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Abstract

As the oasis area in the city, urban park plays an extremely prominent role in the regulation and improvement of the urban
ecological environment, especially the local thermal environment, and has become one of the significant ways to reduce the
urban heat island (UHI) effect. Our study comprehensively considers the maximum cooling distance and spatial continuity
of urban parks, takes 30 parks in Hangzhou, and analyzed their influencing factors to comprehensively explore the park cool-
ing effect. The results showed that the land cover shifted drastically during 2000-2020, and the built-up land area increased
greatly, which aggravated the UHI effect. The high UHI value of Hangzhou was concentrated in the city center and presented
a spreading trend from north to south. Different types of urban parks presented different cold island effects, with comprehen-
sive parks and ecological parks having the largest cooling area, and community parks exhibit better accumulative cooling
effect. In addition, the park’s own characteristics (perimeter, area, shape index) and inner and surrounding landscapes were
significantly correlated with the park’s cooling effect (park cooling area and park cooling efficiency). Our study comprehen-
sively considered the cooling effect of parks from the maximum and accumulative perspectives and provides theoretical and
practical guidance for the construction and planning of urban parks, thereby enhancing the well-being of urban residents.

Keywords LST - Cooling island effect - Urban parks - Park cooling intensity - Hangzhou

Introduction

Global urbanization continues to accelerate, and urban envi-
ronmental problems become increasingly prominent, among
which the urban heat island (UHI) effect is the most sig-
nificant (Degirmenci et al. 2021). The UHI has a profound
impact on urban microclimate, air quality, and public health
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(Zak et al. 2020). Therefore, the UHI effect has become the
focus of the scientific community, managers, and even the
public (Akkose et al. 2021). Numerous studies have shown
that the UHI effect is affected by rapid urban development,
geographical location, climate change, urban landscape
types, and landscape pattern characteristics (El-Hattab et al.
2018). With the further research on the UHI effect, the “cold
island” formed by the urban park composed of water and
green vegetation is considered to be one of the significant
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ways to alleviate the UHI effect and improve the geothermal
environment of the urban bureau (Peng et al. 2021). How
to adapt and mitigate the UHI effect by using blue-green
landscape is an urgent question to be answered.

The urban cold island (UCI) effect develops gradu-
ally with the deepening of the research on the UHI effect.
Within an UHI, there are scattered areas of cold spots that
are significantly cooler than the surrounding environment,
a phenomenon known as the UCI (Park et al. 2019). Chin-
chilla et al. (2021) found that healthy urban trees have a
better UCI effect on the surrounding area. Chibuike et al.
(2018) assessed the UCI effect of green parks on the urban
microclimate, and the UCI effect of urban parks has the
characteristics of distance attenuation. The spatial form of
urban wetland (such as size, shape, and hydrological con-
nectivity) has different UCI effects, and the cooling inten-
sity increases logarithmically with the increase of wetland
area (Vidrih and Medved 2013). Green spaces and water
bodies in urban parks, or a combination of the two, are the
most cardinal sources of cold water in cities. At present,
relevant scholars have verified that urban parks could alle-
viate the UHI phenomenon to a certain extent. The results
of Peng et al. (2021) and Chibuike et al. (2018) all showed
that there was a linear relationship between the land surface
temperature (LST) inside urban parks and the distance to
the park boundary. Moreover, the UCI effect of urban parks
generally includes the evaluation and monitoring of the UCI
effect (Lin et al. 2015), the identification of the influencing
factors (Peng et al. 2021), and the planning and design of
parks under the guidance of the UCI effect (Sugawara et al.
2021). Therefore, how to effectively evaluate the UCI effect
of parks is a key step.

In recent years, researchers from different countries have
explored the UCI effect of urban parks (Degirmenci et al.
2021). In the identification of urban land surface thermal
environment, remote sensing satellites are mainly used to
obtain the spatial distribution of land surface temperature
(LST) in one year or in a long time series (Taloor et al. 2021;
Peres et al. 2018). Data products mainly include Landsat
images, MODIS data, Sentinel, Terra, Aqua, environmen-
tal satellites, and other data products (Chen 2020; Li et al.
2017). The spatial resolution of thermal infrared sensors
ranges from 60 m (ETM +) to 25 km (IASI) (Wang et al.
2020). The TM/ETM + /TIRS sensor on the Landsat-5/7/8
satellite images has a relatively high spatial resolution and
short reentry period (16 days) and is widely applied in LST
monitoring (Nikam et al. 2016). In the research of quanti-
fying the UCI effect of parks, there are many indicators to
evaluate the UCI effect of parks, focusing on the cooling
intensity of parks to evaluate the thermal difference between
parks and their surrounding environment (Peng et al. 2021;
Lin et al. 2015). In addition, scholars added distance vari-
ables to measure the UCI effect of parks (Feyisa et al. 2014).
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On the basis of analyzing the influencing factors of UCI
effect, the structural factors such as park area, perimeter,
proportion of green area, and proportion of water area were
covered (Chen et al. 2021; Lu et al. 2017).

