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*e Central Yunnan Urban Agglomeration (CYUA) is an important zone of western development in China. *e clarification of
the spatial structure and changing trends in CYUA could help promote the coordinated development of the CYUA and enhance
the overall competitiveness of the region. Based on data from the Yunnan Statistical Yearbook and the nighttime light data, this
paper extracts the urban built-up area of the CYUA and analyzes the urban expansion and urban spatial connection intensity of
the CYUA from 2000 to 2018 by using the urban gravity center model and the gravity model. *e results show the following: (1)
From 2000 to 2018, the urban built-up area of the CYUA expanded rapidly, and the urban built-up area increased by 369.35%,
with Kunming accounting for 45.41% of the increased area. Kunming was the main contributor to the increase in the urban built-
up area in the CYUA. From 2000 to 2018, the urban built-up areas of the CYUA were scattered in various mountain basins. (2)
Overall, the urban gravity center of the CYUA has moved to Kunming, and the distance of the urban gravity center has increased
since 2005, indicating that urban expansion has accelerated since 2005. (3) *e development of the CYUA is extremely un-
balanced. *e urban spatial connection intensity between Kunming city, Yuxi city, and Qujing city, and Yi Autonomous
Prefecture of Chuxiong is relatively strong, while the urban spatial connection intensity among cities other than Kunming is weak.
Overall, the CYUA is characterized by stellar radiation with Kunming city as the core and Yuxi city as the secondary core.

1. Introduction

Urban agglomerations refer to relatively complete urban
“aggregations” composed of multiple cities with different
properties, types, and scales within a specific geographic area
[1]. Urban agglomerations are the most dynamic and po-
tential core areas in the China’s future economic develop-
ment pattern. Urban agglomerations are key and optimized
development zones in China’s main functional zoning and
serve the roles of strategic support points, growth poles, and
core nodes in China’s productivity layout [2]. During the
process of urban agglomeration development, there are
problems of uncoordinated and unbalanced development
among cities, and substantial differences in economic de-
velopment exist among cities [3]. *erefore, analyzing the

expansion process of urban agglomerations and the spatial
connection of urban agglomerations and revealing the
temporal and spatial changes in urban agglomeration de-
velopment are of great significance for the optimization of
urban layouts and the coordinated development of regions.

It is impossible for any city to exist in isolation. To ensure
the normal operation of production and life, the exchange of
material, energy, and information among cities is constantly
carried out. *is exchange is called spatial interaction [4].
*is spatial connection combines spatially separated cities
into an urban system with a certain structure and function
[5]. *e connection between regions and cities not only
drives the formation of a regional space but also promotes
the evolution of regions and urban functions [6]. Current
research concerning urban spatial connections mainly
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focuses on model construction and application. *e models
mainly include social network analysis models [7–9], urban
flow models [10, 11], and gravity models [12–14]. Among
these models, the gravity model is widely used in studies
investigating urban spatial connection due to its simple
structure and stronger adaptability [15]. *e city mass is the
core of constructing the gravity model, which is usually
expressed by the population and gross domestic product
(GDP). For example, Fan et al. constructed a gravity model
based on the population and GDP, revealed the spatial
pattern of the urban system in the Huaihe River Basin, and
analyzed the urban network structure through entropy theory
[16, 17]. Sun et al. used a gravity model to evaluate the spatial
connections of China’s eight urban agglomerations [18].
Xiong et al. used this model to analyze the urban spatial
structure of the Changsha-Zhuzhou-Xiangtan Urban Ag-
glomeration and the Dongting Lake Urban Agglomeration
[19]. Many similar studies investigated different urban ag-
glomerations [20–22], and these studies laid a good foun-
dation for revealing urban spatial connections. Although the
city mass expressed by the population and GDP is widely
used, there are still some shortcomings. Urban spatial con-
nection mainly refers to the connection between urban areas.
However, population and GDP data are social statistical data
based on administrative boundaries, including towns and
rural areas. Because the urban population and GDP cannot be
obtained from social statistical data, it is impossible to ob-
jectively and accurately express the city mass, leading to a
certain error in urban spatial connections [23]. *erefore, the
accurate acquisition of the urban quality is very important for
the measurement of urban spatial connections.

Compared with social statistical data, nighttime light
data can realize the monitoring of urban development in a
long-term sequence on a large scale. Additionally, such data
are widely used in spatial data mining in the socioeconomic
field [24]. Existing research results show that the population,
economy, electricity consumption, and urbanization level
exhibit significant correlations with nighttime light data.
Nighttime light data can be used to estimate the population
[25–27], GDP [28–30], electricity consumption [31–33], and
level of urbanization [34–36]. Nighttime light data cover
various types of city-related information and can compre-
hensively reflect the development level of a city. *e urban
built-up area can be extracted based on nighttime light data,
and the total light intensity within the built-up area is used as
the city mass, which can accurately reflect the spatial con-
nection between cities. *e city mass expressed by nighttime
light data is more objective and accurate than the city mass
expressed by social statistical data. *erefore, the obtained
urban spatial connection intensity is also more accurate.

