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Abstract 
Context Land use/cover change (LUCC) can 
directly and indirectly affect surface urban heat 
island intensity (SUHII) and the effects need to be 
decomposed.
Objectives To perform long-term trend analyses of 
contribution indexes (CIs) of land use types to urban 
heat environment in cities and to deconstruct direct 
and indirect effects of LUCC on SUHII within geo-
graphical regions.

Methods Mann–Kendall test and Sen’s slope were 
used to examine the trends of CIs and SUHII in 365 
cities during summer of 2005–2019. Structural equa-
tion models were established to quantify direct and 
indirect effects of land use types’ CIs on SUHII in six 
geographical regions of China.
Results First, SUHII in 78.08% and 73.70% of the 
Chinese cities increased during summer daytime 
and nighttime, respectively. Second, the CI of built-
up land significantly increased across more than half 
of the cities in all the six regions. Third, not all land 
use types exerted both direct and indirect effects 
on SUHII. At daytime, the CI of cropland (direct) 
was the dominant factor in East China (1.386), Supplementary Information The online version 
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South-central (− 0.637), and Northwest (− 0.399) 
regions. At nighttime, the CI of water bodies (both 
direct and indirect) was the dominant factor in North-
west (0.506) and Northeast (0.697) regions while CI 
of built-up land (both direct and indirect) determined 
in North China (0.476).
Conclusions Separation of direct and indirect 
effects of land use types on SUHII had practical 
implications for cities to optimize the structures and 
functions of ecosystems and to take regionally based 
actions improving the urban heat environment.

Keywords Urban heat environment · Land use/
cover change · Contribution index · Regional 
climate · Direct and indirect impacts

Introduction

Cities are the engine and driving force of social 
development in today’s rapidly urbanizing world, pro-
viding living spaces for the growing global popula-
tion (Oke et  al. 2017). In recent years, however, the 
deterioration of urban heat environment (UHE) in 
cities has become increasingly salient, e.g. the urban 
heat island effect whereby temperatures in urban 
areas are higher than those in surrounding suburban 
or rural areas (Yang et al. 2019; Qiao et al. 2023a, b). 
The urban heat island has been observed in numer-
ous countries and regions worldwide, resulting in air 
pollution, energy consumption, and human health 
outcomes (Qiao et al. 2020; He et al. 2022; Hou et al. 
2022). A series of changes in UHE cannot be sepa-
rated from land use/cover change (LUCC; Hu et  al. 
2017; IPCC 2021). Because the conversion of land 
use types and surface processes can change the bio-
physical parameters that determine energy absorption 
and partition, resulting in unfavorable outcomes for 
human habitation generated in UHE (Fu and Weng 
2016; Huang et  al. 2018; Chen et  al. 2019). There-
fore, in order to achieve the Sustainable Development 
Goal (SDG) 11 of “make cities and human settle-
ments inclusive, safe, resilient and sustainable” pro-
posed by United Nations, it is necessary to analyze 
the UHE from the perspective of LUCC (UN 2018; 
He et al. 2022). Guided by ecological knowledge and 
landscape sustainability theory, cities and regions 
are able to unleash their potential for operability 

and effectiveness in sustainable implementation and 
development (Wu 2013).

Previous studies have extensively explored the 
impact of LUCC on UHE (Zhou et al. 2014; Hu et al. 
2017; Huang et  al. 2018; Xiao et  al. 2018), and the 
contribution index (CI) of land use types or land-
scapes to UHE has been investigated. Chen et  al. 
(2006) proposed the CI of land use type to UHE, and 
it reflects the impacts of both the LST and area from 
a specific land use type on UHE. Since then, CI has 
been widely used to quantify the warming and cooling 
effects of land use types on UHE (Qiao et al. 2013). 
Comparison of CIs in different cities shed light on 
cities’ growth states and expansion patterns (Lu et al. 
2015; Tarawally et al. 2018; Huang et al. 2019). At the 
same time, Xu (2009) utilized CIs to refine the source 
and sink theory in UHE studies by clarifying the roles 
that different landscapes play. Additional exploration 
of the impacts of landscape composition and configu-
ration on UHE in terms of source and sink laid a foun-
dation for proposals aimed at improving UHE (Ayan-
lade and Jegede 2015). Nonetheless, it is imperative to 
note that the majority of these investigations predomi-
nantly focused on calculating the CI of specific land 
use types or merely classifying certain land areas as 
source or sink landscapes within specific cities, often 
within a limited temporal context. Consequently, 
while previous studies have significantly advanced our 
understanding of UHE and its relationship with land 
use types, a substantial gap has emerged in the lit-
erature. To address this deficiency, there is a pressing 
need for a comprehensive and longitudinal analysis 
of all land use types’ CIs at a national scale. Such an 
endeavor would facilitate the identification of sources 
and sinks of UHE, the assessment of their evolving 
dynamics, and the enhanced comparative analysis 
among diverse cities.

