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A Novel SUHI Referenced Estimation Method for
Multicenters Urban Agglomeration using

DMSP/OLS Nighttime Light Data
Jiufeng Li , Fangfang Wang , Yingchun Fu , Biyun Guo , Yaolong Zhao, and Huafei Yu

Abstract—The surface urban heat island (SUHI) of urban ag-
glomeration has always been an important topic in the studies
of urban heat island, especially with the development of satellite-
based land surface temperature (LST) products. However, most
studies are limited to the perspective of a single city, ignoring the
impact of urban agglomeration and the changes of LST at day
and night on the reference LST (RLST) (e.g., rural areas). Conse-
quently, this article proposed a novel method about SUHI intensity
estimation for the multicenters (mcSUHII) of urban agglomeration
in Guangdong–Hong Kong–Macao Greater Bay Area (GHMBay)
using nighttime light (NTL) data (i.e., DMSP/OLS) obtained in Oc-
tober, 2010. The mcSUHII method considered the RLST of SUHII
estimation based on multicenter structure, and was more flexible
to adapt the impact of human activity intensity. The study showed
that compared with other RLSTs, such as suburban and forest,
mcSUHII mitigates the underestimation bias caused by ignoring
the multicenter structure. Importantly, the change in SUHII for
urban agglomerations is greater than for a single city. Moreover,
it was illustrated that the variation of SUHII presented an obvious
inverted U-shape along the gradient from the inland to the coastal
cities. The highest SUHIIs in the delta cities at day and night are
∼7.27 ± 1.71 °C and ∼4.46 ± 1.42 °C, respectively. Additionally,
NTL served as the dominator together with other factors that were
capable of explaining more than 90% of the spatial variation in
SUHII in GHMBay. Therefore, considering multicenters more in
estimation of SUHII of urban agglomeration for the sustainable
development.
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I. INTRODUCTION

THE urban heat island (UHI) effect is a significant micro-
climate effect, which refers to a phenomenon where the

temperature of a city is higher than that of the surrounding
area [1], [2]. UHI has a significant impact on human health and
living environment and is often focused on the canopy-layer UHI
and surface UHI (SUHI) [3]–[5]. With the progress of remote
sensing technology but the deficiency of meteorological stations
to monitor the temperature on the continuous surface [1], [6],
the satellite era of SUHI studies began in 1972 and then obtained
wide application [7].

To measure the SUHI intensity (SUHII), three methods were
summarized [8]. The first is that SUHI is replaced by land
surface temperature (LST) [9], which mainly emphasizes the
spatiotemporal variation of SUHI but ignores its intensity [8].
Second, statistical models are very efficient in describing the
spatial temperature on a continuous surface, such as Gaussian
surface and kernel convolution model [10], [11], while they are
easily affected by climate and clouds [8]. These problems of the
aforementioned methods are avoided in the third method, which
refers to LST difference between the urban and surrounding
reference areas and had been widely used in most studies [3],
[12], [13].

To date, high-density impervious surface area (ISA) usually
refers to urban areas according to its high correlation with
LST [14], whereas the underlying surface that is relatively less
affected by human activities, such as low-density ISA [15], water
body [16], [17], cropland [18], [19], and forest [20], had been
taken as the reference LST (RLST) for a single city. Compared
with a single city, the urban agglomeration is a specific core
area, which concentrates on a megacity generally and consists
of three major cities at least [21], [22]. However, the RLST has
been challenged in the following three aspects as a result of the
development of urban agglomeration.

First, with the increasing growth of urban agglomeration, the
thermal environment was substantially altered in a continuous
area due to a decreasing or disappearing distance between city
clusters [23], [24]. The development of urban agglomeration can
not only increase the connectivity of ISA, but also affect the heat
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exchange of ecological land, such as vegetation and water [25].
Moreover, some studies have analyzed the phenomenon that the
expansion in the joint site of neighboring cities has led to its rise
in LST [20], which indicates that the impact of human activities
on RLST was increasing.

Second, the development of urban agglomeration erodes the
surrounding forest and cropland, thereby limiting to the choice
of RLST. To address this problem, the spatial variation of
RLST was proposed. Moreover, researchers believed that the
correlation of SUHII estimations using the different properties
of RLST was weak, which caused bias to quantify SUHII in the
same area [12], hence the variations of RLST should be taken
into account.

