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Abstract

:

Urban park green spaces exhibit significant cool island effects, which can effectively mitigate the urban heat environment. Clarifying the characteristics and differences in the cool island effects of urban parks across different spatial gradients within cities is instrumental in identifying potential issues and optimizing the structure and resource allocation of park green spaces in a scientifically rational manner. This study focuses on parks within the central urban area of Beijing, utilizing remote sensing image interpretation and land surface temperature (LST) inversion to extract relevant characteristics of park green spaces and the park cool island intensity (PCI) index. Various mathematical and statistical methods including correlation analysis, regression analysis, and cluster analysis are employed to conduct comparative studies across three gradients: within the 3rd ring road, between the 3rd and 5th ring roads, and outside the 5th ring road. The analysis reveals that both park green space characteristics and urban heat island effects exhibit spatial gradient differences, collectively influencing the cool island effects of urban park green spaces. PCI gradually decreases across the three spatial gradients. Cluster analysis identifies four distinct types of parks with different cool island effect characteristics, highlighting the need for optimization and improvement in over half of the parks. Various indicators of park green space characteristics show different correlations with PCI, with variations in correlation strength and thresholds across gradients. The fitting effects of regression equations for each characteristic indicator and PCI gradually worsen from within the 3rd ring road to outside the 5th ring road, with different factors playing important roles across gradients. This study enhances our understanding of the cool island effects of urban park green spaces and facilitates the proposition of differentiated optimization management strategies for urban park green space planning and system construction in different regions.
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1. Introduction


Urbanization has altered surface structures [1], leading to increased absorption of solar radiation by urban surfaces. Simultaneously, it has brought about significant human activities such as high-density building developments, the expansion of transportation systems, and large-scale land use changes, which contribute to the emission of anthropogenic heat sources. These factors collectively result in the urban heat island (UHI) effect, characterized by a noticeable increase in urban temperatures [2]. Climate change is one of the major challenges facing the world today, and the UHI, as a significant phenomenon in the process of urbanization, is closely related to it [3]. With the intensification of global climate change, the impact of the UHI effect on the urban thermal environment and ecosystem has become more complex and serious [4]. This interaction not only has a serious negative impact on the living environment, ecosystem, and residents’ health [5,6], but also causes a series of problems such as energy waste and environmental pollution. Consequently, it has become a crucial factor constraining the sustainable development of cities [7].



Urban park green space has an obvious cold island effect, which can effectively optimize the urban thermal environment [8]. It is a cost-effective and low-carbon thermal mitigation method in cities with scarce land [9]. Previous research has indicated that green vegetation in urban parks converts a large amount of heat into water vapor through transpiration, releasing it into the atmosphere. Additionally, vegetation can shield and reflect a significant portion of solar radiation, thereby maintaining lower surface temperatures [10]. Natural or artificial water bodies such as lakes, rivers, or ponds can absorb and release considerable heat, exerting strong temperature regulation effects [11]. The microclimate environment formed by green spaces can guide heat exchange through convective effects, consequently reducing surrounding surface temperatures [12]. Factors such as the scale, morphology, landscape composition, and spatial arrangement of urban parks directly influence the formation and intensity of their cold island effects [13,14,15,16]. They are also influenced by various factors such as the surrounding built environment and land use patterns [17,18]. Clarifying the underlying mechanisms of the cold island effect in urban parks not only helps enhance their cooling effects but also provides a scientific basis for urban park planning and construction [19]. At present, many studies take several parks in the urban area as samples to analyze the correlation between their characteristics and the intensity of cold islands and then reveal the internal objective laws, which can provide reference for park site selection [20], land cover optimization [21], and vegetation composition renewal [22].



The pattern of UHI effect across the entire urban area exhibits certain spatial gradient differences [23,24], primarily due to the spatial heterogeneity of urban spatial structure, including land use types, land cover, and construction intensity [25]. Existing studies have confirmed these differences. For example, the central heat island intensity of dense urban areas in cities is the strongest [26], the new urban areas in metropolitan areas are more vulnerable to the heat island effect [27], and highly continuous dense and sprawling urban expansion will enhance the heat island effect [28]. As an integral component of urban green space systems, urban parks are directly influenced by factors such as the positioning of urban functional zones [29], socioeconomic factors [30], and differences in heat island patterns [31], which affect their intrinsic characteristics and functions. Additionally, the cold island effect of urban vegetation varies across different gradients [32]. For example, urban parks close to the city center have higher cold island intensity [33], and the different surrounding land coverage will also affect the cold island intensity of the park [34]. These multi-dimensional differences are the objective facts that can not be ignored to promote urban parks to alleviate the UHI effect, and the planning and construction of urban parks should be fully combined with these differences for more targeted and comprehensive consideration. However, at present, the multi-sample comparative study between different gradient regions needs to be improved, and the relevant potential laws are not clear, which makes it difficult to provide differentiated references for the stock renewal and fine management of urban green spaces in the reduction and quality improvement stage.