Although the calculation methods for the UCI effect of urban
parks are different, those studies are all focused on exploring
the maximum impact distance of park cooling (Sugawara et al.
2021). That is, with the park as the core, analyze the park’s
maximum cooling area, maximum cooling distance, etc., so
as to effectively identify the area with the maximum cooling
area affected by the park (Lin et al. 2017). However, some
scholars pointed out that the cooling effect of urban parks
was continuous rather than discrete in space, so the maximum
impact index could not fully describe the spatial changes of
urban parks around LST (Toparlar et al. 2018). Thus, it is
necessary to evaluate the cooling effect from the perspective
of spatial accumulation, that is, to analyze the spatial continuity
of cooling effect outside urban parks. Since the geographical
distribution of urban parks is directly related to the types of
surrounding land use, such as expensive land in urban centers
and many high-rise buildings (Li et al. 2021), theme parks and
community parks with smaller areas are mostly distributed.
The urban suburbs are rich in land resources, and there are
many comprehensive parks and ecological parks with large
distribution areas (Peng et al. 2021; Lin et al. 2015). Therefore,
the UCI effect of urban parks is closely related to the types
of surrounding land use, and it is necessary to explore the
maximum and accumulative effect of the UCI effect of urban
parks from the perspective of different urban park types.
Furthermore, the current research on Hangzhou’s UCI effect
focuses on the impact of urban internal landscape composition
and buildings on UHIs or UCIs (Hou and Estoque 2020), and
less attention is paid to urban parks with significant cooling
effects. Therefore, our study linked the maximum and the
accumulative perspectives to comprehensively evaluate the
cooling effect of Hangzhou city parks.

Hangzhou, a central city in the Yangtze River Delta
region, has been rated as the happiest city in China for
13 consecutive years. However, rapid urbanization and
industrialization have put great pressure on the local eco-
logical environment, especially the UHI is the most prom-
inent in Hangzhou (Hou and Estoque 2020; Yue et al.
2019). Given to improve the quality of urban ecological
environment and residents’ well-being, Hangzhou has
made great efforts to build urban parks. Therefore, our
study takes the urban area of Hangzhou as the research
object and comprehensively measures the cooling effect
of urban parks. Specifically, the main objectives of this
study are (1) to reveal the spatiotemporal distribution of
land cover (LC) changes and UHI effect in Hangzhou, (2)
to analyze the UCI effect of urban parks from the perspec-
tive of the maximum and accumulative perspectives, and
(3) to identify the influencing factors of the UCI effect of
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urban parks. It is expected to provide guidance for allevi-
ating the UHI effect of Hangzhou, scientifically planning
the rational layout of urban park landscape.

Study area

Hangzhou is located on the southeast coast of China, on
the southern edge of the Yangtze River Delta. Hangzhou
has a subtropical monsoon climate with four distinct
seasons and abundant rainfall (Gou et al. 2019). This
research area is the urban area of Hangzhou, including
8 municipal districts (Lin’an and Fuyang districts with
extensive forest coverage were screened out) (Fig. 1).
Hangzhou is the political, economic, cultural, educa-
tional, transportation, and financial center of Zhejiang
province and one of the central cities in the Yangtze River
Delta city cluster. Hangzhou’s urbanization rate reached
78.5% in 2020. The built-up area increased from 177.18
km? in 2000 to 648.46 km? in 2019, and the population
density reached 1100 (person/sq. km).

Data and methods
Analysis framework of UCI effect

As shown in Fig. 2, the study revealed the UHI effect in
the urban area of Hangzhou by using multi-phase Landsat
image data. Based on the image of UHI effect in 2020, 30
parks were selected from 248 urban parks based on maxi-
mum and accumulative perspectives to analyze the UCI
effect of urban parks and explore its influencing factors.

Data and data processing

Our study used Landsat series data to carry out tempera-
ture inversion in Hangzhou urban area, and all Landsat data
were downloaded from the USGS (http://glovis.usgs.gov).
The urban area of Hangzhou mainly involved a scene image
(119-39). The 21-year images of Landsat-5 TM, Landsat-7
ETM +, and Landsat-8 OLI/TIRS from 2000 to 2020 were
selected, and the image time was concentrated at around 12
o’clock in June, July, and August, during which the tem-
perature rose, which could better reflect the LST. However,
in the process of practical operation, the images of 2001,
2007, 2012, 2016, 2018, and 2019 were clouded in June to
August, so the temperature inversion could not be completed
and they were eliminated. Finally, the paper only carried out
temperature inversion for the image data of 15 periods. The
detailed information of the 15-stage image data is shown in
Table Al. In this study, we mainly focused on the changing
trend of different grades of UHI. Therefore, the LST layer
was divided into five grades (low, sublow, medium, subhigh,
and high) by the natural breakpoint method.