Third, the variation of LST during the day and night affects the
reliability of RLST. Due to the difference of solar radiation and
the heterogeneity of the surface, the law of LST in the daytime is
significantly different from that of the night [26]–[28]. Although
previous studies related to single city have recognized that the
stability of LST in rural areas is greater than urban areas [8],
[9], it still ignores the diurnal variation of LST. Therefore, it is
vitally important to enhance the stability of RLST by adding the
changes of LST during the day and night.

The aforementioned studies showed that there were obvious
differences of RLST between urban agglomeration and a single
city. Therefore, to analyze the RLST and then catch the SUHII
dynamics in urban agglomeration, two steps are taken. The first
step is to identify the urban areas and RLST on a larger scale,
such as urban agglomeration. Some methods are used for specific
research, such as a buffer zone outside the pixels of the city
[3], [13], classification threshold [29], Shannon entropy [30],
and wavelet transform methods [31]. However, these methods
mainly limited to a single-city research, which were not neces-
sarily to be conducive to urban agglomeration. The second step
is to evaluate the rationality of RLST. Ignoring the influence
of urban agglomeration when selecting RLST will lead to the
estimation bias of SUHII [20], or even the opposite result [24].

However, it is still unclear what method about identification
of RLST and estimation of SUHII in urban agglomeration as
the above stated, mainly because of the particularity of urban
agglomeration. As is known to us, human activity footprints
have changed the spatial pattern of natural surface energy bal-
ance through land use changes, industry, transportation, human
metabolism, and other ways [32]–[36]. Therefore, it is necessary
to use new methods and data to define RLST for the SUHII
study in the urban agglomeration. Comparison with spectral
images, nighttime light remote sensing data, as a new kind of
data for detecting human activities in urban agglomeration, have
two advantages. First, DMSP/OLS data can make the SUHII
measurement fast, convenient, and feasible to overcome the
data discontinuity in the administrative boundaries at large-scale
and long time series (e.g., 1992–2012 for DMSP/OLS data
and 2011 to now for NPP VIIRS data) [37]–[39]. Second, the
utilization of medium-resolution DMSP/OLS (1 km) and NPP
VIIRS (880 m) imagery had been proven to be able to detect the
center of the urban population and the condition of society and
economy [40], [41]. Herein, it can be used to reveal the SUHII
gradient corresponding with the obvious thermal environment
variation.

In view of the fact that Guangdong–Hong Kong–Macao
Greater Bay Area (GHMBay) has become the world’s largest
morphologically contiguous urban agglomeration [42], in which
constructed a significant three-tier spatial structure of “core-
semi-marginal” [43]. This study proposed a new SUHII es-
timation method for urban agglomeration of GHMBay using
DMSP/OLS data from the perspective of multicenters. The
specific objectives of this study are as follows:

1) to build a method of extracting multicenters based on NTL;
2) to identify RLST considering the changes in LST during

the day and night; and
3) to estimate the SUHII of GHMBay using mcSUHII and

compare it with other methods using different RLSTs.

II. STUDY AREA AND DATASETS

A. Study Area

The GHMBay, an important space carrier for China to build
a world-class urban agglomeration and participate in global
competition, refers to the urban agglomeration formed by nine
cities in the Guangdong Province, including Guangzhou, Fos-
han, Zhaoqing, Shenzhen, Dongguan, Huizhou, Zhuhai, Zhong-
shan, Jiangmen, and two special administrative regions of Hong
Kong and Macao. The land area is about 56 000 km2, and the
total length of the mainland and island coastline is 3201 km.
It is a typical urban agglomeration scattered in the islands and
coastal region with dense human footprints. Stretching across
the Tropic of Cancer, most of cities belong to a subtropical,
marine monsoon climate with an annual average temperature of
21.4–21.9 °C. The annual precipitation is 1612–1909 mm, and
concentrates from April to September. Most of urban areas are
of the sunny and stable climate in October when is of benefit to
explore the spatial SUHI pattern across the GHMBay.