The land system architecture configurations 
based on geospatially explicit LUCC contribute 
to the landscape and regional sustainability (Wu 
2019). As a measure of landscape and regional 
sustainability, UHE is also the response to various 
combinations and configurations of land use types 
and patterns, rather than being determined by a sin-
gle land use type alone (Xiao et  al. 2018; Huang 
et  al. 2019). In a city, an increase in the area of a 
particular land use type usually means a reduction 
of other land use types (Chen et  al. 2020; Zhou 
et  al. 2020). Simultaneously, one land use type is 
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capable of affecting the LST of a neighboring land 
use type and further the entire city’s LST, thus com-
pletely altering the CIs of all land use types (Huang 
et al. 2019; Zawadzka et al. 2021). This underscores 
the fact that each land use type exerts not only its 
own contribution to UHE but also indirectly affects 
the contributions of other land use types to UHE. 
Remarkably, previous research endeavors have often 
overlooked this indirect effect, thereby warranting 
further investigation. The quantification of both 
direct and indirect impacts of CIs associated with 
various land use types on surface urban heat island 
intensity (SUHII) is of paramount significance for 
urban sustainable development. Importantly, it is 
essential to acknowledge that the influence of land-
scapes on local climate patterns is inherently tied to 
geographical specificity (Cao et  al. 2021). Hence, 
to gain a comprehensive understanding of LUCC’s 
contribution to SUHII, it is imperative to transcend 
the confines of a single city and account for spatial 
variations. It becomes necessary to include cities 
situated in diverse geographical regions within the 
research purview to discern and elucidate the spa-
tial differences in the interplay between LUCC and 
SUHII.

The present study aims to explore the spatiotem-
poral patterns of land use types’ CIs and their com-
plex effects on SUHII. Based on 365 Chinese cities, 
this study attempts to address the following scientific 
questions: (i) how did the CIs of land use types to 
UHE change in a long time series, and (ii) how did 
land use types directly and indirectly affect the SUHII 
in different regions. Direct and indirect impacts can 
be distinguished using structural equation modeling 
(SEM; Wu et  al. 2021). This study performed SEM 
to assess the impact of CIs on SUHII for all cities in 
the same region, in a bottom-up approach aimed at 
expanding the city-scale heat environment indexes 
to the complex effect clarification at regional scale. 
The findings will advance our understanding of long-
term changes in the effects of land use types on UHE 
and interactions between the different land use types. 
Knowledge of the ecological functions fulfilled by 
land use types, scientific land use optimization, ter-
ritorial spatial planning, and urban renewal can 
reduce the negative effects of UHE, provide ecologi-
cal knowledge-based support for urban sustainable 
development, and inform actions aimed at mitigating 
climate change.

Study area

As the world’s largest developing country, China 
has a vast territory with numerous cities at differ-
ent developmental stages. In China, the relationship 
between humans and nature is a key factor in the con-
struction of ecological civilization. Crucial aspects 
in this regard include coordinated optimization of 
regional land use and sustainable development of cit-
ies. Urbanization in China entered a period of par-
ticularly rapid growth from 2005 onwards, and a wide 
range of land use policies have been implemented 
accordingly in recent years (Xi et al. 2022; Qiao et al. 
2023a). Consequently, China emerges as an excep-
tionally compelling focal area for in-depth investiga-
tion. This study included 365 prefecture-level admin-
istrative cities in China, without Hong Kong, Macau, 
Taiwan Province, Sansha City of Hainan Province, 
Zhoushan City of Zhejiang Province because of the 
unavailability of certain data in the dataset. In view 
of the great differences in natural conditions among 
the cities, they were divided into six regions based on 
their geospatial locations, i.e., Northeast China (NE), 
North China (NC), Northwest China (NW), South-
west China (SW), South-central China (SC), and East 
China (EC) (Fig. 1).

Data and methods

Data

LST data were derived from version 6 (V6) of the 
MODIS 8-day Level 3 global MYD11A2 prod-
uct, with a spatial resolution of 1  km (https:// ladsw 
eb. modaps. eosdis. nasa. gov). The Aqua satel-
lite was launched in July 2002, and the data that it 
has retrieved have stabilized since 2005. LST was 
retrieved using the split-window algorithm under 
clear-sky conditions. The current version (V6) of 
MODIS LST data has improved the algorithm and 
thus the accuracy and stability of the data (Wan 
2014). The accuracy assessment of the V6 product 
showed that the mean LST error was within 0.6  K 
(Wan 2014). The MYD11A2 product was acquired 
at 13:30 p.m. and 01:30 a.m. (local solar time), rep-
resenting the available intraday maximum and mini-
mum LST, respectively. To investigate the CIs of 
land use types in summer daytime and nighttime, the 

https://ladsweb.modaps.eosdis.nasa.gov
https://ladsweb.modaps.eosdis.nasa.gov
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mean LSTs at 13:30 p.m. and 01:30 a.m. from June to 
August during the period 2005–2019 were calculated. 
The quality control (QC) dataset attached to the prod-
uct was used to exclude low-quality pixels affected by 
clouds or other factors, and pixels with average LST 
error ≤ 2 K (QC flag is “00” or “01”) were included in 
subsequent analysis. Projection transformation, data 
extraction, quality control, and data calculations were 
carried out using the Google Earth Engine (GEE).

LUCC was derived from the annual global prod-
uct of the European Space Agency’s Climate Change 
Initiative Land Cover project (http:// maps. elie. ucl. 
ac. be/ CCI/ viewer/ index. html). This dataset has been 
widely used to detect global land use/land cover 
changes, with an overall accuracy of 75.4% (UCL-
Geomatics 2017; Mousivand and Arsanjani 2019). 
The LUCC data from 2005 to 2019 were obtained. 
The spatial resolution of the original data was 300 m, 
which were resampled to 1  km using the “nearest” 
technique, in order to correspond to the spatial reso-
lution of the remaining data. In this study, we incor-
porated the original subcategories into 6 categories 
(i.e., cropland, forest, grassland, water bodies, built-
up land, and bare land) for the subsequent analysis. 

Resampling and reclassification of LUCC were per-
formed using the ArcGIS 10.3 platform.

