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Abstract: Urban areas with parks tend to have the best outdoor thermal comfort in regions with
high urban heat island effects during summer. This study analyzed the synergistic cooling effects
of 94 urban parks and the adjacent built-up areas in six districts of Xi’an City using four cooling
indicators: park cooling intensity (PCI), park cooling area (PCA), park cooling effect (PCE), and park
cooling gradient (PCG). The results showed that 84 out of 94 parks exhibited significant cooling
effects, with an average PCI of 1.98 ◦C, PCA of 51.7 ha, PCE of 6.6, and PCG of 8.2 ◦C/km. Correlation
analyses indicated that the intrinsic park attributes, external buffer zone building height, and building
density were the main factors affecting the cooling effect. The park landscape configuration, building
height, and density significantly influenced the PCI and PCG, while the park shape and size were
crucial for the PCA (positive) and PCE (negative). The optimal park areas for improving the thermal
environment were identified as 26 ha (cooling area focus, building density <13%) and 15 ha (cooling
intensity focus, building height <21 m, density >32%). This study provides theoretical guidance for
planning urban parks and the surrounding areas based on cooling effects, offering insights for future
climate resilience planning.

Keywords: urban park; cooling effect; urban form; land surface temperature; urban heat island;
urban plan

1. Introduction

Urbanization has increased urban heat waves, posing a significant threat to urban
residents’ health. High temperatures and the associated heat stress not only raise mortality
and morbidity rates among residents but also adversely impact mental health [1]. Fur-
thermore, urbanization has precipitated numerous ecological issues, including the urban
heat island phenomenon. Generally, urban areas experience higher temperatures than
rural areas, a phenomenon known as the urban heat island (UHI) effect [2–4]. Addressing
residents’ thermal comfort through surface temperature and humidity adjustments has
garnered considerable attention from the global scientific community and policymakers.

Effective urban planning can enhance the urban thermal environment and mitigate the
urban heat island effect. Various interventions exist to alleviate the UHI’s impact, among
which urban green spaces are recognized as sustainable cooling strategies. Urban parks, in-
tegral components of urban green spaces (UBGs), effectively alleviate urban heat stress [4,5].
As cooling agents, urban parks often exchange heat with surrounding urban areas, thus
enhancing the comfort of the urban thermal environment and mitigating the urban heat
island effect [6]. Parks provide cooling to urban areas in two ways. Firstly, by lowering
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the temperature inside the park and thus providing shelter from the heat, and secondly, by
cooling the area around the park. Previous studies have utilized various metrics, including
the park cooling intensity (PCI), cooling gradient (PCE), cooling area (PCA), and cooling
efficiency (PCG), to evaluate parks’ cooling effect [5]. Standard assessment methods, such
as the equal-area method and fixed-radius method, are widely employed [7].

Currently, the methods used to determine the surrounding area of a park and obtain the
cooling indicator are the fixed-radius method and the equal-area radius method. However,
these methods primarily quantify the cooling effect of urban parks based on the maximum
values, such as the maximum cooling distance and maximum cooling intensity [8,9],
which overlook the spatially nonlinear cooling effect of urban parks. To address this
limitation, the inflection point method is employed to explore the cooling effect from both
the maximum value and the cumulative value perspectives, thereby improving the accuracy
of determining the cooling distance.

Parks’ cooling effects are shaped by various factors, including the internal landscape
structure (such as the area, shape, location, and configuration), surrounding conditions
(such as buildings and land cover), local climate, and human activities [10–12]. Liao found
that doubling the park size can increase the PCII by 0.8 K [11]. Furthermore, the cooling
capacity of urban park green spaces is impacted by factors such as the park vegetation cover,
vegetation type, and sky view factor (SVF) of the surrounding urban built-up area [13–15].

While the impact of the surrounding landscape’s two-dimensional aspects on park
cooling has been extensively studied [5,16,17], the influence of three-dimensional buildings
on park cooling has received less attention. Han found that during extremely hot weather,
3D architectural metrics in the vicinity exert a more pronounced effect on park cooling
than 2D landscape metrics [12]. For instance, a study noted that green spaces around
Xi’an exhibit optimal cooling effects when the building density ranges between 0.2 and
0.3, and when the plot ratio is between 2.5 and 3 [18]. However, the precise extent of the
built environment’s influence within and around the park on its cooling effects and the
underlying mechanisms remains unclear.

Numerous scholars have explored the impact of the interaction between parks and the
surrounding buildings on the cooling effect. Gao found that parks significantly influence
the surrounding thermal environment, much more than the surroundings affect the parks
themselves [19]. Liang observed that internal park factors contribute over 50% of the
cooling effect across all the seasons [20]. Additionally, research indicates that increasing the
size of parks has a direct and significant cooling impact, whereas surrounding buildings
influence the cooling effect more indirectly by affecting cold air diffusion [21]. These
findings suggest that rational park design is crucial for enhancing the cooling effect.

Despite the cooling benefits provided by parks, their construction requires land ac-
quisition and capital investment, leading to inevitable carbon emissions. Unlike previous
studies, this research focuses on the design of parks and the optimization of the surrounding
land allocation to more effectively meet the diverse cooling needs of residents.