This study focuses on parks within the central urban area of Beijing, utilizing remote sensing image interpretation and surface temperature inversion techniques. The park cool island intensity (PCI) is selected as the indicator of the cold island effect, and comparative analyses are conducted across three different spatial gradients using mathematical and statistical methods. The aim is to identify the distinct characteristics of urban park green space cold island effects within each gradient, reveal inherent differences, and clarify relevant influencing factors. Such insights are expected to facilitate the proposal of differentiated optimization and management strategies for urban park green space planning and system construction in various regions.




2. Materials and Methods


2.1. Study Area


According to the Beijing City Master Plan (2016–2035), the central urban area comprises six districts: Haidian, Chaoyang, Xicheng, Dongcheng, Shijingshan, and Fengtai, totaling approximately 1378 km2. Due to factors such as high urbanization and population density, the central urban area has long been confronted with severe urban heat island issues [35]. Phenomena such as frequent hot weather, increasing heatwave occurrences, and persistently high nighttime temperatures negatively affect the energy consumption and the quality of life and health conditions of urban residents [36]. The construction of park green spaces serves as an effective means to alleviate the heat island effect in the central urban area. Presently, influenced by various factors such as urban development patterns, land use policies, and planning management, the construction status of parks across different spatial gradients within the region exhibits diversity. In the core old urban areas, park construction faces significant spatial and economic pressures due to high urban density, land scarcity, and relatively high costs. In the central areas adjoining the old urban areas and the suburbs, more available land with relatively lower density allows for the completion of park construction of a certain scale, in alignment with urban development needs. In the outermost suburban areas, although there is ample space for construction, the actual demand for use and the driving force for construction are relatively low. The current conditions of parks within the study area provide a solid foundation for researching the differences in their cold island effects (Figure 1).



In this study, the study area is divided into three spatial gradient regions: within the 3rd ring road (3), between the 3rd and 5th ring roads (3–5), and outside the 5th ring road (5). Based on the list of parks published by the Beijing Municipal Forestry and Parks Bureau, a total of 493 parks are selected as research objects, including 101 parks within the 3rd ring road, 276 parks between the 3rd and 5th ring roads, and 116 parks outside the 5th ring road.




2.2. Data Sources


The main datasets used in this study include Landsat satellite imagery, remote sensing imagery, land use data, park boundary data, land surface temperature (LST) data, Normalized Difference Vegetation Index (NDVI), and ring road data. Landsat 8 OLI_TIRS satellite imagery was downloaded from the United States Geological Survey (USGS) Earth Explorer website for surface temperature inversion. The selected satellite imagery exhibits good quality with minimal cloud cover over the study area. Radiometric calibration and atmospheric correction were conducted to mitigate the effects of sensor and atmospheric factors. Land use data with a spatial resolution of 4 m were derived from 2021 data of the High-Resolution Satellite GaoFen-2 (GF-2). The data were obtained mainly through radiometric calibration, atmospheric correction, image mosaic, geometric correction, and region cropping. Then, it was classified into forestland, grassland, water bodies, farmland, buildings, artificial surfaces, roads, and bare land, and accuracy validation was performed using the support vector machine method with an accuracy of 92.3%. The categories of artificial surfaces and roads were merged as impervious surfaces. Park boundary data were obtained from both the park AOI (Area of Interest) in Baidu Map and data publicly released by the Beijing Municipal Forestry and Parks Bureau. These datasets collectively provide comprehensive information for the analysis and evaluation of park green spaces and their cold island effects within the study area (Table 1).