B. DMSP/OLS Nighttime Light Data

The DMSP/OLS (Version4) nonradiation-calibrated night-
time light image datasets were published by the National
Geophysical Data Center under the National Oceanic and At-
mospheric Administration (https://ngdc.noaa.gov/eog/DMSP/
downloadV4composites.html). Each DMSP/OLS (Version4) af-
ter nonradiation calibration includes three annual average im-
ages: cloudless observation frequency images, average NTL
images, and stable NTL images. The reference coordinate sys-
tem of the image is WGS-84 with resolution of 30 arc seconds
(approximately 1 km near the equator and approximately 0.8 km
at 40° north latitude). This article extracted the NTL data of an
urban–rural spatial distribution from a DMSP/OLS F18 stable
NTL image of the study area obtained in October 2010. As
the DMSP/OLS image grid decreases with increasing latitude
[44], to correct the effects of image grid distortion and calculate
the area of bright-value pixels in the image easily, the image
projection was converted to the Lambert equivalent-area pro-
jection and the imagery resampled to 1 km2. The correction
of the DMSP/OLS data used the method of mutual correction
and saturation correction for China [45], and the formula is
shown as

DNcal = 0.3427 ∗DN1.2188 (1)

https://ngdc.noaa.gov/eog/DMSP/downloadV4composites.html
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TABLE I
DRIVING FACTORS OF SURFACE URBAN HEAT ISLANDS

Fig. 1. Research framework.

where DN represents the value of pixels in the image to be
corrected in 2010 andDNcal represents the corrected pixel value
of DN in 2010.

C. MODIS and Other Auxiliary Data

The MODIS series data were used for the surface temperature
estimation of the Aqua satellite of the transit study area at 13:30
and 22:30 in October 2010 when the stable weather was available
across the bay area. The LST/emissivity daily L3 global 1 km
MYD11A1 (https://modis.gsfc.nasa.gov/data/dataprod/mod11.
php) MRT (MODIS reprojection tool) was used to splice, cut,
and transfer the UTM projection of daily MYD11A1 products.
Other auxiliary data were combined to analyze the driving
factors in the study (see Table I).

III. METHODOLOGY

The research framework of this article includes following four
aspects (see Fig. 1).

1) Multicenters and subregions were extracted by the char-
acteristics of NTL intensity and the principle of Thiessen
polygon.

2) Urban and rural areas were identified by NTL intensity
and its fluctuation.

3) The RLST in the rural areas was determined by consider-
ing LST changes during the day and night.

4) Comparison between the SUHII estimation and other two
RLST estimation methods.

A. Multicenters and Subregions Exaction Approach Using
NTL Intensity

Previous study of RLST in a single city ignored the impact of
the overall development of urban agglomeration. As explained in
Section I, nighttime light remote sensing data have the capability

to reflect human activities, urban economy, and land use within
urban agglomeration without being restricted by administrative
regions. Herein, NTL can reflect the changes in human activities
on the surface with the internal subregions mapping way.

According to the positive relation of NTL intensity with the
urban center [37], [38], a higher NTL intensity is clustered, and
a more significant center is likely to be. Based on the aforemen-
tioned theory, first, this article determined the multicenters of
the urban agglomeration, thereby dividing the subregions with
the help of the distance of the multicenters. This method can be
achieved through the following two steps.

Step 1: The mountain vertex extraction method based on
DEM was used for reference to extract multicenters in urban
agglomeration [46]. First, the study area was divided into mul-
tiple windows began with 3 × 3 and a maximum NTL value
was calculated in each window. With the iteration test of the
sliding window from 3 × 3 to 99 × 99, mean, skewness, std.v,
and kurtosis of the maximum NTL values in the sliding window
were calculated to measure the NTL distribution. Second, the
statistical distribution of each kind of iteration for the four
measures was analyzed. Herein, the corresponding maximum
mean, skewness value, the minimum Std.v, and kurtosis value
were obtained when the window size was 79 × 79, as shown in
Fig. 2(e). Then, the maximum mean value in the windows was
used to position the pixel as the strongest NTL intensity center.

Step 2: To divide subregions in the urban agglomeration,
the scheme of Thiessen polygons based on multicenters was
implemented [47], [48]. First, Delaunay triangles were estab-
lished based on each center, then the common vertexes of each
Delaunay triangle were identified, and finally the subregions
(i.e., Thiessen polygons) were created based on the common
vertexes. Therefore, Thiessen polygon ensured that there is
only one center in each subregion, and the distance from the
boundary on the subregion to its center (human activity intensity
is replaced by NTL intensity) is equal, thus this approach is more
reasonable than relying on the administrative region to estimate
SUHII.

