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Abstract: Urban heat islands (UHIs) constitute an important ecological problem in cities. Ecological
space has a positive effect on UHI mitigation, which can be effectively organized in the form of
ecological networks. In this study, the framework for structural UHI improvement based on ecological
networks considering the source-corridor model is proposed to examine the spatial threshold of the
thermal effect of ecological network factors. Additionally, the cooling mechanism of each constituent
element in the ecological network context is further explored. The results demonstrate that (1) an
obvious cold and heat island spatial aggregation distribution exists in the Xuzhou main urban area,
and land of the same land use type exhibits the dual thermal environmental properties of cold and
heat islands through its spatial distribution and characteristics. Ecological space is the main bearing
area of cold islands. (2) The ecological network in the main urban area of Xuzhou city occurs at a
moderately complex level, and the overall network efficiency is acceptable; the network connectivity
is low, while the network loop distribution is uneven. (3) Ecological networks represent an effective
spatial means to improve overall UHI patterns. The ecological source area cooling threshold is 300 m,
and the optimal threshold is 100 m, while the ecological corridor width threshold is 500 m and 60 m,
respectively. (4) Within the optimal threshold in the context of ecological networks, the temperature
of ecological sources in category G land is influenced by NDBI and FVC; ecological corridors are
mainly influenced by NDBI. The results can provide a quantitative basis for urban ecological network
planning considering UHI improvement and a reference for urban thermal environment research
within different ecological substrates and planning and control systems in other countries and
regions worldwide.

Keywords: ecological source; ecological corridor; ecological network; spatial threshold; land surface
temperature; urban heat islands; urban cool islands

1. Introduction

Rapid urbanization exacerbates the urban heat island (UHI) effect [1,2]. In urbanized
areas, the intensive construction of various types of urban facilities [3,4] and the high
degree of impervious surface erosion in ecological land [5,6] destroy the original organi-
zational form and structure of various spaces [7–9], which results in high solar radiation
absorption [10–12] and ecological patch fragmentation [13–15], eventually leading to the
deterioration of the urban thermal environment [16–18] and the normal functioning of the
urban ecosystem’s regulation ability [19–22]. Ecological spaces produce the urban cold
island effect, and the generated cold air source is an important potential cooling factor for
a given city [23,24]. An ecological network can organize various ecological spaces with
cooling effects to establish a complete ecosystem [25–27], and a spatial structure system for
urban thermal landscape pattern improvement can then be formed. Moreover, the cooling
effect of ecological spaces can be extended from functional to structural aspects. Therefore,
quantitative research on the thermal environmental effects of urban ecological networks is
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of great significance for scientific ecological land deployment, heat island effect mitigation,
and ecosystem service function stabilization.

The ecological space within a given city provides citizens with basic social functions,
such as recreation and leisure [28–30], and important ecological service functions [31–33].
In the field of urban planning, ecological spatial planning and layout design more notably
consider social service functions [34,35]. The sustained heat release effect is one of the
important ecological service functions of urban ecological spaces [36]. Generally, the spatial
pattern [37,38], structure and form [39], land occupation scale [40], landscape composi-
tion [41], surrounding construction [42] and other characteristic factors of ecological land
can influence the cooling effect, and the cooling effect of individual ecological patches such
as parks, green areas, and water bodies exhibits a certain distance threshold and reflects
the efficiency characteristics of distance reduction [43,44]. At the present stage, research
on ecological service functions considering urban thermal environment improvement pri-
marily focuses on two levels. At the first level, a single patch in the ecosystem is typically
adopted as the research object, and the cooling effect is quantitatively studied [45,46]. At
the second level, the relationships between the internal configuration, mode, layout, and
structure of ecological land and the urban thermal environment are explored [9,47–49].
These studies emphasizing a single ecological land class or ontology are less focused on the
overall thermal effect of ecological space, and characterization of the macro-scale relation-
ship between the urban ecological network and overall urban thermal landscape pattern
is lacking. However, urban construction land and ecological spaces are changing [50,51].
Considering the land use efficiency, quantification of the thermal environmental effect
threshold of urban ecological spaces, construction of urban cold source structures with high
structural and functional connectivity levels based on the ecological network structure,
and maximization of the ecological network cooling effect should be strategic priorities for
urban thermal environment improvement.

Remote sensing images are common basic data for thermal environment research. With
the use of remote sensing technology, the split- and mono-window algorithms and other
methods can be effectively employed for surface temperature inversion [52,53]. According
to existing research, the mono-window algorithm achieves a satisfactory consistency with
surface temperature measurements [54]. In the urban and ecological planning field, many
theoretical models and technical methods have been developed to construct ecological
networks, such as morphological spatial pattern analysis (MSPA) [55], the minimum
cumulative resistance (MCR) model [56], graph theory [57], the resistance model and circuit
theory [58,59]. Considering research content differences, the comprehensive use of various
methods to construct ecological networks has become a common research path [60,61].
Among these methods, the identification and selection of ecological sources and simulation
of ecological corridors can be effectively realized via MSPA and MCR models [62] to
generate diagrams of ecological networks.

The existing research carriers on urban thermal environment are mainly concentrated
in large cities such as Beijing [49], Shanghai [63], Nanjing [64], Chongqing [65], Wuhan [66],
or in hot regions [67], arid regions [68] and cold regions [69] with special geographical
locations that are not universal in terms of urban scale and natural conditions. Xuzhou
is a typical resource-based city with a medium urban population size and urbanization
area in China, and the overall LST shows a warming trend [70–72]. After urbanization
recovery and growth, the urban ecological space has experienced the slash destruction and
restoration process due to resource exploitation, and eco-city transformation has finally
been realized [73,74]. In the process of urban transformation, ecological space has assumed
an important cooling function, and Xuzhou itself has good ecological conditions. By inte-
grating the cooling effect of ecological resources, the cooling effect of the ecological network
can be more fully exerted. Choosing Xuzhou as an example, this paper used Landsat
satellite data and land use data, employed the single-window algorithm to retrieve the land
surface temperature (LST), applied landscape connectivity analysis, ecological resistance
surface analysis and other methods to construct the main urban ecological network and
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further explored the thermal environmental effect threshold and spatial optimization strat-
egy of urban ecological networks through spatial analysis methods. The purpose was to
provide support for functional optimization of urban ecological networks, decision-making
references for urban thermal landscape pattern improvement, and constructive ideas for
the rational and sustainable development of resource-based cities.