To verify the LST results, we combined MOD11A?2 prod-
uct and the LST data recorded on the surface to verify it. The
MOD11A2 LST data products (Spatial resolution is 250 m)
are collected from LAADS DAAC (https://ladsweb.modaps.
eosdis.nasa.gov). The measured data on the surface comes
from the Hangzhou Meteorological Bureau (https://www.
hzqgx.com). First, we randomly sampled 1500 random points
in the study area, obtained 599 effective points (deleted some
random points with null values), extracted the values of the
inverted LST layer and MOD11A2 layer at each point, and
compare the values of the two (Peres et al. 2018). As shown
in Fig. 3a, The LST variation trend of Landsat image inver-
sion is basically consistent with that of the MOD11A2 prod-
uct. In addition, there is a significant correlation between the

Fig.1 Location of the study
area. a Location of Zhejiang
province in China. b Location
of the city of Hangzhou in
Zhejiang province. ¢ Overview
of the Hangzhou in a Landsat 8
OLI image taken in 2013 with
a false color composite (which
three bands (763) vs. RGB).
(1) Yuhang District, (2) Xihu

District, (3) Gongshu District,
(4) Shangcheng, (5) Xiacheng (b)
District, (6) Jianggan District,
(7) Binjiang District, (8) Xia-
oshan District

Zhejiang province
,Rf\"’ A,

@ Springer


http://glovis.usgs.gov
https://ladsweb.modaps.eosdis.nasa.gov
https://ladsweb.modaps.eosdis.nasa.gov
https://www.hzqx.com
https://www.hzqx.com

80934

Environmental Science and Pollution Research (2023) 30:80931-80944

e —————————— e

—_—

- ~
/ ’ \\
{ Types of urban parks :

|
! |:>: l Comprehensive parks | :
_ |
Landsat-5TM | [ Community parks | I
Landsat-7 ETM+ T | |
Landsat-8 ooy—— : ‘ Historical parks | |
AT I
OLVTIRS . | | Theme parks | |
Urban heat island effect | I
\ \ Ecological parks | /
Sl L 7
' {
Urban park cold island effect e — N

\
I‘ [
! |
|
|
! |
! |
|
|
! I
| |
| |
! |
. . L \
: ) i A Based on Google I | :
IS Mg ., Earth map, Baidu map : | |
: S - ) Y L and Gaode map, we | : \ Park cooling area (PCA) ‘ :
g R, e N | - -
| IR Bt ARy se.:lected 248 parks | : | Park cooling efficiency (PCE) | |
: S Y o ’ 4 F with an area greater | | |
! s 0‘? Dl 5 than 1hm. I | ‘ Park cooling intensity (PCI) ‘ :
[ o T l
: —— 5 ‘\j/.," - . : l\’\ Park cooling gradient (PCG) ‘ ;
[ Theme parks 3 b I T —————
: [ Historical parks i { A l @
| . Ecological parks o < . | ~TTTTT T T T T T T T T ~
| [ Community parks . b E | / \\
| cmpretensive parks \"o 0im : I’ Influencing Factors of Cold |
: =Sy E— § | | Island Effect in Parks :
| |
|
— | - |
: Based on the i I : [ Perimeter | | SHDI | |
o . |
| pr1nc1p1e§ of um.form - } : [ Arca | l SHEI | |
\ space distribution, e paiis | | |
\\ large park area and Historical parks 4 | [ LsI | l NDWI | |
\ appropriate distance -(Lf;"“‘:;;“f:\p:ﬁ N : [ pD ][ 18A | :
\ between parks, 30 W Comprehensive parks . - | |
\ ’ e Al | [NDVI*FVC ]
N parks were selected S l - )
N \ !
N N ape index y,
\\ ______________________________________ N -~
Fig.2 Research framework of UCI effect
Fig. 3 Comparison of the 5 60 @ " T —— 35 ®)
results of retrieved LSTs from =~ verage LST value from Landsat images o -
. . 252 b Average LST value from MOD11A2 o 0.8
Landsat thermal images with E bl e
those from MODIS LST prod- - k L I | | dﬂ “ MR
uct and ground true data (°C) _§ T lﬂ l* bl Y ‘| l I - 07392 + 6764
3 =0. +6.
£ 36 [ u \ l |. 1 \ f ﬂ ‘ "J"W\ g TR 209301
g ! |1| ‘0" | i | 1[ I 225 w0
‘Z’ 28 5
20 2 .
TRALRCTBE LR3I HEBRITREATR
A RS RS R I R A R AR 20 25 30 35 40

measured surface temperature and the LST retrieved from
the remote sensing images (R>=0.9301) (Fig. 3b), indicating
that the results of our study are credible.

Given to reflect the relationship between regional LC and
LST, image data in 2000, 2005, 2010, 2015, and 2020 were
selected for interpretation. Through the process of radia-
tion and atmospheric correction, study area cutting, super-
vision, and classification and referring to previous studies
and research needs (Xie et al. 2020), we divided it into seven
categories: farmland, forest, grassland, water, built-up land,
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Measured surface temperature ('C)

unused land, and wetland (Fig. A1). Through Google Earth
map and field investigation, the interpretation accuracy was
more than 85%, which met the research needs.