2.3. Calculation of Park Cool Island Intensity


The Split-Window algorithm [37,38] was employed to compute the LST data for the study area. This method relies on the differential atmospheric absorption between two adjacent thermal infrared channels. By geometrically manipulating the brightness temperatures of these two channels, the atmospheric effects are mitigated, thus allowing for the correction of atmospheric influences. Subsequently, aided by the surface emissivity, the remote sensing inversion of LST is achieved. The Split-Window algorithm is widely recognized as one of the most extensively used and accurate methods for thermal infrared remote sensing inversion of LST.



PCI was calculated by determining the average difference in LST between the park area and the surrounding buffer zone, with


  ∆ T =   L S T   B   −   L S T   P    



(1)




where ∆T represents the PCI, measured in degrees Celsius (°C); LSTB represents the average LST within the buffer zone, measured in degrees Celsius (°C); and LSTP represents the average LST within the park area, measured in degrees Celsius (°C).



The equidistant radius method [39] was employed to calculate the buffer zone radius. This radius is defined as the radius of a circle with an area equal to that of the park area.


    R   B   =  (   A   π   )   



(2)




where RB represents the radius of the park buffer zone, measured in meters (m); and A represents the park area, measured in square meters (m2).




2.4. Calculation of Relevant Characteristic Indicators of Park Green Spaces


In order to fully explore the potential influencing factors of the cold island effect of park green spaces, based on the effectiveness and feasibility of the research, as well as the value and feasibility of the application of the research results, we selected characteristic indicators from both the internal and external aspects of the parks. Internally, indicators such as area, perimeter, and perimeter–area ratio were chosen to represent the size and shape characteristics of the parks [40]. Additionally, the NDVI was utilized to assess the vegetation condition within the parks [41]. Furthermore, forest coverage, grassland coverage, water coverage, and impervious surface area coverage were selected to represent the basic land use composition within the parks, and most of the existing studies have been carried out around these aspects, and have achieved effective results [42,43]. As the most important vegetation type in the park, forestland is also an element that is easy to optimize the management inside the park [39]. Combined with relevant research [44] and considering the implementation of subsequent green space optimization regulation, the average patch area of forestland is selected to represent its spatial configuration characteristics. Externally, indicators including forest coverage, grassland coverage, water coverage, impervious surface area coverage, and building area coverage within the buffer zone were selected to represent the land use composition surrounding the parks. Previous studies have shown that these land characteristics around the park have a significant impact on its cold island effect [45,46]. The detailed calculation methods for each indicator are presented in Table 2.




2.5. Statistical Analysis


In ArcGIS 10.6, data pertaining to park green space indicators and LST inversion were collected and analyzed. This facilitated an examination of the characteristics of park green spaces and urban heat island effects across different spatial gradients. Based on the PCI results of each park, the distribution characteristics of cool island effects in different spatial gradients were identified. After normalizing the PCI data, K-means cluster analysis was employed to classify parks in different gradients. Pearson correlation analysis was utilized to clarify the relationship between PCI and internal and external characteristic indicators of parks across different spatial gradients. Additionally, stepwise regression analysis was employed to quantify the influence of various characteristic indicators on PCI.





3. Results


3.1. Characteristics of Park Green Spaces across Different Spatial Gradients


The park area in the study area is mainly concentrated within the range of 1 ha to 10 ha, accounting for 43.99% of the total, while those less than 1 ha account for 22.20%, those between 10 ha and 25 ha account for 15.89%, and those larger than 25 ha account for 17.92%. There are also certain differences in distribution across the three gradients, with parks within the 3rd ring road mainly concentrated within 10 ha, those between the 3rd and 5th ring roads mainly concentrated within 15 ha, and those outside the 5th ring road mainly concentrated within 35 ha.



Gradient variances exist in various characteristic indicators within the parks and their buffer zones (Figure 2). The forest cover percentage peaks between the 3rd and 5th ring roads, reaches its lowest point outside the 5th ring road within the parks, and descends to its nadir within the 3rd ring road within the buffer zones. The grassland cover percentage decreases from within the 3rd ring road to outside the 5th ring road. The water cover percentage is highest within the 3rd ring road and lowest between the 3rd and 5th ring roads. The impervious surface percentage is highest outside the 5th ring road, lowest between the 3rd and 5th ring roads within the parks, and diminishes from within the 3rd ring road to outside the 5th ring road within the buffer zones. NDVI peaks between the 3rd and 5th ring roads and is lowest outside the 5th ring road. The percentage of building area within the buffer zones decreases from within the 3rd ring road to outside the 5th ring road.