*e long-term sequence of nighttime light data can be
used to analyze the spatiotemporal change in urban spatial
connections. Meanwhile, nighttime light data have the
unique ability to reflect human social activities and can
reflect the spatial structure of a city [37], which can be used
to not only analyze the temporal and spatial changes in
urban spatial connections but also the process of urban
expansion. An area with DN values of nighttime light data

can reflect the center of a city, and an area with lower DN
values reflects an edge area of a city.*e gravity model based
on nighttime light data can accurately express the spatial
connection among cities but lacks the expression of the
direction of urban expansion. To further explore the di-
rection of urban expansion, the traditional gravity center
model was modified by using DN values as weights to obtain
a weighted gravity center model. Tracking the position
change in the weighted gravity center model can reflect the
change direction of the intensity of urban expansion.

As one of the 19 urban agglomerations in China, the
Central Yunnan Urban Agglomeration (CYUA) is an im-
portant strategic center of the “One Belt and One Road”, the
Yangtze River Economic Belt, the Bangladesh-China-India-
Myanmar Economic Corridor, and the China-Indochina
Economic Corridor. *e CYUA is a core support area facing
the radial center of South Asia and Southeast Asia. In recent
years, the CYUA has entered a stage of rapid development, but
there have been problems of unbalanced and uncoordinated
development within the urban agglomeration. How to address
the coordinated social and economic development of the
CYUA has become an important issue facing municipal
governments in China. To explore the development of the
CYUA, we used the dichotomy method to extract the built-up
areas in the CYUA based on nighttime light data.*e intensity
of the lights in the built-up area expressed the city mass. A
gravity model was constructed to explore the intensity of the
urban spatial connections among the cities in the CYUA and
analyze the changing trends from 2000 to 2018.Meanwhile, the
weighted gravity center model was used to analyze the urban
expansion direction of the CYUA from 2000 to 2018.

2. Study Area

*e CYUA is one of 19 urban agglomerations in China. It is
located in east of central Yunnan Province between 100°45′-
104°48′E and 23°20′-27°02′N. *e land area is 114600 km2,
accounting for 29% of the total area of Yunnan Province.*e
CYUA consists of the cities of Kunming, Qujing, and Yuxi,
Yi Autonomous Prefecture of Chuxiong and Hani-Yi Au-
tonomous Prefecture of Honghe as shown in Figure 1. *e
terrain is high in the north and low in the south. *e ele-
vation of most areas is between 1500 and 2800m.*e terrain
is dominated by mountains and mountain basins. Nearly 1/2
of the intermontane plain in Yunnan Province is concen-
trated in the CYUA.*e CYUA is rich in land resources with
large reserves of mineral resources, a high economic value,
and extremely rich resources. Since the reform and opening
up, the population of Yunnan Province has increased from
30.915 million in 1978 to 48.295 million in 2018. In 2018, the
population of the CYUA accounted for 47.38% of the total
population in Yunnan Province. *e total GDP of Yunnan
Province increased from 6.905 billion yuan in 1978 to
1788.112 billion yuan in 2018. In 2018; the total GDP of the
CYUA accounted for 63.37% of the GDP of Yunnan
Province [38]. *e CYUA is a core area of Yunnan and
occupies an important position in the economic and social
development of the province.
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3. Materials and Methods

3.1. Data Source. *e data used in this paper include
Defense Meteorological Satellite Program/Operational
Linescan System (DMSP/OLS) nighttime light data,
National Polar-Orbiting Partnership/Visible-Infrared
Imaging Radiometer Suite (NPP/VIIRS) nighttime light
data, and data from the Yunnan Statistical Yearbook. *e
DMSP/OLS image data constitute a nonradiometric
nightlight image data set (Version 4), and the image times
are 2000 (F142000, F152000), 2005 (F152005, F162005),
and 2010 (F182010). *e NPP/VIIRS image data are
nighttime light images from December 2015 to December
2018. *e DMSP/OLS nighttime light data and NPP/
VIIRS nighttime light data were all provided by the
National Geophysical Data Center of the National Oce-
anic and Atmospheric Administration. In addition, the

National Geophysical Data Center released 8 radiance-
calibrated nighttime light images. *is paper selects
nightlight images from the F16 satellite radiance cali-
bration in 2007 as the corrected reference image. *e
urban built-up area of the CYUA was derived from the
Yunnan Statistical Yearbook (2000–2018). *e Yunnan
Statistical Yearbook was downloaded from the Yunnan
Provincial Economic and Social Development Statistical
Database.

3.2. Nighttime Light Data Processing. *e spatial resolution
of the nonradiometric DMSP/OLS nighttime light data is 30
arc seconds (approximately 1 km); the image pixel value
represents the average light intensity, and its value ranges
between 0 and 63. *e NPP/VIIRS nightlight image is a
monthly composite product with a spatial resolution of 15″
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Figure 1: Location of the study area. (a) Kunming city. (b) Quijing city. (c) Yuxi city. (d) Yi Autonomous Prefecture of Chuxiong. (e) Hani-
Yi Autonomous Prefecture of Honghe.
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arc seconds (approximately 0.43 km). *e digital number
(DN) value represents the light intensity, and the unit is
nW·cm−2·sr−1. *e DMSP/OLS image and NPP/VIIRS im-
age are all in the WGS-84 coordinate systems. To unify the
spatial resolution, the DMSP/OLS image and NPP/VIIRS
image are projected as Albers projection and resampled to
1 km resolution.

