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Influencing Factors of Spatial Heterogeneity of Land
Surface Temperature in Nanjing, China

Qiang Fan, Xiaonan Song, Yue Shi , and Rui Gao

Abstract—The environment and climate significantly affect the
land surface temperature (LST) of a city. Previous studies have
revealed that LST exhibits significant spatial heterogeneity pri-
marily caused by a combination of natural factors and human
activities. Based on this, the introduction of point of interest data
of the “production–living–ecological space” divides the influencing
pattern into a comprehensive description of human activities sup-
plemented by natural factors, resulting in the precise influencing
factors of spatial heterogeneity of LST. Taking Nanjing (Jiangsu
Province, China) as a case study, this study uses Landsat-8 remote
sensing images, point of interest data, and other data to estab-
lish a geographically weighted regression model that combines
natural factors and human activities. The main research results
are as follows: First, the LST of Nanjing ranged from 19.9 °C to
47.6 °C, whereas the distribution trend was “low at both ends and
high in the middle.” Second, there is no multicollinearity of the
influencing factors, the fitting degree of LST and each influencing
factor reached 0.87. The regression coefficients were high and
exhibited both positive and negative values, implying that spatial
heterogeneity exists among the influencing factors and LST. Finally,
the ranking of how all factors influence the LST followed the order
of water area > forest and grassland > ecological space > slope >
production space > elevation > living space. The research results
have practical significance for improving the quality of life of urban
residents and providing a critical theoretical basis for optimizing
urban human settlements.

Index Terms—Geographically weighted regression (GWR),
human settlements, land surface temperature (LST), Nanjing,
spatial heterogeneity.

I. INTRODUCTION

IN APRIL 2020, the World Meteorological Organization
released the report on the State of the Global Climate in

2015–2019, highlighting that the global average temperature in
2019 was 1.1 °C higher than the estimated preindustrialization
average temperature. Moreover, the temperatures in the past
five years had been the highest since the establishment of a
temperature record. Since the foundation of the People’s Re-
public of China till 2019, the Chinese urban population has
increased from 57.65 million to 848.43 million, with the national
urban proportion increasing from 10.64% to 60.60%. Due to
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the rising urban population, large amounts of greenhouse gases
have been released into the atmosphere; additionally, vegetation,
water bodies, and other natural features have been degraded by
construction [1], thereby changing the land surface temperature
(LST). Research has revealed that LST can potentially indicate
the ecological environment in cities. Many urban ecological and
social issues, such as biological phenology, ecosystem evolu-
tion, human living environment, and human health, have been
concerning [2]–[6]. Thus, the analysis of the influencing factors
of LST from multiple perspectives is essential for improving the
quality of life in cities.

In recent years, scholars have increasingly researched the
influencing factors of LST. The research objects primarily in-
cluded land-use types [7]–[11], landscape patterns [12]–[14],
surface biophysical index [15]–[17], and artificial and policy
factors [18]–[20]. Zhao et al. [21] explored the relationships
between LST and rivers, accumulated snow, and glaciers. Yang
and Yue et al. [22]–[24] analyzed the influences of indus-
trial suburbanization, building density, urban ventilation, and
urban green land on LST. Qiao et al. [25] investigated the
relationship between LST and other satellite-derived land sur-
face parameters Li et al. [13] utilized the semiparametric ge-
ographically weighted regression (GWR) model to determine
that the landscape structure exerts a greater influence on LST
than the landscape composition. Deng et al. [26] revealed that
the normalized difference vegetation index (NDVI) is inversely
correlated with LST distribution. Parvez et al. [27] found that
the population density is an influencing factor of LST. Overall,
previous research has revealed the influences of human activities
and natural factors on LST. However, the indicators have been
studied separately, which fails to reflect the actual conditions
in nature. Additionally, most LST data are either moderate
resolution imaging spectroradiometer (MODIS) images with a
resolution of 1 km [28]–[30] or Landsat Thematic Mapper TM

images with a resolution of 150 m [31]. Therefore, descriptions
about LST are not comprehensive.

