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Abstract: Surface thermal environment (STE) is closely related to the comfort and health of residents,
affecting regional livability, and its spatial and temporal changes are deeply affected by the urban-
ization process. Considering there is a lack of effective comparative analysis on STE in different
urbanized inhabited islands, the special geographical unit and vital human settlement environment,
long-term spatiotemporal characteristics and impact factor quantitative analyses were performed in
two inhabited islands via the RS and GIS methods. The results suggest that the surface heat ampli-
tude of the highly urbanized Xiamen Island decreases, with the surface heat intensity continuing to
increase from 2000 to 2020, while that of the lowly urbanized Kinmen Island is reversed. Although
the land surface temperature (LST) of the two inhabited islands shows similar spatial distribution
characteristics with evident cold/hot spots, the geographical distribution characteristics of high LST
zones are significantly different, and the thermal landscape of Xiamen Island is more fragmented,
discrete, and simple in shape, as revealed by the landscape metrics. We demonstrate that the area
proportion between cooling land (water body and greenland) and warming land (bare land and
impervious surface) is the most influential factor of LST in the two islands while the marine envi-
ronment is a unique contributor to STE of inhabited islands compared with inland cities, where the
seawater around the island can reduce LST over a range of distances, and the influence of elevation
on LST is mostly indirect. These results provide a scientific basis and case support for understanding
the STE situation of inhabited islands with different urbanization levels.

Keywords: inhabited island; surface thermal environment; thermal pattern; marine environment;
urbanization

1. Introduction

Given the long-term warming trend, the observed global mean surface temperature
between 2006 and 2015 was 0.87 ◦C higher than the average over the 1850–1900 period,
and global warming is likely to reach 1.5 ◦C between 2030 and 2052 [1]. This means
greater human heat hazards since the global population could grow to around 9.7 billion
by 2050 [2], with 68 percent of those projected to be urban [3]. The health of residents has
been significantly affected by the quality of the thermal environment.

The thermal environment is a heat-related physical environment that can affect human
perception of warmth/cold, population health, and the survival and development of
residents [4], including the surface thermal environment (STE) characterized by land
surface temperature (LST) and the regional canopy or boundary layer thermal environment

Remote Sens. 2022, 14, 4997. https://doi.org/10.3390/rs14194997 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs14194997
https://doi.org/10.3390/rs14194997
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0002-2987-5623
https://orcid.org/0000-0002-7479-2333
https://orcid.org/0000-0002-2421-0243
https://orcid.org/0000-0002-9649-7968
https://orcid.org/0000-0001-5771-4168
https://orcid.org/0000-0002-4148-5513
https://doi.org/10.3390/rs14194997
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14194997?type=check_update&version=3


Remote Sens. 2022, 14, 4997 2 of 21

represented by atmospheric temperature [5]. Among them, STE is the most closely related
to the life of regional residents and thus the livability of residential areas, as LST deeply
affects human comfort and health by affecting the energy exchanges [6] and modulating
the near-surface air temperature [7], which have been explored by many heat-related health
risk studies [8–12]. The deterioration of the thermal environment has led to a diversity of
direct or indirect consequences on human society, the most typical of which is the urban
heat island (UHI), a phenomenon of urban temperatures being significantly higher than
those in surrounding non-urban areas. This increases energy consumption for cooling [13]
and leads to some environmental problems such as more frequent urban heat waves and
intensification of air and water pollution, and a series of social problems such as increased
morbidity and mortality of residents [14,15]. As a result, the quantitative evaluations of
thermal environmental changes in residential areas have been major concerns of many
urban ecology studies.

Urbanization, a vital factor affecting the spatiotemporal dynamic characteristics of
STE [14], is unequal worldwide, with the largest expansion of built-up area mainly dis-
tributed in the United States and developing and emerging countries (such as China) and
the largest growth of the urban population mainly concentrated in Asia and Africa [16].
In particular, the centers of gravity related to urbanization and the global population are
moving to the southeastern region motivated by the expansion of China from 1960 to
2016 [17]. The global urban area expanded by 80% and the urban population increased by
52% from 1985 to 2015 [18], which has largely promoted both the demand and progress of
the research on the urban thermal environment. Since Howard (1833) first proposed UHI
as a result of urbanization [19] and Rao (1972) first observed surface UHIs with satellite
sensors [20], there has been a proliferation of studies on urban thermal environments
and urban heat islands, especially after 2005 [13]. The main research contents of existing
studies can be summarized into two aspects: inwardly, the characteristics and formation
mechanism of STE or UHI, including quantification and evaluation of the status of the
thermal environment or the intensity of the UHI effect and identification of their influencing
factors [21], such as the landscape composition and configuration [22] and artificial waste
heat [14]; and outwardly, analysis of the social and environmental hazards caused by the
deterioration of STE or the intensification of UHI effects, such as urban pollution [23] and
the health problems of residents exposed to high temperatures [11,12]. In terms of research
objects, although the range of studies covers city-specific landscapes at the micro level,
such as functional zones [24] or specific land types [5], and specific cities [22,25] or urban
agglomeration [26] at the macro level, relevant research has always focused on cities.