3.2. Characteristics of the UHI Effect across Different Spatial Gradients


The UHI effect in the study area generally exhibits a pattern of weaker intensity in the north and stronger intensity in the south, gradually diminishing across three spatial gradients within the 3rd ring road, between the 3rd and 5th ring roads, and outside the 5th ring road (Figure 3).



Within the parks, the average and median values of LSTP are lowest in the area between the 3rd and 5th ring roads. In the buffer zones, the average and median values of LSTB are highest in the area within the 3rd ring road and lowest in the area between the 3rd and 5th ring roads (Table 3).




3.3. Characteristics of Park Green Space Cold Island Effect across Different Spatial Gradients


The PCI gradually decreases across three spatial gradients: within the 3rd ring road, between the 3rd and 5th ring roads, and outside the 5th ring road, with average values of 1.77, 1.46, and 1.29 °C, respectively. The corresponding median values are 1.43, 1.21, and 1.17 °C (Figure 4). Spatially, parks exhibiting stronger cold island effects are predominantly concentrated in the innermost areas, while those with weaker effects are more prevalent in the outer regions, indicating a general trend of diminishing intensity from the inner to outer areas (Figure 5).



Through cluster analysis, the parks in the study area were categorized into four groups representing different characteristics of cold island effects. The distribution of these four types of parks varies across different spatial gradients (Figure 6). Within the 3rd ring road, there are more parks classified as types 2 and 4, with type 2 being the most common. In the area between the 3rd and 5th ring roads, parks classified as types 1 and 3 are more prevalent, with type 1 being the most common. Outside the 5th ring road, parks classified as types 1 and 3 are more common, with type 3 being the most prevalent (Table 4).




3.4. Factors Influencing the Cold Island Effect of Urban Park Green Spaces across Different Spatial Gradients


From the correlation analysis, it is evident that certain variables exhibit notable associations. Specifically, A, P, and F_MPS demonstrate significant positive correlations, albeit with varying magnitudes across different spatial gradients. PA demonstrates a significant negative correlation, with the strongest association observed within the 3rd ring road. NDVI displays a significant positive correlation between the 3rd and 5th ring roads as well as outside the 5th ring road, whereas no correlation is discernible within the 3rd ring road. In contrast, ISC exhibits a significant negative correlation within the 3rd ring road and between the 3rd and 5th ring roads, but lacks correlation outside the 5th ring road. B_ISC displays a positive correlation between the 3rd and 5th ring roads (r = 0.21, p < 0.001), while exhibiting no correlation elsewhere (p > 0.05). B_FC showcases a negative correlation between the 3rd and 5th ring roads (r = −0.131, p < 0.05), but does not demonstrate correlation elsewhere (p > 0.05). Moreover, B_GC demonstrates a negative correlation within the 3rd ring road (r = −0.22, p < 0.05), with no correlation observed elsewhere. On the other hand, B_BC presents a significant positive correlation within the 3rd ring road and between the 3rd and 5th ring roads, yet lacks correlation outside the 5th ring road. FC, GC, and B_WC exhibit no discernible correlation across the three gradients (p > 0.05).



The fitted curves of the factors exhibiting significant correlations across two or three spatial gradients reveal insights (Figure 7). In terms of positive correlations, variables such as A, P, WC, and F_MPS approach the PCI threshold first outside the 5th ring road, followed by the region between the 3rd and 5th ring roads, and finally, within the 3rd ring road. NDVI approaches the threshold first between the 3rd and 5th ring roads, followed by outside the 5th ring road. B_BC approaches the threshold first between the 3rd and 5th ring roads, followed by within the 3rd ring road. In terms of negative correlations, PA’s impact on PCI approaches the threshold first outside the 5th ring road, followed by the region between the 3rd and 5th ring roads, and finally, within the 3rd ring road. ISC approaches the threshold first between the 3rd and 5th ring roads, followed by within the 3rd ring road.



The results of the regression analysis reveal the varying performance of the regression equations across different spatial gradients, with optimal performance observed within the 3rd ring and suboptimal performance outside the 5th ring. Specifically, within the 3rd ring, factors such as P, B_BC, and F_MPS exhibit positive effects on the dependent variable, while PA, ISC, B_FC, and GC demonstrate negative effects. In the region between the 3rd and 5th ring roads, WC, NDVI, B_ISC, and B_BC exhibit positive effects, whereas PA, ISC, and B_FC demonstrate negative effects. Outside the 5th ring, NDVI, WC, B_BC, and A show positive effects on the dependent variable (Table 5).





