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• The majority of the major Chinese cities
(81%) had intensiﬁed UHI effects.
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a b s t r a c t
Intensity of urban heat island (UHII) is a key indicator to quantify the magnitude of UHI effect. Change in UHII, however, can be affected by change in urban or rural temperature, or both. Numerous studies have investigated the
change of UHII, but how it relates to change in urban and rural temperature is poorly understood. Here we present
a continental scale analysis on the change in UHII from 2000 to 2015 in 31 major cities in China, and further explored
whether such change was caused by urban warming. We used time series analysis based on MODIS land surface
temperature product (MOD11A2) in summer. We found: (1) A majority of the cities (25 out of 31) had an increasing
trend in UHII from 2000 to 2015, among which 44% were signiﬁcant, suggesting a signiﬁcantly intensiﬁed UHI effects. (2) Intensiﬁed UHII does not necessarily mean deterioration of urban thermal environment, and vice versa.
For the 25 cities with an increasing trend in UHII, 11 cities had a decreasing trend of LST in both urban and rural
areas. Meanwhile, for the 6 cities with a decreasing trend in UHII, three had warming trend in both urban and
rural areas. (3) The attribution of changes in UHII to that of urban and rural LST indicated that it is necessary to quantify the change of LST in both urban and rural areas to fully quantify the impact of urbanization on UHI effect.
© 2021 Elsevier B.V. All rights reserved.
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Urban heat island effect refers to the phenomena that air temperature or land surface temperature (LST) in urban areas is higher than
that in surrounding rural areas (Oke, 1973, 1982; Voogt and Oke,
2003). The higher temperature in urban area affects the growth of vegetation (Melaas et al., 2016; Zipper et al., 2016), leads to air pollution
(Sarrat et al., 2006), increases energy consumption (Santamouris,
2014; Santamouris et al., 2015), and can have adverse impacts on the
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2014), Shanghai (Zhang et al., 2010) and Shenyang (Lu et al., 2015), as
well in cities in many other countries (Rizvi et al., 2021; Visser et al.,
2020). Additionally, the intensity of surface urban heat island was generally higher in the southern regions than that in the northern regions in
summer days in China (Yao et al., 2017a). Meanwhile, there were also
signiﬁcant differences in diurnal and seasonal UHII (Cui and Foy,
2012; Haashemi et al., 2016; Zhang et al., 2005).
While numerous studies have shown that urban heat island intensity increased along with urbanization, how the change in UHII was related to that in temperature in both urban and rural areas remains
largely unexplored, especially at continental scales. The change in UHII
can be attributed to the change in temperature in urban areas, or rural
areas, or both (Wang et al., 2019). Increase in UHII may be not necessarily caused by exaggerated urban warming. For example, a recent study
conducted in Beijing showed intensiﬁed UHI but without signiﬁcant
urban warming (Wang et al., 2019). That is, the difference of LST between urban and rural areas increased, indicating intensiﬁed UHI effect,
but this change was mostly due to the cooling trends in rural areas, instead of signiﬁcant urban warming (Wang et al., 2019). Such ﬁndings
highlight the importance of understanding how the change in UHII

health of urban dwellers (Dong et al., 2014; Tan et al., 2010;
Vandentorren et al., 2006). Urban heat island effect is mainly caused
by the changes in land cover (Zhou et al., 2016a) and land use associated
with urbanization (Du et al., 2020; Estoque et al., 2017; Wang et al.,
2020; Zhou et al., 2021). Meanwhile, it also can be affected by meteorological factors in cities such as the amount of cloud and the wind speed,
which can represent the turbulent and radiative exchanges in cities
(Morris et al., 2001). Numerous studies have been conducted to investigate how urbanization, especially urban land expansion affect UHI (Lu
et al., 2015; Sejati et al., 2019).
Intensity of urban heat island (UHII), the magnitude of the difference
in temperature between urban and rural areas, is a key indicator to
quantify the magnitude of UHI effect (Memon et al., 2009). Numerous
studies have been conducted to investigate the spatiotemporal distributions of UHII (Wang et al., 2015). Considerable research has revealed
that the spatial distributions of UHII were mainly related to development of cities, or urban expansion (Zhou et al., 2016b), and geolocation
of cities (Ramamurthy and Sangobanwo, 2016).Considerable research
has shown that UHII increases with urban expansion in many Chinese
cities (Tu et al., 2016; Zhao et al., 2016), such as Beijing (Qiao et al.,

