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Abstract 

As one of China’s “New Four Furnaces”, the city of Hangzhou faces significant heat chal-
lenges exacerbated by rapid urbanization. Urban parks offer effective nature-based solu-
tions, but optimizing their multi-dimensional cooling performance—encompassing cool-
ing area (PCA), efficiency (PCE), intensity (PCI), and gradient (PCG)—remains a key chal-
lenge. This study quantitatively analyzed the internal and external landscape features of 
18 parks in Hangzhou, revealing that park cooling performance is not simply a case of 
“bigger is better.” We found that parks with more complex shapes and irregular bounda-
ries exhibited higher cooling efficiency per unit area (PCE) compared to larger parks with 
smooth, simple shapes, though sometimes at the expense of peak PCI. Furthermore, the 
surrounding built environment is critical: high building density within a 300 m buffer 
zone was found to significantly impede the spatial extent of the cooling effect (PCA). 
Based on these findings, we propose that to effectively mitigate urban heat, cities should 
(1) shift focus away from creating large, isolated parks with smooth boundaries; (2) prior-
itize a network of smaller, morphologically diverse parks with irregular edges that extend 
into the community; and (3) enhance each park’s cooling reach through strategies like 
green streets and tree-lined paths. These approaches offer tangible, actionable guidance 
for designing high-performance cooling green infrastructure in dense urban environ-
ments. 

Keywords: urban heat island effect; urban parks; cooling effect; landscape pattern;  
influencing factors 
 

1. Introduction 
Urbanization constitutes a systematic evolutionary process characterized by inter-

connected demographic, economic, spatial, and socio-cultural transformations [1]. A de-
fining contemporary trend is the accelerating concentration of global population and so-
cio-economic activities within cities, fundamentally altering the equilibrium between the 
built and natural environments [2]. Statistical data reveal that the global urbanization rate 
rose from 43.4% in 1991 to 55.7% in 2019, with projections indicating a rise to 68% by 2050 
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[3]. This process is particularly rapid in developing nations, exemplified by China, driving 
dramatic urban spatial expansion and inducing profound transformations in urban land-
scape patterns. Concurrently, global climate change, manifested predominantly through 
rising mean temperatures and an increased frequency of extreme weather events, poses a 
substantial and escalating threat to public health [4]. 

The combined pressures of urbanization and global climate change are exacerbating 
urban thermal environmental issues. On one hand, the widespread conversion of natural 
surfaces to impervious materials enhances the land surface’s absorption and storage of 
solar radiation and its emission of longwave radiation. This directly elevates surface tem-
peratures and disrupts the urban thermal balance [5,6]. On the other hand, urban expan-
sion and intensification of development, driven by the needs of growing populations and 
industries, have increased greenhouse gas emissions. This has already contributed to a 
rise in the global average temperature of approximately 1.1 °C [7]. High energy consump-
tion and thermal accumulation in cities further impair public health and quality of life [8]. 
The interaction of these processes accelerates ecological degradation, manifested notably 
in the urban heat island (UHI) effect and persistent heatwaves [9]. Addressing these chal-
lenges urgently requires collaborative efforts between policymakers and researchers to 
develop systematic solutions. 

In response to the severe urban thermal environment, diverse mitigation strategies 
have been proposed by both academia and practitioners. These encompass (1) utilizing 
blue-green infrastructure to reduce ambient urban temperatures through its cooling ef-
fects [10,11]; (2) optimizing urban morphology to enhance ventilation [12]; and (3) apply-
ing high-albedo construction materials [13]. Among these approaches, harnessing the 
cooling effects of blue-green infrastructure is widely acknowledged as one of the most 
effective strategies, consistent with sustainable development goals [14]. Beyond thermal 
mitigation, urban blue-green infrastructure delivers critical ecosystem services, including 
microclimate regulation, carbon sequestration, air purification, water conservation, and 
biodiversity protection [15]. Moreover, it holistically enhances residents’ health and well-
being, as well as urban livability, by fostering physical activity, improving environmental 
quality, generating economic benefits, and strengthening social cohesion [16]. 

Urban parks, as representative blue-green infrastructure, effectively mitigate local 
temperatures, enhance human thermal comfort, and reduce heat-related health risks 
through mechanisms such as canopy shading, increased surface albedo, and vegetation 
transpiration [17–19]. Evidence suggests that park visits can substantially alleviate heat 
stress symptoms and support human adaptation to a warming climate [20]. Given these 
benefits, urban parks are increasingly recognized as a sustainable, nature-based solution 
with strong potential for cooling, offering a functional response to urban heat challenges 
[21,22]. As public demand grows for ecologically livable environments, the cooling ser-
vices delivered by urban parks have gained significant societal attention [23]. There is a 
pressing need for rationally planned urban spaces that enable equitable and efficient ac-
cess to public resources, thereby minimizing health risks and social tensions associated 
with uneven distribution of environmental amenities [24]. Consequently, a systematic in-
vestigation into the factors influencing the cooling performance of urban parks is essential 
for optimizing their thermal mitigation effects. Therefore, this study aims to address the 
following key research questions: (1) How can the multi-dimensional cooling perfor-
mance of urban parks—encompassing their cooling area, efficiency, intensity, and gradi-
ent—be comprehensively quantified? (2) What are the key internal and external landscape 
characteristics that drive these cooling performance indicators, and what complex trade-
offs exist among them? (3) Based on these findings, what targeted optimization strategies 
can be proposed to enhance the cooling benefits of urban parks in high-density urban 
environments? 
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This study investigated 18 urban parks in the Hangzhou metropolitan area. Utilizing 
Landsat 8 OLI_TIRS remote sensing imagery and Gaode satellite data, it integrated remote 
sensing and geographic information system (GIS) technologies to assess the relative im-
portance (weight) of diverse factors affecting park cooling effects. The research primarily 
involved four key components: (1) retrieving land surface temperature (LST) and quanti-
fying park cooling indicators; (2) quantifying the internal and external landscape charac-
teristics of the parks; (3) analyzing the influence of these landscape characteristics on park 
cooling effects; and (4) proposing targeted optimization strategies based on the analytical 
findings. 