3.2.1. DMSP/OLS Image Correction. *e DMSP/OLS
nightlight images were not subjected to radiometric cali-
bration and are affected by differences in the detection
capabilities of different sensors, and discontinuities exists
between images for many years. Furthermore, saturation of
the DN values may occur in urban centers with high ur-
banization [24].*e DN value of nightlight images is used as
a key index for the extraction of urban built-up areas. *e
elimination of DN value errors can improve the accuracy of
the extraction of urban built-up areas. Based on previous
studies, Cao et al. compared the correction accuracy of an
exponential model, linear model, logarithmic model, qua-
dratic polynomial model, and power function model and
found that the power function model had the highest ac-
curacy in China [39]. Following the correction method
proposed by Cao et al. [39], Hegang city in Heilongjiang
Province was selected as a stable target area. From 1992 to
2012, Hegang city has been in a relatively stable development
process, and the change in nightlight intensity is relatively
stable. Based on this method, the data were mutually cor-
rected and corrected for saturation. *e F16 satellite ra-
diometric calibration image in 2006 was used as the
reference image. According to equation (1), the F16 satellite
radiation calibration image in Hegang city in 2006 was fitted
with the images from other years to obtain regression co-
efficients a and b. *e result is shown in Figure 2. After the
regression coefficients were obtained, the coefficients were
used to complete the data correction in the study area.

DNy � a · DN
b
x, (1)

where DNx is the DN value of the pixel to be corrected, DNy
is theDN value of the pixel of the reference image, and a and
b are the fitting parameters.

After the mutual correction, differences still exist be-
tween the DMSP/OLS nightlight images obtained by dif-
ferent sensors in the same year. Mutual correction can
resolve this difference only to a certain extent and cannot
completely eliminate the difference. To make full use of the
images and solve this problem, we use equation (2) to fuse
the images acquired by different sensors in the same year.

DNi �
DN

a
i + DN

b
i􏼐 􏼑

2
, (2)

where DNi
a and DNi

b are two images from the same year,
and DNi is the fused image.

After the DMSP/OLS nightlight image is corrected by
the two steps mentioned above, image discontinuities still
exist between the images for many years, which are

manifested as fluctuations in the DN values of the pixel at
the same position over the years. *erefore, the long-term
sequence of nightlight images requires continuous image
correction for many years. According to the law of urban
development, the bright pixels whose images were urban
patches in the previous year will not disappear in the next
year [40]. *erefore, the DN value of a pixel at the same
position should meet the following requirements: the
pixel DN value of the image of the next year should be
greater than or equal to the pixel DN value of the image
from the previous year. Based on this requirement, the
nighttime light data were calibrated for many years. *e
formula is as follows:

DN(n,i) �

0, DN(n+1,i) > 0,

DN(n−1,i), DN(n+1,i) > 0andDN(n−1,i) >DN(n,i),

DN(n,i), others,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(3)

where DN(n-1,i), DN(n,i), and DN(n+1,i) are the images in the
n− 1 year, n year, and n+ 1year, respectively.

3.2.2. NPP/VIIRS Image Correction. Compared with the
DMSP/OLS sensor, the NPP/VIIRS sensor has a high light
detection ability and spatial resolution. NPP/VIIRS images
have background noise problems. To remove the back-
ground noise in the NPP/VIIRS images, according to the
research results reported byMa et al. [41], noise processing is
performed with nW·cm−2·sr−1 as the threshold.

3.3. Urban Built-Up Area Extraction. *e methods used to
extract the urban built-up areas can be divided into the
following two categories: image classification methods
and threshold extraction methods. *e threshold methods
include the empirical threshold method [42], mutation
detection method [43], and dichotomy method [44].
Among these methods, the dichotomy method is the most
widely used method.*e dichotomymethod compares the
urban built-up area extracted from nighttime light data
with statistical data and obtains the best extraction
threshold through iteration. *is method is simple to
calculate and has a strong scientific basis [45]. Based on
this method, this paper uses the urban built-up area from
the Yunnan Statistical Yearbook and Google Earth images
in 2000–2018 as auxiliary data, uses the dichotomy
method to obtain the optimal extraction threshold for
urban built-up areas in different years, and extracts the
urban built-up area based on the threshold. *e error in
the urban built-up area extraction results is expressed by
the following equation:

R �
Sex − St

Sex

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
, (4)

where R is the relative error, Sex is the extracted area of the
urban built-up area, and St is the statistical area of the urban
built-up area.
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3.4. Gravity Center Model. *e gravity center model is an
important indicator used to describe the spatial distribution
of geographic objects and can clearly and objectively reflect
the trajectory of the changes in regional geographic objects
in time and space [46]. In this paper, the weighted urban
gravity center model is obtained by using the nightlight value
as the weight (equation (5)), and the changes in the gravity
center represent directional changes in the intensity of urban
expansion.

Xg �
􏽐

n
i�1 wi · xi( 􏼁

􏽐
n
i�1 wi( 􏼁

,

Yg �
􏽐

n
i�1 wi · yi( 􏼁

􏽐
n
i�1 wi( 􏼁

,

(5)

where Xg and Yg are the coordinates of the urban center of
gravity, xi and yi are the coordinates of the i-th pixel, and wi

is the weight.