Hangzhou Municipal People’s Government announced
the list of the second batch of parks in Hangzhou in August
2020 (http://www.hangzhou.gov.cn), including Shangcheng
District (18 parks), Xiacheng District (10 parks), Jianggan
District (20 parks), Gongshu District (22 parks), Xihu Dis-
trict (17 parks), Binjiang District (15 parks), Xiaoshan Dis-
trict (16 parks), and Yuhang District (32 parks), a total of
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150. There were also many unrecorded urban parks. Based
on Google Earth map and Baidu map, we selected 248 parks
with an area of more than 1 hm? and drew the spatial dis-
tribution map of urban parks in Hangzhou city (Fig. A2).
With reference to the classification basis of urban parks in
Peng et al. (2021), the classification standard of Hangzhou
urban parks is established (Table A2), mainly including
comprehensive parks, community parks, historical parks,
theme parks, and ecological parks. Given to better analyze
the UCI effect of urban parks, we selected 6 representative
parks from each type of park (Fig. 4). The principles for
selecting parks mainly include (1) uniform spatial distribu-
tion, (2) urban parks are well known and representative, (3)
urban parks are far away from each other, and the mutual
influence is weak. The information of 30 parks is shown in
Table A3.

Analysis methods
LST retrieval

In this study, we mainly used a mono-window algorithm
developed by Qin et al. (2001) to retrieve the LST. Com-
pared with other radiative transfer equations, the mono-win-
dow algorithm directly covers the effects of the atmosphere
and the surface in the model equation and is more suitable
for long-term series Landsat data. The research method is
relatively mature, and the algorithm can be referenced in
Qin et al. (2001), Tian et al. (2021), and the supplementary
material.

Legend
Theme parks
Historical parks
I Ecological parks

Community parks
I Comprehensive parks
[ Study area

Fig.4 Distribution of 30 selected parks and area ratio of different
types of parks. Note: 1 West Lake Scenic Area, 2 Xianghu National
Tourist Resort, 7 Xixi National Wetland Park, 10 Qiantang Ecologi-

Quantitative evaluation method of thermal effect of LC

To reflect the LST of different LC types, the heat contribu-
tion index (Hi), weighted heat unit index (D1), and regional
weighted heat unit index (D2) for each LC type were calcu-
lated. For the calculation formula, refer to Du et al. (2020)
and the supplementary material.

UCI effect measurement in urban parks

Since the resolution of the Landsat imagery data is 30 m, we
generated 10 buffers of 30 m width from the park boundary
(total buffer width is 300 m). Then, we further set the buffer
distance as the independent variable X, set the average LST
in each buffer as the dependent variable 7, and establish
the functional relationship between the buffer and the LST.
After many curve fitting analysis of the function, the cubic
polynomial can best express the relation (average R>>0.900)
(Peng et al. 2021). The cubic polynomial function 7(x) was
established as follows:

T(x)=ax’ +bx* +cx+d €))]

Urban parks are the center of the UCI effect. The LST
tends to grow as the buffer distance increases. As the dis-
tance continues to expand, the growth rate of the LST tends
to decrease and shrinks to 0, and the first derivative of the
function 7(x) is O at this point, known as the first turning
point of the LST curve (Fig. 5). This point reflects the first
decrease in LST as the buffer increases. Beyond the first
turning point, the cooling effect of the park on the surround-
ing area diminishes. The LST of the turning point is defined

cal Park, 14 Liangzhu Ancient City Relics Park, 18 Beishan Park, 21
Industrial Heritage Park, 24 Hangzhou Tianjing Aquatic Botanical
Garden, 28 Yangliu County West Park, 30 Beitang Park
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Fig.5 Schematic diagram of
park cooling process and the
maximum cooling distance of
30 parks

LST(C)

Surrounding ¢
LST(T})

°

Buffer number 1

LxT, - J'OL T(x)dx First turning point

Cooling distance (L)

Lo

Distance (m)

Interior of
urban park

as the surrounding LST of the urban parks, and the distance
from the first turning point to the park boundary is defined
as the maximum cooling distance L. Specific indicators
(park cooling area, PCA; park cooling efficiency, PCE; park
cooling intensity, PCI; and park cooling gradient, PCG) are
introduced in the supplementary material. Among them,
PCA and PCE reveal the UCI effect of urban parks from a
maximum perspective, while PCI and PCG reflect an accu-
mulative perspective.

Factors influencing UCI effect of urban parks

To analyze the influencing factors of UCI effect, we must
start from the perspective of park and its surrounding envi-
ronment. According to the previous research experience, it
generally includes the landscape pattern of the park (internal
structure), the landscape site of the park (landscape connec-
tivity), and the landscape pattern around the urban park (Sun
and Chen 2012). On the landscape scale, we selected perim-
eter, area, shape index, landscape shape index (LSI), patch
density (PD), aggregation index (Al), Shannon’ s diversity
index (SHDI), and Shannon’ s evenness index (SHEI) of
urban parks to test how the spatial configuration of parks
affects the cooling effect. The meanings and formulas of
LSI, PD, AI, SHDI, and SHEI landscape indexes can refer
to Liu et al. (2018). Vegetation coverage reflects regional
vegetation coverage and has a significant cooling effect on
LST. However, only NDVI and vegetation coverage (FVC)
could not well represent vegetation factors, so they should
be combined to comprehensively consider the vegetation
coverage and greenness of parks (Peng et al. 2021). In addi-
tion, the impervious surface index (ISI) represented by the
construction land and the normalized water index (NDWI)
represented by the lake also have a significant effect on the
LST. The specific calculation methods of various indices are
relatively mature; refer to Xu (2006, 2010), McFEETERS
(1996), and Peng et al. (2020, 2021, 2017). Finally, we input
11 indicators of perimeter, area, shape index, LSI, PD, Al,
SHDI, SHEI, NDVI*FVC, ISA, and NDWI and 4 indicators
of PCA, PCE, PCI, and PCG into SPSS 25 for correlation
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Boundary of
urban park