B. Extraction of Urban and Rural Areas in Each Subregion
Using the Characteristic of NTL Intensity

After the subregions of the urban agglomeration were divided,
urban and rural areas were identified in each subregion. Mainly,
the method of using NTL to divide urban and rural areas has
been recognized by previous studies. The urban core area would
be covered with a relatively stable and uniform NTL intensity,
and both the stability and density of NTL would decrease from
the center to the outside, the lowest NTL density appears in rural

https://modis.gsfc.nasa.gov/data/dataprod/mod11.php
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Fig. 2. Spatial patterns of urban agglomeration in 2010 in the Guangdong–
Hong Kong–Macao Greater Bay Area. (a) NTL_Thiessen polygon region.
(b) Calibration of nighttime light. (c) NTL fluctuation and standardization. (d)
Profile line diagram. (e) Moving window size examination. (f) Google Earth
image of 0.2 m.

areas [32], [49], that is, two features of NTL and NTL fluctuation
can be used to characterize the three classes, including the urban
core area with “high NTL, low NTL fluctuation,” the urban and
rural fringe with “medium NTL, high NTL fluctuation,” and
the rural area detected with “low NTL, low NTL fluctuation.”
Therefore, we used the aforementioned method to extract urban
and rural areas by NTL intensity and its fluctuation in the
following three steps.

Step 1: The NTL intensity had been corrected and got (1). To
obtain the characteristic combination value, the NTL fluctuation
was calculated using (2)–(4) [see Fig. 2(b)] [37], [50]

DNw = DNnmax −DNnmin (2)

DNn =
DN −DNmin

DNmax −DNmin
(3)

DNwn =
DNw −DNwmin

DNwmax −DNwmin
(4)

where DNw represents the NTL brightness fluctuation,
DNnmax and DNnmin represent the maximum and minimum
NTL intensity value in 3 × 3 window, respectively, DNn and
DNwn represent the normalized NTL brightness and NTL fluc-
tuation value. DNmax, DNmin, DNwmax, and DNwmin repre-
sent the maximum and minimum of the NTL brightness and
NTL fluctuation of each Thiessen polygon, respectively.

Step 2: Based on the aforementioned strategy, the combination
value [C in (5)] of the intensity and the fluctuation of the NTL
was calculated in each pixel [see Fig. 2(c)], which indicates the
coordination degree [51], [52], the higher it is, the closer it is

indicated as the pure urban or rural areas

C =

{
2×

√
DNn×DNwn

(DNn+DNwn)
2 , DNn �= 0 or DNwn �= 0

1, DNn = 0 and DNwn = 0
(5)

Step 3: C intersected the profile lines in each direction to get
the corresponding data in 360 directions, and the attenuation
distance (Di) was extracted to obtain breakpoints in each direc-
tion [see (6)]. Finally, the breakpoint was obtained by judging
Di according to the following specific steps.

1) C for each pixel in each Thiessen polygon was scanned by
creating 360 lines at an interval of 1° with the each NTL
center as the circle origin [see Fig. 2(d)].

2) The distance attenuation values were calculated in each
direction and the maximum distance attenuation values
were got using (6), and the pixel with the maximum
distance attenuation values was the breakpoint [37].

3) By measuring the distance from the breakpoint to the NTL
center in regions, the abnormal points were eliminated.

4) The curve was used to connect the breakpoint and was
smoothed to get the inner and outer boundary line of the
urban–rural fringe, thus the urban and rural areas were
identified by excluding urban–rural fringe [see Fig. 2(f)]

Di = max

⎛
⎝∣∣Cij − Ci(j+1)

∣∣∑ |Cij−Ci(j+1)|
N

⎞
⎠ (6)

whereDi resents the maximum distance attenuation value
on the ith line, and Cij and Ci(j+1) represent the jth and
(j+ 1)th sequence eigenvalues, respectively, of the ith line.