Thermal environment studies are aimed at regional residents to provide a more
comfortable and livable living environment, thus adequate and abundant case studies
performed in city areas have helped to understand the spatiotemporal variations of the
UHI intensity in different cities [27]. Comparatively, although there are many island cities
and countries around the world (such as Java, British Isles, Salsette Island, etc.), little
attention has been paid to the thermal variability of inhabited islands, which are also
important human habitats. On the land side of the global coastline, more than half of
the world’s population lives in coastal areas within about 60 km of the coast [28], and
as a vital component of marine and coastal zone ecosystems, islands are significant sites
and special regional units for human productive activities with unique geographical and
climatic conditions. Compared with inland cities, inhabited islands and island cities are
natural closed systems surrounded by seawater with distinct boundaries [29], and this
particular geographical environment enables them to avoid the interference of the thermal
effect from adjacent land, providing an ideal independent area for the study of thermal
environmental characteristics of residential areas. It is also more representative to perform
contributor analysis of STE on inhabited islands due to the sensitive response of the island
ecosystem to various natural and anthropogenic factors [30]. However, most current
environmental studies on islands have focused on species richness surveys [31], island
ecosystem health assessments [30], and various resource and environmental effects of
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human economic activities (such as tourism) [32,33]. Accordingly, it is necessary but rare
to carry out thermal environment investigations on inhabited islands. Moreover, due
to the lack of relevant research cases and the poor spatial synchronization owing to the
instantaneous measurement of LST captured by remote sensing satellites, the comparison
of STE and the UHI intensity of inhabited islands at different urbanization levels is not
fully understood.

The main objective of this study was to investigate the significant differences in the
characteristics and impact factors of STE in two inhabited islands with different urban-
ization levels under the same climate conditions and similar area size, and whether there
any similarities and differences in the impact factors of STE of inhabited islands compared
with previous inland cities. Two inhabited islands located in the same satellite image but at
different stages of urbanization development were selected for comparative analysis from
the spatial and temporal dimensions by the GIS and RS methods, and the results supple-
ment empirical cases to the thermal environment investigation of the islands, providing the
scientific basis for the urbanization development planning of the islands for the relevant
decision-makers.

2. Materials and Methods
2.1. Study Area and Data Source

The study area covers the highly and rapidly urbanized Xiamen Island (main island)
and the lowly and slowly urbanized Kinmen Island, both of which are located in the
southern waters of China within a typical subtropical maritime monsoon climate with
warm and humid conditions throughout the year (Figure 1a,b). Among them, Xiamen
Island is part of Xiamen City, Fujian Province, with an “O” shape and a main island area of
approximately 143.14 km2, while Kinmen Island is subordinate to Quanzhou City, Fujian
Province, with an “H” shape and a total island area of about 136.45 km2. Despite the similar
area scale and the close position, there are significant differences in both the speed and
degree of urbanization between the two islands and the population. From 2000 to 2020,
the GDP of Xiamen Island grew rapidly from 3.82 to 344.88 billion yuan, allowing Xiamen
Island to reach an urbanization rate of 100% as early as 2010 [34], and its population had
increased to 2.11 million by 2020. Comparatively, Kinmen County, whose relatively stable
population was only 6.72 × 10−2 million in 2020, only had a GDP of about 22.10 billion
yuan in 2020 [35]. In addition, the significant differences in the spatial extent of their urban
area can also be seen in the images shown in Figure 1c–e. In short, the same climate and
remote sensing imaging condition with a similar area size but the evident differences in the
island shape, urbanization level, and population magnitude between Xiamen Island and
Kinmen Island, and the spatial independence of each other due to the marine environment
make it an ideal area for the comparative study of STE of inhabited islands.

Cloud-free Landsat-5 TM (2000/2003/2006/2010) and Landsat-8 OLI/TIRS
(2014/2017/2020) images (Table A1), and 30 m spatial resolution DEM data, Shuttle Radar
Topography Mission 1 (SRTM1), were acquired from the United States Geological Survey
(USGS) while the vector boundary data of islands were modified from Resources and
Environmental Science and Data Center of Chinese Academy of Sciences. The latest DEM
data (NASADEM) was obtained from the website of NASA EarthData, and the data of
near-surface mean air temperature used for LST retrieval were collected from the official
yearbooks.
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compared with the radiative transfer equation method [36,37], and obtains a slightly 
higher LST calculation accuracy than that of the single channel algorithm in some com-
parative studies [37–39]. Although proposed for Landsat TM6 data initially, it also per-
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Figure 1. Geographical location of the study area and the presentation of geographical data.
(a) Location of the study area in China; (b) Comparison of topography features between Xiamen
Island and Kinmen Island based on DEM; (c–e) Decadal spatial distribution of the land surface of the
study area.