The production–living–ecological space includes the produc-
tion, life, and ecological spaces. Research on the production–
living–ecological space helps optimizing space, governing re-
sources and environment, and promoting ecological devel-
opment. Research has revealed that the distribution of the
production–living–ecological space strongly correlates with the
living quality, utilization of space, and the ecological environ-
ment [32]–[34]. Currently, only a few studies have revealed the
correlation between the production–living–ecological space and
LST, and the correlation degree remains unknown.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

https://orcid.org/0000-0003-4609-1983
mailto:lntufanqiang@126.com
mailto:1339694512@qq.com
mailto:1730543778@qq.com
mailto:1255202348@qq.com


8342 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 1. Location of study area.

In summary, exploratory research on the influencing factors
of LST must comprehensively classify the indicator and select
indicators that best reflect the nature to explore its actual influ-
encing factors. This study performed an inversion of LST based
on Landsat-8 operational land imager (OLI) data and classified
its influencing factors into the following two categories: natural
and human activity elements. The natural elements include the
elevation, slope, forest and grassland, and water. The human
activity elements are identified using the point of interest (POI)
data of the production–living–ecological space. Both elements
are considered to explore the influencing factors of the LST in
all districts of Nanjing City to provide a reference for improving
the life quality of urban populations.

II. STUDY AREA AND RESEARCH METHODS

A. Study Area

Nanjing City (see Fig. 1) is located in Jiangsu Province, China
(31°14′–32°37 N, 118°22′–119°14 E). Located in the center of
the municipal administrative region bordered by the Ningzhen
and Laoshan mountains, Nanjing City is an area with low
mountains and hills. It features a subtropical monsoon climate,
with four distinctive seasons and a mean annual temperature
of 16.2 °C. During 2000–2018, the Nanjing City population
increased from 5.4489 million to 6.9694 million. Nanjing City
contains 11 districts, including Xuanwu, Qinhuai, Jianye, Gulou,
Pukou, Qixia, Yuhuatai, Jiangning, Liuhe, Lishui, and Gaochun.
It is an important part of the Yangtze River Delta Urban Ag-
glomerations in China, which has developed rapidly in recent
years. With continuous economic development, urbanization
has gradually become a prominent problem, and the urban heat
island effect has a huge impact on the urban environment and
human settlements. Therefore, it is of great significance to select
Nanjing City as the study area.

B. Data Sources

The data utilized in this study included POI data, Landsat-8
OLI remote sensing image data, and digital elevation model data.
The data sources are presented in Table Ⅰ. POI data crawled

TABLE I
DATA SOURCE AND DESCRIPTIONS

by Baidu Map are cleaned, screened, and classified based
on the production–living–ecological space. The production–
living–ecological space is a general term for production, living,
and ecological space, which are independent of each other and
interrelated. The production space element primarily refers to the
spatial area used by humans for industries and various associated
products. The life space element is the spatial area for daily
human activities. The ecological space element is the spatial
area for maintaining ecological stability [35]. Table Ⅱ lists the
specific classification rules, which are based on the Ministry of
Housing and Urban–Rural Development of the People’s Repub-
lic of China. The code for the classification of urban land use
and planning standards of development land is GB50137-2011.
Through random forest supervision classification of Landsat-8
OLI data, the spaces are classified as construction land, forest
and grassland, cultivated land, water bodies, and other lands.
The kappa coefficient was 0.91, which meets the analysis
requirements.

C. Research Methods

1) Mono-Window Algorithm: LST is a critical parameter for
reflecting the earth’s surface energy. Currently, the inversion
of LST is primarily realized using the single-channel [36],
mono-window [37], or split-window algorithms [38], [39]. The
mono-window algorithm is characterized by high inversion
precision and applicability. The Landsat-8 OLI data used in
this study exhibit the following two thermal infrared bands:
10th and 11th. According to research, the 10th band exhibits
a superior effect on the inversion of LST [40]. Therefore, this
study adopted the mono-window algorithm to calculate the LST
in Nanjing City based on the 10th thermal infrared band. The
calculation formulae are as follows:

LST = [a(1− C −D) + (b(1− C −D)

+ C +D)T −D · Tmn]/C (1)

C = αβ (2)

D = (1− α) [1 + (1− β)α] (3)

where α is the atmospheric transmissivity, β is the surface
emissivity, T is the brightness temperature corresponding to
the star radiation measurement, Tmn is the mean atmospheric
temperature, and a and b are the regression coefficients. The unit
of LST is K.