2. Materials and Methods
2.1. Overview of the Study Area

Xuzhou is located in northwestern Jiangsu Province and the southeastern North China
Plain. The geographical coordinates are 33◦43′~34◦58′ N and 116◦22′~118◦40′ E. The city
covers an area of 11,258 km2 and belongs to the warm temperate semi-humid monsoon
climate zone with four distinct seasons. The annual average temperature reaches 14 ◦C,
and the annual average precipitation ranges from approximately 800 to 930 mm. Since
urbanization growth was resumed in Xuzhou in 1995, the urbanization level increased from
19.8%, lower than the global level and average level in China, to 65.63% in 2020, which
is higher than the average level in China, with a total urban population of 9.0839 million
people in 2020, and the urban built-up area increased from 59.1 km2 in 1995 to 289.6 km2 in
2020. The green coverage rate of urban built-up areas also increased from 33.1% in 1995
to 43.1% in 2020. After rapid urbanization [75] and subsequent ecological construction
transformation in this resource-exhausted city [76], Xuzhou has become a UN Habitat
Award city, but there remains an obvious heat island effect in the main urban area, and the
UHI effect is increasing year by year [77,78]. The scope of this study was defined as the
main urban area of Xuzhou city determined by the Xuzhou City Master Plan (2007–2020)
(revised in 2017), which includes Gulou District, Quanshan District, Yunlong District,
Tongshan District, Xincheng District and the Economic and Technological Development
Zone, with an area of approximately 573.2 km2 and an average terrain elevation of 35.1 m
in the study area (Figure 1a). The study scope includes urban built-up areas, water bodies,
suburban villages, agricultural and forestland areas, etc.
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Figure 1. Basic geographic information of the study area: (a) location; (b) land use status in 2019;
(c) land surface temperature.

2.2. Data Sources and Processing

Combined with common data and research accuracy requirements in urban thermal
environment research, Landsat image data were retrieved from the Geospatial Data Cloud
Platform (http://www.gscloud.cn, accessed on 1 October 2021) of the Computer Network
Information Center, Chinese Academy of Sciences, for LST retrieval. According to existing
research on the urban thermal environment, a Landsat 8 satellite image recorded during
transit through the main urban area of Xuzhou at 10:49 (GMT + 8) on 27 September 2019
was selected, with a row number of 122 and a column number of 36. Regarding ecological
network construction, elevation data for Xuzhou city (Figure 1a) and the current state
map of construction land in the main urban area of Xuzhou city in 2019 were mainly
selected, and vector classification was performed according to current urban planning and
management land classification standards in China, i.e., Urban Land Classification and

http://www.gscloud.cn
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Planning and Construction Land Standards (GB50137-2011). The lands are “administration
and public services land” (code “A”), “commercial and business facilities land” (code “B”),
“green space and square” (code G), “industrial land” (code “M”), “residential land” (code
“R”), “road, street and transportation land” (code “S”), “municipal utilities land” (code
“U”), “logistics and warehouse” (code “W”), “village construction land” (code “H14”),
“special land” (code “H4”), “water area” (code E1), and “agricultural and forested land”
(code E2), respectively. The land use spatial distribution and categories are shown in
Figure 1b.

2.3. Methods
2.3.1. Land Surface Temperature (LST)

The inversion accuracy of the single-window algorithm indicates the highest con-
sistency with ground-measured data. The improved mono-window (IMW) algorithm
proposed by Wang, Fei, Qin, and Zhihao [53] was used to obtain the LST through remote
sensing image data inversion, in which the daily relative humidity was 55% and the average
temperature was 28.51 ◦C in the study area. The LST inversion equation can be expressed
as follows:

Ts =
{a× (1− C− D) + [b× (1− C− D)× C + D]× Tscenor − D× Ta}

C
(1)

where C and D are intermediate parameters, C = τ × ε, D = (1− τ)× [1 + (1− ε)× τ],
and a and b are constants. Moreover, Ts is the actual surface temperature (K), τ is the
atmospheric transmittance, and ε is the surface emissivity, which can be estimated with the
method of Sobrino et al. and Qin Zhihao et al. [79,80] based on the normalized difference
vegetation index (NDVI). Ta is the mean acting temperature of the atmosphere (K), which
can be combined [80] with the surface layer atmospheric temperature T0 according to the
following equation: Ta = 16.0110 + 0.9262× T0. Tscenor is the surface radiation brightness
temperature value, which can be calculated with the following equation:

Tscenor =
K2

ln
(

K1
Lλ

+ 1
) (2)

Lλ = Gain × DN + Bias (3)

where Lλ is the thermal radiation brightness value, DN is the pixel grey value of the remote
sensing image, Gain and Bias are preset Landsat satellite parameters, and K1 and K2 are surface
radiation brightness temperature inversion constants, with K1 = 774.89 W·m−2·si−1·µm−1

and K2 = 1321.08 K. The surface temperature calculation results are shown in Figure 1c.

2.3.2. UHI Classification

LST normalization was used to intuitively analyze the spatial distribution of the
temperature in the study area. The classification method based on robust statistics was
used for LST normalization in the study area, and the LST distribution was unified within
the 0–1 range [81]. The equation is as follows:

NLSTi = (Tsi − Tsmin)/(Tsmax − Tsmin) (4)

where NLSTi is the normalized value in pixel i, Tsi is the LST in pixel i, Ts max is the maximum
LST value and Ts min is the minimum LST value.