2.2. Retrieving LST with Mono-Window Algorithm

In consideration of the characteristic of Landsat thermal data, a mono-window algo-
rithm proposed by Qin et al. [36] was used to retrieve LST, which directly includes the
atmospheric influence in the calculation equation to avoid atmospheric simulation errors
compared with the radiative transfer equation method [36,37], and obtains a slightly higher
LST calculation accuracy than that of the single channel algorithm in some comparative
studies [37–39]. Although proposed for Landsat TM6 data initially, it also performs well
for Landsat TIRS data [40]. The specific retrieval method of the land surface temperature
Ts is shown in Equation (1), whose meanings of variables are detailed in Table 1:

Tλs = [aλ(1 − Cλ − Dλ) + (bλ(1 − Cλ − Dλ) + Cλ + Dλ)Tλt − DλTa]/Cλ (1)

To eliminate the inconsistency of LST and thus improve the comparability in the time
dimension to obtain more objective rules, the mean-standard deviation method [41] was
used to divide LST into a hot zone, normal zone, and cold zone to characterize the thermal
environment in more detail (Table 2). On this basis, the heat amplitude was defined as
the ratio of the area percentage of the hot zone to that of the other zones in this study
to emphasize the gap in the spatial extent of LST disparity while the heat intensity was
defined as the ratio of the area percentage of the high LST zone to that of other zones,
focusing more on the attribute gap of LST disparity.
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Table 1. Variables and description in the formula of the mono-window algorithm [36–40].

Variables Meaning and Expression/Value

aλ, bλ

Constant coefficient
a6 = −67.355351, b6 = 0.458606 (0–70 ◦C)

a10 = −62.7182, b10 = 0.4339 (0–50 ◦C)

Tλt

Effective at-satellite brightness temperature (K) calculated by the DN value for the quantized and calibrated
standard product pixel of TM6/TIR10 image (QDN)

T6t = 1260.56/ ln[1 + 607.76/(1.2378 + 0.055158QDN)]
T10t = 1321.08/ ln[1 + 774.89/(0.1 + 0.0003342QDN)]

Ta
Effective mean atmospheric temperature obtaining by the near surface air temperature T0

Ta = 19.2704 + 0.91118T0 (for mid-latitude winter)

Cλ, Dλ
Internal parameter

Cλ = ελ ∗ τ; Dλ = (1 − τ) ∗ (1 + (1 − ελ) ∗ τ)

τ Atmospheric transmittance obtained from https://atmcorr.gsfc.nasa.gov/ (accessed on 17 February 2021)

ελ

Ground emissivity consisting of the emissivity of representative terrestrial materials (water, soil, impervious surface,
and vegetation) for band λ

εwater = ελw; εsur f ace = ελvCV + ελs(1 − CV); εbuilding = ελvCV + ελi(1 − CV)
(ε6w = 0.995, ε6s = 0.972, ε6i = 0.970, ε6v = 0.986; ε10w = 0.991, ε10s = 0.966, ε10i = 0.962, ε10v = 0.973 )

CV

Vegetation coverage
CV = [(NDVI − NDVIS)/(NDVIV − NDVIS)]

2

NDVIS = 0.2; NDVIV = 0.5

NDVI
The normalized differential vegetation index obtaining by near infrared band (ρNIR ) and infrared (ρR )

NDVI = (ρNIR − ρR)/(ρNIR + ρR)

Table 2. Statistic basis of LST zoning.

Primary Zoning Detailed Zoning Conditions *

Hot zone
High LST zone (HTZ) Ts > µ + std

Sub high LST zone (SHTZ) µ + 0.5std < Ts ≤ µ + std

Normal zone Medium LST zone (MTZ) µ − 0.5std ≤ Ts ≤ µ + 0.5std

Cold zone
Sub low LST zone (SLTZ) µ − std ≤ Ts < µ − 0.5std

Low LST zone (LTZ) Ts < µ − std
* µ: mean LST; std: standard deviation of LST.

2.3. Identifying Land Cover Types with SVM Classification

According to the actual situation of islands and research demands, land cover types
were defined as the following four categories: greenland (the area covered with vegetation,
including forestland, grassland, and cultivated land with vegetation); impervious surface
(the area of artificial hard surface, including settlements, traffic land, and industrial land);
bare land (natural bare land without vegetation cover, including unused land, fallow arable
land, and sandy beach); and water body (including lakes, reservoirs, and rivers).

Given the limited size of the study area, a support vector machine (SVM) in the
machine learning classifier was used to identify land cover types due to its advantage
of achieving high classification accuracy with small training data sets [42]. Through
further post-classification, the final land cover classification results that met the accuracy
requirements and were feasible for subsequent analysis with a Kappa coefficient exceeding
0.85 and overall accuracy exceeding 90% were obtained after being verified by the region
of interest (ROI) samples determined from the original remote sensing images through
visual interpretation.