Research methods for quantifying the relationship between the cooling effectiveness
and the influencing factors in parks primarily rely on statistical modeling, such as cor-
relation analysis or linear regression. However, there needs to be more exploration of
the relative importance of cooling’s influencing factors and the common mechanisms of
action. Many studies have indicated a high degree of uncertainty regarding the influence
of indicator factors on the cooling effect. Nonlinear regression offers greater adaptability
in addressing complex problems and capturing intricate nonlinear relationships. Con-
sequently, this study employs a machine-learning approach, specifically the augmented
regression tree model, to analyze the influencing factors of cooling in parks, a method that
has yielded numerous results since its inception [12,22]. Utilizing a boosted regression tree
(BRT) provides a distinct advantage in quantifying the influence of internal and external
factors on the cooling effect in parks. Additionally, due to the study’s large sample size,
obtaining a targeted thermal environment improvement strategy takes time and effort.
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This study compiles data from 94 parks in Xi’an, the historical starting point of the
Silk Road, which has undergone rapid economic development and urban expansion [23].
The swift urbanization has amplified the heat stress and elevated the risk of high tempera-
tures [24]. In recent years, Xi’an has frequently experienced intolerably high temperatures
during summer, exacerbated by the windless conditions in the main urban area due to
the basin topography. Greening emerges as one of the limited optimization methods for
scorching weather [18], necessitating further research. This study aims to comprehensively
evaluate the cooling capacity of urban parks in Xi’an, analyze the influencing factors, and
quantify the impacts of internal and external factors on the thermal environment. The
objectives include (1) assessing the spatial distribution heterogeneity of cooling effects
in urban parks during extreme hot weather, (2) quantifying the influence of interactions
between urban parks, the surroundings, and the built environment on cooling effects using
Pearson’s correlation analysis and BRT, and (3) summarizing the optimal thresholds for
integrating internal and external indices under varying cooling needs. These findings will
provide valuable insights for future urban park planning and construction endeavors.

2. Materials and Methods
2.1. Research Framework and Data Resource

The study framework comprises four main steps (Figure 1):
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Figure 1. Methodological framework of this study.

(1) Data acquisition: The land surface temperature (LST) is used to assess the cooling
effect, and Landsat 8 satellite images equipped with a land imager (OLI) sensor and a
thermal infrared sensor (TIRS) are widely used for surface temperature retrieval [24–26]. In
this study, Landsat 8 OLI_TIRS images with minimal (<6%) cloud are downloaded through
the Geospatial Data Cloud “https://www.gscloud.cn (accessed on 2 August 2021)” were
used to obtain the land image, and the LST data are computed by the radiative transfer
equation (RTE) algorithm. Additionally, 2D and 3D spatial information about Xi’an City,
including the building contours and heights, are obtained through the Baidu Map Open
Platform and Baidu Street View Map, facilitating the calculation of urban spatial data such
as the building density and plot ratio [6]. Details are collated below (Table 1).

https://www.gscloud.cn
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Table 1. Data source and description.

Data Date Resolution Source

Landsat 8 OIL 2 August 2021 30 m https://www.gscloud.cn (accessed on 2 August 2021)
Building dataset 2021 Vector data https://lbsyun.baidu.com (accessed on 5 May 2021)

Park data 2020 Vector data List of parks in Xi’an City Xi’an Garden and Forestry Bureau
Meteorological data 2021 Vector data Xi’an Meteorological Bureau

Land cover data 2021 Vector data Changed data of the Third Land Survey of Xi’an Municipality
Administrative boundary 2021 Vector data National Geomatics Center of China

POI 2023 Vector data https://www.openstreetmap.org (accessed on 8 March 2023)

(2) Data preprocessing: The boundaries of 118 parks are obtained by combining the Baidu
API map and the Xi’an City Parks Directory, from which 94 parks meeting specific criteria are
selected. These criteria include a minimum park area of 1 ha, exclusion of smaller and scattered
parks to minimize the experimental error due to the Landsat-8 data resolution [11], absence of
adjacency to large water bodies to mitigate the influence on park cooling effects [10], and a
landscape morphology index (LSI) <3 to enhance the analysis accuracy [27]. The selected parks
are categorized into five types according to China’s urban green space classification standard
(CJJ/T85-2017) [28]: comprehensive parks, theme parks, community parks, amusement parks,
and heritage parks, based on their specific functions and sizes.

(3) Calculation of indicators and parameters: Four indicators—the PCI, PCA, PCE, and
PCG—are computed based on the park buffer zones. Ten potential factor characteristics are cat-
egorized into the park internal factors and the surrounding built environment factors (Table 2).

Table 2. Park and surrounding building indicators’ descriptions.

Categories of Indexes Impact Factors Description

Landscape composition character of
urban parks

Park_area Area of the urban park
Park_Perimeter Perimeter of the urban park

Park_LSI Degree of landscape shape complexity

Park_FVC*NDVIveg() Consideration is also given to quantifying the vegetation cover and
greenness of the park, with NDVIveg as the vegetated area

Park_water_rate Percentage of park water bodies

External environment factors of
urban parks

Buffer_FAR Building floor area ratio (FAR) within the park perimeter buffer zone
Buffer_MBH Mean building height within the park perimeter buffer zone

Buffer_BHSTD
Hi is the height of building i; Hmean is the average height of all the

average heights of buildings; n is the number of buildings; the standard
deviation of the building height

Buffer_BD Proportion of building footprint in the buffer zone to total buffer zone area

Buffer_SVF
Sky view factor, which indicates the amount of sky visible from the

ground at a given location and refers to the proportion of the sky that is
not obstructed by surrounding buildings

(4) Relationship exploration: Pearson correlation analysis and the BRT augmented
regression tree method are combined to explore the dominant factors and classify the parks
based on the cooling effect and thermal comfort indexes. A scientific park design scheme
can be planned by comparing the factor values across different classifications [29].