Fig. 1. Locations of the 31 selected major cities with the background map of Geographical Division in China. They are Harbin (HB), Changchun (CC) and Shenyang (SY) in the Northeast China;
Beijing (BJ), Tianjin (TJ), Shijiazhuang (SJZ), Hohhot (HT) and Taiyuan (TY) in the North China; Zhengzhou (ZZ), Wuhan (WH), and Changsha (CS) in the Center China, Jinan (JN), Nanjing (NJ),
Shanghai (SH), Hefei (HF), Hangzhou (HZ), Nanchang (NC) and Fuzhou (FZ) in the East China; Guangzhou (GZ), Nanning (NN) and Haikou (HK) in the South China, Chengdu (CD), Chongqing
(CQ), Guiyang (GY), Kunming (KM) and Lhasa (LS) in the Southwest China; and Urumqi (UQ), Xining (XN), Lanzhou (LZ),Yinchuan (YC) and Xi'an (XA) in the Northwest China.
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2.2. Land surface temperature and surface urban heat island intensity

relates to the change in temperature in urban and rural areas. Would
these ﬁndings be applicable to other cities? In other words, are the frequently observed intensiﬁed UHI effects also caused by rural cooling,
but not urban warming? To address these questions, a cross-city comparison that includes a large number of cities that are located in different geographical zones with different vegetation types and climatic
conditions is highly desirable.
Here we conducted a continental scale analysis in 31 major Chinese
cities to investigate whether a general conclusion can be made about
the change in intensity of UHI along with urbanization. Based on
MODIS land surface temperature product (MOD11A2) from 2000 to
2015 in summer (June–August), we calculated the mean LST and UHII
during the daytime in summer in each year, and then used time series
analysis to quantify the spatial-temporal trends of LST and UHII in
each city. We further investigated how the changes in UHII were related
to changes in urban and rural temperature.

In this study, we used the MODIS land surface temperature (LST)
product, MOD11A2 with a spatial resolution of 1000 m as the data
source. The MOD11A2 product was derived from Terra MODIS images
that were acquired at 10:30 (daytime) or 22:30 (nighttime) local
time, and provides 8-day averaged LST based on daily LST produced
by a split-window algorithm with radiation correction, cloud removal,
atmospheric water vapor, and temperature correction (Wan, 2008;
Wan et al., 2002). To cover the entire study area, we chose a total of
3959 images from 2000 to 2015 in summer (June–August). The data
were pre-processed and spliced in MRT tools, and the daytime (10:30
local time) LST was calculated in ArcGIS™10.2 software.
LST ¼ 0:02∗DN−273:15
where: DN is the MOD11A2 pixel value.
The intensity of UHI was calculated as the difference of LST between
the urban and rural areas:

2. Data and methods
2.1. Study area

UHII ¼ LSTU −LSTR

We focused on 31 major Chinese cities including the four cities
directly under the Central Government, and 27 provincial capital
cities or autonomous regional capital cities (Fig. 1) as study area. In
general, these cities are political center of the province, and play an
important role in the development of urbanization. Meanwhile,
they are varied in economy, culture and population (Table S1),
which may affect urban thermal environment differently. The 31
cities cover all the seven geographical regions in China, namely,
Northeast, North, Northwest, Central, East, South and Southwest
China, which have different geography, climate and vegetation
types. Such wide spatial distribution of cities makes it feasible to analyze the commonality and difference in urban thermal environment
across different cities in China.