DEM was obtained from the Resource and Envi-
ronment Science and Data Center of Chinese Acad-
emy of Sciences (http:// www. resdc. cn), derived from 
the Shuttle Radar Topography Mission data with a 
1-km spatial resolution.

Methods

First, we calculated the CIs of six land use types and 
SUHII in each city in summer daytime and nighttime 
from 2005 to 2019, using LST, LUCC, and DEM 
data. Second, we performed trend analysis for the 
CIs of six land use types and SUHII in the 15-year 
continuous temporal coverage (2005–2019), using 
the MK test and Sen’s slope estimator. Finally, the 
structural equation models were constructed of the 
CIs and SUHII in 2019 to explore the complex effects 
(including direct and indirect paths) of different land 
use types on SUHII for cities located in different geo-
graphical regions. This study’s technical roadmap is 
shown in Supplementary Fig. S1.

Fig. 1  The 365 cities and 
6 geographical divisions 
of China examined in this 
study

http://maps.elie.ucl.ac.be/CCI/viewer/index.html
http://maps.elie.ucl.ac.be/CCI/viewer/index.html
http://www.resdc.cn
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CIs of land use types to UHE

The CI of each land use type to UHE was defined 
as:

where LSTi is the mean LST of the ith land use type 
and LST  is the mean LST of the entire city (K); Si 
is the area of the ith land use type and S is the area 
of the entire city; i is the number of land use types 
(1, cropland; 2, forest; 3, grassland; 4, water bodies; 
5, built-up land; 6, bare land). CI is positive when 
(LSTi − LST) is positive, indicating a warming contri-
bution of a specific land use type to UHE. CI is nega-
tive when (LSTi − LST) is negative, indicating a cool-
ing contribution of a specific land use type to UHE. 
Based on the preprocessed summer daytime/night-
time mean LSTs and the LUCC data, the CIs of six 
land use types in each city to the summer daytime and 
nighttime UHE were calculated from 2005 to 2019.

SUHII

The SUHII was defined as the LST difference 
between the city itself and the background field 
(Zhou et al. 2019):

where LSTj is the LST of the jth pixel and 
LSTbackground is the mean LST of the background 
field. Pixels 50  m higher than the median DEM of 
the city were excluded given the sensitivity of LST 
data to elevation (Wu et  al. 2021). Then, the back-
ground field (the land use types of cropland, forest, 
grassland and bare land) was extracted and the mean 
LST of the background field ( LSTbackground ) was cal-
culated. Accordingly, pixels in the city whose LSTs 
were larger than LSTbackground can be enumerated 
by j (from 1 to n). Finally, the mean positive differ-
ence between the LSTs of all pixels in the city and 
LSTbackground was calculated as the city’s SUHII (K). 
The summer daytime and nighttime SUHIIs for each 
city were obtained during the period 2005–2019.

(1)CI = (LSTi − LST) ×
Si

S
,

(2)

SUHII =
1

n

n
∑

i=1

(

LSTj − LSTbackground

)

ifLSTj > LSTbackground ,

Trend analysis

The Mann–Kendall (MK) test is a rank-based non-
parametric method for estimating trends in time 
series data. It tolerates outliers and is applicable 
to all data distribution types (Hou et al. 2022). For 
known time series data X (x1, x2, x3,…,xn), the sta-
tistical significance of the MK test is expressed 
using the statistic s:

where n is the sample size; xj and xi represent the 
sample data values for the jth and ith terms (j > i), 
respectively; the sign function sgn(xj − xi) is − 1, 0, 
and 1 for (xj − xi) < 0, = 0, and > 0, respectively. The 
variance of the statistic s was calculated as follows:

where tp is the amount of data in the pth binding 
group, and q is the number of binding groups. A 
binding group was a set of sample data with the same 
value given that there may be multiple sample data-
points. The normalized test statistic Z was calculated 
using the statistic s and its variance Var(s):

The positive (negative) value of Z indicates the 
increasing (decreasing) trend in the time series data. 
The MK test assumes that there is no significant 
monotonic trend (null hypothesis,  H0). At a given 
α confidence level, the typical normal distribution 
table states that the  H0 is statistically rejected when 
|Z| is greater than Z1−α/2, indicating a significant 
monotonic trend. By contrast, the  H0 is accepted 
when |Z| is not greater than Z1−α/2, indicating an 
insignificant trend. The MK test has been widely 
used to explore trends and patterns of urban heat 
island intensity and LST in relation to the UHE 
(Wu et al. 2021; Hou et al. 2022). Simultaneously, 
the MK test is typically combined with the Sen’s 
slope estimator to indicate the speed of change. The 
Sen’s slope estimator is effective because it is not 

(3)s =

n−1
∑

i=1

n
∑

j=i+1

sgn
(

xj − xi
)

,

(4)
Var(s) =

n(n − 1)(2n + 5) −
∑q

p=1
tp
�

tp − 1
��

2tp + 5
�

18
,

(5)Z =

⎧

⎪

⎨

⎪

⎩

s−1
√

Var(s)
ifs > 0,

0 ifs = 0,

s+1
√

Var(s)
ifs < 0.
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influenced by an extreme distribution or missing 
data. The magnitude of the trend slope for a given 
item of time series data is calculated as follows:

where xj and xi are the sample data values for the jth 
and ith terms (j > i), respectively; β represents the 
slope value of the time series sample per unit time, 
which is indicated by the median of the slopes of all 
data pairs.