2. Materials and Methods 
2.1. Regional Overview 

The study area is located in Hangzhou City, southeastern China (29°11′–30°33′ N, 
118°21′–120°30′ E). Characterized by a subtropical monsoon climate, the region experi-
ences hot and humid summers, with extreme high temperatures reaching 39.8–42.9 °C. 
Consequently, Hangzhou is classified as one of China’s “New Four Furnaces” and faces 
significant urban heat challenges. To enhance the representativeness of the study and min-
imize thermal interference from suburban areas, the research scope was confined to Hang-
zhou’s core urban zone. This zone was delineated based on four central districts—Shang-
cheng, Gongshu, Xihu, and Binjiang—as specified in the Hangzhou Territorial Space Mas-
ter Plan (2021–2035) [25] (Figure 1). Within this defined area, 18 urban parks were selected 
as study sites (Table 1). The spatial boundary of each park was digitized using data 
sourced from the AutoNavi Map (AMap) platform (version 16.09.0; AutoNavi Software 
Co., Ltd., Beijing, China) [26] and mapped within the ArcGIS 10.8 software environment. 
To ensure a consistent meteorological background for a robust cross-sectional comparison 
of the parks, a single, cloud-free Landsat 8 image from a representative high-temperature 
day (27 September 2021) was selected for analysis. 

 

Figure 1. The location of the research areas. 
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Table 1. The attributes of 18 urban parks. 

Serial 
Number English Name 

Area/Hectares 
(Area/Acres) 

Serial 
Number English Name 

Area/Hectares 
(Area/Acres) 

1 Fengshan Park 1.66 (4.11) 10 Tiger Mountain Park 11.57 (28.60) 
2 CBD Park 2.84 (7.02) 11 Tianzi Ridge Ecological Park 18.49 (45.69) 
3 Caozhuang Park 2.47 (6.10) 12 Gaojiao Park 3.00 (7.41) 
4 Shenhua Park 1.45 (3.58) 13 Xueshi Park 7.97 (19.69) 
5 North City Sports Park 41.59 (102.77) 14 Taiziwan Park 42.21 (104.30) 
6 Xiwen Park 1.01 (2.50) 15 Jiangyangfan Ecological Park 10.75 (26.56) 
7 Canal Tiandi Park 4.46 (11.02) 16 West City Leisure Park 25.37 (62.69) 
8 Zheyao Park 5.27 (13.02) 17 Mituosi Park 1.04 (2.57) 
9 Taoyuan Central Park 3.17 (7.83) 18 Jialvyuan Park 2.55 (6.30) 

2.2. Research Methods 

2.2.1. Land Surface Temperature Retrieval 

Urban parks provide a measurable cooling effect, offering a vital ecosystem service 
that can mitigate climate change impacts and support sustainable urban development. 
Given the logistical challenges and high costs associated with collecting in situ air tem-
perature measurements, land surface temperature (LST) data serve as a practical and effi-
cient proxy for evaluating urban park cooling performance [27]. Accordingly, this study 
employed LST data to characterize the cooling effects of urban parks. To capture these 
effects under pronounced thermal conditions, we selected study dates characterized by 
high daily air temperatures and obtained the corresponding LST imagery for analysis. 

This study utilized land surface temperature (LST) data derived from satellite im-
agery with a spatial resolution of 30 m. LST was selected as a robust proxy for near-surface 
air temperature due to the infeasibility of acquiring high-density, city-wide air tempera-
ture data and the strong spatial correlation between the two variables established in the 
previous literature. Hangzhou, situated within a subtropical monsoon climate zone and 
frequently influenced by tropical cyclones, experiences a scarcity of cloud-free days dur-
ing summer. Consequently, most summertime satellite imagery of the region fails to meet 
the stringent quality requirements for research. To acquire more representative and relia-
ble LST data, a clear day in September was selected for analysis. This approach not only 
aligns with the local climatic characteristics but also ensures the scientific validity of the 
data for subsequent analysis. The specific LST images employed were obtained from 
Landsat 8 OLI_TIRS satellite data (Path 119, Row 39) for 21 September 2021, sourced from 
the Geospatial Data Cloud platform [28]. Meteorological records for that date indicate an 
average temperature of 27 °C, a maximum temperature of 33 °C, a cloud cover of 0.62%, 
and no precipitation (0 mm). Furthermore, no typhoon activity was recorded, suggesting 
minimal influence from large-scale ocean–atmosphere circulation patterns on the local cli-
matic conditions during the data acquisition period. 

This study applied the radiative transfer equation to calculate land surface thermal 
radiation intensity. This was achieved by subtracting atmospheric effects from the radia-
tion received by the sensor. Subsequently, land surface temperature (LST) was estimated 
based on this calculated intensity [29,30]. To account for phenological characteristics, the 
Normalized Difference Vegetation Index (NDVI) was calculated using surface reflectance 
data derived from Landsat imagery of the study area (Formula (1)). Furthermore, vegeta-
tion coverage (Pv) was derived from the NDVI values and was then used to estimate land 
surface emissivity (Formula (2)). 
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NDVI = BandNIR  BandRED
BandNIR + BandRED

 (1)

Here, BandNIR and BandRED represent the near-infrared band and the red band of 
Landsat imagery, respectively. In this study, NDVI data corresponding to the image ac-
quisition dates were utilized to estimate the time required to reach the maximum rate of 
NDVI change. 

Pv = ( NDVI - NDVIbare
NDVIveg - NDVIbare

)2 (2)

“NDVIveg” and “NDVIbare” represent the normalized difference vegetation index val-
ues for fully vegetated and completely bare soil surfaces, respectively. Subsequently, 
based on the vegetation coverage (Pv), the land surface emissivity (ε) was estimated using 
Formula (3) [31]. This provided fundamental data for subsequent processing steps. 

ε = 0.985Pv + 0.960(1 − Pv) + 0.06Pv (1 - Pv)
0.004Pv

 + 0.986  (3)

Subsequently, ENVI 5.6 (L3Harris Geospatial, Boulder, CO, USA), a commercial soft-
ware package for geospatial imagery analysis, was employed for subsequent modeling 
and analysis [32]. Land surface temperature (LST) was retrieved using the radiative trans-
fer equation via the software’s built-in FLAASH module, thereby deriving blackbody ra-
diation data corresponding to LST (Formula (4)). 