3.5. Gravity Model. *e gravity model is commonly used to
study urban spatial connections. *e model is constructed
based on the distance attenuation principle and the universal
gravitation equation. Its expression is as follows [47]:

Tij � K
Pi · Pj

d
b
ij

. (6)

Tij is the gravitational force between city i and city j; K is
the gravitational coefficient with a value of 1; Pi and Pj are the
mass of city i and j, respectively; dij is the distance between
city i and city j; b is the distance attenuation coefficient. *e
city mass is the sum of the lighting values within the built-up
area of the city. *e distance between two cities should
generally consider space and time, such as the traffic distance
between the two cities and the freight time between the two
cities. However, in studies involving a long time series, we
cannot obtain these distances in the CYUA because these
distances may be different by year, and in some years, these
distances cannot be obtained by the query. *erefore, this
paper selects the Euclidean distance to present dij to control
the factor of distance.*e distance between city i and city j is
the same every year. We only explore the influence of urban
expansion on the spatial connection intensity of the cities in
the CYUA. *e value of b can reflect the decay speed of
gravity with increasing distance. According to the results
reported by Gu and Pang, when the value of b is set to 2, the
spatial connection of the urban system at the provincial
scales can be approximately revealed [48]. *e CYUA
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Figure 2: Intercalibration model coefficients of each image (Y axis represents the DN values of the radiometric calibration image. X axis
represents the DN values of the nonradiometric calibration image).
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includes the major cities of Yunnan Province, which is close
to the provincial scale, and finally, the value of b is deter-
mined to be 2.

*e urban spatial connection intensity calculated using
the DMSP/OLS and NPP/VIIRS nighttime light data cannot
be directly compared. To compare the spatial connection
intensities between cities over the years, the Tij results were
normalized to eliminate the difference between the two
datasets. Ri represents the total gravitational value between
the current city and other cities in the urban agglomeration
as follows:

Ri � 􏽘
n

i�1
Tij. (7)

4. Results

4.1. Changes in the Urban Built-Up Area of the CYUA.
Based on nightlight images, the urban built-up areas of the
CYUA over the past 18 years were extracted. By comparing
with the urban built-up area in the Yunnan Statistical
Yearbook, the results show that the overall error in the
extraction results of the CYUA is small, and the extracted
areas were close to the statistical areas as shown in Table 1.
As shown in Figure 3, the urban built-up area of the CYUA
increased by 166 km2 from 2000 to 2005. From 2005 to 2010,
the urban built-up area of the CYUA increased by 385 km2.
From 2010 to 2015, the urban built-up area of the CYUA
increased by 225 km2, and the urban built-up area of the
CYUA increased by 140 km2 from 2015 to 2018. Overall, the
expansion of urban built-up areas accelerated after 2005.
During the study period, the built-up area of the CYUA
increased by 916 km2 from 2000 to 2018, and Kunming city
increased by 416 km2, accounting for 45.41% of the total
increase, followed by Qujing city, which increased by
188 km2, accounting for 20.52% of the total increase. Yuxi
city increased by 58 km2, accounting for 6.33% of the total
increase. *e Yi Autonomous Prefecture of Chuxiong in-
creased by 81 km2, accounting for 8.84% of the total increase.
*e Hani-Yi Autonomous Prefecture of Honghe increased
by 173 km2, accounting for 18.89% of the total increase as
shown in Table 2. Among the above five cities, Kunming city
had the fastest rate of expansion in urban built-up areas and
is the center of the development of the CYUA.

4.2. Spatial and Temporal Changes in the Urban Pattern of the
CYUA. From the perspective of spatial distribution, the
urban built-up areas of the CYUA are generally scattered,
partially concentrated, and characterized by the scattered
distribution of cities with Kunming as the core. As shown in
Figure 4, the urban built-up areas in Kunming were mainly
distributed in Wuhua District, Panlong District, Guandu
District, and Anning city, and the built-up areas expanded in
a ring shape over the urban area before 2005. After 2005, the
urban built-up areas expanded mainly to the southeast, and
the expansion areas were mainly distributed in Guandu

District and Chenggong District. Overall, the urban built-up
areas of Kunming city in 2018 were mainly distributed in
Wuhua District, Panlong District, Guandu District,
Chenggong District, Anning city, and Jinning District, with
Dianchi Lake as the center with a concentrated distribution
along the bank of Dianchi Lake. Before 2005, the urban built-
up area of Qujing city was mainly distributed in Qilin
District and expanded in a ring shape along the urban area.
After 2005, the urban built-up area expansion was
accelerated, and the expansion areas were mainly distributed
in Xuanwei city, Malong District, Luliang County, Luoping
County, Huize County, and Fuyuan County. In 2018, the
urban built-up area of Qujing city was mainly distributed in
various districts and counties, and the distribution was
relatively fragmented. Qilin District was the center of
Qujing’s development. Before 2005, the urban built-up area
of Yuxi city was mainly distributed in Hongta District, which
expanded in a ring shape surrounding the urban area. After
2005, the expansion areas were mainly distributed in
Tonghai County, Chengjiang County, Xinping County, and
Yuanjiang County, and the expansion speeds of various
counties were accelerated. Among them, Hongta District
exhibited the largest expansion area and expanded outward
in a ring shape. Before 2005, the urban built-up areas of
Hani-Yi Autonomous Prefecture of Honghe were mainly
distributed in Mengzi city, Gejiu city, and Kaiyuan city and
expanded outward in a ring shape. After 2005, Mile city,
Jianshui County, and Luxi County began to expand outward
in a ring shape. Before 2010, the urban built-up area of Yi
Autonomous Prefecture of Chuxiong was mainly in
Chuxiong city and expanded outward in a ring shape. After
2010, the expansion areas were mainly distributed in
Nanhua County, Lufeng County, Mouding County, Yuan-
mou County, Dayao County, and Shuangbai County.
Chuxiong city exhibited the largest urban area and the fastest
expansion rate.