2.4. Measuring the Spatial Heterogeneity of LST

Moran’s I [43] and Getis-Ord Gi* [44] were used to measure the spatial heterogeneity
of LST in this work, of which the former is an overall statistical description of the spatial

https://atmcorr.gsfc.nasa.gov/
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autocorrelation of LST based on feature locations and attributes of the elements, and the
latter gives further statistical identification and clear visualization of the significant hot
spots and cold spots of LST. Their basic formulas are shown in Equations (2) and (3),
respectively, and more detailed information can be found in the literature [43,44]:

I =

[
n

n

∑
i=1

n

∑
j=1

wij(xi − x)
(
xj − x

)]/[ n

∑
i=1

n

∑
j=1

wij

n

∑
i=1

(xi − x)2

]
(2)

G∗
i =

[
n

∑
j=1

wijxj −
(

n

∑
j=1

xj

n

∑
j=1

wij/n

)]/ 2

√√√√√
n

n

∑
j=1

x2
j −

(
n

∑
j=1

xj

)2
n

n

∑
j=1

w2
ij −

(
n

∑
j=1

wij

)2
/[n2(n − 1)]

 (3)

where xi is the attribute for feature i, x is the mean of the corresponding attribute, wij is the
spatial weight between feature i and j, and n is the total number of features.

2.5. Analyzing the Thermal Landscape Pattern with Geographic Distribution and Landscape Metrics

The geographic center of the high LST zone of the two inhabited islands was measured
by the mean center (Equation (4)), and the directional distribution ellipse (Equation (5))
was used to show the spatial characteristics of the dispersion and direction trend of the
high LST zone [45]:

MC =


x = 1

n

n
∑

i=1
xi

y = 1
n

n
∑

i=1
yi

(4)

C =
1
n


n
∑

i=1
(xi − x)2 n

∑
i=1

(xi − x)(yi − y)
n
∑

i=1
(xi − x)(yi − y)

n
∑

i=1
(yi − y)2

 (5)

where (x, y) and (xi, yi) are the coordinates of the mean center and element i, respectively,
and n is the total number of elements.

Based on landscape ecology methods, the landscape metrics [46] were used to assess
the thermal landscape pattern by exploring the fragmentation, aggregation, and shape
complexity of the high LST zone patch (Figure A1), and produce grid layers of diverse land
coverage rates (Figure A2). Specifically, to enhance the spatial correspondence between LST
and land cover type in the contributor analysis, a 210 × 210 m window (Figure A3) was
used to move pixel by pixel on the land cover type grid, during which the calculated value
of the landscape percentage index (PLAND) of the whole window was assigned to the
pixel in the center of the window and thus the spatially continuous coverage rate images
of each land class were obtained. The specific expression and meaning of each landscape
metric are shown in Table 3.

Table 3. The formula and significance of landscape metrics.

Characteristics Metrics and Expression * Meaning

Fragmentation PD = (ni/A)× 10000 × 100 The larger the patch density (PD ≥ 0), the more broken the
thermal landscape.

Aggregation AI = 100 × gii/maxgii
The larger the aggregation index (0 ≤ AI ≤ 1), the more

concentrated the thermal landscape is in space.
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Table 3. Cont.

Characteristics Metrics and Expression * Meaning

Shape complexity FRAC_MN = 2 ln
(

0.25pij

)
/ ln aij

The larger the fractal dimension index (0 ≤ FRAC_MN ≤ 1), the
more complex the path shape of the thermal landscape.

Area proportion PLANDi = 100 ×
n
∑

j=1
aij/A

The larger the percentage of landscape (0 ≤ PLAND ≤ 100), the
larger the area proportion of the patch type i. In this study, a

moving window with a pixel size of 210 by 210 m was used to
calculate PLANDi of each pixel position in the research area to

generate a continuous raster layer of the land cover rate in space.

* ni : number of patches in the landscape of path type i; A: total landscape area (m2); pij: perimeter of the patch ij;
aij: area of patch ij (m2); gij: number of like adjacencies between pixels of patch type i based on the single-count
method, whose maximum was defined as maxgii .

2.6. Exploring the Impact Factors of LST with Spearman’s Rho

Spearman’s rank correlation coefficient [47], also called Spearman’s rho, is a non-
parametric test method used to measure the linear or nonlinear correlation between two
variables, which is widely applicable because of the no normal distribution requirement and
insensitivity to outliers [48]. Considering the interference of outliers with the results and
the spatially continuous variables that all meet the requirements of a normal distribution,
Spearman’s rho was used to explore the impact factors of LST (Equation (6)):

rs = 1 −
[

6
n

∑
i=1

di
2
/

n
(

n2 − 1
)]

(6)

where rs (−1 ≤ rs ≤ 1) is the Spearman’s rho, di is the ranking deviation of corresponding
observes values, and n is the number of observed values.

3. Results
3.1. Spatiotemporal Characteristics of LST in the Two Inhabited Island
3.1.1. Retrieve Results and Spatial Heterogeneity of LST

In terms of time series, taking 2010 as the turning point, the mean LST of the two inhabited
islands showed obvious fluctuations in the first 10 years of the study period but continued
to rise in the last 10 years, which as a result increased by 2.01 ◦C in Xiamen Island and
3.29 ◦C in Kinmen Island, respectively (Figure 2). From the perspective of spatial compari-
son, the mean LST was slightly higher on Xiamen Island from 2000 to 2010 but on Kinmen
Island after 2010.