2.2. Study Area

As the geographic center of China, Xi’an is classified as a cold region in China’s
architectural thermal zoning. It has a continental monsoon climate with distinct cold and
warm seasons and an average annual temperature of 13.7 ◦C. Being one of the world’s
four great ancient capitals, Xi’an has served as the capital for 13 dynasties over the past
3000 years, and it is surrounded by mountains and plains of varying heights amidst its
flat topography. Despite being classified as a cold region in China’s architectural thermal
zoning, the frequency of scorching summer weather has increased in recent years. Also,
due to the basin’s topography, a low wind speed prevails in the main urban area all year
round. This terrain tends to accumulate heat and at the same time dissipate it more slowly,
which is particularly noticeable in hot summer weather, reaching a temperature of 42.9 ◦C

https://www.gscloud.cn
https://lbsyun.baidu.com
https://www.openstreetmap.org
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on 17 June 2006. During summer, the average wind speed is approximately 1.6 m/s, with
the dominant wind direction coming from the northeast. Therefore, green space becomes
one of the few ways to improve the thermal environment in Xi’an [10].

Unlike previous studies, this study concentrates on the effect of the internal and external
combined coupling of spatial features of urban parks on the cooling capacity. Due to the
considerable microclimate changes that can occur when the area is too large, this study centers
on the central urban area of Xi’an (Figure 2), i.e., Baqiao, Lianhu, Weiyang, Xincheng, Beilin,
and Yanta districts, which is less than 9% of the total area of Xi’an but has more than half of
the total resident population “http://tjj.xa.gov.cn (accessed on 31 May 2021)”.
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2.3. Method
2.3.1. LST Retrieval

For this study, extreme hot weather is defined as daily high temperatures exceeding
35 ◦C [30], persisting for seven days from 1 August to 7 August, according to the China
Meteorological Administration (CMA), with a peak of 39.1 ◦C.

Landsat 8 OLI_TIRS imagery from the Geospatial Data Cloud is showing a daily
maximum temperature of 39.1 ◦C, with minimal cloud cover (<6%) over the study area
“https://www.gscloud.cn (accessed on 2 August 2021)”. After the LST retrieval is com-
pleted, we calculate the normalized vegetation index (NDVI), vegetation cover (FVC)
and LST (land surface temperature). Meteorological data is sourced from the National
Meteorological Centre of China “http://data.cma.cn (accessed on 2 August 2021)” and
includes a mean temperature of 30 ◦C, with a maximum temperature of 39 ◦C, no rainfall,
a mean relative humidity of 63.5%, and a maximum wind speed of 5 m/s under light
breeze conditions.

Due to the unstable parameter settings of Landsat 8 OLI_TIRS, the single-window
algorithm cannot be applied to the summer weather in Xi’an with high water vapor content,
while the radiative transfer equation (RTE) algorithm can show higher accuracy with
higher water vapor content [31,32]. Thus, we choose the radiative transfer equation (RTE)
algorithm for the surface temperature retrieval, and the equation can be expressed as:

Lλ = [εB(Ts) + (1 − ε)L ↓]τ + L ↑ (1)

where Lλ is the thermal infrared radiation brightness value received by the satellite sensor;
L↑ is the atmospheric upward radiation brightness; L↓ is the energy reflected by the atmo-
spheric downward radiation after reaching the ground; Ts is the physical temperature of the
ground surface, and B(Ts) is the blackbody radiance. The atmospheric transmittance τ in
the thermal infrared wavelength band, the energy reflected by the atmospheric downward
radiation after reaching the ground, and the atmospheric upward radiation brightness, and

http://tjj.xa.gov.cn
https://www.gscloud.cn
http://data.cma.cn
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L↑ are obtained from the NASA “http://latmcor.gsfc.nasa.gov”. ε is the surface-specific
radiance calculated using the NDVI threshold method proposed by Sobrino.

According to the inverse function of Planck’s law, the black body radiance B(Ts) is
calculated as:

B(Ts) = [Lλ − L ↑ −τ(1 − ε)L ↓]/τε (2)

Finally, the LST can be obtained as a function of Planck’s formula:

Ts= K2/ln(K1/B(Ts) + 1) (3)

where K1 = 774.89 W/(m2·sr·µm) and K2 = 1321.08 K for band 10 of Landsat 8.

2.3.2. Quantification of Thermal Mitigation in Urban Parks

This study quantifies the thermal mitigation in urban parks using four metrics: park
cooling area (PCA), park cooling intensity (PCI), park cooling efficiency (PCE), and park
cooling gradient (PCG).

Analysis of the cooling curves indicates that the surface temperature increases with
the distance from the park edge, but the surface temperature difference decreases as the
distance increases to a certain critical value, and in most cases, the cooling distance is
limited to within 900 m [17]. Given that the spatial resolution of the surface temperature is
30 m, this study establishes a continuous 30 m buffer zones and uses polynomial fitting
to fit the cooling curves of the park at different distances under 300 m, 600 m, and 900
m buffer widths so that the most accurate correlations can be obtained (Figure 3). The
relationship between the temperature difference inside and outside the park and the
distance is determined using a third-degree polynomial.