4. Discussion


4.1. The Impact of Spatial Gradients on Urban Park Green Space Cold Island Effect


The study reveals that the intensity of the urban heat island effect in the study area gradually decreases from within the 3rd ring road to outside the 5th ring road. This trend is associated with the high density of buildings and roads, dense population, and relatively low vegetation coverage in the central urban area. Conversely, the peripheral areas of the city typically have more vegetation and open spaces, as well as lower-density buildings and roads, which helps mitigate the impact of the heat island effect. Similarly, the intensity of the cold island effect in urban parks also decreases gradually from within the 3rd ring road to outside the 5th ring road. This suggests that in areas where the heat island effect is more severe, urban parks have greater potential for providing cooling effects. In areas farther away from the city center, the surface temperature around urban parks is relatively lower, resulting in less noticeable temperature differences between the interior and exterior areas (Figure 8).



Moreover, the surface temperatures within the parks and buffer zones situated between the 3rd and 5th ring roads exhibit the most notable decrease compared to the other spatial gradients. Considering that the FC, NDVI, and B_FC are the highest among the three spatial gradients, while the ISC is the lowest, this observation may be related to the improvement in overall greenery due to the “First Isolated Green Belt” [47] plan implemented in this region. Under the guidance of this plan, several high-quality urban parks have been successively constructed, forming an urban park ring and significantly improving the living environment of the area [48].




4.2. Spatial Gradient Differences in the Relationship between Urban Park Green Space Characteristics and the UHI Effect


In the three spatial gradients, differences exist in the related characteristics between the urban park interiors and buffer zones, jointly determining the disparities in the park’s cold island effect. Most characteristic indicators exhibit a gradual decrease in correlation with PCI from within the 3rd ring road to outside the 5th ring road. This includes six positive impact indicators: A, P, WC, F_MPS, and B_BC, as well as three negative impact indicators: PA, ISC, and B_GC. On one hand, this may be due to the higher sensitivity of cold island intensity to changes in related characteristic indicators in the 3rd ring road, where the UHI intensity is higher and the park area is smaller. As the heat island intensity decreases and the park area increases, this sensitivity diminishes. On the other hand, it may be due to the more diverse characteristics of land use in the buffer zone of urban peripheral parks, resulting in a more complex impact situation (Table 6).



The correlation between NDVI and PCI gradually strengthens from within the 3rd ring road to outside the 5th ring road, implying that the cold island effect of parks on the urban periphery is more influenced by vegetation quality. Parks with higher-quality vegetation exhibit a stronger cold island effect. B_FC and B_ISC are solely correlated with PCI between the 3rd and 5th ring roads, indicating that forest coverage and impervious surface percentage have a significant impact only in the buffer zones within this range. FC shows no correlation with PCI across the three spatial gradients, but it is significantly negatively correlated with LSTP (r = −0.27, p < 0.001; r = −0.31, p < 0.001; r = −0.39, p < 0.001), indicating that the buffer zone of the park weakens the correlation between FC and PCI.



The multiple regression equations derived from the fitting analysis of pertinent characteristic indicators exhibit higher explanatory capacity within the 3rd ring road and between the 3rd and 5th ring roads. This suggests that the underlying patterns are more discernible in these two gradients, and optimization and control of indicators within these gradients yield superior outcomes compared to areas outside the 5th ring road. All three spatial gradients encompass characteristics from both park interiors and buffer zones, with park interior indicators making a more substantial contribution. Within the 3rd ring road, the most significant factor is the positive impact of the average size of forest patches within the park, signifying that the aggregation of forest patches plays a decisive and positive role in the park’s cold island effect. Between the 3rd and 5th ring roads, the most notable factor is the negative influence of the perimeter–area ratio, indicating that more complex park boundaries with greater contact with the surroundings result in diminished cooling benefits.




4.3. Different Regions Require Tailored Strategies for Optimizing and Managing Urban Park Green Spaces


Utilizing cluster analysis, tailored optimization and management strategies for urban park green spaces can be delineated according to distinct feature categories and spatial distributions. The predominant type 1 parks demonstrate a relatively subdued cold island effect, characterized by lower temperatures within the park and its surrounding buffer zones, indicative of a satisfactory cooling impact. They are predominantly situated between the 3rd and 5th ring roads and outside the 5th ring road. If the surrounding environment exacerbates the heat island effect due to urban development, it is necessary to correspondingly increase the cold island intensity of the parks’ green spaces.