where: LSTU is the LST in the urban area, and LSTR is the LST in the rural
area. In this study, the urban area for each city (i.e., within the administrative boundary) was deﬁned as the mainly built-up areas (Hu et al.,
2017), and the other regions within the administrative boundary of
the city were referred to as the rural area. We extracted urban and rural
areas in each city following the method detailed in Hu et al. (2017). Speciﬁcally, we ﬁrst delineated the boundary of the urban area based on the
European Space Agency Climate Change Initiative (ESA-CCI) land cover
data with a spatial resolution of 300 m in 2015. We created a ﬁshnet
with grid cell size of 900 m × 900 m for each city based on the land cover
data. We considered a grid cell as urbanized if the proportion of developed land in the grid exceeded 50% (Hu et al., 2017). We then merged
the spatially continuous urbanized ﬁshnet grid cells, and removed those

Fig. 2. Urban and rural areas in Beijing.
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with decreasing trend in UHII. For the cities with increasing trend of
UHII, we further classiﬁed them into three types based on the LST trends
in both urban and rural areas: (1) T11, LST increased in urban areas, decreased in rural areas; (2) T12, LST increased in both urban and rural
areas, but the warming rate in the urban area is greater than that of
the rural area; and (3) T13, LST decreased in both urban and rural
areas, but the cooling rate in the rural area is greater than that of the
urban area. Similarly, we also divided cities with decreasing trend in
UHII into three categories: (1) T21, LST decreased in urban areas, increased in rural areas; (2) T22, LST decreased in both urban and rural
areas, but the cooling rate in the urban area is greater than that of the
rural area; and (3) T23, LST increased in both urban and rural areas,
but the warming rate in the rural area is greater than that of the urban
area.
By classifying cities into different types, we show that the increase in
UHII (i.e., intensiﬁed UHI) does not mean the degradation of the urban
and/or rural thermal environment, while the decrease in UHII does
not necessarily suggest improvement. For example, T13 and T22 refer
to the conditions that both urban and rural areas are cooling down
(Fig. 3).

isolated small patches to generate large patches of developed lands,
which were considered as urban areas. We then combined the administrative boundary of the city and the boundary of urban areas to deﬁne
rural areas for the prefectural city. That are areas within the administrative boundary of a prefectural city, but not within the urban areas were
considered as rural areas (see Beijing as an example in Fig. 2).
2.3. Time series analysis
We used time series analysis to quantify the trend of LST in summer
for each of the 31 cities from 2000 to 2015. Such time series analysis
uses regression models to establish a regression equation with time as
the independent variable, and then by analyzing the data with time as
the series to obtain the value of the dependent variable that changes
with time (Levermore et al., 2018; Wang et al., 2019). Here we used ordinary least squares (OLS) linear regression models for each pixel, with
LST as the dependent variable and year as the independent variable. The
regression coefﬁcient was used to measure the annual changing trend of
LST, and its signiﬁcance was tested at the 0.05 level.
2.4. Classiﬁcation of UHII and relevant urban and rural LST

3. Results
We further classiﬁed cities into six types based on the changes in
UHII (increase or decrease), and associated changes of LST in both
urban and rural areas (Fig. 3). Speciﬁcally, we ﬁrst classiﬁed cities into
two categories: (1) cities with increasing trend in UHII, and (2) cities