T(L) = aL3 + bL2 + Cl + d (4)

where the independent variable L is the distance between the urban park boundary and the
buffer zone, and the dependent variable T(L) is the average surface temperature at distance
L from the urban park boundary.
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The average temperature within each buffer zone allows us to visually identify the first
decreasing inflection point in a series of temperatures, which determines the first time the
surface temperature of the buffer zone decreases with the cooling distance from the park [33].
We define the extent of the buffer zone from the inflection point to the park boundary as the
park cooling area (PCA) [5], with larger PCA values indicating that the cooling effect of the
park covers a wider range of the surrounding environment. The PCE is the proportion of
the PCA to the parking area, and it represents the cooling of a unit of park area efficiency.
The difference between the average temperature at the inflection point and the average
temperature inside the park is defined as the park cooling intensity PCI; the larger the PCI,

http://latmcor.gsfc.nasa.gov
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the faster the temperature inside the park decreases relative to the surrounding environment
of the park. The PCG is quantified as the ratio of the PCI to the maximum cooling distance.

PCI = ∆LST (5)

PCA = Smax (6)

PCE =
Smax

Spark
(7)

PCG =
∆LST

L
(8)

2.3.3. Factors Affecting Heat Mitigation in Urban Parks

This study selects ten factors that may simultaneously affect the thermal mitigation
of the park, encompassing five factors of the park itself and five factors of the park’s
surrounding built form. Specific descriptions are provided in Table 2, and the extent of the
surrounding built-up area in this study refers to the buffer area within the cooling distance.

Five indicator landscapes, namely area, PP, LSI, Park_FVC*NDVIveg, and Park_water_rate,
are used to describe the park’s structure [5,12]. The park area is mainly recognized as a factor
that significantly affects the thermal environment and the cooling capacity of the park [34]. The
landscape shape index (LSI) is used as an additional landscape metric in this study to assess the
configuration of green spaces. In addition, the NDVI and FVC alone do not represent vegetation
factors well, so Park_FVC*NDVIveg is used to consider both the vegetation cover and greenness
of the park [5], the symbol ”*” means multiplication, with FVC being the vegetation cover and
NDVIveg being the NDVI of the vegetated area. In addition, the ratio of the area of water bodies
in the park, Park_water_rate, is used to represent the park’s area ratio to the blue color landscape.
Water bodies are mapped using data from the 2017 Xi’an land change survey, including lakes,
rivers, and reservoirs.

Second, five urban form indicators (mean building height MBH, building density BD,
sky view factor SVF, floor area ratio FAR, and standard deviation mean of building height
BHSTD) are used to quantify the urban building form around the park [22,35,36], which can
comprehensively characterize the state of urban heat exchange and balance processes [10].
The MBH, BD, FAR, and BHSTD are calculated in ArcGIS10.6. The SVF is calculated using
C++ algorithmic language combined with ArcObiects programming.

2.3.4. Methods of Statistical Analysis

We initially used a Pearson correlation analysis to assess the linear relationship be-
tween the cooling indicators and the influencing factors. Recognizing that linear regression
may not capture complex nonlinear relationships, we further combined it with boosted
regression tree (BRT) modeling to determine the relative importance and marginal effects
of the independent variables. Multicollinearity between variables, while not affecting the
predictive power of the model, weakens the interpretability of the model. Hence, before
performing the correlation analysis and training and iterating the BRT model, we assess
the multicollinearity among the independent variables by the variance inflation factor (VIF)
test based on SPSS 25.0. The VIF test shows that all the independent variables have VIF
values below 5 (Table 3), confirming their suitability for the subsequent analysis.

The BRT model uses the “gem” and “dismal” packages in the R 4.3.0 to investigate the
effects of the park’s metrics and those of the surrounding buildings on urban cooling. Because
the cooling efficiency and cooling gradient are quadratically calculated from the cooling intensity
and cooling area, we choose the PCI, PCA, PCE and PCG as the primary cooling metrics to
measure the thermal mitigation of the park as dependent variables, and the independent
variables are ten internal and external park metrics. In this study, we set the learning rate
to 0.005, the tree complexity to 5, and the bagging fraction to 0.8, respectively. In addition,
the optimal model is determined by 10-fold cross-validation. The relative importance of each
independent variable is applied to determine its contribution to the PCI, PCA, PCE and PCG. At
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the same time, the partial correlation plot (PDP) [37] is used to characterize the marginal effects
of changes in the park cooling indicators with the five main influences. Combining importance
and marginal effects allows for assessment of the significance of variable impacts.

Table 3. VIF test of the urban morphology indicators.