Dt = [Lℷ − L↑ − τ(1 − ε) L↓]/τε (4)

In Formula (4), Dt (unit: W·m−2·sr−1·µm−1) represents blackbody radiation. L↓ (unit: 
W·m−2·sr−1·µm−1) and L↑ (unit: W·m−2·sr−1·µm−1) represent downwelling radiance and 
upwelling radiance values, respectively. “τ” denotes atmospheric transmittance. The val-
ues of L↓, τ and L↑ can be obtained by using the Atmospheric Correction Parameter Cal-
culator [33], entering the geographical location of the target city and the observation time 
to retrieve the corresponding data. Then, through Planck’s Law (Formula (5)), retrieve 
and determine the Land Surface Temperature (LST) of the study area. 

Ts = K2
ln(K1/Dt(Ts) + 1)    (5)

Here, Ts represents the surface temperature value in Kelvin. To convert it to degrees 
Celsius, 273.15 is subtracted. K1  and  K2 denote the calibration constants for the Land-
sat data [34]. The surface temperature data obtained in this study demonstrated strong 
temporal continuity and spatial heterogeneity. This provided a solid foundation for build-
ing a stable and reliable model of urban cooling spaces. By applying the radiative transfer 
method procedures described above, we acquired the surface temperature vector map 
necessary for this research. This dataset supported subsequent quantitative assessments 
of urban park cooling effects, analysis of influencing factors, and related quantitative stud-
ies. Consequently, it supplied essential data support for optimizing urban park cooling 
effects and resource allocation. The retrieved Landsat 8 surface temperature data for the 
study area are shown in Figure 2. 
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Figure 2. Spatial distribution pattern of LST (The park numbers in the image are consistent with 
those in Table 1). 

2.2.2. Quantification of Park Cooling Indicators 

Building on prior studies, this research adopted perspectives of maximization and 
accumulation. Four key indicators—Park Cooling Area (PCA), Park Cooling Efficiency 
(PCE), Park Cooling Intensity (PCI), and Park Cooling Gradient (PCG)—were employed 
to comprehensively quantify and evaluate the cooling effects of urban parks within the 
Hangzhou metropolitan area. This approach provides a theoretical foundation for subse-
quent investigations into the relationships between influencing factors and urban park 
cooling performance. The specific metrics are defined as follows: (1) Park Cooling Area 
(PCA) is defined as the maximum buffer area within which the park’s cooling effect is 
detectable [35], directly representing its spatial extent of influence. (2) Park Cooling Effi-
ciency (PCE) is defined as the ratio of the maximum cooling range (Smax) to the park area 
(Spark) [36], reflecting the cooling benefit per unit area. (3) Park Cooling Intensity (PCI) is 
quantified as the difference between the initial inflection point temperature and the aver-
age park temperature [37]; this metric captures residents’ intuitive perception of cooling, 
where higher values correspond to a more pronounced thermal sensation. (4) Park Cool-
ing Gradient (PCG) is defined as the average cooling intensity per unit distance, calculated 
by dividing PCI by the park’s maximum cooling distance [38]. This indicator characterizes 
the park’s overall cooling rate and capacity. 

The quantification of the aforementioned indicators is contingent upon the precise 
determination of the park cooling distance. This distance is defined as the point on the 
temperature profile where a notable inflection or stabilization occurs [39], corresponding 
to the maximum spatial extent of the cooling effect (Figure 3). Through the fitting of land 
surface temperature (LST) data from urban parks in Hangzhou, this study empirically 
confirmed the existence of a maximum effective cooling distance, thus providing a basis 
for further analysis. The methodological procedures were as follows. First, informed by 
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prior studies suggesting a maximum cooling distance of approximately 900 m [40,41] and 
consistent with the 30 m resolution of the satellite imagery employed, a series of 30 con-
tiguous buffers, each 30 m in width, was generated outward from each park boundary. 
Subsequently, the average LST for each buffer zone was calculated and plotted to con-
struct corresponding LST profile graphs. It should be noted that the analysis specifically 
targeted the cooling impact of parks on adjacent built-up land within these buffers. The 
temperature profiles were modeled using a third-order polynomial function, T(x) (For-
mula (6)), where the x-axis denotes the distance from the park boundary and the y-axis 
denotes the LST value. This approach establishes a functional relationship between LST 
and distance from the park edge [42]. 

T = ax3 + bx2 + cx + d (6)

As the distance from the park boundary increased, the land surface temperature ini-
tially exhibited a rising trend, but the slope of the curve gradually flattened until it ap-
proached zero. The point where the curve’s slope was zero was defined as the first inflec-
tion point, denoted as “x1”. The distance from the park boundary to “x1” was defined as 
the maximum cooling range, indicating that within this buffer zone, the land surface tem-
perature showed an initial declining trend as the distance from the park increased [43]. 
The park’s cooling distance is denoted by “L”, while “Lmax” refers to the maximum dis-
tance at which the cooling effect can be observed. This derivative-based approach was 
chosen for its objectivity, as it identifies the point where the park’s influence statistically 
dissipates without relying on arbitrary temperature thresholds. Subsequently, based on 
the magnitude of the urban park cooling distance, the park’s cooling effect was quantified 
using four indicators: cooling area, cooling efficiency, cooling intensity, and cooling gra-
dient. This quantification was conducted to analyze the park cooling effect from the per-
spectives of maximization and accumulation. 

 

Figure 3. Visualization of LST change curve of park cooling process. 

2.2.3. Quantifying the Internal and External Landscape Features of Parks 

Research indicates that both internal and external landscape characteristics signifi-
cantly influence the cooling effect of urban parks [44]. Accordingly, this study selected 
nine landscape characteristics—both within and surrounding the parks—to analyze their 
impact on urban park cooling (Table 2). These comprised internal characteristics (park 
area, park perimeter, park shape complexity, proportion of green space, and proportion 
of water body within the park) and external characteristics (road network density, build-
ing density, proportion of green space, and proportion of water bodies within a 300 m 
buffer zone around each park). This buffer size was chosen based on its common use and 
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validated effectiveness in previous park cooling studies for capturing neighborhood-scale 
influences [45]. The selection aimed to (1) evaluate how these factors relate to four quan-
titative cooling indicators (PCA, PCE, PCI, and PCG), (2) explore the mechanisms under-
lying park cooling formation, (3) identify planning and design strategies that can effec-
tively enhance cooling performance, and (4) improve the practical applicability of cooling 
effect assessments. Shape complexity was quantified using the Landscape Shape Index 
(LSI), calculated as follows (Formula (7)): LSI =  ×   (7)

Here, P denotes the park perimeter, and Spark represents the park area. A higher LSI 
value indicates a more irregular park shape [46], signifying a greater degree of shape com-
plexity [47]. 