analysis, so as to analyze the influencing factors of UCI
effect in parks.

Results

Characteristics of LC and thermal environment
changes

Contribution of LC types to UHI effect

LC in Hangzhou has changed drastically from 2000 to 2020
(Fig. A3 and Table A4). The area of built-up land increased
by 116.44% in 20 years, mainly from farmland, forest, and
water area. It obviously showed that Hangzhou had experi-
enced a rapid urbanization process. With the acceleration of
urbanization, the UHI effect has also intensified. As shown
in Fig. 6, the high-value areas of the UHI effect were con-
centrated in the city center, and the range of high-value areas
continues to expand. From 2000 to 2006 (e.g., Fig. 6a—f.),
the high-value areas of the UHI effect were concentrated in
the north of Qiantang River. After 2008 (e.g., Fig. 6g—0),
the high-value area of the UHI effect continued to spread
to the south of the Qiantang River, indicating that the city
continued to develop to the south of Qiantang River, which
intensified the UHI effect in the southern region.

Although the average LST of LC types was different,
they all showed an upward trend, indicating the deepening
of Hangzhou’s UHI effect (Table 1). The order of the aver-
age LST of land types was built-up land > farmland > unused
land > forest > grassland > water > wetland. The average LST
of built-up land and farmland increased the fastest, increas-
ing by 15.93 °C and 15.8 °C, respectively, from 2000 to
2020. The H; of built-up land and farmland was the larg-
est. The H; of built-up land was increasing continuously
(Fig. A4), from 35.90% in 2000 to 62.66% in 2020, indi-
cating that construction land aggravated the regional UHI
effect. By analyzing the D1 and D2 of different LC types, it
showed that the land area with higher LST in built-up land
and farmland accounted for a larger proportion.
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(m) 2015-08-02

Fig.6 Spatiotemporal distribution characteristics of LST

Table 1 Average LST variation of different LC types (°C)

LC types 2000 2005 2010 2015 2020
Farmland 24.66 34.10 35.81 39.84 40.46
Forest 25.06 32.86 34.27 36.18 36.50
Grassland 24.92 32.37 33.70 36.24 37.62
Water 22.40 29.93 32.29 35.05 36.33
Built-up land 28.02 36.31 39.15 44.37 43.95
Unused land 27.85 33.94 35.68 38.62 38.29
Wetland 21.58 28.33 31.01 34.84 38.18

In summary, artificial land, mainly built-up land and
farmland, contributed the most to the UHI effect, while eco-
logical land, mainly forest, grassland, and waters, had the
lowest contribution to the UHI effect. It indicated that the
ecological land within the city presented a significant UCI

(g) 2008-07-05

f;a

=

Legend

. o N
Sub-low A
‘:] Medium

Sub-high ()
I iiigh

20 km
L1

effect, and the construction of urban parks had considerable
ecological significance.

The cooling effect of multi-urban park types

Given to further analyze the cooling effect of ecological
land, we took 248 parks in the urban area as the research
object to reveal the UCI effect of parks. The average LST
inside the urban parks was lower than the average LST in
Hangzhou (Fig. 7a), where Hangzhou city > community
park > theme parks > historical parks>comprehensive
parks > ecological parks. The difference value increased
slightly in 2009, mainly due to the acceleration of urbaniza-
tion in Hangzhou city (Fig. 7b), which led to a rapid increase
in the average LST. In some areas, there were no parks in
the early stage and then urban parks were built. With the
deepening of the UHI effect, the difference of average LST

@ Springer
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between the urban parks and the Hangzhou city was also
expanding, indicating that the UCI effect of urban parks
was more prominent after the construction and reflecting
the necessity and significance of building urban parks.

Cooling effects of urban parks from maximum
and accumulative perspectives

The spatial distribution of UCI effect

Given to further analyze the UCI effect of the park, we only
selected the 2020 UHI effect image and 30 representative
parks for analysis. On August 15, 2020, the maximum LST
in Hangzhou urban area reached 54.85 °C, the minimum
was 17.15 °C, and the average was 37.61 °C. Spatially, the
high LST areas were concentrated in the city center (Fig. 6
0), distributed in the central and eastern regions of commer-
cial areas, residential areas, public squares, and other built-
up land intensive areas, while the northwest and southwest
corners of the LST were relatively low. In the urban center,
there were also some low LST zones, corresponding to urban
parks, rivers, lakes, and other ecological land.

