkage between mental disorders and street greenery among elderly people in China through the shortened Geriatric Depression Scale (GDS-15). Wang [53] suggested that eye-level greenery affects mental health mainly by impacting stress levels, social cohesion, physical activity, and life satisfaction through the World Health Organization Well-Being Index (WHO-5). Due to time and resource constraints, this study did not analyze the correlation between GVI and the satisfaction of individuals through direct interaction. In future research, studying the satisfaction and emotions associated with the perception of green spaces will be a focus of green equity studies.





5. Conclusions


By analyzing the spatial distribution of accessibility and the green view index of green spaces, this study has developed a dual-perspective evaluation model for assessing green equity. The result showed that (1) the Gini coefficient of green space accessibility is 0.775, which means that 64.34% of people live with low accessibility and 27.25% with medium accessibility, indicating unequal distributional equity. The accessibility decreases from the southeast to the northwest; the allocation of green spaces is not related to population distribution or needs; and 15 districts are in urgent need of renovation. However, the lack of green spaces in historic urban areas cannot be overcome simply by planning new parks due to the limited open land. Optimization ideas such as pocket parks, informal parks, and roof gardens have the potential to meet residents’ demands. (2) The average GVI of the historic urban area in Qingdao is 18.23%, which is below 25%. This level of GVI indicates a lack of positive visual perception. The average value of the location quotient is 0.27, indicating unequal perceived equity in greenery. Areas with lower levels of equity are primarily located in the old residential areas in the central and western parts. Data show that 14 districts require more efforts to improve street-level greenery. (3) The study has provided evidence for the unequal distribution of greenery supply and population demand in the historical urban area of Qingdao, with only 8.12% of the population experiencing high green equity. To minimize green injustice, priority and more targeted strategies should be given to improving the 15 districts with low green equity, particularly in the western and northern areas where the lowest values are distributed. These strategies should take into account areas that are facing significant residential or tourism pressures, with phased urban renewal plans.



In recent years, as China’s urban development has shifted its emphasis from quantity to quality, the era of unbalanced, uncoordinated, and unsustainable bulldozer-style demolitions and large-scale construction has now faded into history [65]. Currently, urban renewal has reached a stage where the focus is on improving the urban environment in a more refined direction. Therefore, analyzing the green equity in historic urban areas based on the fine-grained division of units and districts and accurately identifying the spaces in need of greenery renovation are essential in this context. In the subsequent urban renewal, more precise guidance and optimization priorities can be provided to districts with low green equity, maximizing environmental justice and the effectiveness of government greening projects.







Author Contributions


Conceptualization, methodology, writing, N.J.; software, data curation, X.L.; validation, Z.P. and Q.B.; investigation, X.L. and Y.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by 2023 Qingdao Social Science Planning Research Project (Grant number: QDSKL2301139) and National Undergraduate Innovative Entrepreneurship Training Program (Grant number: 202210429037).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




 





Table A1. Detailed data and information for each district in the historic urban area of Qingdao.






Table A1. Detailed data and information for each district in the historic urban area of Qingdao.