Through LST normalization, considering 0.5, 1.0 and 1.5 times the variance, the
LST images of the study area were classified according to the temperature threshold
calculated with the above equation [72]. The study area was divided into seven levels,
including an extremely low-temperature zone (level 7), low-temperature zone (level 6),
lower-temperature zone (level 5), medium-temperature zone (level 4), higher-temperature
zone (level 3), high-temperature zone (level 2) and extremely high-temperature zone
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(level 1). The high-temperature (level 2) and extremely high-temperature (level 1) zones
are heat island areas, and the extremely low-temperature and low-temperature zones are
cold island areas.

2.3.3. Construction of the Ecological Network

The construction of ecological networks has formed a research paradigm, including
the identification of ecological sources and ecological corridors [82]. The purpose of
ecological network identification is to construct a comprehensive network pattern including
ecological sources and corridors, which can guarantee regional ecosystem services and
ecological processes. The extraction process of the ecological network mainly includes
determining the ecological source, constructing the ecological accumulation resistance
surface, and extracting the ecological corridor [82,83]. An urban ecological patch is a
carrier of the urban ecological source [84]. The ecological sources in this study are the
ecological space patches such as green space, water area, agriculture and forest land that
provide important ecological service functions to the city, providing a variety of ecosystem
services and maintaining the stability of the ecosystem. Ecological resistance surface is
the impact of landscape heterogeneity on ecological flow, briefly the size of ecological
resistance [85]. Ecological corridors are the least-cost paths for ecological flow to flow from
one ecological source to another ecological source through the ecological accumulation
resistance surface [86]. This study uses the least-cost method to extract ecological corridors.

Based on spatial data of the land use in the main urban area of Xuzhou city in 2019,
ecological source areas were selected via MSPA and the dPC value of the landscape connec-
tivity index of the ecological space. Ecological corridors were constructed with the MCR
model, and the spatial structure of the urban ecological network was determined with the
source-corridor model [87] as follows:

1. Landscape connectivity analysis: Probability of connectivity index (PC)

Landscape connectivity refers to the accessibility and flexibility of specific ecological
processes or biological species moving between landscape patches, which can reflect the
promotion or hindrance of landscape elements in regard to specific ecological processes or
species migration [88]. Combined with the evaluation effect of the landscape connectivity
index [89], in this study, PC index and patch importance values were used to analyze the
landscape connectivity to identify ecological source areas.

PC =
∑n

i=1 ∑n
j=1 pij × ai × aj

A2
L

(5)

where n is the total number of ecological space patches within the landscape, ai and aj are
the land areas of ecological space patches i and j, respectively, pij is the maximum possibility
of direct species migration between ecological space patches i and j, and AL is the total
landscape area. The PC value ranges from 0 to 1, which is negatively correlated with the
distance between land use patches. Combined with existing research, the probability value
of migration between patches was set to 0.5 when the distance between patches equaled
the set distance threshold [90,91].

2. Landscape connectivity analysis: Importance value of the patch (dPC)

dPC(%) = 100× PC− PCremove

PC
(6)

where the PC value could be obtained with Equation (1), and PCremove is the possible
connectivity index of the ecological space comprising other remaining patches after patch
removal. The higher the dPC value is, the more important the patch. The dPC value can
be used to identify landscape patches that may play an important role in ecological space
connectivity, providing an important basis for ecological source determination.
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3. Analysis of the ecological resistance surface

The ecological resistance surface refers to the equivalent resistance value encountered
by species in the ecological process of horizontal spatial movement and the flow and
transmission process of ecological functions, and the minimum resistance contour line
connecting various ecological sources can provide support for ecological corridor deter-
mination [92]. The MCR model mainly considers the three factors of ecological sources,
distance and landscape base characteristics [93] to simulate the ecological process of species
moving in horizontal space and the resistance encountered in the flow and transmission of
ecological functions. This study employed the MCR model as the analysis model of the
ecological resistance surface. The calculation equation is as follows:

MCR = ê min
i=m

∑
j=n

(
Dij × Ri

)
(7)

where MCR is the minimum resistance value, ê is an unknown positive function that reflects
the correlation between the MCR value at any point in space and the distance from all other
sources and interface characteristics, Dij denotes the spatial distance of a given species from
source i to a certain landscape unit j, Ri is the resistance of landscape i to particle motion,
and the value can be determined according to the obstruction degree of landscape unit i to
the considered particle. The resistance surface can be used to reflect the potential possibility
and movement trend of a particle in space [94].

Based on existing research [95–97], ecological resistance factors and weights of the
ecological space in the main urban area of Xuzhou city were comprehensively determined
via the expert scoring method, the resistance factors were set as the terrain niche grade and
soil cover type, and the resistance values of each factor were set at different levels (Table 1).

Table 1. Classification of the ecological resistance factors and weights.

Factor Indicators Resistance Value Weight Division Basis

Terrain position grade (slope)

<2◦ (flat) 1

0.2 [98,99]
2~5◦ (gentle slope) 10

5~15◦ (slope) 30
15~25◦ (steep slope) 60
>25◦ (steep slope) 100

Land cover type

E2 100

0.8 [100–102]

E1 10

Land for construction

A 1000
B 1000
G G1 30

G2 10

H14
>50 ha 1000

20–50 ha 600
<20 ha 400

R R1 1000
R2 1000
R3 1000

H4 1000
M 600
S 1000
U 1000
W 1000

Other 600
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3. Results
3.1. Characteristics of the Surface Thermal Environment
3.1.1. Spatial Distribution Characteristics of the Thermal Environment

To clarify the characteristics of the thermal environment in the study area, it is neces-
sary to determine the spatial distribution of cold and heat island areas and to normalize
and classify the LST.