*e distribution pattern of urban built-up areas in the
CYUA was mainly affected by topographical factors. *e
CYUA contains mostly mountains, and natural disasters,
such as earthquakes and landslides, are prone to occur [49].
Building cities on mountain basins can reduce the impact of
natural disasters and is also conducive to the development of
cities. *e scattered mountain basins lead to the scattered
distribution of the CYUA. Under the dual influence of the
Western Development Strategy and the City Planning Law
of China, central Yunnan mainly develops small and me-
dium-sized cities, rendering the distribution of built-up
areas more fragmented [50]. Overall, the spatial distribution
pattern of the built-up areas of the CYUA has Kunming city
as the center, and Qujing city, Yuxi city, Yi Autonomous
Prefecture of Chuxiong, and Hani-Yi Autonomous Pre-
fecture of Honghe are scattered surrounding Kunming city.
*e urban built-up area of Kunming city mainly shows one-
way sprawling expansion with a central city as the center.
Yuxi city, Qujing city, Hani-Yi Autonomous Prefecture of
Honghe, and Yi Autonomous Prefecture of Chuxiong show
sprawling expansion with a central city as the center, but the
central cities are accompanied by multiple satellite cities.
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4.3. Changes in the Urban Gravity Center of the CYUA.
*e trajectory of the urban gravity center can reflect the
directional changes in the intensity of urban expansion, and
the standard deviation ellipse can reveal the moving trend of
the urban center of gravity. As shown in Figure 5, the
trajectory of the urban gravity center of Kunming city is
characterized by a “southeast-east-south” movement. After
2005, the moving distance of the urban gravity center
gradually increased, with the longest moving distance of the
urban gravity center of 6.15 km in 2010–2015. *e urban
gravity center is located at the junction of Xishan District
and Pandong District and is moving in the southeast di-
rection. *e trajectory of the urban gravity center of Qujing
city is characterized by a “northeast-southeast” movement.
*e distance of the urban gravity center was the longest in
2005–2010 with a value of 11.60 km. *e urban gravity
center is located at the junction of Qilin District and Zhanyi
District and is moving in the northeast direction. *e tra-
jectory of the urban gravity center of Yuxi city is

characterized by a “southwest” movement. *e moving
distance of the urban gravity center was the longest in
2010–2015, with a value of 30.06 km. *e urban gravity
center is located at the junction of Hongta District and Eshan
County and is moving in the southwest direction. *e
trajectory of the urban gravity center of the Yi Autonomous
Prefecture of Chuxiong is characterized by a “northeast to
southwest” movement. *e longest movement distance of
the urban gravity center was 12.55m from 2010 to 2015. *e
urban gravity center of the Yi Autonomous Prefecture of
Chuxiong is located in Chuxiong city and is moving in the
northeast direction. *e urban gravity center of the Hani-Yi
Autonomous Prefecture of Honghe is characterized by a
“northeast-southeast” movement, with the longest move-
ment distance of the urban gravity center in 2000–2005, with
a value of 26.06 km. *e urban gravity center of the Hani-Yi
Autonomous Prefecture of Honghe is located in Kaiyuan
city and is moving in the northeast direction. Overall, the
urban gravity center of the CYUA is concentrated in

Table 1: Error in the extraction of the urban built-up areas of the CYUA.

Year 2000 2005 2010 2015 2018
R 0.99% 0.97% 1.33% 0.79% 6.23%
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Figure 3: Urban built-up area changes in the CYUA during 2000 to 2018.

Table 2: Percentage of the urban built-up area of the CYUA from 2000 to 2018.

City
2000 2018 2000–2018

Area (km2) Proportion (%) Area (km2) Proportion (%) Area (km2) Proportion (%)
Kunming city 149 60.08 565 48.54 416 45.41
Qujing city 25 10.08 213 18.30 188 20.52
Yuxi city 18 7.26 76 6.53 58 6.33
Hani-Yi Autonomous Prefecture of Honghe 32 12.90 205 17.61 173 18.89
Yi Autonomous Prefecture of Chuxiong 24 9.68 105 9.02 81 8.84
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Kunming city, indicating that Kunming city is the devel-
opment core of the CYUA and occupies an important
economic position.

4.4. Changes in the Urban Spatial Connection of the CYUA.
*e analysis results of the gravity model show that the spatial
distribution characteristics of the urban spatial connection
intensity of the CYUA present the following characteristics:
among the cities in the CYUA in 2000, “Kunming-Yuxi” has
the strongest urban spatial connection intensity, followed by
“Kunming-Qujing,” “Kunming-Yi Autonomous Prefecture
of Chuxiong,” and “Kunming-Hani-Yi Autonomous Pre-
fecture of Honghe”. In 2005, “Kunming-Yuxi” exhibited the

strongest spatial connection, followed by “Kunming-Quj-
ing,” “Kunming-Hani-Yi Autonomous Prefecture of Hon-
ghe,” and “Kunming-Yi Autonomous Prefecture of
Chuxiong”. Compared with the spatial connection intensity
in 2000, the spatial connection of “Kunming- Hani-Yi
Autonomous Prefecture of Honghe,” “Kunming-Yi Au-
tonomous Prefecture of Chuxiong,” and “Yuxi-Qujing”
gradually strengthened, while the other changes were small.
In 2010, “Kunming-Yuxi” had the strongest spatial con-
nection, followed by “Kunming-Qujing,” “Kunming- Hani-
Yi Autonomous Prefecture of Honghe,” and “Kunming-Yi
Autonomous Prefecture of Chuxiong”. *e “Kunming-
Qujing” spatial connection gradually strengthened. In 2015,
the urban spatial connection intensity was basically
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Figure 4: *e spatial distribution of the urban built-up area of the CYUA. (a) Kunming city; (b) Qujing city; (c) Yuxi city; (d) Yi
Autonomous Prefecture of Chuxiong; (e) Hani-Yi Autonomous Prefecture of Honghe.