In the present study, the MK trend test and Sen’s 
slope estimator were applied to detecting the trends 
of CIs and SUHII in 365 Chinese cities during the 
period 2015–2019 at a significance level α of 0.05 
(95% confidence level of significance). The above 
processes were carried out in Python with pyman-
nkendall package (version 1.4.2).

Structural equation modeling

The structural equation modeling (SEM) can estab-
lish, estimate, and describe causal relationships 
among multiple factors; in particular, it can quantify 
direct and indirect effects in causal networks (Lang 
et  al. 2018). SEM assumes excellent data–model fit, 
but the test results will statistically reject the original 
hypothesis when significant paths are not considered. 
Model fit is evaluated by the following goodness-of-
fit indexes: p-value of the entire model > 0.05; com-
parative fit index (CFI) or Tucker–Lewis index (TLI) 
close to 1; root mean squared error of approximation 
(RMSEA) < 0.05; standardized root mean square 
residual (SRMR) < 0.06; goodness of fit index (GFI) 
close to 1 (Xiang et al. 2022).

The CIs of land use types not only directly affect 
SUHII, but also have mutual feedbacks between land 
use types, thus the CIs are likely to have indirect 
effects on SUHII (Supplementary Fig. S2). The Pear-
son correlation analysis of the summer daytime and 
summer nighttime CIs and the SUHII in 2019 was 
performed first for the six regions, laying a founda-
tion for identifying interrelationships in the SEM. We 
added possible causal relationships between two vari-
ables with significant correlations, and adjusted the 
SEMs by increasing or decreasing causal connections 
continuously according to fitting results. Using the 
lavaan package (version 0.6) in the R software, the 

(6)� = median

(

xj − xi

j − i

)

,

models were fitted until the goodness-of-fit indexes 
were achieved. Standardized path coefficients were 
used to quantify the direct and indirect effects of CIs 
on SUHII. The total effects of each land use type’s CI 
on the city-scale SUHII within the same region were 
the sum of direct and indirect effects.

Results

Change of SUHII from 2005 to 2019

From 2005 to 2019, summer daytime SUHII exhib-
ited an increasing trend (0.0288 K   year−1, the mean 
Sen’s slope) in 285 cities (78.08%), 153 of which 
showed a significant increase. Meanwhile, 80 cit-
ies (21.92%) showed a decrease (− 0.0178 K  year−1) 
in SUHII, 8 of which showed a significant decrease. 
In summer nighttime, SUHII exhibited an increas-
ing trend (0.0097  K   year−1) in 269 cities (73.70%), 
80 (21.92%) of which showed a significant increase; 
meanwhile, SUHII decreased (− 0.0045 K  year−1) in 
96 cities (26.30%), 4 (1.10%) of which showed a sig-
nificant decrease (Fig. 2).

For summer daytime, the NW region had 
the widest range of SUHII slopes (− 0.1074 to 
0.1369 K   year−1), with 71.93% and 28.07% of cities 
showing increasing and decreasing trends of SUHII, 
respectively, and the NW region witnessed the larg-
est percentage of cities with significant decreasing in 
SUHII (8.33%). The NE and NC regions had a similar 
range of SUHII slopes (− 0.0329 to 0.0561 K  year−1 
and − 0.0413 to 0.0601 K   year−1, respectively), with 
55.88% and 65.71% of cities exhibiting increasing 
SUHII, respectively. The SW, SC and EC regions all 
witnessed an SUHII increase in more than three-quar-
ters of cities (77.36%, 88.88%, and 96.05% of cities, 
respectively). In the EC region in particular, 72.37% 
of cities witnessed a significant increase in SUHII, 
and cities with large slopes formed clusters in the 
eastern part of the region.

Compared with summer daytime, the dis-
tribution of the slopes during summer night-
time was more compact, and the speed at which 
SUHII changed at night was lower than that dur-
ing the daytime. Moreover, the proportions of cit-
ies with significant increases in SUHII in each 
region were substantially lower than that during 
the daytime. The nighttime SUHII slope was most 
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Fig. 2  Changes in SUHII from 2005 to 2019 in summer day-
time and nighttime (95% confidence level of significance): 
a–c in summer daytime, d–f in summer nighttime, a and d 
Sen’s slope of SUHII, b and e plots of Sen’s slope (whiskers 
below the horizontal axes indicate that the corresponding Sen’s 

slopes appear), and c and f percentage (%) of cities with differ-
ent trends of SUHII in each region; only cities with significant 
or insignificant change trends were considered in the statistical 
analysis
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widely distributed in the SW region (− 0.0340 to 
0.0587 K   year−1), and 78.73% of cities in the SW 
region had an increase in SUHII. The proportions 
of cities with increasing SUHII in the EC and NC 
regions were 84.94% and 84.85%, respectively. The 
EC region also peaked in the proportion of signifi-
cantly increased cities (35.62%).

Spatiotemporal changes of CIs of land use types

Spatial variability of CIs of land use types

In 2019, considerable spatial variability of the land 
use types’ CIs to UHE was found, and the CIs of 
some land use types were spatially linked (Fig. 3). 
In both of the summer daytime and nighttime, the 
CIs of forest were low in cities with high CIs of 
cropland, especially during the daytime. The CIs of 
grassland in the NW region were mostly negative, 
forming aggregations with a large cooling effect in 
its western part; conversely, the CIs of bare land 
in the NW region were prominently positive. Dur-
ing summer daytime, cropland showed a negative 
CI to UHE in 24.66% of cities while a positive CI 
to UHE in 75.34% of cities. The proportion of cit-
ies with a positive CI of water bodies was 25.76%; 
however, these positive water bodies’ CIs and the 
areas of water bodies were small. The proportion 
of cities with a positive CI of built-up land reached 
92.86%, with high positive CIs of built-up land 
clustered in the Pearl River Delta and Yangtze 
River Delta urban agglomerations and the remain-
der being primarily distributed in provincial capi-
tals and municipalities. For some cities within the 
NW and NC regions, however, built-up land pro-
duced a negative CI. During summer nighttime, 
cropland showed a negative CI to UHE in 35.07% 
of cities while a positive CI to UHE in 64.93% of 
cities. The proportion of cities with a positive CI 
of water bodies reached 93.43%, which was largely 
higher than that during the daytime. A positive CI 
of built-up land was observed in 96.71% of cities.