The Figure 2 shows that the spatial agglomeration of cold and heat islands in the
main urban area is notable, and the scattered industrial land in the northern industrial
area, Tongshan New District and northwestern Yunlong Lake are the main heat island
concentration areas. The large areas of water bodies, mountains and large-scale agricultural
and forestland areas in the eastern edge region are the main cold island distribution areas.
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Figure 2. Spatial distribution of cold and heat island areas.

The underlying surface of each functional plot in the city varies in composition and
carries different urban activities, resulting in various land use types with different heat
island contributions. Statistics were obtained regarding the scale of the cold and heat island
areas for the different land use types, as summarized in Table 2.

Table 2. Scale of the heat and cold island areas for each land use type.

Land
Code

Urban Heat Island Area Urban Cold Island Area

Area
(km2)

Ratio
(%) Count

LST (◦C) Area
(km2)

Ratio
(%) Count

LST (◦C)

MEAN MIN MAX STD MEAN MIN MAX STD

A 2.79 3.08 122 32.20 31.34 36.61 0.88 0.7 0.46 32 26.84 24.66 27.70 0.73
B 6.17 6.79 265 32.24 31.32 35.42 0.85 0.25 0.17 25 26.68 24.86 27.67 0.87
M 35.7 39.30 459 32.74 31.32 37.55 1.23 4.3 2.84 30 26.90 24.87 27.71 0.74
R 7.36 8.10 216 32.17 31.32 34.98 0.74 6.3 4.16 71 27.24 26.10 27.70 0.39
S 5.85 6.44 119 32.36 31.32 36.03 0.94 1.53 1.01 49 26.56 24.50 27.69 0.95
U 0.3 0.33 21 32.33 31.32 34.92 0.89 0.21 0.14 11 26.71 24.69 27.63 0.96
W 3.97 4.37 68 32.69 31.36 35.37 0.94 0.01 0.01 1 27.31 27.31 27.31 0.00
G 1.56 1.71 150 32.09 31.32 35.75 0.66 28.42 18.77 312 26.42 23.07 27.69 1.03
E1 0.43 0.48 68 32.21 31.32 36.77 0.90 26.28 17.36 655 26.15 23.12 27.71 1.05
E2 13.25 14.59 143 32.36 31.31 35.52 0.98 81.44 53.78 350 26.51 23.32 27.71 0.98

H14 13.03 14.35 147 32.25 31.31 35.15 0.80 0.85 0.56 16 26.99 25.61 27.68 0.64
H4 0.43 0.47 5 31.96 31.41 32.49 0.44 1.14 0.75 8 26.96 26.12 27.57 0.51

Total 90.84 100.00 1783 - - - - 151.41 100.00 1560 - - - -
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The table indicates that heat islands mainly occurred in industrial land, reaching
39.30%, and the E2 and H14 land use types were additional main land use types of the
heat island effect. The G, E1 and E2 land use types were the main cold island areas.
The proportion of land use type E2 reached 53.78%. However, according to the analysis
data provided in the table, some areas of the G, E1 and E2 land use types were also UHI
distribution areas, e.g., the heat island area of the E2 land use type even accounted for
14.59% of the total heat island area. Therefore, the cold and heat island attributes of the
same type of ecological land could exhibit a dual nature.

3.1.2. LST in Candidate Ecological Land

Ecological land is the key area affecting the urban thermal environment. Since the
thermal environment is closely related to factors such as location [103], self-form [104] and
internal construction [40], it is necessary to further explore its spatial attributes based on
the dual attributes of the thermal environment. The cold and heat island attributes of the G,
E1 and E2 land use types were spatially visualized (Figure 3).
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The figure reveals that the thermal environmental effects of urban ecological land
mainly involved cold islands with an aggregated distribution, but cold islands were also
observed in urban construction land and surrounding areas. The heat island regional form
tended to be a belt-like form. In terms of the land use type, G largely includes protective
green spaces along roads, E2 is surrounded by main traffic arteries (expressways), including
industrial land to the northwest of Yunlong Lake and industrial and logistics warehousing
land in the east, while E1 is less affected by the location.

3.2. Ecological Network
3.2.1. Ecological Sources

With the help of the Guidos Toolbox software platform, G, E1, E2 and other types of
ecological land were selected as the foreground, and the foreground was divided into seven
non-overlapping categories based on the principle of eight neighborhoods (Figure 4a). The
core was selected as an alternative source, and the dPC value of the core was calculated
as follows:
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The calculated core area obtained with the MSPA method represents an important
alternative area for urban ecological source areas. By calculating the core area connectivity,
core areas with a dPC value greater than 0.01 could be selected as ecological source areas,
and the total ecological source area in 2019 amounted to 470.55 hectares (Figure 4b). The
ecological source area in the main urban area of Xuzhou varied greatly, with mountains and
water bodies as the main land use types, among which the surrounding areas of Yunlong
Lake, Dalong Lake and Jiuli Mountain were the key ecological source concentration areas.

3.2.2. Ecological Corridors

Combined with analysis of the ecological source area and ecological resistance surface
(Figure 5), with the help of Linkage Mapper software, the MCR channel between ecological
sources was visualized, and the ecological spatial corridor structure of the Xuzhou main
urban area was determined (Figure 5b). The number of extracted ecological corridors in
2019 was 440, with a combined length of 201.00 km. In terms of the spatial distribution, the
ecological network was relatively dense in the northeastern, southern and northwestern
parts of the main urban area of Xuzhou. To quantify the network characteristics, the net-
work measurement index was introduced [105,106]. The calculation results demonstrate
that the ecological corridor network ring degree index in the main urban area of Xuzhou
reached 0.28, which indicates that the ecological network exhibited a low degree of connec-
tivity, the flow process of material and energy in the ecological network was not smooth,
and the network loop distribution was uneven. The point rate index of the ecological
corridor network in the main urban area of Xuzhou was calculated as 1.55, indicating
that the ecological network occurred at a moderate complexity level, and the ecological
sources within the ecological network could be relatively easily connected, thus enabling
communication. The calculation result of the ecological corridor network connectivity
index was 0.52, which indicates that more than half of the ecological sources in the main
urban area were connected by ecological corridors, and the overall network efficiency
was acceptable.