	
Name of District

	
Zone

	
List/Number of Units

	
Area of District

	
Range of Values




	
UGS Accessibility

	
GVI

	
Green Equity






	
Badaxia District

	
D1

	
318–339, 432, 427–435

	
0.82 km2

	
0.24–70.87

	
2.4–40.2%

	
0.04–0.39




	
Tuandao District

	
D2

	
340–341, 343–344, 346, 419–423, 425–426

	
0.73 km2

	
0.10–1.18

	
2.1–16.3%

	
0.01–0.20




	
TaiXi District

	
D3

	
461–464, 474–489

	
0.16 km2

	
1.07–11.30

	
3.9–57.7%

	
0.03–0.25




	
XiZang District

	
D4

	
424, 440–456

	
0.16 km2

	
0.02–1.08

	
2.7–24.1%

	
0.01–0.14




	
Nuozhuang District

	
D5

	
475–460, 468–473

	
0.13 km2

	
0.14–5.81

	
3.5–43.1%

	
0.01–0.25




	
Xizhen District

	
D6

	
314–316, 466–467, 490, 524–525

	
0.24 km2

	
4.51–19.81

	
1.2–55.5%

	
0.02–0.37




	
Sichuan District

	
D7

	
436–439, 494–495, 527–530

	
0.35 km2

	
0.32–1.55

	
1.5–28.0%

	
0.01–0.20




	
Yunnan District

	
D8

	
491–493, 496–497, 516, 519, 522

	
0.13 km2

	
0.41–1.03

	
4.0–28.6%

	
0.01–0.02




	
Shouzhang District

	
D9

	
300–303, 507–518, 520–521, 523

	
0.04 km2

	
1.59–5.33

	
5.2–42.3%

	
0.00–0.22




	
Taiping District

	
D10

	
304–313, 526

	
0.23 km2

	
1.44–30.41

	
3.7–58.2%

	
0.02–0.27




	
Guangzhou District

	
D11

	
498, 499, 500–506, 531–538

	
0.55 km2

	
1.99–2.22

	
0.4–15.6%

	
0.00–0.18




	
Zhongshan Historic District

	
D12

	
175–207

	
0.41 km2

	
3.47–29.12

	
7.5–40.2%

	
0.04–0.41




	
Guanhaishan Historic District

	
D13

	
208–224

	
0.34 km2

	
4.46–31.85

	
4.1–41.5%

	
0.07–0.42




	
Sifang Historic District

	
D14

	
123–171, 173–174

	
0.42 km2

	
0.55–10.10

	
3.6–57.3%

	
0.04–0.40




	
Guanxiangshan Historic District

	
D15

	
115–119, 160

	
0.23 km2

	
4.95–55.64

	
0.5–40.7%

	
0.01–0.35




	
Jimo District

	
D16

	
120–122, 276–280, 286–299, 347–353, 539–552, 851

	
2.18 km2

	
0.50–27.50

	
2.4–55.1%

	
0.00–0.26




	
Guantao Historic District

	
D17

	
234–243

	
0.17 km2

	
0.41–19.32

	
2.8–40.1%

	
0.00–0.28




	
Shanghai–Wuding Historic District

	
D18

	
244–255

	
0.09 km2

	
0.65–10.62

	
0.5–43.7%

	
0.08–0.46




	
Xinyang Historic District

	
D19

	
256–259

	
0.04 km2

	
1.55–18.75

	
7.4–42.9%

	
0.08–0.38




	
Liaoning District

	
D20

	
264–271, 354–367, 390–395,

601–602, 605

	
1.07 km2

	
1.20–302.78

	
3.4–45.0%

	
0.02–0.89




	
Wudi Historic District

	
D21

	
110–114, 371

	
0.15 km2

	
9.54–33.77

	
5.2–16.3%

	
0.03–0.18




	
Changshan Historic District

	
D22

	
225–233

	
0.06 km2

	
1.99–5.89

	
2.1–15.1%

	
0.03–0.28




	
Jiangsu District

	
D23

	
108–109, 371–373, 376–384

	
0.26 km2

	
1.90–18.68

	
2.0–40.7%

	
0.04–0.39




	
Xinhaoshan Historic District

	
D24

	
80–102

	
0.84 km2

	
4.37–34.43

	
3.6–58.2%

	
0.09–0.61




	
Baguanshan Historic District

	
D25

	
22, 64–70, 106

	
0.98 km2

	
14.38–72.97

	
4.2–44.7%

	
0.17–0.56




	
Yushan Historic District

	
D26

	
71–79

	
0.56 km2

	
33.95–647.15

	
4.0–41.2%

	
0.15–0.77




	
Fushan District

	
D27

	
103–105, 107

	
0.52 km2

	
13.26–32.51

	
5.4–42.3%

	
0.02–0.37




	
Qingdao Zoo District

	
D28

	
386–389, 617–623, 626

	
0.52 km2

	
4.44–28.77

	
8.5–43.3%

	
0.04–0.30




	
Huangtai Historic District

	
D29

	
260–262

	
0.07 km2

	
30.92–32.45

	
15.7–28.4%

	
0.29–0.44




	
Yanan District

	
D30

	
608–610

614–616, 632, 635, 671–721

	
1.10 km2

	
0.50–27.64

	
2.1–44.1%

	
0.02–0.16




	
Qingdao TV Tower District

	
D31

	
414–416, 624–625, 627–628, 630–631, 633–634, 636–639

	
0.61 km2

	
1.83–2134

	
4.27–43.0%

	
0.09–0.79




	
Dengzhou District

	
D32

	
603–604, 606–607, 611–613, 681–685

	
0.63 km2

	
0.95–28.14

	
3.0–44.2%

	
0.02–0.40




	
Taidong District

	
D33

	
573–584, 730–819

	
2.02 km2

	
0.54–48.33

	
2.8–47.2%

	
0.01–0.38




	
Dagang District

	
D34

	
554–569, 821–847

	
4.47 km2

	
0.002–15.12

	
2.5–47.2%

	
0.02–0.35




	
Xianggangxi District

	
D35

	
401–406

	
0.65 km2

	
1.42–43.77

	
13.4–50.3%

	
0.08–0.55




	
Badaguan and Taipingjiao historic district

	
D36

	
1–58, 396–400

	
2.10 km2

	
14.53–483.22

	
4.7–64.4%

	
0.12–0.54




	
Zhanshan District

	
D37

	
417, 640–670

	
1.45 km2

	
0.653–18.95

	
2.7–57.2%

	
0.01–0.36
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Figure 1. Study area and zoning in the historic urban area of Qingdao. 