Changes in CIs of land use types from 2005 to 2019

The speed of change (Sen’s slopes) of the CIs for 
each land use type differed spatially. The higher the 
value of Sen’s slopes (either positive or negative), 

the faster the change speed of CIs (either increas-
ing or decreasing). And the trends differed by region 
(Figs.  4, 5; Supplementary Fig. S3; Supplementary 
Tables S1–S12). In the daytime, except the EC and 
NE regions, more than half of the cities in other 
regions showed increasing trends of CI of cropland. 
The EC region showed the highest percentage of cit-
ies with a significant decreasing trend of CI of crop-
land (34.67%), followed by the NE region (27.78%). 
The cities with a prominent positive slope for CI of 
cropland were concentrated in the Beijing–Tian-
jin–Hebei and Chengdu–Chongqing urban agglom-
erations. All regions showed a decrease in CIs of 
both forest and grassland in more than half of the cit-
ies, especially the EC region (71.23% for forest and 
67.11% for grassland). The cities with significantly 
increasing and decreasing trends of CI of water bod-
ies peaked in the NW (23.21%) and NC (26.47%) 
regions, respectively. And the cities with prominent 
negative slopes for CI of water bodies were distrib-
uted in the EC region. More than half of the cities in 
all regions exhibited significant increases in the CI of 
built-up land, with all cities in the SC and EC regions 
showing an increasing trend. The SW region showed 
the highest percentage of cities with a significant 
increase in the CI of built-up land (96.30%), while 
the CI decreased significantly in 26.67% of cities in 
the NW region. Absolute values of positive slopes for 
CI of built-up land were higher than those of negative 
slopes, indicating that the change speed was signifi-
cantly higher in cities with increasing CI of built-up 
land. The cities with high positive slopes were clus-
tered in the Beijing–Tianjin–Hebei, Chengdu–Chong-
qing, Pearl River Delta and Yangtze River Delta, and 
Yangtze River Delta urban agglomerations. Only 
the SW region had more cities with an increasing 
(73.81%) trend of CI of bare land, while the remain-
ing five regions had more than half of cities showing 
a decreasing trend.

In the nighttime, the range of Sen’s slopes for CIs 
of all land use types was relatively narrow, indicat-
ing that the speeds of changes in CIs were slower 
than in the daytime. CI of cropland in > 50% of the 
cities showed a decreasing trend in all regions except 
the NE; and in the NC and SW regions, no significant 
increases in the CI of cropland were observed. The 
cities with prominent positive slopes for CI of crop-
land were distributed in the NW and EC regions. The 
EC region witnessed the highest percentage of cities 
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Fig. 3  The CIs of land use types to UHE in 2019 in summer daytime and nighttime
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Fig. 4  Sen’s slope of CIs of land use types to UHE from 2005 to 2019 in summer daytime and nighttime (95% confidence level of 
significance)
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with significant increases in CIs of forest and grass-
land, i.e., 9.59% and 15.79% respectively. In the NW 
region, the CI of forest showed a decreasing trend in 
74.14% of cities, with a significantly decreasing trend 
observed in 24.14% of cities. And the cities show-
ing prominent positive slopes for CI of forest were 
located mostly in the SW and SC regions. In the NC 
region, the CI of grassland showed a decreasing trend 
in 86.12% of cities. More than 50% of the cities in 

all regions showed an increasing trend of CIs of water 
bodies and built-up land. In particular, 73.53% of the 
cities in the NC region showed an increase in CI of 
water bodies, and all cities in the NC and NW regions 
showed an increase in CI of built-up land. The SW 
region had the highest percentage of cities with an 
increasing trend in CI of bare land (77.27%), whereas 
the NE region had the highest percentage of cities 
with a decreasing trend in CI of bare land (74.29%).

Fig. 5  Percentage (%) of cities with different trends of CIs of land use types to UHE in each region from 2005 to 2019 in summer 
daytime and nighttime. Only cities with significant or insignificant change trends were considered in the statistical analysis
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Direct, indirect, and total effects of CIs on SUHII

The correlations among CIs of land use types and 
SUHII in 2019 showed significant regional differ-
ences (Supplementary Fig. S4). Based on the corre-
lations among CIs of land use types and SUHII, the 
SEMs were established to understand the effects of 
CIs of land use types on SUHII for the six regions in 
summer daytime and nighttime. The goodness-of-fit 
indexes of the SEMs indicated that all models could 
explain the causative relationship (Supplementary 
Table  13). The 365 Chinese cities were located in 
regions with different configuration of land use types, 
which had a substantial impact on the results of the 
SEM assessment (Figs. 6, 7).