3.3. Thermal Environmental Effect of the Ecological Network
3.3.1. Thermal Environmental Effect of the Ecological Sources

On the ArcGIS platform, surface temperature and ecological source data were super-
imposed, surface temperature values of each source were extracted, and heat island grades
were classified (Figure 6).
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According to the obtained statistics on the area of each heat island grade in the
ecological source area, there occurred no heat islands within the ecological source area,
and the cold island area accounted for 20.35% of the total ecological source area. In the
overall UHI classification, the lower-temperature area (level 5) accounted for 58.44%, the
medium-temperature area (level 4) accounted for 20.82%, and the higher-temperature area
(level 3) accounted for only 0.38% of the total ecological source area.
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The boundary range of the thermal environmental effects of each element of the
ecological network is the spatial threshold. To explore the spatial effect threshold of
the thermal environment in the ecological source area, buffer analysis was introduced.
Usually, the ecological source is the main landscape patch within the ecological space,
which is the carrier and source of the material cycle, energy flow and ecosystem services
in the ecosystem. The ecological source scale and morphological pattern correspond to
different ecological service functions and service scopes. Generally, the larger the source
scale is, the more complex the interface with surrounding substrates and the higher the
stability and ecological value. In this study, ecological sources were evaluated based on
the MSPA method and patch importance value (dPC). Therefore, when analyzing the
thermal environmental effect of urban ecological sources, the thermal environmental effect
boundary of ecological sources should be first defined to reasonably determine the basic
width threshold and thermal environmental effect mechanism of ecological sources. In this
study, the source buffer zones were determined to be 10, 20, 30, 50, 60, 80, 100, 150, 200,
300, 450 and 600 m, and the thermal environment of ecological sources within different
threshold ranges was analyzed.

In ArcGIS, buffer distance thresholds of 10, 20, 30, 50, 60, 80, 100, 150, 200, 300, 450 and
600 m were used to analyze the overall multi-ring buffer zone of ecological sources, and
the average LST data within each buffer range and including the source were calculated.
The LST parameters under different distance thresholds from each ecological source are
summarized in Table 3.

Table 3. LST parameters under different distance thresholds from each ecological source.

Distance 0 m 10 m 20 m 30 m 50 m 60 m 80 m 100 m 150 m 200 m 300 m 450 m 600 m

LST_mean 26.51 26.90 26.98 27.08 27.22 27.36 27.48 27.61 27.76 27.86 27.85 27.78 27.69
LST_std 2.44 2.30 2.30 2.30 2.31 2.33 2.35 2.37 2.39 2.40 2.41 2.45 2.42
LST_min 15.79 16.37 16.47 16.67 16.80 16.96 17.23 17.53 18.25 18.80 18.63 18.83 19.17
LST_max 33.81 33.18 32.94 32.53 32.14 32.55 32.94 33.28 33.69 33.85 33.24 33.49 33.31

The unit of LST is ◦C, and the number of ecological sources is 537.

As such, the LST at different buffer distances was fitted with polynomial (Figure 7a)
and logarithmic (Figure 7b) functions, with corresponding fitting equations of
y = −2 × 10−05x2 + 0.0122x + 27.545 and y = 0.6512 × ln(x) + 25.762, respectively, and the
R2 values were 0.9483 and 0.9490, respectively. According to R2, the fitting degrees were
similar, which suitably reflects the very high correlation between the ecological source
distance threshold and LST.
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Through the derived polynomial fitting equation between the distance threshold of
the ecological source area and the LST, the extreme value of the ecological source cooling
threshold could be calculated as 305 m. Therefore, it could be preliminarily determined that
the thermal environmental effect threshold of the Xuzhou ecological source area reached
approximately 300 m.

According to the correlation between the ecological source distance threshold and
LST, it could be determined that ecological sources always occurred in areas with a low
regional temperature, and with increasing distance from the ecological source, the surface
temperature exhibited a consistent and obvious increasing trend. The overall change trend
of the surface temperature could be divided into three stages: the first stage involved a
rapid increase in the surface temperature. According to the temperature analysis chart, the
corresponding distance from the ecological source was approximately 100 m. At the second
stage, the increase rate of the surface temperature declined to reach a critical value, and
when the critical value was exceeded, the thermal environmental effect of the ecological
corridor disappeared, which was observed at approximately 100–300 m from the ecological
source. At the third stage, the surface temperature rose to the critical value and began to
decline at 300 m from the ecological source. Therefore, it could be preliminarily determined
that ecological sources constitute an effective point source tool to regulate and improve the
urban thermal environment, and a reasonable spatial layout of the ecological source could
significantly improve the urban thermal environment pattern.

3.3.2. Thermal Environmental Effect of the Ecological Corridors

Ecological corridors can connect ecological sources, promote biological flow, reduce
landscape fragmentation, and thus enhance ecosystem stability [107]. In real geographical
spaces, different scale thresholds of ecological corridors correspond to various ecological
service functions. Generally, the wider the corridor, the higher the corresponding ecological
value is and the more interlaced the interfaces between ecological patches and surrounding
substrates are, which facilitates ecological service function enhancement. However, in the
main urban area, ecological corridors can be constructed based on the minimum ecological
resistance, but the degree of urban construction and development can notably vary within
different width threshold ranges. Hence, the correlation between the underlying surface
remote sensing index and the ecological corridor temperature was not considered, and
only the distance threshold of the thermal environmental effect of the ecological corri-
dor was considered. Simultaneously, combined with improvement guidance retrieved
from urban thermal environmental effect research, the basic width threshold of ecological
corridors based on thermal environmental effects and ecological service functions was
determined [108]. In this study, buffer zones of 10, 20, 30, 60, 100, 150, 200, 300, 450 and
600 m were determined, and the thermal environmental effects of ecological corridors
within the different threshold ranges were analyzed.