Figure 1. Study area and zoning in the historic urban area of Qingdao.



[image: Buildings 13 02822 g001]







[image: Buildings 13 02822 g002] 





Figure 2. Park distribution, residential unit distribution, and distribution of sample points in the historic urban area. 
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Figure 3. The working process of SegNet. 
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Figure 4. (a) Spatial distribution of accessibility in the historic urban area; (b) spatial distribution of accessibility in each district. 
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Figure 5. Lorenz curve of UGS accessibility. 
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Figure 6. (a) Spatial distribution of GVI in the historic urban area; (b) spatial distribution of GVI in each district. 
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Figure 7. Location quotient distribution of GVI. 
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Figure 8. (a) Spatial distribution of green equity in the historic urban area; (b) spatial distribution of green equity in each district. 
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Table 1. Accessibility level of Qingdao’s historic urban area.






Table 1. Accessibility level of Qingdao’s historic urban area.





	
Accessibility

	
Level

	
Range of Values

	
Number of Units

	
Area of Units






	
Low Accessibility

	
1

	
0.00 ≤ A ≤ 2.00

	
310

	
12.27 km2




	
2

	
2.01 ≤ A ≤ 5.00

	
147

	
2.90 km2




	
3

	
5.01 ≤ A ≤ 10.00

	
109

	
2.37 km2




	
Medium Accessibility

	
4

	
10.01 ≤ A ≤ 15.00

	
92

	
2.71 km2




	
5

	
15.01 ≤ A ≤ 25.00

	
75

	
0.16 km2




	
6

	
25.01 ≤ A ≤ 35.00

	
53

	
2.14 km2




	
High Accessibility

	
7

	
35.01 ≤ A ≤ 60.00

	
42

	
1.90 km2




	
8

	
60.01 ≤ A ≤ 100.00

	
15

	
0.91 km2




	
9

	
100.01 ≤ A ≤ 2134.00

	
8

	
0.17 km2











 





Table 2. GVI level of Qingdao’s historic urban area.
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GVI

	
Level

	
Range of Values

	
Number of Units

	
Area of Units






	
Low greenery

	
1

	
0%   ≤   G   j   <   10%

	
290

	
8.97 km2




	
2

	
10%   ≤   G   j   <   15%

	
202

	
6.77 km2




	
3

	
15%   ≤   G   j   <   25%

	
106

	
3.11 km2




	
Medium greenery

	
4

	
25%   ≤   G   j   <   28%

	
22

	
0.64 km2




	
5

	
28%   ≤   G   j   <   32%

	
39

	
0.96 km2




	
6

	
32%   ≤   G   j   <   35%

	
34

	
0.57 km2




	
High greenery

	
7

	
35%   ≤   G   j   <   40%

	
30

	
0.65 km2




	
8

	
40%   ≤   G   j   <   45%

	
106

	
2.95 km2




	
9

	
    G   j   ≥ 4  5%

	
22

	
0.91 km2











 





Table 3. Green equity level of Qingdao’s historic urban area.
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Green Equity

	
Level

	
Range of Values

	
Number of Units

	
Area of Units






	
Low

	
1

	
0.00 ≤ F < 0.05

	
344

	
17.45 km2




	
2

	
0.05 ≤ F < 0.10

	
173

	
3.04 km2




	
3

	
0.10 ≤ F < 0.20

	
126

	
2.03 km2




	
Medium

	
4

	
0.20 ≤ F < 0.25

	
56

	
0.27 km2




	
5

	
0.25 ≤ F < 0.35

	
91

	
0.50 km2




	
6

	
0.35 ≤ F < 0.45

	
22

	
0.18 km2




	
High

	
7

	
0.45 ≤ F < 0.55

	
13

	
0.89 km2




	
8

	
0.55 ≤ F < 0.65

	
18

	
1.01 km2




	
9

	
0.65 ≤ F ≤ 0.90

	
8

	
0.15 km2
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