In the NE region, all pathways showed negative 
effects in the daytime, with the CIs of forest (− 2.515, 
the path coefficient) and cropland (− 2.186) exhibit-
ing the most direct effects on SUHII. However, the CI 
of cropland also had an indirect effect (2.339) through 
CI of forest on SUHII, resulting in a total effect of 
only 0.153. In the nighttime, only a direct effect was 
observed on SUHII from the CI of cropland, with CIs 
of forest, grassland, water bodies, and bare land all 
exhibiting indirect effects via the CI of cropland.

In the NC and EC regions, the CI of cropland only 
exerted a direct effect on SUHII in the daytime, while 
the CIs of the remaining five land use types exhibited 
both direct and indirect effects. In the NC region, the 
CIs of forest, grassland, water bodies, built-up land, 
and bare land influenced SUHII through the CI of 
cropland in the daytime. In the nighttime, the CI of 
grassland only exerted a direct effect (− 0.337), while 
the CIs of cropland, forest, water bodies, built-up 
land, and bare land all exhibited indirect effects on 
SUHII through the CI of grassland. The direct effect 
from the CI of built-up land (0.332) and its indirect 
effect through the CIs of cropland and grassland 
(0.144) resulted in a total effect on SUHII of 0.476.

In the EC region during the daytime, the CIs of 
forest, grassland, water bodies, built-up land, and bare 

land all influenced SUHII through the CI of cropland. 
The direct effects from CIs of all land use types on 
SUHII were positive, while the pathways among CIs 
were negative. The direct effects from CIs of built-
up land and forest were positive (2.009 and 1.439, 
respectively), whereas the indirect effects from them 
were negative (− 1.168 and − 1.688, respectively). 
Thus, the total effects from CIs of built-up land and 
forest after offsetting were 0.841 and − 0.249, respec-
tively. In the nighttime, the CIs of cropland and forest 
had negative direct effects on SUHII, while the CIs of 
grassland, water bodies, and bare land produced posi-
tive direct effects on SUHII. The CIs of forest, grass-
land, water bodies, and bare land all exerted indirect 
effects on SUHII through the CI of cropland.

In the SC region, the CIs of cropland (− 0.637) 
and grassland (0.042) only produced direct effects on 
SUHII in the daytime, while the CIs of the remaining 
four land use types exerted both direct and indirect 
effects, all of which indirectly affected SUHII through 
the CI of cropland. In the nighttime, the CIs of crop-
land and forest had negative direct effects on SUHII, 
while the CIs of grassland, water bodies, and built-up 
land had positive direct effects on SUHII. The CIs of 
cropland, grassland, water bodies, and built-up land 
all had indirect effects on SUHII through the CI of 
forest. The direct effect (0.202) and indirect effect 
(0.227) from the CI of water bodies resulted in a total 
effect on SUHII of 0.429.

In the SW region, the CI of forest exerted only a 
direct effect (− 0.148) on SUHII in the daytime, while 
the CIs of cropland (0.103), grassland (0.065), and 
built-up land (0.077) exerted only indirect effects. 
The CIs of water bodies and bare land exerted both 
direct and indirect effects. In the nighttime, the CIs 
of cropland, forest, grassland, water bodies, and bare 
land all exerted positive direct effects on SUHII, with 
the direct effect from CI of forest peaking at 1.581. 
The CI of built-up land exerted only an indirect effect 
(− 0.155) on SUHII through the CI of forest.

In the NW region, the CI of cropland affected 
SUHII only through a direct pathway (− 0.399), with 
CIs of forest (0.197) and grassland (0.393) exerting 
effects only through indirect pathways in the daytime. 
Meanwhile, the CIs of water bodies (− 0.237), built-
up land (0.128), and bare land (0.384) exerted both 
direct and indirect effects on SUHII. In the nighttime, 
only a direct effect of the CI of grassland on SUHII 
was observed, and the CI of cropland only exerted 

Fig. 6  The structural equation models of CIs of land use types 
and SUHII in six regions in summer daytime and nighttime. 
*Arrows indicate the direction of causality, with the orange 
lines showing positive effects and the blue lines showing neg-
ative effects. Numbers on the lines are the standardized path 
coefficients. Numbers adjacent to CIs represent land use types, 
1: cropland; 2: forest; 3: grassland; 4: water bodies; 5: built-up 
land; 6: bare land

◂
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an indirect effect. The CIs of water bodies, built-up 
land, and bare land all exerted indirect effects through 
the CI of grassland. The direct effect from the CI of 
water bodies (0.467), and its indirect effect through 

CI of cropland (0.039), had a total effect on SUHII 
of 0.506.

The complex effects of land use types’ CIs on 
SUHII were both direct and indirect. The direct and 

Fig. 7  The direct, indirect, and total effects of CIs of land use types on SUHII in six regions in summer daytime and nighttime. 
*Numbers adjacent to CIs represent land use types, 1: cropland; 2: forest; 3: grassland; 4: water bodies; 5: built-up land; 6: bare land
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indirect effects in the same direction amplified the 
total effect. In contrast, positive and negative effects 
offset and reduced the magnitude of the total effect. 
During the daytime, the total effect of the CI of built-
up land was positive in all regions; however, at night-
time, the CI of built-up land showed a negative total 
effect or no effect on SUHII in some regions (SW, 
NE, and EC). In the daytime, the CI of water bodies 
did not have the largest total effect on SUHII in any 
region, while in the nighttime, the CI of water bod-
ies was the most influential factor in two regions (NW 
and NE). The total effect of the CI of water bodies 
was positive in all regions.