In ArcGIS, choosing 10, 20, 30, 60, 100, 150, 200, 300, 450, and 600 m as the buffer
distance thresholds, overall multi-ring buffer analysis of the ecological corridor was con-
ducted, and as such, urban thermal environment parameters (LST) were superimposed,
and surface temperature data were obtained in all buffer zones. The LST parameters under
different distance thresholds from each ecological corridor are summarized in Table 4.

Table 4. LST parameters under different distance thresholds from each ecological corridor.

Distance 10 m 20 m 30 m 60 m 100 m 150 m 200 m 300 m 450 m 600 m

LST_mean 27.98 27.98 28.00 28.02 28.14 28.33 28.51 28.69 28.88 29.02
LST_std 1.38 1.37 1.37 1.36 1.37 1.40 1.42 1.42 1.35 1.32
LST_min 23.43 23.45 23.46 23.53 23.57 23.65 23.71 23.83 24.36 24.90
LST_max 31.32 31.35 31.39 31.44 31.97 33.22 33.71 33.56 32.95 32.82

The unit of LST is ◦C and the number of ecological sources is 440.



Sustainability 2022, 14, 7744 13 of 24

Consequently, the LST within the different corridor width ranges was fitted with
polynomial (Figure 8a) and logarithmic functions (Figure 8b), with fitting equations of
y = −7 × 10−06x2 + 0.007x + 27.893 and y = 0.4429 × ln(x) + 26.687, respectively, resulting
in R2 values of 0.9938 and 0.9139, respectively. Based on R2, the fitting degrees were similar,
which suitably reflects the very high correlation between the ecological corridor distance
threshold and surface temperature.
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With the derived polynomial fitting equation between the distance threshold of the
ecological corridor and the LST, the extreme value of the ecological corridor cooling thresh-
old could be calculated as 500 m. Therefore, it could be preliminarily determined that the
thermal environmental effect threshold of the Xuzhou ecological corridor was 500 m.

According to the correlation between the ecological corridor distance threshold and
LST, the ecological corridor always occurred in an area with a low regional temperature,
and with increasing distance from the ecological corridor, the surface temperature revealed
a consistent and obvious increasing trend. The overall change trend of the surface tem-
perature could be divided into three stages: the first stage indicated a rapid increase in
the surface temperature. According to the temperature analysis chart, the corresponding
distance from the ecological corridor was approximately 60 m. At the second stage, the
increase rate of the surface temperature decreased to reach a critical value, and when the
critical value was exceeded, the thermal environmental effect of the ecological corridor dis-
appeared, which occurred at approximately 60–500 m from the ecological corridor. At the
third stage, the surface temperature increased to the critical value and thereafter declined,
which was observed 500 m from the ecological corridor. Therefore, it could be preliminarily
determined that the ecological corridor is an effective linear network tool for regulating
and improving the urban thermal environment, and ecological corridor spatial structure
construction could significantly improve the urban thermal environment pattern.

4. Discussion
4.1. Discussion on Heat and Cold Islands

Usually, the thermal environment of a city is affected by various urban activities,
and the urban land carrying urban activities or functions exhibits a notable difference in
thermal environment. Generally, production and residential areas are heat effect areas, and
ecological lands such as water regions and green land are the main cold effect areas, as
seen in the conclusions drawn from previous studies on the relationship between urban
land and the thermal environment [24,109–116]. In Xuzhou, there is an obvious heat island
effect. Industrial land is the main type of heat island area. Although some ecological land
areas are also heat island areas, such as sporadic E2 land scattered across the industrial area
in the north of the study area, ecological land is mainly affected by radiation in surrounding
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areas and the self-form. Therefore, this is still in line with previous research conclusions
and shows that urban ecological land is a key land use and an important means to improve
the urban thermal environment. Considering the land use, urban thermal environment
improvement should properly consider the interconnection between various land uses and
corresponding forms, participate in the balance of ecological land at the overall level of
the city, and increase the proportion of ecological land within a reasonable range [113,117],
considering the land use types and spatial distribution in adjacent areas of ecological
land [118–121] to maximize the cooling effect of ecological land, and avoid the formation
of industrial concentration areas with a single land use type. Alternatively, G, E1, E2
and other land use types should be distributed at an appropriate scale and form, with
landscaped ecological land [24,67,122–126] in industrial concentration areas to achieve
thermal environment regulation.

4.2. Relationship between the Ecological Network and Thermal Environment

Regarding the role of ecological land in improving the urban thermal environment,
many studies focus on small- and medium-scale or micro-scale ecological land itself,
and there is a lack of research on the relationship between ecological space and urban
thermal environment at the macro-scale and overall level. Moreover, previous studies were
mainly based on land use classification and explored how to improve the cooling effect of
ecological land, without considering the status and role of different ecological land areas in
the entire ecological network, which led to a focus on the cooling effect, ignoring its own
ecological significance.

The ecological network is an effective organizational form of the ecological space that
can yield a comprehensive ecological structure to coordinate various types of ecological
land, which can subsequently provide the general advantage of overall ecological effect
pattern improvement from a global perspective [127–129]. Thermal environment regulation
can improve the overall thermal environment pattern. In our study, based on ecological
research methods, more targeted cooling measures were formulated by constructing an
ecological network and assigning different ecological land areas to their positions and roles
in the ecological network. It is the combination of the ecological value of ecological land and
the cooling effect. Further appropriate exploration should be conducted on factors within
the land of ecological networks, such as the thermal effects of E1, E2, G and other land
use types, and the focus of thermal environment regulation should be oriented towards
improvement within the set threshold. The ecological source is the ecological space of
the entity, and its thermal environmental effect exhibits a spatial threshold. The thermal
effect of ecological sources involves internal construction and patch pattern parameters
including external form and area scale. For instance, Yunlong Lake is a water area with
an area of 6.76 km2, while Jiuli Mountain is a mountain covered mainly by trees. The
ecological corridor is an abstract path. Although the ecological corridor also exhibits a
thermal effect distance threshold, its internal composition is relatively complex, including
various types of urban land, and the associated thermal environment factors are highly
complex. Therefore, emphasis should be placed on heat island patch connectivity within
the corridor and heat island patch fragmentation/segmentation to enhance heat exchange,
further reduce the corridor temperature and improve the corridor cooling effect.