C. Multicenters SUHII Estimation Methods

First, as stated in Sections III-A and III-B, we identified multi-
centers by step 1 of Section III-A, and then Thiessen polygon was
used to divide subregions. Finally, urban core area, urban–rural
fringe, and rural area were identified in each multicenters unit
(i.e., subregion or Thiessen polygon). However, rural area as a
potential RLST needs further analysis for two reasons: first, the
combination of daytime and nighttime LST indicates the diurnal
thermal fluctuation effect of the surface heat island and second,
spatial variation of SUHII corresponding with NTL appeared
along the urban gradient. Hence, the RLST need to take both
spatial–temporal stability and low value into consideration. To
analyze potential stable regions with the lowest day and night
LST variations, the two-step clustering algorithm was used in
each multicenters unit to cluster LST into four modes defined
as: HH (high LST during the day and night), MH (middle LST
during the day but high at night), ML (middle LST during the day
but low at night), and LL (low LST during the day and night).
The steps consisted of preclustering, removing outlier values,
and postclustering by retrieving the pixel position of LL, the
potential RLST distribution can be reasonably determined [see
Fig. 3(c)]. Moreover, the impact of surroundings on the RLST,
such as artificial surface and water, which can be provided by the
Global Land cover dataset 30 (see Table I), must be removed.
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Fig. 3. Urban–rural structure of LST characteristics with (a) daytime LST,
(b) nighttime LST, (c) four patterns, (d) clustering characteristics in pixels of
LST during the day and night, and (e) fraction of four patterns detected with
DMSP/OLS.

The SUHII (day and night) of each multicenters unit was
calculated pixel by pixel according to the obtained LST of
the urban area and the rural optimal RLST. The formula is
shown as

INTL = LST(i,j) − TNTL(i,j) (7)

where INTL represents the daytime or nighttime SUHII, LST(i,j)

represents the LST of the urban area at the pixel (i, j) during
daytime or nighttime, TNTL(i,j) represents the best RLST for
the SUHII calculation at the pixel (i, j).

D. Other Methods for Estimating SUHII

To compare the differences between mcSUHII and other
methods, two methods in the previous studies were also used
to calculate the SUHII with reference to suburban/rural region
[4] and forest [20] to verify its rationality. The algorithm used
in [4] was implemented by the following steps (referred as
method 1).

Step 1: A continuous urban area with an artificial land sur-
face density more than 50% was searched by means of sliding
window analysis.

Step 2: All nonurban pixels surrounding the urban area were
regarded as potential suburban, in which the suburban pixels
were equal to the number of pixels of the urban area, and the
nonurban pixels, such as artificial land surface and water, need
to be excluded to avoid LST fluctuations.

Step 3: The SUHII of the urban area was calculated pixel by
pixel

ISUB = LST(i,j) − TSUB(i,j) (8)

where ISUB represents the daytime or nighttime SUHII, LST(i,j)

represents the LST of the urban area during daytime or night-
time, TSUB(i,j) represents the suburban temperature reference
calculated by SUHII, and i, j represents the pixel position.

Fig. 4. Planning city centers of GHMBay.

In addition, the examination in the study of Zhou et al. [20]
was implemented by the following steps (referred as method 2).

Step 1: This step was the same as the step 1 of method 1.
Step 2: Dense forest cover (approximately 100%) was deter-

mined as a forest reference area by pixel value search.
Step 3: The SUHII of the urban area was calculated pixel by

pixel

IFOR = LST(i,j) − TFOR(i,j) (9)

where IFOR represents the daytime or nighttime SUHII, LST(i,j)

represents the LST of the urban area during daytime or night-
time, TFOR(i,j) represents the forest temperature reference cal-
culated by SUHII, and i, j represents the pixel position.

IV. RESULT

A. Urban Agglomeration Mapping

A total of 15 NTL subregions (i.e., Thiessen polygon) map-
ping for the spatial structure of cities in GHMBay were ex-
tracted by using the mcSHUII method. These subregions were
mainly located in the dense urban areas with high-density
NTLs, such as Shenzhen, Guangzhou, and Dongguan. The
optimal window size for analyzing the central point was de-
termined to be 79 × 79 after conducting the iterative test
beginning from 3 × 3 to 99 × 99 [see Fig. 2(b)–(e)]. By
visualization, most NTL centers seemed to be consistent with
the planning centers shown in Fig. 4. Moreover, the rarer the
human activity footprints were, the sparser the central points
were, and the larger the region was likely to be. Therefore,
a series of subregions for NTL centers were divided, includ-
ing Guangzhou–Foshan, Guangzhou–Dongguan, Guangzhou–
Dongguan–Huizhou, Guangzhou–Dongguan–Shenzhen, Dong-
guan, Dongguan–Shenzhen, Dongguan–Huizhou, Shenzhen–
Hong Kong, Zhuhai–Macao–Jiangmen, and Zhuhai–Jiangmen–
Zhongshan