According to the positive Moran’s I, which ranged from 0.95 to 0.99 at the 0.01 signifi-
cance level, significant spatial cluster patterns of LST existed in both Xiamen Island and
Kinmen Island in all periods, whose geographical spatial distribution was characterized by
the cold/hot spot area as shown in Figure 2. From 2000 to 2020, the area proportion of hot
spot regions (with a confidence level of 0.9 or above) of LST increased in both islands, and
5.06% and 5.78% of the spatiotemporal stable hot spot regions were retrieved in Xiamen
Island and Kinmen Island, respectively, which may provide supplementary information
for the identification of the small regional-scale UHI.

3.1.2. Spatiotemporal Characteristics of the Thermal Effect

Evident differences in the spatiotemporal characteristics of the LST zoning based on
the retrieved results of LST between the two islands are revealed in Figure 3a. Specifically,
the area proportion of the high LST zone wavelike increased by 10.09% during the study
period whereas that of the hot zone wavelike decreased by 2.57% due to the reduced
sub-high LST zone in Xiamen Island while the opposite trend was correspondingly found
in the low LST zone and cold zone, suggesting enhancement of the heat intensity due to the
more and more extreme LST despite the mitigating heat amplitude. In contrast, intensified
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heat amplitude and reduced heat intensity were found in Kinmen Island according to the
increase in the area proportion of the hot zone (12.00%) and the decrease in that of the high
LST zone (−5.42%). As a result, a weaker mean heat intensity but stronger heat amplitude
were found on Xiamen Island (Figure 3b,c).
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Figure 3. The spatiotemporal change and comparison of STE between Xiamen Island and Kinmen
Island from 2000 to 2020. (a) The distribution and area proportion of LST zoning; (b) Heat ampli-
tude change; (c) Heat intensity change; (d) Geographical distribution (mean center and directional
distribution ellipse) change in HTZ.
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Different from the relatively spatiotemporal stable distribution of the hot zone in
Kinmen Island, which was mainly concentrated in the west and north of the island, the
primary spatial distribution of the hot zone in Xiamen Island dynamically shifted from
the west and north of the island to the northwest and east coast of the island from 2000
to 2020. Distinct differences in the geographical distribution characteristic of a high LST
zone between the two islands are shown in Figure 3d. The mean center of the high LST
zone in Xiamen Island was stably located in the northwest of the island and migrated as ”S”
over time while the direction distribution ellipse of the high LST zone changed from the
“northeast to southwest” direction with smaller eccentricity to the “northwest to southeast”
direction with larger eccentricity. At the same time, the mean center of the high LST zone
in Kinmen Island was stable near the northern bay area and moved anticlockwise, with
the direction distribution ellipse keeping the direction of “northeast to southwest” with
increasing eccentricity.

On this basis, there were opposite temporal trends of landscape pattern characteristics
of the thermal patches between the two islands according to the landscape metrics (Table 4),
where increasingly contiguous and gathered but decreasingly shape-complex thermal
patches were revealed in Xiamen Island while increasingly fragmentized and scattered
and shape-complex thermal patches in Kinmen Island. On the whole, the thermal patches
of Xiamen Island were more fragmented, discrete, and shape-simple than that of Kinmen
Island on average over the study period.

Table 4. Fragmentation, aggregation, and shape complexity of the thermal landscape (HTZ) between
Xiamen Island and Kinmen Island in different periods.

Year
Xiamen Island Kinmen Island

PD AI FRAC_MN PD AI FRAC_MN

2000 2.2649 85.9005 1.0573 1.2679 90.4604 1.0541
2003 1.5422 87.6945 1.0521 1.0010 90.8477 1.0624
2006 2.0362 87.7630 1.0483 2.0019 87.6046 1.0537
2010 1.6256 88.0171 1.0564 3.9298 84.0374 1.0513
2014 1.5974 89.3791 1.0515 1.0561 92.1826 1.0539
2017 1.9141 88.4897 1.0522 1.0044 91.8410 1.0555
2020 1.6607 88.9447 1.0509 1.3958 89.7056 1.0585