The Getis-Ord Gi* spatial hot spot analysis tool based on
ArcGIS10.5 software reflects the hot and cold spot distribu-
tion of the LST in the local space, which can effectively
highlight the spatial heterogeneity of LST in the urban area
of Hangzhou. The hot and cold spots were defined as the
high or low LST tended to cluster in space (Tran et al. 2017).
As shown in Fig. 8a, the superposition area of 30 parks and
cold spot area (with over 90%, 95%, and 99% confidence)
accounted for 83.54% of the total area, indicating that the
cooling effect of urban parks in downtown Hangzhou was
outstanding. To further illustrate the cooling effect of parks,
we selected three major parks in Hangzhou for analysis.
The types of West Lake Scenic Area Park (1), Xixi National
Wetland Park (7), and Beishan Park (18) are comprehensive
parks, ecological parks, and historic parks (Fig. 8b—e). The
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surface temperature within their range was lower than that
of the surrounding ones and had a certain cooling impact on
the surrounding area.

By comparing the average LST inside 30 parks with the
average LST of surrounding (LST at the L,,,) (Fig. AS), the
average LST inside the parks was lower than the average
LST of the surrounding environment (by 2.47 °C) and was
also lower than the average LST in Hangzhou (by 0.73 °C).
It also indicated that urban parks had a significant UCI
effect, which could reduce the surrounding LST.

UHI mitigate by urban parks in terms of maximum
and accumulative perspectives

As shown in Fig. 9, we calculated four cooling indices for
30 parks. The PCA of comprehensive park (1-6) and eco-
logical park (7-12) was obviously larger than that of other
park types, indicating that the cooling area of comprehen-
sive park and ecological park was larger. The area of green
infrastructure in comprehensive parks and ecological parks
was relatively large, such as forest, grassland, and water
landscape, so the PCA was larger than other park types.
Community parks (25-30) had the highest PCE, indicating
that they had an effective cooling effect on the surrounding
features. Due to limited urban land resources, urban plan-
ners have to increase the density and height of buildings
to meet the living needs of the growing population, which
intensifies the regional UHI effect. The community parks are
mostly distributed in residential areas with dense construc-
tion, generally with small lakes, green spaces, rivers, and
other landscapes. Although community parks are relatively
small, the LST of community parks is much lower than that
of residential areas, making community parks the center of
the regional UCI. As a result, community parks cool a larger
residential area with a smaller area, making their PCE par-
ticularly outstanding.
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In addition, the PCI and PCG of theme parks and
community parks are significantly higher than those of
other types of parks. The UHI effect is more prominent in
densely built areas, such as urban centers and residential
areas, while theme parks and community parks are located
close to these areas. Therefore, theme parks and commu-
nity parks present intensive and high heat absorption char-
acteristics, and the ratio of the reduced regional tempera-
ture to the regional original temperature is slightly larger

than other types of parks, especially large comprehensive
parks and ecological parks distributed in the periphery of
cities. The building density around other types of parks
is lower than that of theme parks and community parks,
showing a broad low heat absorption process. The resi-
dents’ perception of LST reduction in such parks is slightly
lower than that of urban parks near the center of the UHI.
Therefore, the theme parks and community parks in the
urban area have a stronger cumulative effect of UCI effect.
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Influencing factors of urban park cooling effects

The correlation coefficient between the UCI index of the
park and the influencing factors is shown in Table 2. PCA
was significantly positively correlated with the perimeter
and area of the park, and the correlation coefficients were
0.694 and 0.697 respectively (P <0.01). It showed that the
larger the area and perimeter of the park, the wider the influ-
ence range on the surrounding LST. For example, the maxi-
mum cooling distance of Xixi Wetland Park and Xianghu
National Tourism Resort reaches 240 and 210 m, respec-
tively. There was a significant negative correlation between
PCE and park perimeter and area, and the correlation coef-
ficients were —0.488 and —0.748, respectively (P <0.01).
It showed that the area of the park did not determine the
cooling efficiency of the park, which was most obvious in
the community park. For example, Beitang Park in the com-
munity park had an area of only 6.75 hm?, but the maximum
distance of the cooling area (S,,,,) reached 240 m.

PCE maintained a negative correlation with park shape
index (r=—0.789, P<0.01). It showed that the smaller the
shape index of the park, the closer the shape of the park was
to a circle, which was not conducive to the PCE. LSI, SHDI,
and SHEI showed significant positive correlation with PCA
and significant negative correlation with PCE, indicating
that the more complex the park boundary was and the more
landscape types were, the more effective the park UCI effect
would be. PD reflected the fragmentation degree of the park.
The larger PD was, the more fragmented the landscape
patches were, which was not conducive to the UCI effect
of the park. Therefore, PD was negatively correlated with
PCA and PCE. Al index reflected the concentration degree
of the park landscape, and the correlation coefficients were
all low. PCA was positively correlated with NDVI*FVC

Table 2 Correlation coefficient between UCI index and various influ-
encing factors