Discussion

Complex effects of LUCC on UHE

It is crucial to investigate the complex effects of CIs 
of LUCC, but existing knowledge about the regional-
scale pathways through which LUCC impacts on 
UHE remains inadequate. To address this limitation, 
this study made assumption of all pathways through 
which the CIs directly and indirectly influenced 
SUHII. And then structural equation models for each 
of the six regions in China were constructed to verify 
the pathways in the assumption. The well-fitted direct 
and indirect pathways through which LUCC exerts 
regional effects on UHE were clarified, which is dif-
ferent from the previous studies (Li et  al. 2017; Wu 
et al. 2021; Xiang et al. 2022). Previous studies have 
explored the relationships between LUCC and UHE 
based on land surface parameters or from the per-
spective of energy balance using SEM; however, this 
study paid greater attention to all land use types and 
their interactions (Li et al. 2017; Cao et al. 2021).

Our innovative attempt to decompose the complex 
effects of LUCC on UHE has the potential to further 
clarify the mechanisms via which LUCC impacts 
UHE. Based on the equations used to calculate CI and 
SUHII, the relationships among CIs of land use types 
and SUHII in each city were shown to be related to 
the LSTs of all land use types in that city. CI is the 
product of the LST difference between land use type 
and city and their area ratio (Supplementary Fig. 
S5). The LST difference determines whether the CI 
is positive or negative, and the area ratio represents 
the degree of influence of a given land use type on 

the UHE. Moreover, the higher the area weight, the 
closer the LST of land use type and city will be. As 
shown in the base scenario and scenario 1 of Supple-
mentary Fig. S6, although the area ratio of the same 
land use type is the same, the LST shows a considera-
ble difference (e.g. daytime and nighttime of the same 
city), which can lead to differences in the warming 
or cooling effect of the same land use type on UHE. 
Additionally, the CIs of land use types undoubtedly 
cause the city’s SUHII to differ. The comparison 
between the base scenario and scenario 1 reflects the 
static relationship of CIs exhibited by assuming LST 
changes as the areas of land use types remain stable. 
Further, it can be inferred to the dynamic relationship 
of CI resulting from assuming land use types’ area 
changes during land use change. As shown in the base 
scenario and scenario 2 of Supplementary Fig. S6, the 
differences in area ratios and LSTs of land use types 
lead to significant differences in the CIs and SUHIIs 
(e.g. different cities at various stages of development). 
Overall, the mechanism via which the CIs of land use 
types directly impact SUHII arises from the differ-
ence in the nature and intensity of the human activi-
ties on the land (Chen et al. 2019; Qiao et al. 2023a). 
The indirect effect of the CI of one land use type on 
SUHII is derived from a chain reaction whereby the 
LST of the entire city and other land use types can 
be affected by that of one land use type (Huang et al. 
2019; Hu and Li 2020). The direct and indirect effects 
of land use types’ CIs on SUHII reflect inter-regional 
differences and demonstrate the innovation of appli-
cation, which also has practical significance.

Differences and innovations from existing researches

In existing research, Huang et  al. (2019) con-
ducted an assessment for CIs of land use types in 
the City of Wuhan, China, Harmay et  al. (2021) 
explored CIs of land use types in Melbourne, Aus-
tralia. Although previous studies have explored a 
city or region in depth, they were still limited to 
fixed scales and lacked the geographical, climatic, 
and diurnal knowledge of land use type’s CI at 
large scales. For example, both we and Huang et al. 
(2019) obtained that the CIs of cropland and forest 
in Wuhan in summer were less than 0, and the CI of 
built-up land was greater than 0. However, Huang 
et  al. (2019) revealed that the CI of water bodies 
was less than 0, whereas we found that the CI of 
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water bodies in Wuhan was positive in the nighttime 
and negative in the daytime. The discussion on the 
diurnal contributing role of water bodies’ CI will be 
continued in the next paragraph. Zhao et al. (2018) 
and Tarawally et al. (2018) assessed the CI of land 
use types at several time nodes and the CI did pro-
duce changes. However, the MK analysis conducted 
in the present study revealed the 15-year trend in CI 
more finely. Therefore, the present study filled the 
research gap of long time series analysis of CI at a 
large spatial scale.

In the present study, the CI of built-up land 
exerted positive total effects on SUHII in all regions 
in the daytime, as summarized in previous studies 
(Sun et al. 2016; Yu et al. 2022). It is necessary to 
emphasize the role of urban development bounda-
ries in territory development planning (He et  al. 
2017; Hu et al. 2017; Xie et al. 2020). The CI val-
ues of water bodies in the present study were small. 
Furthermore, we discovered that a higher propor-
tion of cities possessed negative CIs of water bod-
ies during the day and positive CIs of water bodies 
at night. These results originated from the specific 
heat capacity of the water bodies (Kuang et  al. 
2015). As suggested by Huang et  al. (2019), water 
bodies possess a high specific heat capacity and 
thus small temperature variation. And Brans et  al. 
(2018) also found that the average temperature of 
water bodies was lower than the average tempera-
ture of the city during the daytime, and the oppo-
site was true at night. In addition, the CI of forest in 
some cities also exhibited diurnal differences. For 
example, the CI of forests in Shennongjia of Hubei 
Province, and Da Hinggan Ling Prefecture of Hei-
longjiang Province, was positive at night and nega-
tive during the day. These two cities have in com-
mon a high proportion of forest area. At night, the 
stomata of tree leaves are closed and transpiration 
is reduced, while the closed forest canopy acts as 
an obstacle to the heat exchange in the near-surface 
layer, and the heat inside the forest is not easy to 
dissipate, resulting in the positive contribution of 
forest to UHE (Wang et  al. 2023a, b). The posi-
tive and negative differences between daytime and 
nighttime CIs of the same land use type on UHE in 
the same city also verified the findings from Qiao 
et al (2013).