3.1. Spatiotemporal trends of UHII
Mean summer LST in the urban area was greater than that in the
rural area in all cities from 2000 to 2015, indicating the occurrence of
UHI effects for all cities. The summer daytime UHII, however, had
large variations among cities, ranging from 0.08 to 12.07 °C and showing
large spatial variations (Fig. 4). Speciﬁcally, mean UHII in West China,
Northeast China, North China and eastern coastal regions were higher
compared to Central China and South China (Fig. 4). Among the 31 cities, Lhasa had the highest mean UHII (12.07 °C), and Yinchuan had the
lowest (0.08 °C). For cities with relatively high mean UHII, some of
them were mainly distributed in the western and eastern coastal regions, others were distributed concentratedly along with the demographic geographic line in China (Hu Huanyong line) (Yang and He,
2017). Cities with lower mean UHII were scattered in the central and
eastern regions.
The time-series analysis showed that the majority of the cities (25
out of 31) had trends of increasing UHII, and were mainly located in
the eastern and central regions of China (Fig. 5). Among the 25 cities
with increasing trends in UHII, 11 (44%) were signiﬁcant (p < 0.05).
These cities were mostly distributed along with the demographic geographic line in China (Hu Huanyong line). We found Shenyang, a city
in the northeast of China had the largest magnitude in annual increase,
up to 0.90 °C/year. The six cities experienced a decreasing trend in UHII,
but not signiﬁcantly (p < 0.05).
3.2. Attributing changes in UHII to changes in urban and rural LST
Among the 25 cities with increasing trends in UHII, eight (32% of all)
were classiﬁed as T11, six as T12, and 11 as T13 (Fig. 3). The eight cities
which were classiﬁed as T11 had increasing trends in UHII with
warming urban areas but cooling rural areas. These included cities Beijing, Chongqing, Guiyang, Nanning, Shijiazhuang, Tianjin, Nanchang and
Shenyang, which were mainly distributed in northeast, north and
southwest of China (Fig. 6). While in these cities the intensiﬁed UHI
were overall caused by the increase of LST in urban areas and the decrease of LST in rural areas, difference in trends in LST also occurred
among cities. For example, in Beijing (Fig. 6), the annual mean increasing rate of the UHII was 0.12 °C/year from 2000 to 2015. The intensiﬁed
UHI was mainly due to the decrease of LST in the rural area with the rate
of 0.09 °C/year (Fig. 6), while the LST trend in the urban area did not
show an obvious upward trend. For other cities, such as Shijiazhuang,
the increasing rate of UHII was 0.09 °C/year, similar to that of Beijing.

Fig. 3. Three types of LST change in both urban and rural areas resulted in an increase in
UHII (Left column: T11, T12, and T13), while the other three types of LST change
resulted in a decrease in UHII (Right column: T21, T22, and T23). Taking T11 as an
example, the LST increased in urban areas, but decreased in rural areas, resulting in the
increase in UHII along with urbanization.
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rural area (Fig. 6). The three cities, namely Shanghai, Lhasa and Nanjing
were classiﬁed as T23, showing a decrease in the intensity of UHI. However, the decrease in the intensity was caused by increase of LST in both
urban and rural areas, with a greater magnitude of warming rate in rural
areas (e.g. Fig. 6, Shanghai).

However, the increase in UHII in Shijiazhuang was mainly due to the
rapid warming urban area with the rate of 0.08 °C/year (Table 1),
while the LST in rural area did not show a signiﬁcant downward trend.
There were six cities (24% of all) classiﬁed as T12, which had intensiﬁed UHII with warming trends in both urban and rural areas, and the
warming rate in the urban area was greater than that in the rural area.
These included cities Chengdu, Fuzhou, Changsha, Hangzhou, Hefei
and Zhengzhou, which were distributed in east of China. Taking
Chengdu as an example (Fig. 6), UHII increased at a rate of 0.11 °C/
year with LST increased in both urban and rural areas, but the warming
rate in the urban area was greater than that in the rural area. The 11 cities (44% of all) classiﬁed as T13 had an increasing trend of UHII with
cooling trends in both urban and rural areas, and the cooling rate in
the rural area was greater than that in the urban area. These included
cities Changchun, Harbin, Hohhot, Jinan, Lanzhou, Taiyuan, Wuhan,
Xi'an, Xining, Guangzhou and Yinchuan, which were mainly distributed
in the northeast, north and northwest of China. For example, in Taiyuan
(Fig. 6), the annual mean increasing rate of UHII was 0.12 °C/year. Although the LST in both urban and rural areas showed downward trends,
the cooling rate in the rural area was greater than that in the urban area.
Among the 6 cities with decreasing trends in UHII, two were classiﬁed as T21, one as T22, and three as T23 (Fig. 3). The two cities, Urumqi
(Fig. 6) and Haikou classiﬁed as T21 had decreasing trends in UHII with
the decrease of LST in urban areas but the increase of LST in rural areas.
Kunming was the only city classiﬁed as T22. It had a decreasing trend in
UHII with LST in both urban and rural areas having decreasing trends,
and the cooling rate in the urban area was greater than that in the