Table 2. The influencing factors on the park cooling effect. 

Category Sub-Category Influencing Factors Definition 

Internal 
Park Geometry 

Park—Shape—area The area of urban parks 
Park—Shape—circumference The circumference of the urban park 
Park—Complex in shape The complexity of the shapes of urban parks 

Park Composition 
Park—water body—proportion The proportion of water bodies in urban parks 
Park—green space—proportion The proportion of vegetation in urban parks 

External 
Surrounding  
Environment (300 m 
Buffer) 

Buffer zone—Road—density 
The road network density within the 300 m 
buffer zone of the urban park 

Buffer zone—Building—density 
The building density within the 300 m buffer 
zone of the urban park 

Buffer zone—Green space—pro-
portion 

The proportion of vegetation within the 300 m 
buffer zone of the urban park 

Buffer zone—Water body—pro-
portion 

The proportion of water bodies within the 300 
m buffer zone of urban parks 

To further investigate the relationships between urban park cooling indicators and 
their potential influencing factors, this study employed Pearson correlation analysis to 
identify significant positive or negative correlations. Initially, based on a land cover vector 
map (https://www.tianditu.gov.cn/), vector data for water bodies, vegetation, roads, and 
buildings within the core urban area of Hangzhou (encompassing Shangcheng, Gongshu, 
Binjiang, and Xihu Districts) were extracted and clipped using ArcGIS (version 10.8.1; Esri 
Inc., Redlands, CA, USA) [48]. This procedure generated the following dataset for each of 
the 18 urban parks for subsequent analysis: internal water body area, internal green space 
area, road length within a 300 m buffer, building area within a 300 m buffer, green space 
area within a 300 m buffer, and water body area within a 300 m buffer. The selection of a 
300 m buffer for analysis was based on two considerations. First, it aligns with the 30 m 
spatial resolution of the land surface temperature (LST) satellite imagery, ensuring con-
sistency and scientific rigor in the data analysis. Second, factors within this approximate 
range exert a relatively strong influence on park cooling effects, with their impact attenu-
ating as distance from the park increases. The results of the Pearson correlation analysis 
revealed that the internal and external landscape characteristics of the studied urban 
parks exhibited varying degrees and directions of influence on the different cooling indi-
cators, with several factors demonstrating a statistically significant impact on the parks’ 
cooling effect. Given the inherent mathematical correlation among park area, perimeter, 
and LSI, we performed this correlation analysis as an exploratory step. In the subsequent 
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discussion, these metrics were not treated as fully independent drivers; rather, their effects 
were interpreted collectively as indicators of park �scale’ and �shape complexity’. 

3. Result 
3.1. Results of Park Cooling Effect Indicators 

This study employed four cooling indicators to quantify and assess the cooling effects 
of urban parks. Analysis revealed significant variations in these indicators across the 18 
studied parks. As summarized in Table 3, the mean values for Park Cooling Area (PCA), 
Park Cooling Efficiency (PCE), Park Cooling Intensity (PCI), and Park Cooling Gradient 
(PCG) were 207.01 hectares, 58.61, 0.018, and 0.64 °C, respectively. The observed ranges 
were 46.40–526.23 hectares for PCA, 3.21–273.22 for PCE, 0.005–0.032 for PCI (it is im-
portant to note that PCI is a dimensionless ratio representing the total accumulated ther-
mal load reduction—e.g., a PCI of 0.02 signifies a 2% reduction—not a direct temperature 
difference), and 0.15–1.17 °C for PCG. Following normalization to a scale of 0.1–0.9, the 
calculated variances were 0.059 (PCE), 0.080 (PCG), 0.095 (PCA), and 0.084 (PCI). These 
results suggest that the four indicators exhibited comparable levels of dispersion and var-
iability. 

Table 3. The indicator data of park cooling effect. 

Serial 
Number Park Name 

Park Cooling Area 
(PCA) (ha(Acres)) 

Park Cooling Effi-
ciency (PCE) 

Park Cooling 
Intensity (PCI) 

Park Cooling 
Gradient (PCG) 

1 Fengshan Park 64.1631 (158.5512) 38.5950 0.0123 0.4704 
2 CBD Park 297.9927 (736.3347) 105.0941 0.0229 0.7754 
3 CaoZhuang Park 274.6435 (678.6534) 111.2687 0.0315 1.1688 
4 Shenhua Park 396.8403 (980.6094) 273.2233 0.0147 0.5219 
5 Chengbei Sports Park 433.3634 (1070.8643) 10.4209 0.0196 0.7257 
6 Xiwen Park 138.3300 (341.8228) 137.1998 0.0274 1.0031 
7 Canal heaven and earth park 73.4091 (181.4011) 16.4494 0.0147 0.5189 
8 Zheyao Park 328.0625 (810.6617) 62.2117 0.0244 0.8756 
9 Taoyuan Central Park 270.9284 (669.4795) 85.5184 0.029 1.0584 

10 Hushan Park 46.4007 (114.6593) 4.0088 0.0045 0.1504 
11 Tianziling Ecological Park 91.4336 (225.9348) 4.9447 0.0103 0.3997 
12 Higher Education Park 114.5708 (283.1118) 38.1991 0.0195 0.7399 
13 Bachelor’s Park 81.3710 (201.0700) 10.2158 0.007 0.2317 
14 Prince Bay Park 337.8643 (834.8770) 8.0048 0.0179 0.5554 
15 Jiangyangfan Ecological Park 526.2382 (1300.3551) 48.9365 0.0195 0.6405 
16 Chengxi Leisure Park 81.4635 (201.3000) 3.2113 0.0045 0.1596 
17 Mituo Temple Park 54.5149 (134.7088) 52.5218 0.0164 0.6248 
18 Jialvyuan Park 114.5641 (283.0950) 44.8938 0.024 0.8795 

Summary Mean 212.5855 (525.3129) 64.1627 0.0172 0.6417 
 Max 526.2382 (1300.3551) 273.2233 0.0315 1.1688 
 Min 46.4007 (114.6593) 3.2113 0.0045 0.1504 

This study utilized the K-means clustering method to classify the 18 urban parks ac-
cording to the similarity of their cooling indicators. First, the four cooling indicators—
Park Cooling Area (PCA), Park Cooling Efficiency (PCE), Park Cooling Intensity (PCI), 
and Park Cooling Gradient (PCG)—were normalized. Subsequently, the parks were 
grouped into distinct clusters based on comparable patterns of high or low values across 
these normalized indicators. The optimal number of clusters, determined to be five, was 
identified through a comprehensive approach incorporating the silhouette coefficient, el-
bow, and gap statistic methods [25]. The cluster analysis of the 18 parks (Figure 4) revealed 
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spatial heterogeneity and structural characteristics in their cooling functions. Conducting 
landscape structure analysis on parks with varying emphases in cooling effects supports 
the optimization of blue-green infrastructure development in urban parks, with the objec-
tive of enhancing or even maximizing their cooling performance. 