8 Mathematical Problems in Engineering



consistent with that in 2010. In 2018, the urban spatial
connection intensity was the strongest in “Kunming-Yuxi,”
followed by “Kunming-Qujing” and “Kunming-Yi Auton-
omous Prefecture of Chuxiong” as shown in Table 3. Overall,
the urban spatial connection intensity radiates outward with
Kunming as the core and Yuxi as the secondary core. Except
for Kunming city and Yuxi city, the urban spatial connection
intensity among the cities is weak.

*e temporal and spatial changes in the total gravita-
tional value of the cities in the CYUA were analyzed, and the
spatial radiation differences among the cities were revealed.
Based on the calculation results of the gravity model, the
temporal and spatial characteristics of the gravity value of
each city were analyzed. *e results showed that from 2000
to 2018, the urban spatial connection intensity of the cities in

the CYUA increased to different degrees, but the growth rate
of each city was quite different. Among them, Kunming city
had the largest increase, followed by Qujing city and Yi
Autonomous Prefecture of Chuxiong, and the other cities
had small increases. Kunming city increased from 1.31 in
2000 to 2.14 in 2018. Qujing city increased from 0.22 in 2000
to 0.73 in 2018. *e Yi Autonomous Prefecture of Chuxiong
increased from 0.08 in 2000 to 0.44 in 2018 as shown in
Table 4. *e urban spatial correlation intensity of Yuxi city
and Hani-Yi Autonomous Prefecture of Honghe exhibited
limited changes and remained relatively stable. Although the
growth rate of Yuxi city was relatively small from 2000 to
2018, Yuxi city’s urban radiation capacity was second only to
Kunming city. *e main reason for this result is that Yuxi
city has a better location advantage than Qujing city, Hani-
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Yi Autonomous Prefecture of Honghe and Yi Autonomous
Prefecture of Chuxiong. Yuxi city is close to Kunming city
and has a close connection with Kunming city. From the
perspective of the entire research period, the urban spatial
connection intensity of the CYUA is unbalanced. With the
acceleration of economic development, the gap also wid-
ened. *ese results indicate that Kunming city is the center,
and the other cities surround Kunming city. Kunming’s role
as the core growth pole of the CYUA is alsomore prominent.
As the development core of the CYUA, Kunming city plays a
significant role in promoting urban agglomerations, and this
role radiates to the periphery with Yuxi city as the secondary
core.

*e spatiotemporal analysis of the urban spatial con-
nection intensity of the CYUA from 2000 to 2018 shows that
the CYUA presents a circular structure with Kunming city as
the core as shown in Figure 6. As the core area of the CYUA,
with the acceleration of economic development, Kunming’s
core position has become more prominent, and its ability to
radiate to surrounding cities has further enhanced. Kunming
is in the central city position and has an obvious promoting
effect on the economy of the CYUA. In 2018, the total GDP
of Kunming city accounted for 45.95% of the total GDP of
the CYUA. Yuxi city, Qujing city, Yi Autonomous Prefec-
ture of Chuxiong, and Hani-Yi Autonomous Prefecture of
Honghe are the secondary development centers of the
CYUA. Compared with the spatial radiation capacity of
Kunming city, there are obvious gaps in the radiation ca-
pacities of these other areas. Kunming city has the strongest
spatial radiation capacity, followed by Yuxi city, and these
cities initially formed a “Kunming-Yuxi” dual-core spatial
structure. *e “CYUA Planning Revision (2009–2030)”
noted that the CYUA will form a “one pole and three core”
spatial structure, namely, Kunming city will serve as the
core, and Yuxi city, Qujing city, and Yi Autonomous Pre-
fecture of Chuxiong will serve as the secondary cores.

Furthermore, a “Kunming-Yuxi” dual core will be formed to
improve the comprehensive radiation capacity. In this paper,
the urban spatial connection intensity changes of the CYUA
are consistent with the planning results.