4. Discussion
A large number of studies have examined the magnitude of intensity
of UHI (Chen et al., 2016; Liu et al., 2007; Peng et al., 2012; Zhou et al.,
2014b), and how it was related to urban expansion at different scales
from single cities, to cities in urban megaregions, as well cross-city comparison at national scales (Li et al., 2017; Rizvi et al., 2021; Sun et al.,
2019; Tu et al., 2016). Our ﬁndings were similar to what found in
these previous studies, showing that the magnitude of intensity of UHI
tended to increase with urban expansion (Li et al., 2017). We found
the majority of the cities had an increasing trend in UHII, suggesting intensiﬁed UHI effects, and these cities were widely distributed in space.
What's new in this study, is that we further attributed the changes in
UHII to that of LST in urban and rural areas, built upon our previous case
study (Wang et al., 2019). The classiﬁcation of changes in UHII based on
changes of LST in urban and rural areas revealed that it is important to
quantify the change of LST in both urban and rural areas to better understand the changes in UHII. For example, for the cities with increased
UHII, there were nearly 50% of them showed decreasing trends of LST
in both urban and rural areas, suggesting the improvement of thermal
environment in both urban and its rural areas. Our results revealed

Fig. 4. The spatial distribution of mean UHII in summer daytime from 2000 to 2015.
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contrast, urban vegetation cools the environment through evapotranspiration and shading effect. By selecting six cities, namely, Beijing,
Chengdu, Kunming, Shanghai, Taiyuan, and Urumqi, each city
representing one of the six types of changes, we examined how the
changes in EVI and NDBI might inﬂuence the urban and rural LST,
and thereby UHII (Table 2; Fig. 3). We found that for cities such as
Beijing with rising temperature in urban areas, the proportional
cover of locations in urban areas with increased NDBI and decreased
EVI was greater than that with decreased NDBI and increased EVI
(12.42% versus 10.53%) (Table 2). Consequently, the increased
cooling effects from increased vegetation cover was offset by the
warming effects due to increased impervious surfaces, resulting in
warming urban areas (Wang et al., 2019). In contrast, temperature
in urban areas was decreased in many cities such as Taiyuan, and
Urumqi. Urban areas in these cities were generally turning greener,
showing a larger proportional cover of land with increased EVI and
decreased NDBI than that with increased NDBI and decreased EVI.
Many cities in China have established goals to increase urban green
space, especially tree canopy, resulting increased proportional
cover of vegetated land in cities (Qian et al., 2015; Zhou et al.,
2018). Taking Taiyuan as an example, while the proportional area
with increase of NDBI and decrease of EVI was 6.62% from 2000 to
2015 in the urban area, that with increase of EVI and decrease of
NDBI reached 9.93%, resulted in urban cooling (Table 2).