Urban Morphology Indicator VIF

PCI PCA PCG PCE

Park_area 4.544 4.544 4.544 4.544

Park_Perimeter 4.725 4.725 4.725 4.725

Park_LSI 1.293 1.293 1.293 1.293

Park_FVC*NDVIveg (* means multiplication) 1.082 1.082 1.082 1.082

Park_water_rate 1.273 1.273 1.273 1.273

Buffer_FAR 1.524 1.524 1.524 1.524

Buffer_MBH 1.775 1.775 1.775 1.775

Buffer_BHSTD 1.971 1.971 1.971 1.971

Buffer_BD 1.938 1.938 1.938 1.938

Buffer_SVF 1.089 1.089 1.089 1.089

3. Results
3.1. Spatial Distribution of Thermal Mitigation Effects in Xi’an Urban Parks

According to the combined LST and hotspot analysis (excluding large water bodies outside
the parks) shown in Figure 4a,b, the LST distribution in the city of Xi’an in 2021 is characterized
by the following: the LST in Xi’an ranges from 21.7 ◦C to 52.7 ◦C, with an average LST of 36.3 ◦C.
Most of the parks in the study area are located in significant cold spot areas (p < 0.01), mainly
situated in blue–green landscape areas such as urban parks and rivers, which are typically
extraordinary islands in the city (Figure 4b). In contrast, hot spots are primarily concentrated in
densely populated urban residential and commercial areas. By further selecting Xingqinggong
Park and Changle Park to illustrate the distribution of the surface temperatures, it is clear that
there are significant cool spots within the parks (within the purple wireframe).
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Most parks exhibit significant cooling effects. However, 10 out of 94 parks are without
cooling effects (Figure 4c), which may be related to the internal landscape composition of
the parks and the morphological characteristics of the surrounding built-up areas [35]. The
average value of the PCI is 1.98 ◦C, with a range of 0.1–5.1 ◦C, and the average value of the
PCA is 51.7 ha (Figure 4d), with a range of 2.4–303.5 ha. The average value of the PCE is
6.6 (Figure 4f), which means that the average cooling area of a park is about 6.6 times its
own, with a range of 0.3–31.9, and the average value of the PCG is 8.2 ◦C/km, with a range
of 1.1–62.3 ◦C/km (Figure 4e).

The denser the surrounding buildings, the higher the cooling intensity of the parks,
with Revolution Park having the highest cooling intensity of 5.1 ◦C. In addition, it is found
that the cooling area increases with an increasing park area, with the Han Chang’an City
Ruins Park having the largest cooling area of 303.5 ha. The Daming Palace Ruins Park
has the highest cooling gradient of 62.3 ◦C/km. Larger park areas are associated with a
smaller PCE, while the West Park exhibits the highest cooling efficiency, with a cooling area
31.9 times larger than its own.

3.2. Influencing Factors of Thermal Mitigation Effects in Xi’an Urban Parks
3.2.1. Urban Park Factors without Cooling Effects

Based on Landsat 8-TIRS imagery from 2 August 2021, it is observed that ten parks
exhibit a land surface temperature (LST) slightly higher than their surrounding areas,
lacking a cold island effect. These parks encompass mixed-use, heritage, street, and theme
parks. Some of these parks have lower vegetation cover, resulting in a higher LST within
the parks compared to the surroundings. This may be attributed to higher green space
cover in the surrounding settlements, making these settlements the centers of cold islands
for external cooling. Additionally, the high percentage of hard, impervious surfaces within
certain parks leads to a higher park LST compared to the surrounding built-up areas,
preventing these parks from functioning as external cooling islands.

The average area, perimeter, landscape form index, vegetation cover, and water body
proportion of these parks are all lower, indicating smaller scales, more regular shapes, and
a predominance of impervious surfaces and structures. Externally, although the mean
building height (Buffer_MBH) around these parks is higher, the lower building density
(Buffer_BD) results in dispersed buildings that fail to form effective ventilation corridors to
enhance cold air diffusion. Consequently, some parks have an internal LST higher than the
surrounding built-up areas, failing to provide external cooling. Certain parks also have
high building density but low building heights, hindering cold air diffusion within the
parks [38].

3.2.2. Analysis of Drivers of Urban Parks with Thermal Mitigation Effects

Pearson correlation analysis is performed using SPSS 25.0 to analyze the cooling effect
of 84 urban parks (Figure 5). Both the park area and perimeter significantly enhance the
PCA and PCG but are negatively correlated with the PCE, suggesting that the smaller the
park size, the better the economic benefits. Park_LSI shows that although the complex
shape of the park has a higher PCE, it likewise lead to a smaller PCI and PCG, and the
proportion of vegetation and the proportion of water in the park has a significant positive
correlation (p < 0.01) with the PCI and PCG, suggesting that a rich layer of vegetation and
water cover in the park would enhance the cooling effect. This suggests that rich vegetation
levels and water body cover in the park would enhance the cooling effect.

In terms of the peripheral buffer zone indicators, only the building density, building
height, and SVF are significantly correlated with the cooling indicators, and the PCI and
PCG are negatively correlated with the building height and positively correlated with the
building density, indicating that the location of the parks also has a certain effect on the
cooling effect. Urban parks located in dense low-rise building areas can provide higher
cooling intensities and more economical cooling intensities per unit. Additionally, the
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SVF is positively correlated with the PCA, which suggests that the more open the park is
between buildings, the greater the cooling area.

Land 2024, 13, x FOR PEER REVIEW 10 of 17 
 

Based on Landsat 8-TIRS imagery from 2 August 2021, it is observed that ten parks 
exhibit a land surface temperature (LST) slightly higher than their surrounding areas, 
lacking a cold island effect. These parks encompass mixed-use, heritage, street, and theme 
parks. Some of these parks have lower vegetation cover, resulting in a higher LST within 
the parks compared to the surroundings. This may be aĴributed to higher green space 
cover in the surrounding seĴlements, making these seĴlements the centers of cold islands 
for external cooling. Additionally, the high percentage of hard, impervious surfaces 
within certain parks leads to a higher park LST compared to the surrounding built-up 
areas, preventing these parks from functioning as external cooling islands. 