Average 1.8059 88.0269 1.0527 1.6653 89.5256 1.0556

3.2. Impact Factors of LST in the Inhabited Islands
3.2.1. Land Cover Types and Their Effects on LST

The spatial distribution of the land cover type of the study area shown in Figure 4a
denotes that more than one-third of the highly urbanized Xiamen Island was covered by
an impervious surface, which continued to spread to the north and east of the island via
the occupation of other land types and as a result of the increased area proportion from
42.04% to 49.43% during the study period (Figure 4b). Numerous stable green landscapes,
the second major and increasing land cover type of Xiamen Island with an area proportion
of 39.03% in 2020, were distributed mostly in the southern and western mountains. In
addition, although the total area of the entire island increased by 7.88 km2 owing to the
extensive sea reclamation in the north of the island from 2000 to 2010, the area proportion
of inland water body decreased from 5.60% in 2000 to 2.72% in 2010, and 2.79% in 2020.
Different from Xiamen Island, Kinmen Island maintained a stable land cover pattern that
was dominated by greenland (58.83% on average), and its low impervious surface was
mainly clustered along the bay coast of the eastern island and on the west side of the
southeastern island lake.
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A consistent spatial correspondence of the LST zoning and land use pattern was found
in the two islands when comparing Figures 3a and 4a. Except for MTZ, the distribution
area of greenland and water body was the largest in the cold zone (LTZ or SLTZ) while that
of bare land and impervious surface was the largest in the hot zone (Figure 4c), indicating
that for both Xiamen Island and Kinmen Island, bare land and impervious surface can
be proposed as warming land patches while greenland and water body are cooling land
patches. Among them, bare land exacerbated LST more than impervious surface, and water
body mitigated LST better than greenland according to the statistical results of the mean
LST by land category shown in Figure 4d.

In consideration of the one-sidedness of the classification statistical results, which
cannot fully determine the thermal effect of each land cover type from the perspective of
continuous spatial correspondence, we performed a comprehensive statistical analysis on
the relationship between the spatial continuous layers of cooling/warming land coverage
(measured by PLAND in Figure A2) and LST, and the results are shown in Figure 5a.

3.2.2. Comprehensive Analysis of Multiple Factors of LST

Figure 5a–c shows the variation trend of LST with PLAND of cooling land, coastal
distance, and elevation, respectively. The significant negative correlation relationship
between LST and PLAND of cooling land was qualitatively revealed by the density scatter
plot and quantitatively revealed by Spearman’s rho (rs). For all spatial locations (raster
pixels) across the study area, there was a monotonically declining trend of the mean LST
with the increase in PLAND of cooling land, providing complementary spatial and attribute
verification information for the classification of cooling/warming land patches.

As shown in Figure 4a, the coastline of Xiamen Island changed dramatically from 2000
to 2010 because of the significant increase in the island area caused by coastal reclamation
while the coastline of Kinmen Island remained relatively stable during the study period. On
the whole, according to Figure 5b, there seems to be a significant slight negative correlation
between LST and coastal distance of the two islands, except that of Kinmen Island in 2017
and 2020.

An evident negative relationship also existed between LST and elevation on the space-
time dimension as shown in Figure 5c, indicating the possible effectiveness of an elevation
increase in mitigating LST. Additionally, it is interesting to note that LST decreased rapidly
with the increase in elevation in the interval of 0–100 m, but the rate of decrease slowed
down obviously when the elevation reached above 100 m.

In consideration of a single contributor for Xiamen Island, PLAND of cooling land,
elevation, and coastal distance were significantly negatively correlated with LST (Figure 5d).
Among them, PLAND of cooling land had the greatest influence on LST, followed by
elevation and coastal distance. The results of Kinmen Island were similar except for
the positive correlation between coastal distance and LST in 2017 (rs = 0.10) and 2020
(rs = 0.06). However, significant correlations were also found among the three impact
factors. Therefore, to eliminate the interference of the significant correlation between the
three contributors on the influencing mechanism analysis of STE, the partial correlation
coefficients via Spearman’s rho (prs) [49] between LST and the three impact factors were
calculated (Table 5).
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effect of PLAND of cooling land on LST (the opposite trend for PLAND of warming land); (b) The
effect of coastal distance on LST; (c) The effect of elevation on LST; (d) Thermal map of Spearman’s
rho among variables (A: LST; B: PLAND of cooling land; C: coastal distance; D: elevation). ** at the
1% significance level.

There was still a strong and significant negative correlation between LST and PLAND
of cooling land when given other variables (prs ≤ −0.27 in Xiamen Island and prs ≤ −0.60
in Kinmen Island), demonstrating that land cover type is the most important factor affecting
LST, and its influence on LST is direct to a large extent. However, the absolute value of
the partial correlation coefficient between elevation and LST decreased significantly both
on Xiamen Island and Kinmen Island when given two other variables. Based on the
relationship between elevation and the other two variables in Figure 5d, it can be seen
that elevation mainly affected LST indirectly by changing the landscape composition, and
its direct influence was limited. In addition, the positive and negative properties were



Remote Sens. 2022, 14, 4997 14 of 21

unstable. Of particular concern, there was a significant positive correlation between coastal
distance and LST in Kinmen Island when given other variables, i.e., the closer to the coast,
the lower the LST, which means that seawater has a positive effect on reducing island LST.

Table 5. Partial correlation coefficient with Spearman’s rho (prs ) between LST and other variables.