Type 2 parks, typified by a weak cold island effect with elevated temperatures within both the park and buffer zones, are predominantly situated within the 3rd ring road. These parks necessitate substantial optimization and management interventions, focusing on enhancing forest patch aggregation, increasing average patch size, mitigating boundary complexity, and reducing the prevalence of impervious surfaces and grassland coverage. Type 3 parks exhibit a moderate cold island effect, with relatively high temperatures within both the park and buffer zones, indicating untapped potential for improving green space cold island intensity. They are mainly distributed between the 3rd and 5th ring roads and outside the 5th ring road. Optimization strategies may entail simplifying boundary complexity, augmenting water cover proportions, and enhancing the NDVI while minimizing impervious surface percentages. Type 4 parks, representing the minority category, manifest a robust cold island effect, characterized by lower temperatures within the park and elevated temperatures in the buffer zones. Primarily located within the 3rd ring road, these parks warrant prioritized conservation endeavors. These delineated strategies aim to optimize the cooling efficacy of urban park green spaces based on their distinctive attributes and spatial distributions, thereby contributing to the overall alleviation of the UHI effect.



The cooling island effect of green spaces is significantly influenced by seasonal variations, meteorological conditions, and urban development changes. The data used in this study primarily focus on a single time period, failing to consider the comprehensive impact of seasonal changes and long-term trends on the cold island effect. In the future, using data from multiple time points can provide a more comprehensive understanding of the dynamic changes in the cold island effect. Additionally, regarding the selection of park green space characteristics, despite the consideration of multiple representative and instructive indicators based on fundamental park attributes and relevant literature, certain factors influencing the cold island effect may have been inadvertently overlooked. In terms of research and application, the next step can also combine the classification of cold island effect characteristics with the classification standard of park green spaces, and explore the differences in emphasis and tradeoff strategies of different types of parks in the optimization and improvement of cold island effect. Furthermore, this study mainly focused on Beijing, while the geographical environment, climatic characteristics, and planning and construction differ significantly in different regions. When extrapolating the research results to other cities, it is necessary to carefully consider the specificity and heterogeneity of different regions. Future research could involve selecting more urban samples to explore the more universal mechanisms of the impact of green space cold island effects.





5. Conclusions


This study focused on Beijing and conducted a comparative analysis of the cold island effect of park green spaces across different spatial gradients. The findings indicate the following: (1) Spatial gradient differences exist in both park green space characteristics and UHI, collectively influencing the cold island effect of urban park green spaces. Within the parks and their buffer zones, the lowest average and median values of LST are observed between the 3rd and 5th ring roads. The PCI gradually decreases across three spatial gradients: within the 3rd ring road, between the 3rd and 5th ring roads, and outside the 5th ring road, with median values of 1.43 °C, 1.21 °C, and 1.17 °C, respectively. (2) Through cluster analysis, four distinct types of parks with different cold island effect characteristics were identified. Over half of the parks, mainly belonging to types 2 and 3, require optimization and improvement, whereas only about one-fifth of the parks exhibit a strong cold island effect (type 4). For type 2 parks, specific optimization measures include planting more trees and vegetation, expanding existing green spaces and merging smaller patches, removing unnecessary structures that disrupt the continuity of green spaces to simplify park boundaries, replacing impermeable surfaces such as concrete or asphalt with permeable materials, and replacing some grassy areas with trees or shrubs. For type 3 parks, specific optimization measures include removing unnecessary structures that disrupt the continuity of green spaces to simplify park boundaries, expanding the area of water bodies, planting more trees and vegetation, and replacing impermeable surfaces such as concrete or asphalt with permeable materials. (3) Various park green space characteristics exhibit disparate correlations with PCI, and these correlations display discrepancies in strength and thresholds across different gradients. (4) The effectiveness of regression equations in predicting PCI declines progressively from within the 3rd ring road to outside the 5th ring road. Within the 3rd ring road, factors such as F_MPS, PA, and ISC exert substantial influences on PCI, whereas between the 3rd and 5th ring roads, PA, WC, and NDVI emerge as significant factors impacting PCI. Building upon previous studies that primarily focused on the overall perspective, this study adopted a less-explored approach by considering different spatial gradients. By investigating the influence mechanisms of the cold island effect under varying gradients of urban park green spaces and UHI patterns, it uncovered certain characteristics and patterns that were not identified in previous holistic studies. This contributes to identifying potential issues related to spatial gradient changes. The findings have expanded the understanding of the cold island effect of urban park green spaces to some extent. They aid in proposing diverse optimization management strategies for urban park green space planning and system construction in different regions, thereby enabling parks to better manifest their cold island effect and mitigate the adverse impacts of the UHI phenomenon. However, there are still limitations in the selection of park green space characteristic indicators and the scope of research application. Further research is needed to explore more urban samples, areas, regions, and time periods in order to address these limitations.
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Figure 1. The location of the study area. 