Characteristics PCA PCE PCI PCG
Perimeter 0.694™ —0.488" 0.254 0.247
Area 0.697" —0.748" 0.142 0.132
Shape index 0.573"  —0.789™"  —0.014  —0.002
LSI 0.535™" —-0.630" 0.105 0.100
PD -0.644"  —0.592" -0.130  —0.119
Al 0.090 —0.437" -0.208 —0.213
SHDI 0.672" —0.466™ 0.286 0.271
SHEI 0.669"" —0.446™ 0.295 0.279
NDVI*FVC 0.612"°  0.043 0.576""  0.564™
ISA -0.612"  —0.528" —0.063  —0.047
NDWI 0.553"  0.649™ 0.011 —0.004

== Significance at 0.001 level

“*Significance at 0.01 level
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and NDWI, and the correlation coefficients were 0.612 and
0.553, respectively (P <0.01). The higher the vegetation
coverage and water coverage, the better the cooling effect
of parks, especially most parks in Hangzhou owned lakes,
and the better the cooling efficiency of parks (the correlation
coefficient between PCE and NDWI was 0.649, P <0.01).
The larger the impervious surface area of the park was, the
less conducive to PCA and PCE, and the correlation coef-
ficients were negative.

PCI, PCG, and NDVI*FVC were significantly corre-
lated, and the correlation coefficients were 0.576 and 0.564,
respectively (P <0.01). The larger the NDVI*FVC, the
higher the vegetation coverage in the park, so the greater
the ratio of LST reduction to the total LST around, which
marked the cooling process more intense, resulting in higher
PCI and PCG. In addition, the increased greening of the park
will lead to frequent air exchanges inside and outside the
park, thereby contributing to the growth of PCI and PCG.
PCI and PCG had a low correlation with other influencing
factors and did not pass the significance test.

Discussion

Quantitative assessment of spatial continuity
of cooling effects in urban parks

How to characterize the spatial continuous changes of UCI
plays an extremely cardinal role quantitatively and effec-
tively in revealing the spatial distribution of UCI effects.
In the early stage, the spatial differentiation of UCI effect
was reflected by field temperature measurement at differ-
ent locations in the city (Yan et al. 2018), but the cost of
time and money was higher, and the field observation was
greatly affected by weather. With the rise of “3S” technol-
ogy, the UCI effect revealed by remote sensing images is
more popular and common (Cheval et al. 2020; Estoque and
Murayama 2017), and the establishment of different levels
of buffer zones can better reflect the spatial heterogeneity
of UCI effect. Although the UCI effect of parks is different,
the maximum cooling distance of most parks is less than
1000 m (Peng et al. 2021). Therefore, predecessors’ research
buffers mostly used 10-30 buffers, each 30 m wide, and the
workload was average and easy to operate. This has also
been widely used in the analysis of the buffer zone of the
park’s UCI effect in parks.

In this study, we established a 300 m wide buffer zone
based on the park boundary to analyze the maximum cooling
distance of 30 parks. When the article initially selected the
buffer width, we established the buffer widths of 300 m (10
buffers), 600 m (20 buffers), and 900 m (30 buffers), respec-
tively, as shown in Fig. 10. The inflection point distance
of the function describing the distance-LST relationship
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Fig. 10
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under different buffer widths was different. The larger the
buffer width was, the statistical description of this relation-
ship tended to get worse (R? value decreased). Among the
30 parks, 29 parks showed the largest R? value at 300 m.
Only Park 11 behaved the largest R? value at 600 m. In
addition, among the 30 parks, only Xixi Wetland Park and
Beitang Park had the maximum cooling distance of 240 m,
while the other parks had the maximum cooling distance
of far less than 300 m. In summary, when the buffer was
300 m, the data mathematically fits better than the 600 m
and 900 m buffer widths. Therefore, we chose 300 m for the
buffer width.

The cooling effect of urban park types and urban
planning management

Urban UCIs formed by urban parks composed of landscapes
such as water bodies and green vegetation are a significant
means to improve the local urban thermal environment (Xu
et al. 2017). Due to the abnormal shortage of urban land
resources caused by rapid urbanization, how to maximize
the UCI effect in the precious park landscape and realize the
high benefits of improving the urban thermal environment has
become one of the ecological problems to be urgently solved.
Numerous studies have shown that the cooling of urban parks
is a nonlinear process (Peng et al. 2021). Planners must fully
understand the maximum cooling distance of urban parks and
cannot ignore the spatial continuity of cooling effects.