Fig. 2(f) shows the spatial pattern of the urban core areas,
urban–rural fringe, and rural areas in each subregion based on
DMSP/OLS imagery. NTL centers were mostly distributed in
the adjacent regions of Guangzhou, Foshan, Shenzhen, Hong
Kong, Dongguan, Zhongshan, and the urban core areas were
connected together. The urban–rural fringes were surrounded
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Fig. 5. (a) Global Land cover dataset of 30 m in 2010, (b) relation of urban area
and reference pixels derived from NTL and suburban, forest, and (c) daytime
and nighttime LST.

with the urban core, such as a ring. The urban core areas of
Huizhou, Zhuhai, Macao, and Zhaoqing appeared with one cen-
ter. Moreover, the urban–rural fringes were relatively dispersed
but were also limited by the surrounding topography and rivers.
Dense commercial services and buildings were distributed in
the urban core areas, industrial land mainly located in the urban
fringe areas, and large areas of farmland or mountain villages
consisted of rural areas [see in Fig. 2(f)].

B. Daytime and Nighttime LST Pattern

Fig. 3 shows four clusters of daytime and nighttime LST
across the urban–rural fringes, which was decreasing with the
urban–rural gradient. In daytime and nighttime LST feature
space, the variation range of four diurnal patterns (HH, MH,
ML, and LL) indicated the similar decreasing trend, and LL
was focused with both low features in Fig. 3(d). Notably, some
exceptions include the low temperature that appears in the
mountain or water needed to be removed. Moreover, as shown in
Fig. 3(e), rural areas accounted for the largest proportion in the
four clustering models in the GHMBay area. HH was focused on
most of the urban core areas of 5238 km2, which was more than
twice that of the urban–rural fringe. Moreover, area proportion
of LL pattern in the rural areas was far larger than the other
two, which reflects the low human activity intensity there. LL
clustering in rural areas could be regarded as an importantly
suitable factor for RLST.

C. Spatial Pattern of SUHI

As Fig. 5 shows seven categories of land cover/use derived
from Global land 30 (see Table I), and the fraction of artificial
surface more than 50% was regarded as the urban land [4].
Mainly, the use of 30-m resolution pixels was beneficial to rec-
ognizing the thermal environment difference between the urban
and RLST. As comparison, the three RLST pixels were displayed
in Fig 3(b). Among them, the buffer zone surrounding that has
the same size as urban area was defined as the suburban areas
[3]. The forests 25–30 km away from urban areas that outside

Fig. 6. Spatial distribution of SUHII in GHMBay. (a) Daytime SUHII.
(b) Nighttime SUHII. (c) Mean SUHII of cities.

the UHI footprints were defined as the rural areas [20], [53].
Built-up lands, water body, and buffer areas overlapped by two
or more cities were excluded. So in visualization, the suburban
reference pixels were of the closest distance from urban than
the other two. It was obviously mixed with some urban or urban
fringe pixels. While the rural reference pixels evenly distributed
across the cities as well as importantly filled the gap where lack
the forest reference. For the forest vacant area, it was beneficial
to take consideration of the spatial variation of driver factors
of SUHI. As the statistics of daytime and nighttime LST, the
rural NTL were characteristics of the lowest mean, standard
error with the most pixels that mixed with the suburban one
were far lower than that between the forest reference and suburb
reference. Therefore, the NTL pixels appeared more stable, low
LST value, and reliable spatial location to serve as reference.