Figure 1. The location of the study area.



[image: Buildings 14 01206 g001]







[image: Buildings 14 01206 g002] 





Figure 2. Various characteristic indicators within parks and their buffer zones across different spatial gradients. 
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Figure 3. Distribution of LST in the study area. 
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Figure 4. The PCI varies across different spatial gradients. 
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Figure 5. Distribution of cold island effect in park green spaces across different spatial gradients. 
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Figure 6. Distribution of the 4 types of parks with cold island effects across different spatial gradients. 
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Figure 7. The fitting situation of the factors exhibiting significant correlations across two or more spatial gradients. 
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Figure 8. The difference in the mean values of each indicator on three gradients. 
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Table 1. Research data and sources.






Table 1. Research data and sources.





	Research Data
	Types
	Sources





	Landsat 8 OLI_TIRS satellite imagery
	Raster data

(30 m)
	USGS

http://earthexplorer.usgs.gov/

(accessed on 14 June 2021)



	Remote sensing imagery
	Raster data
	GF-2



	Land use data
	Raster data

(4 m)
	Derived from GF-2 satellite imagery



	Park boundary data
	Shapefile
	AOI in Baidu Map,

Beijing Municipal Forestry and Parks

Bureau



	LST data
	Raster data

(30 m)
	Derived from Landsat satellite imagery



	NDVI
	Raster data

(30 m)
	Derived from Landsat satellite imagery



	Ring road data
	Shapefile
	Open Street Map (OSM)










 





Table 2. Relevant characteristic indicators of park green spaces.
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	Indicator (Abbreviation)
	Description
	Unit
	Calculation Method





	Area (A)
	Area of a park
	ha
	Geometric statistics calculation in ArcGIS 10.6



	Perimeter (P)
	Total perimeter of a park
	m
	Geometric statistics calculation in ArcGIS 10.6



	Perimeter–area ratio (PA)
	Overall compactness of a park
	Dimensionless
	     P   A     



	NDVI
	Vegetation condition within a park
	Dimensionless
	      V   N I R   −   V   R       V   N I R   +   V   R      

    V   N I R       and     V   R       represent the pixel values of the near-infrared band and the red band, respectively



	Forest coverage (FC)
	Percentage of forest cover in a park
	%
	       ∑  i = 1   n      F   i       A   × 100   



	Grassland coverage (GC)
	Percentage of grassland cover in a park
	%
	       ∑  i = 1   n      G   i       A   × 100   



	Water coverage (WC)
	Percentage of water cover in a park
	%
	       ∑  i = 1   n      W   i       A   × 100   



	Impervious surface area coverage (ISC)
	Percentage of impervious surface area in a park
	%
	       ∑  i = 1   n      I S   i       A   × 100   



	Average patch size of forest (F_MPS)
	Average size of forest patches in a park
	ha
	Calculation using Fragstats 4.2



	Forest coverage in a buffer (B_FC)
	Percentage of forest cover in a buffer
	%
	       ∑  i = 1   n      B _ F   i       B   × 100   



	Grassland coverage in a buffer (B_GC)
	Percentage of grassland cover in a buffer
	%
	       ∑  i = 1   n      B _ G   i       B   × 100   



	Water coverage in a buffer (B_WC)
	Percentage of water cover in a buffer
	%
	       ∑  i = 1   n      B _ W   i       B   × 100   



	Impervious surface area coverage in a buffer (B_ISC)
	Percentage of impervious surface area in a buffer
	%
	       ∑  i = 1   n      B _ I S   i       B   × 100   



	Building area coverage in a buffer (B_BC)
	Percentage of building area in a buffer
	%
	       ∑  i = 1   n      B _ B   i       B   × 100   