Year

Xiamen Island Kinmen Island

PLAND of
Cooling Land

Coastal
Distance Elevation PLAND of

Cooling Land
Coastal

Distance Elevation

2000 −0.62 ** −0.14 ** 0.00 −0.70 ** 0.20 ** −0.05 **
2003 −0.52 ** −0.18 ** 0.02 ** −0.71 ** 0.22 ** 0.02 **
2006 −0.36 ** −0.08 ** −0.02 ** −0.60 ** 0.10 ** 0.00
2010 −0.27 ** −0.16 ** −0.21 ** −0.63 ** 0.03 ** −0.11 **
2014 −0.49 ** −0.18 ** −0.22 ** −0.77 ** 0.25 ** −0.06 **
2017 −0.43 ** −0.14 ** −0.09 ** −0.64 ** 0.30 ** 0.02 **
2020 −0.56 ** −0.19 ** 0.08 ** −0.73 ** 0.28 ** 0.06 **

** At the 1% significance level.

3.2.3. Further Analysis of the Effect of the Marine Environment on LST

In view of the opposite partial correlation analysis results of the two islands, we
calculated the mean LST in different coastal distance regions with the basic distance unit
of 30 m to further explore the influence of the marine environment on LST of these two
inhabited islands. Considering the strong influence of the land cover type on LST proved
above, both classified statistics according to land cover and comprehensive statistics were
carried out, and the results are shown in Figure 6a.

The comprehensive analysis results (histogram in Figure 5) show that for Xiamen
Island and Kinmen Island, the smaller the coastal distance, the lower the mean LST within
a specific distance range, indicating that the marine environment did mitigate LST in the
coastal area to a certain extent. Taking the first turning point of the broken line of the mean
LST change in different distance intervals as the distance threshold of the impact of coastal
seawater on LST, it can be seen that for both islands, the influence of coastal distance on
the water body was unstable within the threshold, so no obvious cooling effect was found.
However, the other three land cover types all showed an obvious cooling trend with the
decrease in the coastal distance, especially on Kinmen Island. No stable and consistent size
pattern of the threshold values of different land cover types on the time series was found.
Specifically, for the other three types of land use, the threshold values were 150–330 m
for greenland, 150–390 m for impervious surface, and 300–390 m for bare land in Kinmen
Island; and 60–210 m for greenland, 120–210 m for impervious surface, and 90–270 m for
bare land in Xiamen Island.

Moreover, corresponding to the influence of the marine environment on island LST,
the obvious warming effect of the island environment on the surrounding seawater was
also revealed, that is, the closer the seawater was to the coast, the higher the mean LST,
which was particularly evident in the highly urbanized Xiamen Island (Figure 6b).
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4. Discussion
4.1. Differences in STE of Inhabited Islands with Various Urbanization Levels

There are evident differences in the characteristics of STE between Xiamen Island
and Kinmen Island, which have the same climatic and natural geographical conditions.
In terms of temporal changes, the heat amplitude of Xiamen Island decreased, but LST
became increasingly extreme and the heat intensity gradually strengthened. While the heat
intensity weakened and the heat amplitude increased on Kinmen Island at the same time.
In terms of spatial comparison, the heat amplitude of Xiamen Island was generally stronger
than that of Kinmen Island but slighter in heat intensity, and significant differences in the
degree of spatial heterogeneity and geographic distribution characteristics of HTZ existed
in the two islands.

PLAND of cooling/warming land is the primary contributor to STE revealed by the
results in Section 3.2. Thus, the differences in the STE characteristics between Xiamen
Island and Kinmen Island can be accounted for by the diversity in their land cover types.
The highly urbanized Xiamen Island has an impervious surface with an area share of over
40%, meaning that the area of warming land accounts for more than 56%. In contrast,
Kinmen Island is dominated by cooling land (the area accounts for more than 55%), leading
to a lesser area proportion of the hot zone and a small heat amplitude. It is important
proof that the level of urbanization will cause differences in the STE characteristics of
different islands.

Moreover, it is noteworthy that coastal distance, a representative of the natural con-
tributor to STE in this study, showed a negative correlation with STE on Xiamen Island
but a positive correlation on Kinmen Island as a whole, which may also be related to
the urbanization level. Kinmen Island, with a low urbanization level, maintains a more
primitive island ecological environment, which ensures less anthropogenic disturbance to
LST, and thus the reduction in coastal distance has a significant effect on mitigating LST.
While this fact is the opposite on the highly urbanized Xiamen Island. A possible reason
may be that other probable impact factors of STE brought by urbanization development,
such as building morphology, ventilation corridors, socio-economics, and anthropogenic
heat emissions [14,26,50], were not seriously controlled for in this study. Additionally, the
mean LST of the seawater around Xiamen Island was found to be higher than that around
Kinmen Island (Figure 6b), which may also be the result of more frequent human activities
along the coast in the high urbanization of Xiamen Island.

4.2. Comparison of the Impact Factors of LST between Island Cities and Inland Cities

Compared to inland cities, the impact factors of LST of inhabited island cities are
universal, reflecting that bare land and impervious surface are typical warming land
patches while water body and greenland are good cooling land patches both in inland
cities [50] and islands [51]. Among them, the warming capacity of bare land is stronger than
impervious surface, and the cooling capacity of water body is stronger than greenland [52].