 

Figure 4. Radar charts illustrating the four distinct �Cooling Bundle’ profiles identified among the 
urban parks: (a) Type 1, (b) Type 2, (c) Type 3, and (d) Type 4. Park identification numbers in the 
legends correspond to those in Table 1. 

Based on the cluster analysis of the cooling effects of 18 urban parks, it was found 
that all parks were assigned to four of the five statistically optimal clusters, with the fifth 
cluster, representing a uniformly low-performance profile, remaining empty. Conse-
quently, their performance could be classified into four main types. The first type, repre-
sented by Chengbei Sports Park and Jiangyangfan Ecological Park, was dominated by 
Park Cooling Area (PCA) and Park Cooling Gradient (PCG). These parks are typically 
comprehensive parks with larger areas and substantial water bodies. The second type, 
which constituted the largest group and included ten parks such as Fengshan Park and 
Xiwen Park, excelled in PCG due to their superior blue-green infrastructure. The third 
type, represented by parks like CBD Park and Prince Bay Park, was characterized by rel-
atively high PCG and Park Cooling Intensity (PCI), mostly comprising irregularly shaped 
parks with dense vegetation. The fourth type, represented by Shenhua Park, was domi-
nated by Park Cooling Efficiency (PCE), manifesting as small parks with complex shapes 
but high cooling economic efficiency. It is noteworthy that all studied parks belonged to 
these four well-performing categories, in contrast to a hypothetical fifth category of parks 
that would perform poorly across all metrics due to sparse vegetation and limited water 
bodies. This cluster analysis not only revealed the significant spatial heterogeneity in the 
cooling effects of urban parks but also provided an important scientific basis for 
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optimizing urban park planning and design to effectively mitigate the threats of urban 
heat island effects and heatwave events [49,50]. 

3.2. Results of Internal Landscape Characteristics in Parks 

Internal landscape characteristics were quantified for the 18 parks using key metrics: 
area, perimeter, landscape shape index (LSI), and the proportions of water bodies and 
green space (Table 4). Analysis of these metrics revealed significant inter-park variations 
in scale, spatial morphology, and landscape composition. 

Table 4. The data of internal landscape characteristics in parks. 

Serial 
Number 

Park Name Area (m2) Circumference (m) LSI Proportion of 
Water Body 

Proportion of 
Green Space 

1 Fengshan Park 16,624.7000 657.6021 1.4400 0.1894 0.6028 
2 CBD Park 28,354.8528 1798.8684 3.0174 0.0000 0.5523 
3 Caozhuang Park 24,682.9006 680.0959 1.2206 0.1882 0.5656 
4 Shenhua Park 14,524.3951 481.7073 1.1275 0.0000 0.7935 
5 Chengbei Sports Park 415,861.5133 3445.7906 1.5079 0.1082 0.5377 
6 Xiwen Park 10,082.3765 403.0615 1.1324 0.0000 0.5993 
7 Canal heaven and earth park 44,627.1545 1118.8478 1.4940 0.0516 0.6621 
8 Zheyao Park 52,733.2407 988.5577 1.2137 0.1700 0.6080 
9 Taoyuan Central Park 31,680.7006 860.7569 1.3645 0.0097 0.6818 

10 Hushan Park 115,748.3021 1441.2593 1.1947 0.3225 0.5469 
11 Tianziling Ecological Park 184,911.3170 2457.5131 1.6111 0.0030 0.6476 
12 Higher Education Park 29,993.0922 845.7932 1.3771 0.0711 0.6629 
13 Bachelor’s Park 79,652.3877 1277.6287 1.2773 0.0950 0.6633 
14 Prince Bay Park 422,075.7609 2516.5824 1.0930 0.0479 0.8799 
15 Jiangyangfan Ecological Park 107,534.8409 2129.0363 1.8313 0.0835 0.7941 
16 Chengxi Leisure Park 253,679.6410 2281.8088 1.2776 0.0934 0.7239 
17 Mita Temple Park 10,379.4862 449.2935 1.2451 0.0000 0.4206 
18 Jialvyuan Park 25,518.9378 672.8126 1.1883 0.1168 0.6636 

The study parks exhibited considerable variation in site area, reflecting the diversity 
of the research sample. Prince Bay Park and Chengbei Sports Park were the largest, with 
areas of 422,275.76 m2 and 415,861.51 m2, respectively. In contrast, Xiwen Park and Mituo 
Temple Park were notably smaller, each covering approximately 10,000 m2. A positive 
correlation was observed between park perimeter and area. Chengbei Sports Park had the 
longest perimeter (3445.79 m), whereas Xiwen Park had the shortest (403.06 m). The Land-
scape Shape Index (LSI), which quantifies shape complexity and boundary irregularity, 
ranged from 1.09 to 3.02 across the parks. CBD Park exhibited the highest LSI value (3.02), 
significantly exceeding those of other parks, indicating the most tortuous boundary mor-
phology and complex spatial geometry. Conversely, Prince Bay Park (LSI = 1.09) and 
Shenhua Park (LSI = 1.13) had values close to 1, suggesting relatively regular, smooth 
boundaries and simple shapes. Regarding landscape composition, green space constituted 
the dominant land cover in most parks. The green space ratio exceeded 40% in all samples, 
with a high mean coverage. Notably, Prince Bay Park had both the largest area and the 
highest green space ratio (87.99%), followed by Jiangyangfan Ecological Park (approxi-
mately 18.9%). In contrast, no substantial water bodies were present in CBD Park, 
Shenhua Park, Xiwen Park, or Mituo Temple Park (water proportion: 0%), a characteristic 
potentially related to their urban settings and functions. In summary, the 18 parks pro-
vided strong gradient variation in scale, morphological complexity, and habitat 
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composition, thereby offering a robust dataset for subsequent analysis of the relationship 
between internal park landscape features and the cooling effect. 