Decomposition of complex effects helps opti-
mize the UHE from a landscape ecology perspective. 

The total effects of land use types showed signifi-
cant regional differences, and the dominant factor in 
SUHII varied regionally (Fig.  7). Previous studies 
have shown that water bodies and vegetation are key 
for mitigating UHE and that optimizing the landscape 
of water bodies and vegetation is crucial for reducing 
LST (Ayanlade and Jegede 2015; Hu and Li 2020; 
Wu et  al. 2021). Nonetheless, it is important to rec-
ognize that not all geographical regions uniformly 
benefit from the direct cooling influences exerted by 
water bodies and vegetation on the UHE. In some 
cases, these cooling effects may be indirectly chan-
neled through intermediary land use types, such as 
those denoted as EC region during the daytime (CI 
of forest indirectly influenced SUHII through CI of 
cropland while CI of water bodies indirectly through 
CIs of cropland and forest). It is worth underscor-
ing that in specific geographical areas, notably in the 
context of NW region during the daytime, as well as 
NC and SW regions during the nighttime, water bod-
ies and vegetation can paradoxically exhibit warming 
effects, either directly or indirectly. Moreover, when 
considering vegetation, it is crucial to acknowledge 
the considerable regional disparities in the roles that 
forest and grassland play as both sources and sinks 
of UHE within various landscapes (Chen et al. 2019; 
Wang et  al. 2023a, b). The present study represents 
a regional and intraday refinement of the influences 
of land use types, thus has significance for city and 
regional sustainable development in terms of the 
long-term land services necessary for maintaining 
and improving human well-being (He et  al. 2023; 
Wu 2013). The deterioration of UHE and the pro-
jected high frequency of extreme weather events 
will put more people at risk from heat-related threats 
(He et al. 2022; Qiao et al. 2023b). Enhancement of 
human well-being and the ability to respond to heat-
safety events requires a close integration of sustaina-
ble management of land resources and increased resil-
ience of cities (i.e., rational allocation of resources 
and the harmonious coexistence of human beings and 
nature) (Chen et al. 2020; Xie et al. 2020; Wang et al. 
2023a, b).

Limitations and future research directions

The influence of LUCC on UHE has become a hot-
spot in landscape ecology research (Hu et  al. 2017; 
Oke et al. 2017; Ding et al. 2021; Zhang et al. 2022). 



Landsc Ecol (2024) 39:67 

1 3

Page 17 of 19 67

Vol.: (0123456789)

This study provides potentially valuable ideas for 
examining the complex interactions between LUCC 
and UHE. However, the results should be interpreted 
in the context of certain limitations.

This study adopted a “bottom-up” analysis 
approach. CIs of six land use types and SUHII were 
calculated for the same cities, and then the fac-
tor calculation at the city scale was extended to the 
decomposition of complex effects at the regional 
scale. However, the more comprehensive analysis of 
the cause pathways of UHE on macroscopic scales 
should also consider socioeconomic development, 
population distribution, anthropogenic heat emission, 
atmospheric circulation, and feedbacks (Sun et  al. 
2016; Wu et al. 2023).

This study included trend tests on time series CI 
and SUHII during the period 2005–2019. Undoubt-
edly, the CIs and SUHII have changed over the last 
15 years. However, the complex effects of LUCC on 
SUHII were only decomposed for 2019. 2019 was 
regarded as the closest situation to the present, with 
the aim of guiding current land use policies and urban 
management policies in China. Future work should 
extend the time to analyze the complex effects over 
long time series. It is also necessary to expand the 
study area to distinguish direct and indirect effects of 
land use types on SUHII in key global regions experi-
encing complex and dramatic climate change.

Conclusions

LUCC exerts essential effects on UHE. Previous stud-
ies have lacked long time series analysis of the CIs 
while also largely ignoring the indirect effects of land 
use types on SUHII, making it difficult to decom-
pose the complex effects of CIs of land use types on 
SUHII. The present study has filled these research 
gaps and addressed important scientific questions uti-
lizing the MK test, Sen’s slope estimator, and SEM, 
and thus has the potential to aid regional sustainable 
development and ecological civilization construction.

The results showed that 78.08% and 73.70% of the 
cities exhibited an increasing trend in SUHII during 
summer daytime and nighttime from 2005 to 2019, 
respectively. CI of built-up land mostly increased 
(> 50% of the cities in all regions showed significant 
increases). The most influential factors of SUHII in 
the daytime, namely CI of forest in the NE region 

(− 2.515) and CI of cropland in the SC (− 0.637), EC 
(1.386), and NW (− 0.399) regions, only had direct 
effects on SUHII. CI of bare land was the main factor 
directly and indirectly influencing SUHII in both the 
NC (0.810) and SW (− 0.501) regions. At nighttime, 
CI of water bodies in the NW (0.506) and NE (0.697) 
regions, and CI of built-up land in the NC region, 
affected SUHII through both direct and indirect path-
ways. CI of forest in the SW (1.581) and SC (− 0.800) 
regions, as well as CI of cropland in the EC region 
(− 1.067), only had direct effects.

This study clarified the regional nature of LUCC-
induced UHE by means of a bottom-up approach, 
thus expanding our ecological knowledge of CIs of 
land use types. Therefore, this study could help to 
reduce the negative effects of UHE, further achieve 
the SDGs, and fulfill cities’ roles in climate change 
prevention, mitigation, and adaptation.
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