The cooling effect of different types of parks is differ-
ent, and the cooling effect of ecological park is the most
obvious in our study. The order of the average LST in each
type of park is ecological parks (33.90 °C) > comprehen-
sive parks (34.79 °C) > historical parks (35.67 °C) > theme
parks (36.76 °C) > community parks (38.72 °C). Therefore,
if urban park planning is committed to building public
spaces that benefit more residents, ecological parks should
be given priority, because the PCA of this park is promi-
nent. Furthermore, the ecological park should be built near
residential areas and the city center to better utilize the
accumulative cooling effect of urban parks (PCI and PCG).
From the perspective of cooling efficiency, community
parks are undoubtedly the best choice because they occupy
smaller areas, have lower costs, and show an outstanding
accumulative cooling effect. In addition, theme parks and
historical parks, through the design of specific landscape
to provide urban residents with cultural and entertainment
services, increasing their ecological landscape area, could
not only play the leisure culture and entertainment service
functions but also could effectively alleviate the UHI effect.
If the cost of time and money is sufficient, it may be a good
choice to build a comprehensive park, which has a large
PCA (Peng et al. 2021). However, the comprehensive park
also needs to improve the cooling efficiency and increase its
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cumulative cooling capacity. Moreover, it is necessary to
consider the potential negative effects of green infrastructure
in park planning, such as the impact of increased emissions
of volatile organic compounds and pollen on human health
and how wild animals and plants coexist harmoniously with
human society (Parmes et al. 2020).

Based on the analysis of the factors influencing the cool-
ing effect of urban parks in our study, given to achieve the
best cooling effect of urban parks, attention should be paid
to the area and complexity of landscape shape of urban
parks when designing urban parks, and the UCI effect can be
enhanced by appropriate expansion of parks. Green spaces
absorb solar radiation through photosynthesis and transpi-
ration and reduce surface temperature through the shad-
ing function of plants (Sugawara et al. 2021). We should
consider increasing the area of park green space and repair
the relatively scattered green space patches to form large
continuous green space landscape as far as possible, which
could not only enhance the cooling effect from the maxi-
mum and accumulative perspectives but also enhance the
esthetic value of landscape. At the same time, the cooling
effect of the water area around the park is significant, and the
lake landscape can be appropriately increased. In addition,
control the area of construction land in the park and reduce
the area of impervious surface, such as roads, pavilions, and
artificial leisure facilities.

Limitations and prospect

Based on the multi-period remote sensing image data, out
study revealed the spatiotemporal distribution characteristics
of the UCI effect in the urban area of Hangzhou. The spa-
tial continuity of the maximum index and the accumulative
index were comprehensively considered. However, our study
also has some limitations. Firstly, the study revealed that the
data source of UHI effect in Hangzhou urban area was Land-
sat dataset with medium spatial resolution, which may have
a certain influence on the results (Peng et al. 2021). Future
research should increase the use of high-resolution images to
improve the accuracy of data and results. Then, our research
only considers daytime conditions, but the cooling effect of
urban green space will be extremely different in the day and
night cycle. For example, in the daytime, the green space
is mainly used as a cold source to cool the surroundings,
while at night, the green space (mainly water) cools slowly
and acts as a heat source for heat preservation. Therefore,
we should strengthen the research on the characteristics of
the surface temperature change of the green space system
at night and its impact on the surroundings. In addition, the
paper only used the LST data in the summer of 2020 to
analyze the UCI of urban parks. In subsequent studies, it
will be considered to increase the temporal characteristics of
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the UCI effect of urban parks in different seasons of spring,
summer, autumn, and winter.

Moreover, since the internal landscape of the park is rela-
tively detailed, it is difficult to identify all features such as
signage, trails, trash cans, and resting tables and chairs based
on medium-resolution images. Therefore, future research
can combine high-scoring images, street scene images, field
surveys, etc. to subdivide the internal landscape of the park,
to explore the role of UCIs played by various landscapes in
the park, and further guide the planning and layout of the
park. Finally, there are many influencing factors for the UCI
in the park, and wind factors, tree species types, vegeta-
tion accumulation, and other appropriate landscape pattern
indexes can be added for analysis.

Conclusions

Explaining the UCI effect of urban parks could provide prac-
tical guidance for the planning and management of urban
parks, thus alleviating the UHI effect and improving the hap-
piness of urban residents. Based on Landsat image data for
many years, our study revealed the changes of LC and UHI
effect in Hangzhou urban area. 30 urban parks were selected
to measure the UCI of parks by integrating maximum and
accumulative perspectives. The influencing factors of the
UCT effect of different types of parks were analyzed, which
enriched the research on the cooling process and influenc-
ing factors of parks. The main conclusions were as follows.
(1) The urban area of Hangzhou had experienced rapid
urbanization from 2000 to 2020, and the built-up land area
increased by 116.44%, which intensified the UHI effect. The
LST of built-up land and farmland increased by 15.93 °C
and 15.80 °C during 2000 to 2020, respectively, making the
built-up land and farmland the largest contribution to the
regional UHI effect. (2) Urban parks played a significant role
in alleviating the UHI effect, and the UCI effects of differ-
ent parks were different. Among them, ecological parks and
comprehensive parks owned the largest PCA, while com-
munity parks and theme parks retained the highest PCE,
PCI, and PCG. (3) PCA maintained a significant positive
correlation with perimeter, area, SHDI, and SHEI, and the
correlation coefficients were all greater than 0.65 (P <0.01),
while PCA maintained a significant negative correlation
with PD and ISA, and the correlation coefficients were all
less than —0.60 (P <0.01). PCE showed a negative correla-
tion with influencing factors, while PCI and PCG showed
low correlations with each influencing factor.
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