In summary, the 18 parks provide a strong gradient of variation in their internal char-
acteristics. The park areas ranged from 1.01 ha to 42.21 ha, with a mean of 11.28 ha. The 
proportion of green space was consistently high across all parks (Mean = 64.31%, Min = 
42.06%), whereas the proportion of water bodies showed greater variability (Mean = 9.76%, 
ranging from 0% to 32.25%). This wide range and diversity in scale, morphology, and 
composition offered a robust dataset. 

3.3. Results of External Landscape Features in Parks 

Regarding the external buffer zone landscape characteristics of the 18 parks, road 
density and building density were selected to quantify the intensity of surrounding urban 
development, while the proportion of green space and the proportion of water bodies 
were selected to evaluate the condition of the external ecological matrix (Table 5). 

Table 5. The data of park external environment. 

Serial 
Number 

Park Name Road Density Building 
Density 

Green Space Ratio Water Body Proportion 

1 Fengshan Park 0.0483 0.1690 0.1812 0.0263 
2 CBD Park 0.0304 0.0484 0.1897 0.4594 
3 Caozhuang Park 0.0527 0.1187 0.2637 0.0336 
4 Shenhua Park 0.0412 0.1187 0.2993 0.0194 
5 Chengbei Sports Park 0.0607 0.1527 0.1830 0.1070 
6 Xiwen Park 0.0732 0.2011 0.2120 0.2124 
7 Canal heaven and earth park 0.0377 0.1531 0.2268 0.1759 
8 Zheyao Park 0.0355 0.0788 0.1842 0.1151 
9 Taoyuan Central Park 0.0246 0.0832 0.2500 0.0707 

10 Hushan Park 0.0307 0.0804 0.4842 0.0544 
11 Tianziling Ecological Park 0.0110 0.0577 0.1022 0.0070 
12 Higher Education Park 0.0418 0.1853 0.2782 0.0313 
13 Bachelor’s Park 0.0296 0.1045 0.2544 0.3484 
14 Prince Bay Park 0.0199 0.0453 0.7484 0.1698 
15 Jiangyangfan Ecological Park 0.0155 0.0139 0.7644 0.0448 
16 Chengxi Leisure Park 0.0394 0.1537 0.2463 0.0725 
17 Mita Temple Park 0.0465 0.2269 0.1683 0.0000 
18 Jialvyuan Park 0.0603 0.1962 0.2010 0.0624 

Statistical analysis revealed significant spatial heterogeneity in the external environ-
ments of the studied parks. Concerning artificial construction elements, pronounced dis-
parities were observed in surrounding road density and building density among parks, 
reflecting the diversity of their urban contexts. Road density served as an indicator not 
only of traffic accessibility but also of the degree of landscape fragmentation by impervi-
ous surfaces. The data indicated that the road densities around Xiwen Park, Chengbei 
Sports Park, and Jialvyuan Park all exceeded 0.06 km/km2, with the highest value reaching 
0.073 km/km2, suggesting their locations within densely networked urban built-up areas. 
In contrast, Tianziling Ecological Park and Jiangyangfan Ecological Park exhibited mark-
edly lower road densities (approximately 0.01–0.015 km/km2), indicative of minimal an-
thropogenic disturbance. A comparable pattern was observed for building density. The 
vicinity of Mituo Temple Park exhibited the highest building density (22.69%), followed 
by Xiwen Park (20.11%) and Jialvyuan Park (19.62%). This spatial pattern confirms that 
these parks are embedded within high-density building clusters and represent typical 
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community parks or urban core parks. Conversely, the building densities around Jiang-
yangfan Ecological Park and Prince Bay Park were merely 1.39% and 4.53%, respectively, 
denoting a more open spatial configuration in their immediate surroundings. External 
green spaces and water bodies constitute the ecological matrix facilitating material and 
energy exchange between the parks and their environs. 

The proportion of external green space varied considerably across the sampled parks. 
Jiangyangfan Ecological Park and Prince Bay Park exhibited the highest proportions, 
reaching 76.44% and 74.84%, respectively. These high values suggest strong ecological 
connectivity with adjacent scenic areas or natural hills. Conversely, Tianziling Ecological 
Park had the lowest external green space proportion (10.22%), while most other parks 
ranged between 18% and 30%. The proportion of external water bodies demonstrated 
even greater variability, largely determined by proximity to major urban water systems. 
CBD Park and Xueshi Park showed significantly higher external water body proportions 
(45.94% and 34.84%, respectively) than other samples, reflecting distinct waterfront char-
acteristics. In contrast, Mituo Temple Park had no substantial water body in its vicinity 
(0%), and both Shenhua Park and Tianziling Ecological Park exhibited minimal external 
water body proportions (<2%). Overall, the external environments of the sampled parks 
covered a comprehensive spectrum from high-density built-up areas (e.g., Mituo Temple 
Park, Xiwen Park) to high-naturalness scenic zones (e.g., Jiangyangfan Ecological Park, 
Prince Bay Park). This environmental gradient provided an ideal basis for examining how 
external landscape characteristics serve as driving mechanisms influencing the internal 
ecological performance of parks. 

3.4. Results of Factors Influencing the Cooling Effect of Parks 

The cooling effect of urban parks was found to be influenced by multiple factors, with 
significant positive or negative correlations identified between specific park characteris-
tics and the quantified cooling indicators (Table 6). 

Table 6. Pearson correlation coefficients of the influenced factors and the park cooling indexes. 

Indicator 
Category 

Influencing Factors Park Cooling 
Area (PCA) 

Park Cooling Effi-
ciency (PCE) 

Park Cooling In-
tensity (PCI) 

Park Cooling Gra-
dient (PCG) 

Internal park 
landscape  

Park—Shape—area 0.298 −0.478 * −0.274 −0.313 
Park—Shape—circumference 0.362 −0.517 * −0.301 −0.343 

Park—Complex in shape 0.233 0.006 0.096 0.057 
Park—water body—proportion −0.158 −0.341 −0.230 −0.215 
Park—green space—proportion 0.383 0.107 −0.103 −0.172 

External park 
landscape 

Buffer zone—Road—density −0.167 0.271 0.344 0.400 
Buffer zone—Building—density −0.517 * 0.073 0.046 0.131 

Buffer zone—Green space—proportion 0.458 −0.111 −0.077 −0.165 
Buffer zone—Water body—proportion 0.044 −0.011 0.053 −0.007 

Note: * Significant at the 0.05 level (two-tailed). 