The average area, perimeter, landscape form index, vegetation cover, and water body 
proportion of these parks are all lower, indicating smaller scales, more regular shapes, 
and a predominance of impervious surfaces and structures. Externally, although the mean 
building height (Buffer_MBH) around these parks is higher, the lower building density 
(Buffer_BD) results in dispersed buildings that fail to form effective ventilation corridors 
to enhance cold air diffusion. Consequently, some parks have an internal LST higher than 
the surrounding built-up areas, failing to provide external cooling. Certain parks also have 
high building density but low building heights, hindering cold air diffusion within the 
parks [38]. 

3.2.2. Analysis of Drivers of Urban Parks with Thermal Mitigation Effects 
Pearson correlation analysis is performed using SPSS 25.0 to analyze the cooling ef-

fect of 84 urban parks (Figure 5). Both the park area and perimeter significantly enhance 
the PCA and PCG but are negatively correlated with the PCE, suggesting that the smaller 
the park size, the beĴer the economic benefits. Park_LSI shows that although the complex 
shape of the park has a higher PCE, it likewise lead to a smaller PCI and PCG, and the 
proportion of vegetation and the proportion of water in the park has a significant positive 
correlation (p < 0.01) with the PCI and PCG, suggesting that a rich layer of vegetation and 
water cover in the park would enhance the cooling effect. This suggests that rich vegeta-
tion levels and water body cover in the park would enhance the cooling effect. 

In terms of the peripheral buffer zone indicators, only the building density, building 
height, and SVF are significantly correlated with the cooling indicators, and the PCI and 
PCG are negatively correlated with the building height and positively correlated with the 
building density, indicating that the location of the parks also has a certain effect on the 
cooling effect. Urban parks located in dense low-rise building areas can provide higher 
cooling intensities and more economical cooling intensities per unit. Additionally, the SVF 
is positively correlated with the PCA, which suggests that the more open the park is be-
tween buildings, the greater the cooling area. 

 
Figure 5. Correlation analysis of the park thermal mitigation indicators and influencing factors (*** 
p < 0.001 ** p < 0.01 * p < 0.05). 
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3.3. Marginal Effects of Different Metrics on Thermal Mitigation in Xi’an Urban Parks

The relative importance of ten in-park and out-of-park factors in relation to the PCI,
PCA, PCE and PCG is explored using the BRT method (Figure 6). The coefficients of
determination (R2) for the four indicators are 0.565, 0.761, 0.447, and 0.588. respectively,
meeting the prediction accuracy requirements. The results show that the top four key
influencing factors for the PCI, PCA, PCE and PCG differ under extreme heat.
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Overall, the intrinsic park attributes and surrounding buffer zone building heights
and building densities are the main drivers affecting the PCI and PCG park cooling metrics,
with a relative importance of over 60%. The park area is the main determinant affecting
the PCE, with the relative importance of this indicator approaching 48%. The park area
and park perimeter are the main factors affecting the PCA, with their relative importance
exceeding 64%. Specifically, an increase in the park size leads to an increase in the area
of internal cooling sources, resulting in an increased capacity to absorb heat. Different
combinations of rows and heights of surrounding buildings change the roughness of the
ground surface, impeding the infiltration and diffusion of cool air. It is worth noting that
in our study, the factors that significantly contribute to the PCE coincide with a decrease
in the PCI and PCG. This is consistent with studies conducted in Shenzhen [5], where the
cooling effect diminishes with an increasing cooling distance.
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To further explore the influence of these urban characteristics on the cooling effect,
the PDP was used to reveal the complex pattern of correlation between them. The figure
shows the one-factor PDP of the first four urban characteristics on the cooling indicator
(Figure 7). When the park area exceeds 22 ha, the curve is almost unchanged due to the
small amount of data; therefore, this part of the curve will not be discussed due to the
relatively low confidence level.
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From the correlation and significance analyses described above, it can be seen that
the intrinsic park attributes (Park_area, Park_Perimeter, Park_LSI, Park_FVC*NDVIveg,
Park_water_rate) and the peripheral buffer factors (Buffer_BD and Buffer_MBH) can both
significantly influence the cooling effect. The park area is generally positively correlated
with the PCI, PCA and PCG, and negatively correlated with the PCE. When the park area
increases, the PCI, PCA, and PCG increase sharply, and the thresholds reached by the three
are 15, 26, and 24 ha, respectively. The PCI reaches a plateau much faster than the PCA and
PCG. At the same time, the PCE decreases sharply with the increase in park area, with the
threshold value being 13 ha, indicating that parks with smaller areas are more economically
efficient. The PCA increases with the increase in the park perimeter, and when the park
perimeter reaches 2100 m, the PCA stabilizes at 47.3 ha. In addition to this, an increase
in the park’s perimeter and LSI can enhance the PCA and PCE, respectively. The larger
the perimeter, the greater the contact area for heat exchange between the park and the
periphery. Similarly, the more fragmented the park, the higher the PCE. The proportions of
vegetation and water bodies in the park are positively correlated with the cooling index,
with the thresholds for vegetation and water bodies at 49% and 5%, respectively.
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On the other hand, the building height and building density show a logarithmic
relationship with the PCI and PCG, with the PCI and PCG increasing sharply when
Buffer_BD is between 13% and 32%, while both the PCI and PCG decrease sharply when
building height is between 21 and 54 m. This suggests that parks arranged near low-rise,
dense building clusters of less than seven stories can provide better cooling. Due to the
weak correlation between Buffer_SVF, Buffer_FAR, and Buffer_BHSTD and the cooling
effect index of parks, the curve trends and thresholds of these factors are not discussed in
this study.