Spatial pattern of daytime and nighttime SUHI are shown
in Fig. 6. The high daytime SUHII concentrates in the delta
cities [see Fig. 6(a)], which appeared to be strongly correlated
with many SUHII centers. Daytime SUHII in these areas mainly
varied within 7.9–11 °C. The high nighttime SUHII in most
areas was below 6.3 °C, and mainly scattered in Guangzhou–
Foshan–Zhongshan [see Fig. 6(b)]. The low-intensity SUHII
(less than 3.7 °C) was dispersed surrounding possibly due to
far distance from the core area of GHMBay, accompanied by
some cold islands. In general, the cities can be regarded as two
kinds of the inland and the coastal types according to spatial
pattern of SUHII. Among them, the coastal type mainly included
offshore human activity center, such as Hong Kong, Shenzhen,
and Zhuhai (Macao) of which were combined as the same center
due to the short distance. The rest were regarded as the inland
human activity types. Fig. 6(c) shows spatial variation of the
SUHII at day and night along the gradient from the inland, delta
to offshore cities, which shows an inverted U-shaped curve. The
distinctive daytime and nighttime SUHII difference in inland
cities was significantly greater than that in coastal cities. Then,
the driving factors are further discussed for the spatial pattern
SUHI in the coastal areas, inland areas, and GHMBay.

V. DISCUSSION

A. Comparison of SUHII Estimation

Previous studies used RLST at the suburban areas to reveal
SUHII of a single-city research across global [3], national [31],
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TABLE II
SURFACE REFERENCE LST OF TYPICAL CITIES

Fig. 7. Pixel statistics of SUHII in urban core areas under different RLST in the
typical cities. (a) Hong Kong, (b) Shenzhen, (c) Guangzhou, and (d) Zhaoqing.

and city scales [54]–[57]. Forest reference was proposed and
applied to the urban agglomeration in the Yangtze River Delta
due to the relatively stable in surface coverage and temperature
[20]. According to the positive correlation of human activity and
SUHII, this study utilized NTL_Thessine polygon to identify
multicenters and the urban–rural ranges. Moreover, the cluster
of daytime and nighttime LST was beneficial to further identify
low LST feature from the rural areas. To compare, three meth-
ods were also used to determine the reference LST as stated
in Section IV-C. Moreover, Zhaoqing, Guangzhou, Shenzhen,
and Hong Kong, which reflect the different location, different
intensity of urbanization and human activity, served as the
comparison. Table II illustrated the difference of the reference
LST for the four cities. The mean value of LST referred to
the suburb, forest and NTL_rural was the largest, the second
large and the smallest one, respectively. Hence, SUHII of the
three methods increased in the opposite turn (see in Figs. 3
and 7). For example, both daytime and nighttime SUHII of
the proposed method were more consistent with those from the
forest reference in Guangzhou and Zhaoqing, but it was higher
than the other two methods in Hong Kong and Shenzhen. The
two cases demonstrated the effects of different RLST on SUHII
estimation both in the inland and coastal cities.

Furthermore, different with the quantitative evaluation of sur-
face temperature products by RMSE and SIFI [58], [59], this ar-
ticle mainly adopted the way of SUHII comparison with existing

studies. As referred the temperature observatory stations in Hong
Kong and Tsak Yue Wu, the daytime SUHII in Hong Kong varied
within 3–4 °C [60], which was overlaid with our study results
of 2–7 °C. Moreover, the daytime SUHII in Shenzhen varied
within 3–9 °C of Yuan et al. [61], which included our study
results (4–8 °C). Correspondingly, the daytime and nighttime
SUHII in autumn of Guangzhou were 4–9 °C and 2.5–7.5 °C
herein, which were consistent with the results approximately
1–4 °C and 2–6 °C (see Chen et al. [41]), respectively. These
cases showed that the SUHII calculated in this article was close
to their upper limit. Therefore, it not only showed the consistency
with previous studies, but also that the variation range of SUHII
of multicenters in urban agglomeration was larger than that
of single city. It illustrated that the NTL factors, indicated the
perspective of human activities, were the dominated factors of
SUHI pattern in urban agglomeration.

B. Importance of NTL for SUHII

Table III showed the enhancement effect or the nonlinear
synergy of two factors as of Section IV-C stated, which was
implemented in geodetector (http://www.geodetector.cn/) [62]–
[65], a geographical tool widely used for linear or nonlinear
detection. It is beneficial to understand the spatial variation
pattern of SUHI. According to the impacts way, ASD, ESD,
DEM, and slope were of the static environment factors with
significant impacts. Thus, wind speed (WS) and NTL can be
regarded as the dynamic factors from the climates and human
behaviors impacts. NTL was the only dominant factor with
a high contribution to SUHII in GHMBay, the coastal, and
inland areas. Meanwhile, all two factors were of the interaction
enhancement excluding the pair of NTL with WS. Moreover, the
interaction between NTL with ESD performed the significant
enhancement influences on the daytime SUHII in the whole bay
areas. Moreover, NTL and DEM obviously dominated the varia-
tion of nighttime SUHI pattern in the whole bay areas. Therefore,
compared with other factors, the analysis of spatial heterogeneity
proved that NTL plays an important role in characterizing the
spatial differentiation of SUHII.