The internal landscape characteristics of urban parks were found to exert complex 
influences on their cooling effects. First, while larger park area and perimeter significantly 
expanded the Park Cooling Area (PCA), they were associated with reduced Park Cooling 
Efficiency (PCE) and Park Cooling Intensity (PCI) per unit area, as well as a decreased 
Park Cooling Gradient (PCG). This indicates that unlimited expansion of park size is not 
optimal and suggests the existence of a threshold for maximizing cooling benefits [51]. 
Second, parks with more complex shapes exhibited higher PCE values but lower PCI and 
PCG values, implying that fragmented designs may enhance cooling efficiency per unit 
area at the expense of overall cooling intensity and gradient. Third, a higher proportion 
of green space within parks showed positive correlations with PCA and PCE but negative 
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correlations with PCI and PCG. This suggests that increased vegetation coverage, while 
extending the cooling range and improving efficiency, may attenuate the peak cooling 
intensity. Finally, the proportion of water bodies within parks showed negative correla-
tions with all cooling indicators. The mechanism underlying this apparent cooling sup-
pression requires further investigation. Therefore, in park planning and design, it is es-
sential to rationally determine park size, optimize vegetation configuration, and carefully 
consider water body design to balance cooling benefits with resource utilization efficiency. 

The external landscape characteristics of parks also critically influenced their cooling 
effect. Specifically, a higher proportion of impervious surfaces (e.g., roads, buildings) 
within the 300 m buffer was associated with a greater temperature difference between the 
park internal and exterior, thus enhancing PCE, PCI, and PCG. However, excessively high 
building density impeded cold air diffusion, resulting in reduced PCA. In contrast, exter-
nal green spaces and water bodies demonstrated a dual nature. First, they could generate 
a cumulative cooling effect when integrated with the park, significantly extending the 
cooling range (which was positively correlated with PCA). This synergy offers a potential 
optimization strategy for land-constrained cities. Second, by lowering the ambient tem-
perature, they reduced the temperature difference between the park and its surroundings, 
thereby diminishing the park’s relative cooling efficiency and intensity, as well as resi-
dents’ perception of the cooling gradient (negatively correlated with PCE, PCI, and PCG) 
[52]. These findings indicate that the cooling performance of parks does not occur in iso-
lation but emerges from close interaction with the surrounding environment. Therefore, 
to maximize cooling effectiveness, urban planning must shift from the conventional par-
adigm of creating large, isolated “nodes” with smooth boundaries towards a new ap-
proach that prioritizes morphologically complex, irregular green spaces that actively in-
tegrate with the wider urban matrix. 

4. Discussion 
4.1. Threshold of Cooling Efficiency in Urban Parks 

To determine the Threshold Value of Efficiency (TVoE)—a term we define as the 
point of diminishing returns for park scale—this study employed logarithmic curves to fit 
the relationships between park area and park perimeter (Figure 5). The slope of the fitted 
curve indicated that the efficiency threshold for park area was 29.91 hectares. Specifically, 
when park area exceeded 29.91 hectares, the increase in Park Cooling Area (PCA) was less 
than the increase in park area. The efficiency threshold for park perimeter was 69.00 km. 
The trend of the fitted curve between PCA and perimeter suggested that when park size 
surpasses a certain range, further expansion in area is not associated with a significant 
increase in the cooling area. This indicates that, from the perspective of PCA, very large 
parks may be less cost-effective than smaller parks. In this study, the fitted curves between 
urban park cooling extent and park area/perimeter exhibited relatively low confidence 
levels. Therefore, while this 29.91-hectare threshold provides a valuable reference, it 
should be interpreted cautiously as an indicative benchmark rather than a definitive limit, 
reflecting the general trend of cooling benefits amidst the observed statistical variations. 
On one hand, this might be influenced by the quantity and attributes of the research sam-
ples; on the other hand, it might be because factors such as park shape complexity (e.g., 
Landscape Shape Index, LSI) and the spatial distribution of internal vegetation and water 
bodies appear to be more closely linked to the variation in cooling effect. Future research 
should conduct further quantitative analysis on the relationship between urban park cool-
ing area and park area/perimeter to obtain more precise and compelling data, exploring 
the planning and layout principles for optimizing park cooling effects. This finding has 
transformative implications for urban park design, suggesting the need for a paradigm 
shift away from merely pursuing increases in area or perimeter. To maximize cooling cost-
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effectiveness, planning must prioritize morphological complexity over sheer size. This in-
volves creating spatial models of a “compact core + edge infiltration” and designing parks 
with high perimeter-to-area ratios and elongated, penetrating configurations that increase 
the interface with the urban fabric for enhanced thermal exchange. Furthermore, as dis-
cussed in our strategies, these parks should be interconnected via linear green infrastruc-
ture, such as green streets and tree-lined paths, to extend their cooling services deep into 
the city. These principles provide a new, evidence-based pathway for mitigating the urban 
heat island effect and enhancing urban livability. 

 

 

Figure 5. Relationship between the PCA and park areas well as park perimeter. 

4.2. Strategies for Optimizing Park Cooling Effects 

For all cities aiming to mitigate the urban heat island effect, our findings provide 
three clear directives for optimizing park cooling services: (1) regulating internal artificial 
constructions, (2) enhancing the ecological matrix, and (3) establishing a network of radi-
ating green infrastructure. This approach aims to jointly mitigate the urban heat island 
(UHI) effect through spatial morphological adjustments and biological community struc-
tural improvements. 

From the perspective of built environment management (Directive 1), it is necessary 
to address park boundary morphology and spatial geometric characteristics, the construc-
tion of buffers against high-density built-up areas, and the enhancement of blue-green 
infrastructure connectivity. 
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Regarding park boundary morphology and spatial geometric characteristics, the 
boundary fragmentation and high LSI values observed in some parks (e.g., CBD Park, LSI > 
3.0) in Table 4 suggest that edge effects should be carefully considered in planning. Alt-
hough complex boundaries facilitate the infiltration of cool air into the surroundings, they 
also intensify the intrusion of external heat flow [53]. Therefore, in optimizing the built 
environment, the integrity and compactness of the park’s core area should be maintained. 
By constructing a spatial model of “compact core + edge infiltration,” the stability of the 
internal cool island may be better supported while utilizing ventilation corridors to de-
liver cool air to surrounding high-density building areas (areas with building density > 
20% in Table 5). 