4. Discussion
4.1. Selection of Internal Park Metrics and External Building Metrics

Numerous studies have investigated the independent influence of two-dimensional
landscapes inside or around parks on the cooling effect. However, related studies have
shown that peripheral three-dimensional buildings have a more significant impact on the
cooling effect than two-dimensional landscapes under extreme weather conditions [10].
In this study, five internal metrics (area, perimeter, landscape morphology index, vegeta-
tion cover, and percentage of water bodies) and five peripheral architectural indicators
(Buffer_BD, Buffer_MBH, Buffer_SVF, Buffer_FAR, Buffer_BHSTD) are utilized to inves-
tigate the combined influence of internal and external factors on the thermal mitigation
effect of parks.

The landscape metrics can be categorized into composition (e.g., Park_water_rate
and Park_FVC*NDVIveg) and configuration (e.g., perimeter and LSI). These metrics are
integrated to measure the park composition and spatial morphology. Additionally, unlike
two-dimensional landscapes, urban form indicators (Buffer_BD, Buffer_MBH, Buffer_SVF,
Buffer_FAR, Buffer_BHSTD) are utilized to describe the built form, comprehensively re-
sponding to the balancing process of urban energy [12].

4.2. Influence of Internal and External Factors on Thermal Mitigation in Urban Parks

In this study, the thermal mitigation effect of urban parks in Xi’an is investigated using
the PCI, PCA, PCE, and PCG, revealing that the thermal mitigation effect of urban parks is
influenced by both intrinsic and extrinsic factors [9,32]. Eighty-four out of ninety-four parks
exhibited a cooling effect. The LST increased with the increase in cooling and began to
decrease or remain stable after a certain distance, consistent with previous studies [5,16,17].

Compared to Chen’s study [16], this study finds that the parks have higher PCE
values and lower PCA, PCG, and PCI values, which may be related to the limited sample
selection of Wuhan community parks. Studies indicate that the complex shape of urban
parks significantly affects the PCA [39]. An elevated perimeter expands the contact area
for heat exchange between the park and the surrounding built-up areas (e.g., buildings,
impermeable surfaces), generating more dispersed and fragmented greenfield patches,
which effectively exchanges heat more deeply into the heat island areas within the multiple
surrounding densely packed building clusters [40,41]. Thus, extending greenery and water
bodies into surrounding built-up areas through green space corridors and landscaped
strips can provide comfortable thermal environments and increase the park’s cooling range.
Additionally, this study based on the PDP analysis not only explored the area with the
highest PCI but also illustrated the threshold size of urban parks, which require the smallest
park area to achieve the maximum PCI compared to the PCA and PCG, suggesting that the
parks have a much greater impact on their surroundings than the surroundings have on
the parks themselves, which is consistent with Gao’s finding [10] that when the PCI reaches
the maximum value and remains constant, the cooling effect produced by the park requires
a larger park area to penetrate the external built environment to reach the PCA threshold.

Three-dimensional buildings around the park alter its energy balance pattern, affecting
the LST and causing the park to exhibit varying cooling capacities [12]. This study also
finds that the floor area ratio (FAR) has little effect on the cooling effect, consistent with
the findings of Li’s study and Yuan’s study [35,36]. In this study, buildings with a higher
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FAR occupy a larger floor area and often become heat sources in the city, but the building
density has an inverse effect on the cooling effect, decreasing the FAR’s impact on the
cooling effect. Furthermore, when the FAR exceeds a critical value, building shadows
from higher structures counteract the cooling effect of the park. The influence of the sky
view factor (SVF) on the cooling effect is also low. The SVF characterizes the area share
of the sky viewable area, possibly due to the small spatial parallax and the exclusion of
external vegetation influence in this study’s SVF calculation, consistent with Yuan and
Han’s results [12,36].

4.3. How to Plan and Design Urban Parks and the Surrounding Built Environment Can Achieve
the Best Thermal Mitigation Effect

Previous studies have concentrated on the impact of the internal landscape or external
landscape on the cooling effect of parks. However, the heat exchange between the internal
and external environments of parks is ongoing and thus cannot be separated for a separate
discussion. Our study further demonstrates the interactions between urban parks and
the surrounding built environment, underscoring the importance of considering the park
layout and surrounding urban development in urban planning. Several studies have
developed comprehensive assessment frameworks for park cooling effects, focusing on
aspects like park accessibility, urban development, and climate enhancement [16,42,43].

As the construction of parks involves economic investment and the constraints of tight
urban land use, it is not feasible to blindly expand the scale of parks, and builders need to
consider how to rationally allocate resources in the most economical way to achieve the
best cooling effect. For instance, a small park with an area of 5 ha is sufficient to produce
the same cooling effect as a large park. If the decision maker wishes to emphasize the
cooling efficiency per unit area of the park, then a medium-sized park of up to 13 ha should
be built, or a large park of at least 26 ha should be built if it is desired to radiate out to a
larger surrounding area.