2) Kernel Density Analysis: Kernel density analysis is a
method to determine the gathering area of point elements [41].
The kernel density analysis was performed to output the POI data
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TABLE II
RULES FOR CLASSIFICATION OF “PRODUCTION–LIVING–ECOLOGICAL” SPACE BASED ON POI DATA

density situation of all the districts in Nanjing City. Assuming
that the POI point data are a1, a2, a3 . . . an, the estimation
function of the Kernel density is as follows:

fn (x) =
1

nπr2
∗

n∑
i=1

A

[(
1− (a− ai)

2 + (b− bi)
2

r2

)]2
(4)

where (a− ai)
2 + (b− bi)

2 is the square of the Euclidean
distance from (ai, bi) to (a, b), r is the search radius, n is the
number of sample points within the search radius, and A is the
Kernel function.

3) GWR: Regression analysis is a commonly used data anal-
ysis method. The most famous data analysis method is the
ordinary least squares (OLS). However, the OLS method only
considers the global estimation and does not consider the spatial
heterogeneity of the dependent and independent variables [42].
GWR exhibits several advantages, such as a small residual and
sufficient local reflection of the results. Therefore, it is suitable
for determining the influencing factors (e.g., natural and human
activity elements) of the LST in this study. The principle is as
follows:

Yi = α0(ui, vi) +

k∑
i=1

αk(ui, vi)xik + εi (5)

where Yi is the explanatory value of the dependent variable,
(ui, vi) is the geographic coordinate of the ith district, xik (k =
1, 2 . . . 10) is the explanatory value of the independent variable
of the ith district, and εi is the error term.

4) Affect Variables: Seven variables were selected as the
LST explanatory variables. These encompassed the following
two aspects: natural and human activity elements. The natural
elements were divided into topographic factors and land cover
types. Different topographic relief changes have different effects
on LST [43], [44]; therefore, slope and elevation were selected
as the influencing variables. In addition, land cover type had a
major influence on LST, and the proportion of forest, grass, and
water in land-use type was extracted as the influencing variable
of LST.

LST is related to land cover types and topographic factors and
is greatly influenced by human activities [45], [46]. Therefore, to
effectively describe the impact of human activities on LST, this
study divided the POI into “living space,” “production space,”
and “ecological space” according to different types of POI and

considered the densities of the above-mentioned three factors as
the variables affecting the spatial heterogeneity of LST.

III. RESULTS AND ANALYSIS

A. Spatial Distribution Pattern of LST

This study utilizes the mono-window algorithm to invert
the LST in Nanjing City. The results are shown in Fig. 2(a).
According to the statistical analysis, the mean LST was 27.5 °C,
26.8 °C, 26.6 °C, 26.3 °C, 26.2 °C, 26.2 °C, 25.9 °C, 25.7 °C,
25.4 °C, 25.3 °C, and 24.9 °C for Qinhuai, Gulou, Yuhuatai,
Pukou, Xuanwu, Jianye, Qixia, Jiangning, Gaochun, Lishui, and
Liuhe districts, respectively. The LST in Nanjing City was lower
on the periphery and higher in the center. The LSTs in the five
districts in the center were high, and the LST declined gradually
from the five central districts.