5. Discussion

5.1. Changing Trend of theUrbanGravity Center of the CYUA.
*e movement of an urban gravity center can reflect the
direction of urban expansion.Wang et al. analyzed the urban
expansion characteristics of the Beijing-Tianjin-Hebei urban
agglomeration based on the urban gravity center model [51].
Li et al. used the urban gravity center model to analyze the
changes and development of the construction land of the
Changsha-Zhuzhou-Xiangtan Urban Agglomeration [52].
*e urban gravity center in the above study refers to the
geometric center of the urban area, which is not accurate
enough. A region with a high DN value of nighttime light
data can reflect the core region of a city, and the region with a
low DN value is a core edge region of a city. A weighted
urban gravity center model that uses the nightlight DN value
as the weight is more objective. *e change in the trajectory
of the weighted urban center gravity can reflect the direc-
tional changes in the intensity of urban expansion. *is
paper uses a weighted urban gravity center model to analyze
the urban expansion of the CYUA.*e results show that the
overall urban gravity center of the CYUA is concentrated
near the urban region of Kunming city, indicating that
Kunming city is the development center of the CYUA. To
reveal the trend of urban expansion in various cities, the city
is used as a unit to analyze the movement characteristics of
the urban center gravity of the CYUA. Compared with the
overall urban center gravity of the CYUA, the urban gravity
center of each city can reflect the development trend of each
city. *e movement trajectory of Kunming’s urban gravity
center is the same as the expansion direction of Kunming’s

Table 3: *e intensity change of spatial connection among cities in CYUA from 2000 to 2018.

City 2000 2005 2010 2015 2018
Kunming city-Yuxi city 1.00 1.00 1.00 1.00 1.00
Kunming city-Qujing city 0.21 0.17 0.24 0.39 0.66
Kunming city-Hani-Yi Autonomous Prefecture of Honghe 0.03 0.10 0.13 0.10 0.10
Kunming city-Yi Autonomous Prefecture of Chuxiong 0.07 0.08 0.09 0.19 0.37
Hani-Yi Autonomous Prefecture of Honghe- Yuxi city 0.01 0.03 0.05 0.03 0.02
Qujing city-Yuxi city 0.01 0.01 0.02 0.03 0.03
Yi Autonomous Prefecture of Chuxiong-Yuxi city 0.01 0.01 0.02 0.03 0.05
Hani-Yi Autonomous Prefecture of Honghe-Qujing city 0.00 0.00 0.01 0.01 0.01
Yi Autonomous Prefecture of Chuxiong-Hani-Yi Autonomous Prefecture of Honghe 0.00 0.00 0.00 0.00 0.00
Yi Autonomous Prefecture of Chuxiong-Qujing city 0.00 0.00 0.00 0.01 0.03

Table 4: *e urban spatial connection intensity from 2000 to 2018.

Urban spatial connection intensity 2000 2005 2010 2015 2018
Kunming city 1.31 1.35 1.46 1.68 2.14
Qujing city 0.22 0.18 0.26 0.43 0.73
Yuxi city 1.02 1.06 1.09 1.09 1.10
Hani-Yi Autonomous Prefecture of Honghe 0.04 0.13 0.19 0.14 0.13
Yi Autonomous Prefecture of Chuxiong 0.08 0.10 0.11 0.23 0.44
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urban areas as revealed by superimposing the urban gravity
center with the urban built-up area, indicating that the
weighted urban gravity center model can reveal the direction
and trend of urban expansion. In four cities (Yuxi city,
Qujing city, Hani-Yi Autonomous Prefecture of Honghe,
and Yi Autonomous Prefecture of Chuxiong) other than
Kunming, the urban gravity center is located near the central
urban area of the city, and the movement direction of the
urban gravity center is affected by the counties under the
jurisdiction of the city. *e main reason for this difference is
that the urban built-up areas are relatively scattered, espe-
cially in the Hani-Yi Autonomous Prefecture of Honghe.
When the urban gravity center in the Hani-Yi Autonomous
Prefecture of Honghe moves in a certain direction, it in-
dicates that the expansion of the counties of the Hani-Yi
Autonomous Prefecture of Honghe is greater than the ex-
pansion of the central urban of the Hani-Yi Autonomous
Prefecture of Honghe. Kunming’s urban gravity center
differs from the situations in the other cities because
Kunming’s urban area is concentrated.

To compare the difference between the weighted urban
gravity center and the unweighted urban gravity center,
the weighted urban gravity center and the unweighted
urban gravity center were superimposed and analyzed.
*e results show that the differences in the position of the
weighted urban gravity center and the unweighted urban
gravity center of Kunming city are relatively small, and the

overall trend is consistent. However, the weighted urban
gravity center and unweighted urban gravity center in the
Hani-Yi Autonomous Prefecture of Honghe are quite
different, and the overall trend is not consistent as shown
in Figure 7. *e main reason for this difference is that the
urban areas of Kunming are concentrated, while the urban
areas of Hani-Yi Autonomous Prefecture of Honghe are
scattered. Bai et al.‘s research concerning the urban ex-
pansion in Chongqing revealed that urban patches that
are too fragmented can affect the calculation results of the
urban gravity center [40]. Huang et al. compared the
nighttime light gravity center and economic gravity center
in Henan Province and found that the nighttime light
gravity center could better reflect the development di-
rection of the city [53]. *e above analysis revealed that
the urban gravity center with nightlights as the weight can
more objectively reflect the direction of urban expansion
than other methods.