that many cities with increased UHII in fact had cooling trends in urban
areas, instead of warming trends. This result is contradictory to the
widely recognized perception that intensiﬁed UHI may suggest adverse
impacts or deterioration of urban thermal environment (Liu et al., 2018;
Santamouris et al., 2015). Similarly, the decrease of UHII does not necessarily mean that the thermal environment is improving. Taking Shanghai as an example, although the UHII decreased, the LST in both urban
and rural areas increased. The decrease of UHII was simply due to the increasing rate in the rural area was larger than that of the urban area.
Consequently, the decrease in UHII in fact was a result of warming of
both urban and rural areas in these cities. These results underscore the
importance of explicitly considering the changes of LST in both urban
and rural areas when addressing issues related to UHII (Wang et al.,
2019).
Changes in LST in both urban and rural areas are likely related to
land cover and land use changes, especially that in vegetation and impervious surfaces, resulting in changes in UHII. Previous studies have
shown that the UHII was negatively correlated with enhanced vegetation index (EVI) that measures the abundance of vegetation cover and
positively correlated with normalized difference build-up index
(NDBI) that measures the percent cover of impervious surfaces (Wang
et al., 2019; Zhou et al., 2014a). This is because impervious surfaces
have lower albedo, higher upward thermal radiation, and higher heat
storage capacity, and therefore have warming effects (Xu, 2010). In

Fig. 5. The temporal trends of UHII in summer daytime from 2000 to 2015.
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and different urban geographical locations with different climate backgrounds and national greening programs (Li et al., 2005; Zhou and
Wang, 2011). However, it should be noted that the net effect of the
change in NDBI and EVI might be also related to changes in buildings
and other impervious surfaces. For example, increase in NDBI due to increase in buildings may greatly lead to the increase in LST (Liu et al.,
2015). In addition, the spatial conﬁguration of built-up areas would
also play an important role on the effect of increased NDBI on LST (Liu
et al., 2016). Similarly, the spatial conﬁguration of trees can also significantly affect LST (Zhou et al., 2011). Understanding the impacts of such
factors warrants further research.
Additionally, except for land cover changes, some other factors, such
as climatic factors (Morris and Simmonds, 2000; Zhao et al., 2014), and

Similar results were found in rural areas where warming effect was
also related to the increase in NDBI likely caused by urban expansion
(Shen et al., 2020), and cooling effect to the increase in EVI due to the
effect of greening programs or restoration of ecosystems (Zhu, 2016).
For example, our result showed that about 17% of areas with a signiﬁcant increase in NDBI in the rural areas of Shanghai, which was due to
the tele-effect of rapid urbanization from the city (Li et al., 2011). However, in Beijing, signiﬁcant increase in EVI in rural areas (29.38%) was
largely due to the greening policies (Zhu, 2016). In fact, changes in
NDBI and EVI, and thereby in temperature in both urban and rural
areas might be affected by many different factors, such as different
greening policies, the stages of urbanization, the sizes of cities with different inner-city development direction and tele-effects to rural areas,

Fig. 6. The spatial pattern of the six types of studied cities. Examples showing the LST change in urban and rural areas, and the UHII change in Beijing (BJ), Chengdu (CD), Taiyuan (TY),
Urumqi (UQ), Kunming (KM), and Shanghai (SH), represent types of T11, T12, T13, T21, T22, and T23, respectively.
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the urban-rural differences of surface heat ﬂux components (Liu et al.,
2020), precipitation, wind speed and humidity (Chen and Zhang,
2017) can also play important roles on the discrepancy in UHII. For instance, the decrease in LST in rural areas may be associated with the
loss of Arctic sea ice, which contribute to the cooling of Eurasian temperatures (Li et al., 2021; Luo et al., 2019; Yao et al., 2017b). Also, the
MODIS LST data from Terra we used here were acquired at 10:30 local
time, representing a snapshot of daytime UHII. Since there were large
temporal variations in temperature, for example, the weekly cycles in
temperature (Earl et al., 2016), the investigation of temporal variations
in UHII and its associated factors merits further research.