B. Spatial Distribution Pattern of Influencing Factors

The slope (see Fig. 2(b)) is a primary indicator for measuring
the geography and landform of a district. The slope difference
of all the districts in Nanjing City was large; however, the
mean slope was 5–8.5°. The mean slopes of the five districts
in the center of Nanjing City were large: 8.192°, 7.104°, 6.682°,
6.364°, and 5.720° for Xuanwu, Yuhuatai, Gulou, Qinhuai, and
Jianye districts, respectively. In contrast, the mean slopes of the
urban fringe districts of Nanjing City were 5.818°, 5.668°, and
5.421° for Liuhe, Gaochun, and Lishui districts, respectively.
The mean slopes of the three districts surrounding the central
five districts were as follows: 7.563°, 6.925°, and 5.634° for
Pukou, Jiangning, and Qixia districts, respectively. Nanjing
City is at a low altitude. The city elevation distribution is
illustrated in Fig. 2(c). The mean elevations of all the districts
were as follows: 54.0340 m, 34.093 m, 33.675 m, 27.488 m,
22.754 m, 22.437 m, 22.190 m, 21.783 m, 18.604 m, 17.982
m, and 7.992 m for Xuanwu, Jiangning, Lishui, Pukou, Liuhe,
Yuhuatai, Gulou, Gaochun, Qixia, Qinhuai, and Jianye districts,
respectively. The elevation differences among the Yuhuatai,
Gulou, Gaochun, Qixia, Qinhuai, and Jianye districts were
small.

Nanjing City was deemed a “national forest city” by the
China Green Committee and the Forestry Administration of
China, in 2013, encouraging Nanjing City to develop into a
green, ecological, and suitable city for living. Through the
visual interpretation of remote sensing images, we obtained
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Fig. 2. Spatial heterogeneity of the LST and influencing factors.

the distributions of forests, grasslands, and water bodies in all
districts of Nanjing City (see Fig. 2(d)). The Xuanwu, Yuhuatai,
Gulou, Qinhuai, and Jianye districts contained large construction
land areas and exhibited high afforestation rates. The east of the
Jiangning District contained many forestlands and shrubberies
that provided sufficient vegetation coverage. The northeast of
the Pukou District was also covered by a large area of forest and
grasslands. The south of the Gaochun District was covered with
forest and grasslands, and water bodies were found in the north.
The north of the Lishui District was mostly covered with a large
forest and grassland area, and there were many water bodies in
the northwestern part of the district. The entire Liuhe District
was covered with paddy fields and water bodies, and forest and
grasslands were primarily distributed in the northeast portion
of the district. In the Qixia District, forest and grasslands were
predominately distributed in the central area, and water flowed
from the west to the east.

A kernel density analysis of the POI data in Nanjing City was
conducted. POI data were classified according to the production–
living–ecological space. The kernel density analysis results are
presented in Fig. 2(e)–(g). The centralized distribution area
of the production–living–ecological space exhibited different
values. However, the areas with a high kernel density value
were primarily distributed in the five districts in the center of
Nanjing City. The kernel density analysis of the production
space revealed that the kernel density was high in the south of
the Liuhe District, east of the Pukou District, southwest of the
Qixia District, north of the Jiangning and Lishui Districts, and
northwest of the Gaochun District. Additionally, this analysis
indicated that the area with a high kernel density value was
similar to the production space. In contrast, the area with a high
kernel density of the life space in the Jiangning and Pukou dis-
tricts was scattered. The kernel density analysis of the ecological
space revealed that areas with a high kernel density value were
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TABLE III
REGRESSION COEFFICIENT OF GWR MODEL

primarily distributed in Gulou, Xuanwu, Qinhuai, and Jianye
districts, and the Kernel density value in the other districts was
low.

C. GWR Analysis

This study utilized the GWR model to explore the spatial
heterogeneity of the LST in all Nanjing City districts according
to the natural and human activity elements. The calculated vari-
ance inflation factor (VIF) was <7.5, establishing that there was
no multicollinearity among the selected factors. Fig. 3(a) shows
the fitting degree of selected indicators of the GWR model and
LST. The R2 value in each area ranged between 0.442 and 0.929,
revealing that the seven influencing factors selected in this study
exhibited an explanatory power for the LST, and the explanatory
power was stronger for the central districts in Nanjing City than
for districts on the urban fringe. This result is primarily because
the urbanization rate of all districts in the center of Nanjing City
was high; thus, the factors strongly influenced the LST.

The regression coefficient of the GWR model was arranged
(see Table Ⅲ), and the maximum, minimum, and mean values
and proportions of positive and negative values were taken as
the statistical types. Table Ⅲ demonstrates that the regression
coefficients of the influencing factors greatly differ, with both
positive and negative values, indicating the spatial heterogeneity
of the influencing factors. The absolute value of the mean value
reflects the effect of each influencing factor on the LST: waters
> forest and grassland> ecological space> slope> production
space > elevation > life space.