5.2. ChangingTrend of theUrban Spatial Connection Intensity
of the CYUA. *e objective expression of city mass in the
gravity model can accurately reflect the changes in the urban
spatial connection intensity. *e city mass is usually
expressed by the population and GDP. As the embodiment
of the comprehensive strength of a city, the population and
GDP cannot objectively express the urban quality [12].
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Nighttime light data cover various types of information
related to the city, which can be used as a comprehensive
expression of the city mass. *is paper uses the total light
intensity within the built-up area to express the city mass
and calculates the urban spatial connection intensity of the
CYUA from 2000 to 2018. *e results show that the urban
spatial connection characteristics of the CYUA are char-
acterized by Kunming city as the core and Yuxi city as the
secondary core, radiating to the periphery. *e strongest
urban spatial connection intensity is observed in “Kunming-
Yuxi”, followed by “Kunming-Qujing,” “Kunming-Yi Au-
tonomous Prefecture of Chuxiong” and “Kunming-Hani-Yi
Autonomous Prefecture of Honghe”.*is result is consistent
with the results reported by Dong et al. [54] and Wang et al.
[55]. Dong et al. used the urban population and GDP to
express the city mass. Based on the gravity model, these
authors analyzed the urban spatial connections of Kunming
city, Qujing city, Yuxi city, and Yi Autonomous Prefecture of
Chuxiong from 2004 to 2013 and found that Kunming city
has the strongest urban spatial radiation intensity, followed
by Yuxi city, Qujing city, and Yi Autonomous Prefecture of
Chuxiong. *e gap among Yuxi city, Qujing city, and
Kunming city gradually decreased [54]. Wang et al. studied
the spatial structure efficiency of the CYUA, and the results
showed that the CYUA is centered in Kunming city and
surrounded by Yuxi city, Qujing city, and Yi Autonomous
Prefecture of Chuxiong [55]. *e research results in this
paper are consistent with the results of existing research
investigating the urban spatial connection of the CYUA,
indicating that the total light intensity within built-up areas
can be used as the city mass in the gravity model to calculate

the urban spatial connection intensity and that themethod is
reliable.

We normalized the previous research results calculated
by social statistical data of the CYUA. *en, the comparison
of the urban spatial connection intensity calculated by
nighttime light data with the urban spatial connection in-
tensity calculated by social statistics data revealed that the
urban spatial connection intensity calculated by nighttime
light data is generally consistent with the urban spatial
connection intensity calculated by social statistics data, but
there is a certain degree of internal differences. Yin et al. built
a comprehensive evaluation model of urban spatial con-
nections based on social statistical data to evaluate the urban
spatial connection intensity of the CYUA. *e results
showed that the urban spatial connection intensity of
Kunming city in 2005 was 2.69 times that of Qujing city and
1.63 times that of Yuxi city [56]. In 2010, Kunming’s urban
spatial connection intensity was 2.27 times that of Qujing
city and 1.58 times that of Yuxi city. *e results of the urban
spatial connection intensity calculated by nighttime light
data in this paper show that the urban spatial connection
intensity of Kunming city in 2005 was 7.5 times that of
Qujing city and 1.27 times that of Yuxi city. In 2010,
Kunming’s urban spatial connection intensity was 5.6 times
that of Qujing city and 1.34 times that of Yuxi city. Overall,
the results of this paper are consistent with the research by
Yin et al., but there are internal differences. *e main reason
for these differences is that the urban spatial connection
intensity calculated by social statistical data is greatly af-
fected by the GDP. Qujing’s primary industry (agriculture)
accounted for 20% and 18% of its GDP in 2005 and 2010,
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Figure 7:*e difference between the weighted urban center of gravity and unweighted urban center of gravity. (a) Kunming city. (b) Hang-
Yi Autonomous Prefecture of Hongle.
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respectively. However, Kunming city and Yuxi city
accounted for relatively small proportions of the total GDP.
In general, the spatial interconnection between cities mainly
affects urban built-up areas, while social statistical data cover
the entire administrative unit, including urban areas and
villages. In this paper, the urban spatial connection intensity
is calculated by the total light intensity within the built-up
area, which reduces the influence of the countryside on the
calculation results, and the calculation results can better
reflect the difference across cities within an urban
agglomeration.

6. Conclusions

Based on the DMSP/OLS and NPP/VIIRS nighttime light
data from 2000, 2005, 2010, 2015, and 2018, the dichotomy
method is used to extract the urban built-up areas of the
CYUA by combining the urban gravity center model and the
gravity model and researching the expansion characteristics
of urban built-up areas and urban spatial connections of the
CYUA from 2000 to 2018.*e results show the following: (1)
From 2000 to 2018, the CYUA always adopted Kunming city
as the development core, and Kunming city was the main
source of the increase in the built-up area of the CYUA. (2)
From 2000 to 2018, the built-up area of the CYUA increased
by 916 km2, and Kunming city increased by 416 km2, ac-
counting for 45.41% of the increased area.*e second source
was Qujing city, which accounted for 20.52% of the in-
creased area. Yuxi city, Hani-Yi Autonomous Prefecture of
Honghe, and Yi Autonomous Prefecture of Chuxiong have
similar proportions. (3)*e cities of the CYUA are scattered
among the mountain basins. Urban expansion is manifested
mainly in the characteristics of circular expansion along
urban areas. Among them, Kunming shows the character-
istics of unidirectional expansion in the southeast direction.
(4) Since 2005, the moving distance of the urban gravity
center of the cities in the CYUA has increased, indicating
that the rate of urban expansion has accelerated. (5) *e
measurement results of the spatial connections among the
cities in CYUA from 2000 to 2018 show that the CYUA is
centered over Kunming city. *e urban spatial connection
intensity between Kunming city and the other cities is the
strongest. Except for Kunming, the urban spatial connection
intensity among the cities is weak. Overall, the urban spatial
connection intensity of the CYUA is characterized by stellar
radiation with Kunming city as the core and Yuxi city as the
secondary core.
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