Although it is not possible to enhance the cooling effect by directly lowering the
internal temperature of the park by adjusting the configuration of the park’s external
buildings, it is possible to change the surface temperature of the park’s peripheral area
by influencing the diffusion of cold air, thus producing a different cooling effect [44]. A
sparse arrangement of high-rise buildings is more conducive to the diffusion of the cooling
effect, whereas an arrangement with an average number of floors of less than seven and a
building density of 32% is more conducive to the park’s external concentration of cooling.

The optimal configuration of both the park and the surrounding buildings can be
determined by quantifying the park’s cooling effect. However, further research is required
to explore the interaction between the cooling effects of the park and the surrounding build-
ings. In urban planning, development, and construction, it is often necessary to combining
urban land units’ functionally while adhering to various land use and architectural control
guidelines. This underscores the necessity of integrating the cooling effects of the parks
with those of the surrounding building configurations [21] to maximize the overall cooling
efficiency and ensure the optimal arrangement of buildings within different urban units.

Due to the decision-making processes of local governments and the variability of
urban planning land use standards, it is often challenging to prioritize the maximization of
cooling effects in urban park design while simultaneously coordinating the surrounding
land use attributes. This results in certain limitations in practical design practices.

4.4. Limitations and Future Research

This paper employs the inflection point method to assess the cooling indices of urban
parks. Variations in the measurement approaches for park cooling effects can yield differing
results, and the current methods lack a definitive criterion for defining the cooling distance.
To address this limitation, polynomial fitting is applied to model the cooling curves of
parks at buffer widths of 300 m, 600 m, and 900 m, aiming to establish the most accurate
relationship between the cooling distance and the four calculated cooling metrics. However,
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the point at which the cooling effect becomes negligible is often not sufficiently distinct,
necessitating further consideration of the potential impact of the surrounding landscape on
the cooling effect measurements.

This study has several limitations. The spatial composition indicators within the
park, such as the 3D landscape features (topography, structures), still needed further
development. The 30 m resolution Landsat images employed in this study do not permit
the depiction of smaller greenspaces, and the limited number of images may lead to a
restricted representation when using a single image to depict extreme thermal values. The
absence of finer remote-sensing data constrains the resolution of the raw data, consequently
affecting the results presented in this paper. Efforts will be made in future research to
enhance the quality and resolution of the data to improve the results’ accuracy. To mitigate
the impacts of water bodies, urban parks in close proximity to large water bodies are
excluded. Consequently, the number of selected urban parks (94) is relatively limited, and
the cooling metrics and impact factor thresholds might differ if a larger number of urban
parks were considered. Additionally, expanding the sample size of parks considered in
this study might have highlighted the impact of water bodies within parks on enhancing
the park thermal environments. Finally, this study primarily focuses on the effect of
extreme daytime heat on the park cooling effectiveness without considering variations in
the daytime and nighttime weather, which could be explored further to understand diurnal
variations.

In future studies, additional factors affecting the park’s cooling capacity should be
considered, such as the overall wind direction, tree shade within the park, shadows from
surrounding buildings, and local microclimatic variations. Additionally, the influence of
socio-economic and cultural factors, such as the urban GDP, population density, and road
density, and other relevant indicators on the cooling effect will be analyzed in subsequent
studies to achieve a more comprehensive analysis.

5. Conclusions

This study analyzed 94 parks and green spaces in Xi’an to quantify the park cooling
using Landsat 8 imagery and the BRT machine-learning algorithm. The objective was
to explore the spatial and temporal distribution variability of park heat islands during
extremely hot weather, aiming to enhance understanding of the spatial interaction mecha-
nisms of the park cooling capacity. The results are as follows. Eighty-four out of ninety-four
parks exhibited significant cooling effects, with an average park cooling intensity (PCI) of
1.98 ◦C, a park cooling area (PCA) of 51.7 ha, a park cooling efficiency (PCE) of 6.6, and
a park cooling gradient (PCG) of 8.2 ◦C/km, respectively. The correlation analyses and
relative importance results indicated that the parks’ intrinsic attributes, external buffer
zone building height and density were the primary factors influencing the cooling effec-
tiveness. It was found that the influencing factors varied considerably for different cooling
indices of the parks. Generally, the park landscape configuration (percentage of water
bodies and vegetation) and external buffer zone building heights and densities significantly
influenced the PCI and PCG, while the park shape and size were the most important factors
controlling for the PCA (positive influence) and PCE (negative impact). Additionally, based
on the partial dependency diagram (PDP), it was calculated that the optimal park area
to improve the thermal environment by focusing on the cooling area is 26 ha, with the
building density around the park being less than 13%. The optimal park area to improve the
thermal environment by focusing on the cooling intensity is 15 ha, with vegetation cover
exceeding 49%, average building height around the park being less than 21 m, and building
density being 32%. This study emphasized the complexity of the cooling capacity in urban
parks, highlighting the importance of considering the internal topography and building
shading effects in future research to further understand the impact on the park cooling
capacity. These findings contribute to a more comprehensive understanding of the role of
parks in improving the urban thermal environment. They are pertinent to urban-scale park
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planning, facilitating the creation of layout strategies for parks and neighboring building
complexes to enhance the cooling capacity.
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