C. Advantages and Limitations

The proposed method has three advantages. First, we calcu-
lated SUHII from the view of multicenters in urban agglomera-
tion for the first time, and applied it to an example based on the
GHMBay. Due to take the adaptive sliding window to extract the
center and structure, the proposed method is capable to use in
other areas. It is beneficial to overcome the limitation of a single

http://www.geodetector.cn/
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TABLE III
INFLUENCE OF DRIVING FACTOR INTERACTIONS ON THE SPATIAL PATTERN OF SUHI

Note: I. Nonlinear weakening. II. Single-factor nonlinear attenuation. III. Two-factors enhancement. IV. Independence. V. Nonlinear enhancement.

city range so as to consider the effect of the SUHI in urban
agglomeration. Moreover, the daytime and nighttime LST in
rural areas were separately considered, which ensure the stability
of RLST. Most studies were limited to the separation of rural
areas; however, in this article, clustering algorithm was used to
ensure the stability of RLST in urban agglomeration, thereby
reducing the estimation bias of SUHII. Third, the advantage of
nighttime light data is used to break administrative restrictions.
Of course, lots of data, such as the dataset of MODIS MCD12Q1,
also have this advantage. Nighttime light data are suitable for the
estimation of SUHII on a large scale, such as urban agglomer-
ation because of the strong association with human activities.
Especially, with the production of high-resolution nighttime
light data, such as LJ (130 m) [66], [67], it is beneficial to the
estimation of SUHII in small scale of multicenters in the future.

However, a few issues need to be examined further. First,
this article provided a method of using Thessien polygons to
divide the cluster area of NTL. It is convenient and easy to
understand, but it needs to optimize the division method of
urban agglomeration area further. For example, traffic accessi-
bility [68], the level of industry complementary [69], and other
factors need to be considered as the possible division basis
at the fine-scale imagery rather than just using space distance
and NTL data herein. NTL was proved to be an explanatory
covariant for the macrospatial pattern with the capability to
delineate human activity. Moreover, the verification of urban
subregions (i.e., urban core area, urban–rural fringe, and rural
area) is still a difficult problem nevertheless the method of
qualitative analysis using EVI has been proposed [31]. There-
fore, visual verification based on Google high-resolution im-
ages is adopted. Third, our results revealed that NTL has the
most prominent interaction with GSD or with ASD, which
was responsible for explaining more than 90% of the spatial
variation of the SUHI pattern. Therefore, NTL is likely to be
the new proxy or the new driving factor that need be taken into
account in other two SUHII measuring methods. Furthermore,
exploring the possible relation of NTL with LST pattern or
simulation with the impact factors can be carried in the future
study.

VI. CONCLUSION

With the rapid development of the urban agglomeration,
which continues to pose challenges for the urban environment
of human being, this article presents an integrated analysis
framework for spatial pattern of SUHI in urban agglomerations.
We incorporated the capacity of NTL for human footprint into
the multicenters pattern analysis of urban agglomeration. It is
crucial that proposing a new method for RLST selection in the
NTL_Thessien polygons to delineate the various complex ther-
mal environments accurately and adaptively. The experimental
results for the SUHII estimation by using the RLST of suburban,
forest, and the proposed rural areas demonstrated that multicen-
ters and NTL_Thessien polygons were the important units. The
proposed mcSUHII method is helpful to mitigate the underes-
timation bias of SUHII as well as to indicate the microclimate
pattern in inland and coastal areas in GHMBay. The results of the
study proved that the change in SUHII for urban agglomerations
is greater than for a single city based on the case of GHMBay.
The use of Geodetector further illustrated that the interaction of
NTL and ASD, ESD was dominated the inland and the whole
thermal environment in GHMBay. The article demonstrated the
estimation of SUHII in multicenters of urban agglomeration
from a new perspective of human activity on the thermal environ-
ment, which would provide suggestions supporting for the urban
managers.
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