4.3. Relationship between Heat Islands and Ecological Networks

Heat islands are regional phenomena, and the heat islands in Xuzhou are scattered
across many points in space. Fully matching the thermal environment with the ecological
network in space is the preferred path to divide heat island patches and improve the heat
island pattern. The ecological source exerts a notable cooling effect and belongs to the
cold island phenomenon as a whole. Internal thermal environment improvement is not
the best way to mitigate the UHI effect, and exchange between the thermal environment
and heat island patches should be emphasized. The best focus for thermal environment
improvement should entail the optimization of the overall ecological corridor structure and
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internal thermal environment improvement to exert a thermal environment improvement
effect within the ecological corridor threshold. At the same time, the radiation range of
the cooling effect should be further strengthened, and the spatial threshold of the thermal
environmental effect should be increased; in particular, the thermal environment within
60–500 m from the corridor should be improved first to expand the cooling effect, espe-
cially the spatial integration of corridors and heat island patches, to improve the network
efficiency of thermal environment improvement and optimize the overall thermal pattern.

4.4. Mechanism of Thermal Environment Effect of Ecological Network

The greening coverage level and construction level within the urban site are important
factors affecting the thermal environment [130], and the FVC [9] and NDBI [131] indicators
are selected to explore the mechanism of the thermal environment effect within the most
effective cooling threshold of the ecological network. Since the cooling thresholds of
ecological source and ecological corridor are 100 m and 60 m, respectively, the FVC and
NDBI within the cooling thresholds of ecological network are counted as shown in Figure 9.
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The ecological source is a face area, and the temperature difference within the 100 m
threshold of the ecological source is selected as the dependent variable. Since the ther-
mal effect of the faceted ecological space is related to its own area, geometry and other
elements [105,125], the area and LSI index are added as independent variables, and the
FVC and NDBI indexes of the E2 and G lands are collected as independent variables for
correlation analysis, while separate statistics are conducted according to the three types of
land, as shown in Figure 10a–j.

In the context of the ecological network, there is a weak correlation between the
temperature difference between various ecological sources and their own scale and shape
within the cooling threshold, and their own geometric shape is less sensitive to spatial
thermal effects. That is, E1, E2 and G land areas selected as ecological sources are less
sensitive to the spatial thermal effects of their own geometry. For E2 land areas, their own
vegetation cover values are generally high and the amount of construction within the site
is generally low, and the two values have less influence on the temperature difference. As
for the G land areas, compared with other types of ecological sources, both their NDBI and
FVC show high correlations, among which the correlation of NDBI is negative and that of
FVC is positive. On the one hand, because the G land areas are located in the inner city, the
construction of the surrounding sites is mainly in the built-up areas of the city, and on the
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other hand, the G land areas are mostly human-made ecological construction spaces, with
a certain proportion of construction inside them. This leads to a strong spatial sensitivity
of the cooling effect of the construction of the ecological sources mainly in the G category.
Therefore, for the temperature regulation of ecological sources, the focus should be on the
control of the construction and greening of G land areas.
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corridors with LST. (a) Area of E2 with LST, (b) LSI of E2 with LST, (c) NDBI of E2 with LST, (d) FVC
of E2 with LST, (e) Area of G with LST, (f) LSI of G with LST, (g) NDBI of G with LST, (h) FVC of G
with LST, (i) Area of E1 with LST, (j) LSI of E1 with LST, (k) NDBI of Ecological corridor with LST,
(l) FVC of Ecological corridor with LST.

The ecological corridor is the path of least resistance connecting ecological sources.
The surface temperature within the 60 m threshold of the ecological corridor was selected
as the dependent variable, and the correlation analysis was performed by collecting FVC
and NDBI indicators as independent variables, as shown in Figure 10k,l.

It can be judged that the overall construction volume within the ecological corridor
is low, and the temperature within the corridor reflects a good positive correlation with
the construction volume, and the higher the construction volume within the ecological
corridor, the higher the surface temperature, which also fits with the existing studies. For
the vegetation cover in the ecological corridor, the overall value is better but reflects some
spatial differences, and the correlation between green cover and surface temperature is
poor—that is, in the context of the ecological network, for the ecological corridor, its own
level of green cover has no significant effect on the surface temperature. Therefore, for
the regulation of ecological corridor temperature, the focus should be on the control of
construction volume.

4.5. Guidance for Planning

The urban ecological network is the cold source structure in the urban thermal environ-
ment system. Ecological sources and ecological corridors play a certain role in city cooling,
and the spatial threshold exhibits clear spatial scale characteristics. The ecological network
structure in Xuzhou city was characterized by single-pole high-quality and high-resistance
evolution [73]. Within the main urban area, the ecological network structure also exhibited
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typical spatial and temporal differentiation characteristics, and the thermal environmental
effect of ecological sources and ecological corridors reflected a certain distance threshold.
However, policies must be implemented. In the current management system of urban
and rural planning in China, regulatory detailed planning is the most direct administra-
tive means for land construction, management and control and the implementation of
various policies [132]. In the main urban area of Xuzhou, industrial concentration areas
and ecological spaces have important spatial distributions of high- and low-temperature
areas. Therefore, based on the cooling effect of urban ecological sources and ecological cor-
ridors, spatial layout optimization should be explored to improve the thermal environment
through the combination of ecological networks, high-temperature patches and planning
control units.