On the other hand, the contributors of LST of inhabited island cities are typical, being
embodied in the island morphology and marine environment. First, the mountainous
areas of Xiamen Island are mainly concentrated in the south of the island, leaving a large
area of flat terrain that is densely distributed in built-up areas. Meanwhile, the coast of
Xiamen Island has also become the main distribution area of the thermal landscape with
the advancement of urbanization and the increase in the population. In this case, the round
cake shape of Xiamen Island makes its area-weighted mean center of the thermal landscape
always located in the residential area of the island (Figure 3d). Compared with Xiamen
Island, the dumbbell-shaped island shape of Kinmen Island has more opportunities to
make the mean center of the thermal landscape located on the seawater outside the island
rather than on the island or adjacent cities for inland cities, which reduces the influence
of the high-temperature environment on the residents of the inhabited island to a certain
extent. Second, the ability of seawater to mitigate the thermal effects of coastal areas has
also been proved as LST of coastal areas increases away from the coastline into the land
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within an obvious spatial threshold. Accordingly, the island morphology and marine
environment should be fully considered to optimize STE and enhance the livability of
inhabited islands as much as possible in the process of urbanization development.

4.3. Limitations and Future Works

Due to data limitations, this study only focused on STE and did not carry out joint
research on the canopy or boundary layer thermal environment. Moreover, the data in
this study mainly reflected STE of inhabited islands during the daytime in winter. The
seasonal and diurnal differences in STE have also been demonstrated by many relevant
studies in cities [26,27,50]. On the other hand, LST captured by remote sensing images is
an instantaneous measure at a specific moment [6,22]. To obtain a more comprehensive
understanding of the characteristics and impact factors of STE and avoid the contingency
of the results, all seven useful periods spanning 20 years were selected in this study. Never-
theless, the temporal resolution was still coarse. Finer temporal resolution is beneficial to
better reveal the variation characteristics and details of the surface thermal environment
of islands, which was also proven in this work. The combination of multi-source data
should be considered in the future to expand both the breadth and depth of research on
STE of islands.

Moreover, the three impact factors involved in this study are macro scale such as
geographical and landscape factors, so the lack of some urban metrics on the micro scale
has brought a degree of limitation to this study. For example, the urban spatial structure,
which includes the characteristics of urban streets, road widths, and heights and three-
dimensional forms of buildings [53], may affect STE by changing the ventilation conditions
and thus the heat exchange process of the city. Finally, only the composition of land types
was regarded without considering the configuration and function of land [22,25,54], which
requires more accurate and effective classification methods in the identification of urban
land types in future works [55].

5. Conclusions

This study investigated the characteristics and impact factors of STE on two inhabited
islands in China with different urbanization levels. The results indicate that the heat
amplitude weakened but the heat intensity continued to strengthen due to the increasingly
extreme LST of Xiamen Island from 2000 to 2020 while that of Kinmen Island was the
opposite. Although a significant cluster pattern of LST zoning was found in both islands,
different geographical distributions of HTZ were among them. The thermal landscape of
Xiamen Island is more fragmented, discrete, and simple in shape, and the mean center
of HTZ is always located inside Xiamen Island but sometimes in the seawater of the
northern bay area of Kinmen Island, resulting from the shape of the island. The land
cover type is the primary contributor of STE in the two islands, followed by the coastal
distance. Despite the correlation between coastal distance and LST being negative in
Xiamen Island but positive in Kinmen Island as a whole, the marine environment does
have a cooling effect on the non-water bodies of both islands within a certain distance.
Under the same climatic and geographical conditions, the spatiotemporal differences of
STE between Xiamen Island and Kinmen Island are mainly due to the various urbanization
levels, which is reflected in that different urbanization levels correspond to different land
cover types in this study. In conclusion, the characteristics and impact factors of STE of
inhabited islands are both universal and typical compared to inland cities, suggesting more
attention should be paid to the marine environment and urban form for the planning and
management of the coastal and island cities in addition to the change in LULC closely
related to the urbanization process.
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Appendix A

Table A1. The image information of Landsat series data and weather parameters of these scenes.

Path/Row Type Data AT * NSAT * (◦C) RH * (%) WV * (m/s)

119/43

Landsat
TM

20001206 0.66 16.70 73 2.60
20031215 0.88 14.40 73 2.80
20061207 0.58 15.80 65 3.00
20101208 0.89 14.80 65 2.50

Landsat
OLI/TIRS

20141213 0.86 13.90 64 2.90
20171221 0.92 15.38 61 3.28
20201111 0.81 21.60 63 3.70

* AT: Atmospheric transmittance; NSAT: Average near-surface air temperature; RH: Relative humidity; WV:
Average wind velocity.
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Figure A1. The definition of thermal landscape patches. A patch refers to a part of space that is 
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mental character states from their surroundings of magnitudes. 

Figure A1. The definition of thermal landscape patches. A patch refers to a part of space that is
different in appearance or property from the surrounding environment but has some internal homo-
geneity and is identified via patch boundaries distinguished by discontinuities in the environmental
character states from their surroundings of magnitudes.
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