Table 1
Changing rate of UHII and LST in urban and rural areas from 2000 to 2015.
Types

T11

T12

T13

T21
T22
T23

Study area

Beijing
Tianjin
Shijiazhuang
Shenyang
Nanchang
Nanning
Chongqing
Guiyang
Hangzhou
Hefei
Fuzhou
Zhengzhou
Changsha
Chengdu
Taiyuan
Hohhot
Changchun
Harbin
Jinan
Wuhan
Guangzhou
Xi'an
Lanzhou
Xining
Yinchuan
Haikou
Urumqi
Kunming
Shanghai
Nanjing
Lasa

Changing rate (°C/Year)
UHII

LST in urban areas

LST in rural areas

0.118
0.143
0.085
0.130
0.059
0.063
0.117
0.041
0.061
0.051
0.036
0.099
0.071
0.111
0.118
0.047
0.074
0.032
0.027
0.011
0.001
0.090
0.038
0.016
0.071
−0.010
−0.057
−0.004
−0.066
−0.013
−0.046

0.032
0.109
0.077
0.020
0.026
0.032
0.104
0.021
0.073
0.074
0.043
0.125
0.080
0.139
−0.049
−0.062
−0.066
−0.064
−0.026
−0.016
−0.020
0.012
−0.027
−0.031
0.114
−0.007
−0.056
−0.016
0.031
0.013
0.219

−0.086
−0.035
−0.008
−0.111
−0.033
−0.032
−0.013
−0.020
0.012
0.023
0.007
0.027
0.009
0.027
−0.167
−0.109
−0.140
−0.096
−0.054
−0.027
−0.021
−0.079
−0.064
−0.047
0.043
0.004
0.000
−0.013
0.097
0.025
0.265

5. Conclusions
Urban heat island intensity (UHII) is an important indicator that can
represent the magnitude of UHI effect quantitatively. Previous studies
have investigated the change of UHII, but few of them explored how it
relates to change in urban and rural temperatures. In this study, we conducted a continental scale analysis on changes in UHII and associated
changes in urban and rural LST from 2000 to 2015 in 31 major cities located in different geographical zones in China, and further investigated
whether there was a general conclusion about the change in intensity of
UHI along with urbanization. We found UHI effects occurred in all cities
from 2000 to 2015. A majority of the cities (25 out of 31) showed an increasing trend in the mean UHII, among which 44% were signiﬁcant,
suggesting a signiﬁcantly intensiﬁed UHI effects. For the cities with an
increasing trend in UHII, 44% of them (11 out of 25) had a decreasing
trend in both urban and rural LST. For the cities with a decreasing
trend in UHII, 50% of them (three out of six) had an increasing trend
in both urban and rural LST. These ﬁndings showed that the intensiﬁed
UHII does not necessarily mean deterioration of urban thermal

Table 2
The type of changes in LST, and the percentage area where NDBI and EVI increased or decreased signiﬁcantly in urban (shaded rows), and rural areas (the other rows).

City

Beijing

Chengdu

Taiyuan

Urumqi

Kunming

Shanghai

Type

T11

T12

T13

T21

T22

T23

LST

Change in NDBI and EVI*
++

+-

-+

--

+

4.54

12.42

10.53

0.13

-

0.72

1.77

29.38

0.10

+

0.92

49.14

3.16

0.00

+

1.23

9.80

7.73

0.02

-

13.60

6.62

9.93

0.00

-

0.52

0.80

78.75

0.26

-

2.92

7.92

12.50

0.00

+

0.44

3.35

1.13

0.01

-

2.66

44.87

1.14

0.00

-

1.11

4.88

9.60

0.06

+

1.61

32.45

6.86

0.06

+

4.08

17 .31

1.07

0.00

⁎Two symbols represent the change in NDBI and EVI, respectively, e.g. + − represents the percentage area where NDBI increased and EVI decreased signiﬁcantly.
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environment. Meanwhile, the decreasing trend of UHII does not necessarily mean urban thermal environment is improving. These results indicated that it is necessary to quantify the change of LST in both urban
and rural areas when addressing issues related to UHII to fully quantify
the impact of urbanization on UHI effect. Our study also provided a
framework to consider UHII simultaneously with changes in urban
and rural LST. Results from this study can provide important insights
for design of urban heat mitigation strategies and urban planning.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.148334.
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