In ArcGIS, high-temperature plots, ecological networks and urban land management
units (regulatory planning management units) in the main urban area were superimposed
on the map, clarifying the spatial distribution of ecological networks and high-temperature
areas in the different management units (Figure 11).
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In 2019, the ecological network and high-temperature plots were intertwined in the
main urban area, and the distribution of the ecological network and high-temperature
plots was highly different between the various regulatory management units. Based on the
thermal environmental effect of the ecological network, the high-temperature plots in the
study area were selected, and the Tyson polygon method was used to optimize ecological
network spatial construction and divide the thermal environment. The interweaving of
high-temperature plots and the ecological network should be strengthened, heat exchange
should be increased, and the LST should consequently be optimized. A Thiessen polygon
of the spatial structure comprising the ecological source and ecological corridor was con-
structed, high-temperature blocks were superimposed, and the vertex and common edges
of the Thiessen polygon were selected as alternative points for the spatial construction of
future ecological network elements in the ecological source–ecological corridor interwoven
area. The thermal environment regulation 60 m from the ecological corridor and 100 m
from the ecological source should be strengthened, and it should be regarded as the fo-
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cus of improving the cooling efficiency of the ecological network, thereby expanding the
scope of the ecological network to improve the thermal environment. Since the distance
from the vertex of the Thiessen polygon to its three common nodes remained the same,
ecological construction at this location could achieve the simultaneous effect of functional
connection between three adjacent ecological patches, and the selection of common edges
was applicable.

It should be emphasized that the construction of alternative sites should be fully com-
bined with the opportunity for urban renewal, and the construction of ecological corridors
or ecological sources at these alternative sites should emphasize the magnitude of the
cooling effect. According to existing research, it is possible to improve the cooling threshold
of the candidate sites by controlling the land scale, land use form, vegetation coverage,
water body area and contour, impervious surface, etc. [24,41,67,118,120,122–125,133,134]
and ensure that it can pass verification of the dPC value for integration into the urban
ecological network structure.

4.6. Research Limitations and Future Research Directions

First, this study emphasized the effect of the overall structure of the ecological network
on the general thermal landscape pattern of the city, but no in-depth research was conducted
on the construction and thermal environment mechanism within the source and corridor
width. The ecological network does not comprise a single homogeneous material space. The
internal landscape composition of components is complex, and the spatial forms are diverse,
which can affect the resultant thermal environmental effect. Therefore, in future research,
the thermal environment mechanism of different ecological network components should
be explored in detail. Second, although the data collected by remote sensing technology
have high spatial resolution, there is still a certain gap in the time accuracy required for
continuous monitoring of the urban thermal environment due to the limitations of the
considered data sources. As it was temporarily impossible to dynamically and continuously
collect temporal and spatial threshold data pertaining to the thermal environmental effects
of each ecological network component, this study used data types that are widely used at
this stage. The urban thermal environment varies dynamically between different seasons
and periods, and each urban ecological network component imposes distinct thermal
environmental effects during different periods. Therefore, more accurate, dynamic and
continuous quantification of the thermal environmental effects of the ecological network
should also constitute a key consideration in future research. Finally, a typical city of
average size in China was selected as the research object in this study, but each city
exhibits unique characteristics, including climatic conditions, geographical conditions, and
ecological background. In the future, thermal environmental effects on urban ecological
networks should be more systematically explored through classification.

5. Conclusions

In this study, adopting Xuzhou, a typical city in China, as an example, the LST was
retrieved from Landsat remote sensing images, and an ecological network based on the
ecological source–ecological corridor model was constructed considering land use data. As
such, the thermal environment characteristics of different land use types were described,
and the spatial effects of the thermal environment within the ecological network were
further explored. Spatial thresholds of the thermal environments of the ecological source
and ecological corridor were identified, and strategies to comprehensively improve the
urban thermal environment pattern with the urban ecological network were subsequently
proposed. The results reveal the following. 1. There exists an obvious spatial distribution of
cold and heat islands in Xuzhou, and the spatial aggregation phenomenon can be observed.
2. The main land use composition of heat and cold islands can be defined. M is the main
UHI land use type, and G, E1 and E2 are the main cold island land use types. Affected
by the morphology and spatial location, the same type of ecological land can exhibit the
dual attributes of cold and heat islands. 3. The ecological network functions as a cold
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source structure in the overall thermal pattern of the city. The threshold of the thermal
environment action distance of the ecological source is 300 m, and the threshold of the
thermal environment action distance of the ecological corridor is 500 m. 4. In the context
of the ecological network, the temperature within the most effective cooling threshold of
E1 and E2 land areas in ecological sources is not greatly influenced by these areas’ own
indicators, while the temperature within G land areas is mainly influenced by internal
construction and vegetation cover in these areas; the temperature within the most effective
cooling threshold of ecological corridors is mainly influenced by their construction volume.
5. Urban thermal pattern optimization should focus on improving the thermal environment
of heat island patches beyond the threshold of the ecological network and should expand
the spatial threshold of the thermal effect by enhancing the ecological network cooling
effect. 6. By superimposing the ecological network Tyson polygon and the heat island
patch, we determined the application point of Xuzhou to improve the thermal pattern of
the ecological network and suggest that it should be implemented with the help of planning
and management methods, combined with urban construction. The ecological network is
an effective organizational form of the ecological space. This study quantitatively explored
the thermal environmental effects of urban ecological networks, which could provide ideas
for urban planners or urban ecological environmental researchers to formulate policies to
address ecological construction related to the urban thermal environment and a broader
perspective for further enrichment of the ecological service functions of urban ecological
networks. Simultaneously, the method proposed in this study could be transferred to
other countries and cities worldwide with different climatic environments and ecological
types to guide and regulate the coordinated construction of better urban thermal and
ecological environments.
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