 





Table 3. Temperature variations within parks and buffer zones across different spatial gradients.
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°C

	

	
3

	
3–5

	
5






	
LSTP

	
Average value

	
42.24

	
42.01

	
42.36




	
Median value

	
42.35

	
42.09

	
42.33




	
LSTB

	
Mean value

	
43.72

	
43.09

	
43.19




	
Median value

	
43.92

	
43.26

	
43.48











 





Table 4. Four types of parks with cold island effect characteristics across different spatial gradients.
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Type

	
Cluster Center

	
Characteristic

	
3

	
3–5

	
5

	
Total




	
PCI

	
LSTP

	
LSTB






	
1

	
0.33

	
0.47

	
0.48

	
The cold island effect is weak, with lower temperatures observed both within the park and in the buffer zone.

	
17

	
92

	
34

	
143




	
2

	
0.32

	
0.88

	
0.86

	
The cold island effect is weak, with high temperatures observed both within the park and in the buffer zone.

	
33

	
62

	
26

	
121




	
3

	
0.49

	
0.65

	
0.75

	
The cold island effect is moderate, with relatively high temperatures observed both within the park and in the buffer zone.

	
24

	
71

	
38

	
133




	
4

	
0.73

	
0.40

	
0.74

	
The cold island effect is strong, with lower temperatures observed within the park and higher temperatures in the buffer zone.

	
27

	
51

	
18

	
96











 





Table 5. Regression analysis results for different spatial gradients.
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Non-Standardized Coefficient

	
p

	
R2

	
F




	
B






	
3

	
Constant

	
5.262

	
0.000 **

	
0.681

	
F = 31.206,

p = 0.000




	
P

	
0.001

	
0.000 **




	
PA

	
−21.200

	
0.000 **




	
ISC

	
−4.758

	
0.000 **




	
B_FC

	
−3.176

	
0.001 **




	
B_BC

	
3.096

	
0.025 *




	
F_MPS

	
72.813

	
0.001 **




	
GC

	
−2.325

	
0.014 *




	
3–5

	
Constant

	
−0.884

	
0.003 **

	
0.580

	
F = 48.424,

p = 0.000




	
PA

	
−13.341

	
0.000 **




	
WC

	
9.101

	
0.000 **




	
NDVI

	
5.677

	
0.000 **




	
B_ISC

	
1.648

	
0.000 **




	
ISC

	
−1.782

	
0.000 **




	
B_FC

	
−1.049

	
0.000 **




	
B_BC

	
1.883

	
0.043 *




	
5

	
Constant

	
−1.727

	
0.004 **

	
0.264

	
F = 11.230,

p = 0.000




	
NDVI

	
6.404

	
0.000 **




	
WC

	
10.386

	
0.002 **




	
B_BC

	
3.840

	
0.012 *




	
A

	
4.286 × 10−7

	
0.022 *








* p < 0.05, ** p < 0.01.













 





Table 6. Correlation results of park green space-related characteristic indicators and PCI with different spatial gradients.






Table 6. Correlation results of park green space-related characteristic indicators and PCI with different spatial gradients.





	

	
PCI




	
3

	
3–5

	
5






	
A

	
0.546 **

	
0.319 **

	
0.327 **




	
P

	
0.670 **

	
0.459 **

	
0.313 **




	
PA

	
−0.623 **

	
−0.531 **

	
−0.206 *




	
NDVI

	
0.150

	
0.269 **

	
0.327 **




	
FC

	
0.119

	
0.026

	
0.151




	
GC

	
−0.147

	
−0.080

	
−0.118




	
WC

	
0.458 **

	
0.368 **

	
0.256 **




	
ISC

	
−0.332 **

	
−0.220 **

	
−0.178




	
F_MPS

	
0.312 **

	
0.158 **

	
0.228 *




	
F_SI

	
0.175

	
0.154 *

	
0.050




	
F_PD

	
−0.270

	
0.029

	
−0.142




	
B_FC

	
0.030

	
−0.131 *

	
0.061




	
B_GC

	
−0.215 *

	
−0.013

	
−0.127




	
B_WC

	
−0.117

	
0.014

	
−0.167




	
B_ISC

	
−0.132

	
0.205 **

	
0.046




	
B_BC

	
0.405 **

	
0.291 **

	
0.133








* p < 0.05, ** p < 0.01.
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