D. Analysis of Influencing Factors of LST

The relevant coefficient of each influencing factor in the GWR
model was visualized to obtain the spatial distribution of the
relevant coefficient of each indicator to analyze the influencing
factors of the LST in Nanjing City. The influence of the terrain
factor as a natural element on the LST presented a positive
correlation, whereas the influence of the natural features on the
LST presented a negative correlation. The degree of the influence
of natural elements on the LST followed the order of waters >
forest and grasslands > slope > elevation. Within the municipal
administrative region, the regression coefficient of the slope was
small. The regression coefficient in the center was lower than that
on the fringe, and a high regression coefficient only occurred to

the west of the Liuhe, Pukou, Qixia, and Jiangning districts,
the north of the Lishui District, and the west and the south
of the Gaochun District. However, the regression coefficient of
the central five districts was small, and most areas presented a
negative correlation. The influence of elevation (see Fig. 3(c))
on different districts in Nanjing City was significantly large.
A negative correlation was presented in the Xuanwu District
likely because its mean elevation and the elevation difference
were the largest among all districts, and elevation significantly
influenced the LST in this area. Comparatively, the Jianye Dis-
trict presented a positive correlation, and the mean value and
elevation differences of this area were the smallest. The Jianye,
Yuhuatai, Liuhe, Pukou, and Gaochun districts contained many
areas that presented a positive correlation. Jiangning District
presented alternating positive and negative correlations. The east
and the west exhibited a positive correlation, whereas the central
area presented a negative correlation.

The forest and grasslands primarily presented a negative
correlation with the LST of Nanjing City. All five districts in
the center of Nanjing City presented the same negative cor-
relation level, indicating that LST decreases with increase in
the forest and grassland areas (see Fig. 3(d)). This is because
green plants undergo transpiration; they can absorb heat from
the environment to reduce the temperature. The influence of
water (see Fig. 3(e)) on the LST in the north of the Liuhe District,
southwest of the Pukou and Jiangning districts, and east and west
of the Gaochun District presented a positive correlation, whereas
other areas presented a negative correlation. This is primarily
because the heat capacity of water is large; heat absorption
occurring during evaporation of water decreases the LST more
than that of forest and grasslands. This is also the reason for the
higher influence of water on the LST than that of the forest and
grassland.

In this study, the production–living–ecological space was
selected to evaluate human activity elements. The influence
of the life space on the LST presented a negative correlation,
whereas that of the production and ecological spaces presented
a positive correlation. The degree of influence of human activity
elements on the LST followed the order of ecological space >
production space > life space. A positive correlation effect of
the production space (see Fig. 3(f)) on the LST was presented for
a large part of the municipal administrative area, including north
of the Liuhe District, east of the Qixia and Lishui districts, west
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Fig. 3. Fitting degree and coefficient distribution.
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of the Pukou District, and south of the Gaochun District. This
was primarily because the subclasses of the production space
included entrances and exits, traffic facilities, companies, finan-
cial institutions, and government authorities. Most subclasses
were covered with construction lands, and an increase in the
construction lands can increase the LST. A negative correlation
effect of the life space (see Fig. 3(g)) element was presented for
the entire municipal administrative region. A positive correlation
effect was presented in the east and west of the Liuhe District,
west of the Pukou District, northeast of the Yuhuatai District,
southwest of the Qinhuai and Jiangning districts, south of the
Lishui District, and east and west of the Gaochun District. The
life space primarily constitutes hotels and beauty and cultural
media places. These life service places consider afforestation;
thus, the negative correlation of the life space element and LST
was presented in a large area. The positive and negative corre-
lations of the ecological space (see Fig. 3(h)) and LST across
the entire municipal administrative region were equivalent. The
Jianye and Yuhuatai districts, which constituted a large area, pre-
sented a negative correlation. The Jiangning, Lishui, and Pukou
districts, which encompassed a large area, presented a positive
correlation. Among the POI data, the ecological space primarily
includes tourist attractions and natural features; its high-density
value was predominantly distributed in the five central districts
of Nanjing City. The increase in tourist attractions and natural
features implies increasing green land and waters, and LST can
be reduced accordingly.