Regarding the construction of buffers against high-density built-up areas, some parks 
(e.g., Xiwen Park, Jialvyuan Park) were found to be surrounded by dense road networks 
(road density > 0.06) and building clusters, facing intense external thermal radiation stress. 
A multi-layered, three-dimensional protection system should be established at the park 
edges. This system would utilize vertical greening, sound-insulating and heat-insulating 
walls, or micro-topography treatments to mitigate heat conduction from the external 
hardscape environment [54,55]. Simultaneously, the construction intensity of internal ar-
tificial facilities should be controlled, the proportion of non-ecological hard paving should 
be strictly limited, and the application of permeable concrete and permeable bricks should 
be promoted to enhance the evaporative cooling potential of the surface. 

Regarding the enhancement of blue-green infrastructure connectivity, considering 
the differences in water body and green space ratios shown in Table 5, built environment 
interventions should aim to mitigate the park isolation effect. For parks with high sur-
rounding construction intensity and a lack of external water body support (e.g., Mituo 
Temple Park), linear landscapes such as green streets and tree-lined pedestrian paths 
should be constructed to physically connect them with city-scale wind corridors and the 
surrounding blue-green network, forming an integrated urban ventilation and cooling 
network. 

From the perspective of optimizing ecological substrates (Directive 2), it is essential 
to integrate scientific principles, spatial planning, and social equity. Firstly, priority 
should be given to the use of native tree species (e.g., Cinnamomum camphora, Ginkgo biloba) 
combined with multi-layered configurations of trees, shrubs, and grasses. Spatial arrange-
ments should be rationally designed based on functional zoning and pedestrian flow den-
sity; for instance, increasing tall canopy trees in high-activity areas to provide sufficient 
shading. Importantly, plant configuration must reflect social equity. In communities with 
pronounced heat island effects and low-income populations, high-transpiration and high-
shading plants (e.g., Platanus spp., Firmiana simplex) should be prioritized, while small 
green spaces and water bodies can be incorporated to extend the coverage of cooling ser-
vices. In summary, comprehensive approaches—such as strategic water layout, vertical 
greening, bamboo–grass combinations, and ecological corridor design—can significantly 
enhance the extent and quality of park cooling effects. These measures not only effectively 
mitigate heat but also balance ecological functions with landscape value, providing resi-
dents with a more comfortable and healthy urban environment, thereby contributing to 
improved urban livability and climate resilience. 

Finally, regarding the establishment of a radiating green network (Directive 3), our 
findings highlight the necessity of extending cooling services beyond park boundaries 
through green-treed streets and tree-lined paths that radiate out from the parks. These 
linear green infrastructures act as thermal conduits, delivering cool air from the park core 
into the surrounding dense urban fabric. By prioritizing mature tree canopies and pro-
tected bike lanes along these corridors, cities can effectively cool areas that lack the space 
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for even small pocket parks, thereby enhancing the overall thermal comfort and climate 
resilience of the entire city. 

4.3. Research Deficiencies and Prospects 

Focusing on the park cooling effect, this study quantified the influencing factors of 
the cooling effect, thereby providing a scientific basis for enhancing the cooling effect of 
urban parks and for their rational planning. However, the current research still has certain 
shortcomings and limitations. First, the land surface temperature (LST) data acquired 
from the Landsat 8 OLI_TIRS satellite have limited spatial resolution, resulting in rela-
tively low accuracy [56,57]. These resolution limitations may have a significant impact on 
the research findings; future studies should prioritize improving the spatial resolution of 
LST data. Furthermore, research on the diurnal variation in the park cooling effect is con-
strained by the detection and imaging time of satellite imagery, an aspect that could also 
be addressed and further optimized in future research. Additionally, it is important to 
acknowledge that our use of LST serves as a proxy for air temperature, and the 2D land-
scape metrics simplify the city’s complex 3D morphology. Our correlation-based ap-
proach is also exploratory and does not establish causality. Therefore, the results pre-
sented throughout this discussion should be interpreted as observed associations that 
warrant further mechanistic investigation. Finally, future studies should also consider fac-
tors such as seasonality, regional characteristics, and vegetation, conducting comparative 
or more refined investigations to advance research on the park cooling effect. This would 
contribute to mitigating the ecological impacts of rapid urbanization and global climate 
change, promoting the equitable distribution of public social resources, and enhancing 
residents’ physical and mental well-being and environmental livability. 

5. Conclusions 
This study employed Pearson correlation analysis to quantify the relationships be-

tween the cooling effect indicators of 18 urban parks in Hangzhou and their internal and 
external landscape characteristics. The aim was to explore the factors influencing park 
cooling effects, thereby providing a scientific basis for planning and design strategies to 
enhance urban ecological service resilience. The results revealed that all 18 parks exhibited 
significant cooling effects, with the cooling radiation distance extending several times be-
yond the park area. Furthermore, correlations between nine indicators—encompassing 
internal park landscape structure (park area, perimeter, green space ratio, water body ra-
tio, shape complexity, and vegetation growth status) and the surrounding environment 
(building density, road network density, and green space ratio)—and the cooling effects 
were quantified. The analysis demonstrated that both internal park characteristics and 
external environmental factors significantly influenced the cooling effect. These findings 
provide a scientific basis for optimizing the cooling performance of urban parks. It is sug-
gested that, within limited urban spaces, scientifically informed park planning and design 
can provide more equitable cooling services. This approach would help mitigate the 
threats posed by rapid urbanization and global climate change to residents’ well-being 
and livelihoods, thereby contributing to more livable urban environments. 

Specifically, to “scientifically inform park planning”, our findings provide two clear 
directives for cities like Hangzhou. First, to enhance the performance of existing parks, 
planners must prioritize morphological complexity over sheer size, designing parks with 
irregular boundaries and optimizing internal vegetation to boost cooling efficiency. Sec-
ond, to expand cooling services, the focus should be on developing a network of strategi-
cally placed, smaller-to-medium-sized parks, which our results suggest are more cost-ef-
fective, rather than concentrating resources on a few mega-parks. Adopting this dual 
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strategy of optimizing quality and expanding quantity offers a tangible pathway for any 
city to better mitigate urban heat. 
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