IV. DISCUSSION AND CONCLUSION

A. Discussion

1) Influencing Factors of LST: LST is an indicator of the eco-
logical environment of a city. Analyzing its spatial heterogeneity
and influencing factors can help improve urban life quality.
Influencing factors of LST can be summarized as natural factors
and human activities. Previous studies primarily explored the
influences of unitary elements on LST, such as the NDVI [27],
ozone pollution [47], and building density [48]. Most LST data
are MODIS images with a resolution of 1 km or Landsat TM
images with a resolution of 150 m. Additionally, the descriptions
of the ground temperature are not typically detailed. In this study,
Landsat OLI images with a resolution of 100 m were used to
invert the LST data, and the influencing factors of the spatial
heterogeneity of LST were explored by analyzing seven natural
and human activity elements. Thus, the influencing factors can
be comprehensively analyzed. Combining natural and human
activity elements with the LST provides a crucial basis for
improving the urban living quality and the social development
space.

2) Influences of Human Activities on the LST: Human ac-
tivities exert a great influence on the LST. Recent studies have
demonstrated that population density [28], land utilization [49],
and city size [50] are the primary influencing factors of the LST.
The emergence of POI data facilitates a detailed description
of human activities. This study classified the POI data accord-
ing to the production–living–ecological space. A few existing
studies have associated the production–living–ecological space

and LST. Incorporating this classification into an LST study
can help in exploring the influence of human activities on
the LST and optimizing the spatial layout of the production–
living–ecological space. Therefore, this research is significant
for governmental planning and decision-making departments.

3) Study Limitations: This study still exhibits certain limita-
tions in exploring the influencing factors of the spatial hetero-
geneity of the LST by combining natural and human activity
elements. Research at the municipal level can be sufficiently
conducted; however, the effect cannot be fully understood when
research is conducted at the national or provincial level due
to the cloud quantity and timeliness of the Landsat-8 OLI
images. Additionally, the influencing factors selected in this
study included both natural and human activity elements (seven
influencing factors in total). Other influencing factors can also
promote the generation of the spatial heterogeneity of the LST.

B. Conclusions

This research selected Nanjing City, Jiangsu Province, China,
as a case study. This study utilized the GWR model and com-
bined natural and human activity elements to determine the
spatial heterogeneity of influencing factors of the LST. The
primary conclusions are as follows.

1) The LST in Nanjing City was lower on the periphery and
higher in the center. The elevation and slope of the districts
were low. The central area of Nanjing City underwent
rapid economic development and afforestation. Many wa-
ter bodies, such as the Yangtze River and Shijiu Lake, are
located nearby, and the waters are distributed sporadically.
This study used the production–living–ecological space
to present the human activity distribution. The density
distribution declined gradually from the life space to the
production space and subsequently to the ecological space.

2) According to the collinearity inspection, the VIF value
of the influencing factors was <7.5, indicating no multi-
collinearity. The fitting degree of the LST and influencing
factors reached 0.87, and the effects of the LST influencing
factors exhibited strong spatial heterogeneity.

3) The mean coefficients of the influencing factors on the
LST were as follows: 0.021 for elevation, 0.132 for slope,
−1.441 for forest and grassland, −1.848 for water bodies,
0.049 for production space, −0.006 for life space, and
0.205 for ecological space. Thus, the degree of influence
of the factors on the LST followed the order of waters
> forest and grasslands > ecological space > slope >
production space > elevation > life space.

Exploring the influencing factors of the spatial heterogeneity
of the LST using the GWR model is useful for determining its
spatial heterogeneity. Moreover, using the production–living–
ecological space division model to assess POI data can ex-
plain the influences of human activities on the LST for various
spatial patterns, providing a strong theoretical basis for the
decision-making of governmental authorities. Future research
can continue exploring the influencing factors of the LST at
the national and provincial levels to improve the urban living
environment.
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