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Abstract: Surface urban heat islands are widely focused on due to their close relationship with a series
of environmental issues. Obtaining a precise footprint is an important prerequisite for heat island
research. However, the land surface temperature curves used for calculating footprint are affected by
factors such as the complexity of land-use types, thereby affecting the accuracy of footprint. Therefore,
the rotational-scan exponential decay model is developed in this paper, which first takes the gravity
center of an urban area as the origin of polar coordinates, specifies due north as the starting direction,
and rotationally scans the suburbs that are within 20 km outside urban areas in a clockwise direction
at an angle of 1◦. The eligible suburbs are screened out according to the built-up area rate, water body
rate, and merge tolerance. Then, exponential decay fitting of the temperature curve is performed to
obtain the extension distance of the heat island and the background temperature, which are used
to determine the final footprint. Based on the method, the footprints of 15 cities were calculated
and compared with those of the traditional method. The results show that: (1) this method could
effectively eliminate the influence of a large number of contiguous built-up areas and water bodies
in the suburbs on the footprint calculation, thus greatly improving the accuracy of the temperature
curve and footprint. (2) Three of four cities had the largest footprint boundary in spring. All four
cities had the strongest heat island intensity in summer and the smallest footprint boundary and
intensity in winter. (3) Coupling effect would aggravate the negative impact of heat islands in the
suburbs and threaten the suburban environment. As a state-of-the-art method, it can enhance the
calculation accuracy and precisely reflect the spatial pattern of footprint, which is of great significance
for the sustainable development of cities.

Keywords: surface urban heat island; footprint; rotational-scan exponential decay model; land
surface temperature; seasonal variation; coupling effect

1. Introduction

Many cities around the world have experienced rapid expansion [1]. Currently, more
than half of the world’s population now lives in urban areas, and the proportion is expected
to reach 67% by 2050 [2]. The increasing intensity of human activity and the centralization
of energy consumption have significantly altered the land surface characteristics and the
energy balance of the cities [3,4], leading to various environmental issues. Among these
issues, the urban heat island (UHI), defined as the phenomenon of the urban area being
warmer than its surrounding suburban area [5,6], is a key subject. The UHI effect exacer-
bates the negative impacts on urban areas, such as energy consumption [7,8] and urban
ecological damage [9,10]. Moreover, it poses a great threat to the health of residents [11–13],
thus, it has received considerable widespread attention [14–16].

There are two types of UHI, namely atmospheric UHI (AUHI) and surface UHI
(SUHI) [17]. The AUHI is quantified using air temperature records based on ground
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meteorological stations or site measurements [18,19], while the lack of continuous ground
stations makes it unable to express the spatial pattern of the UHI effect well. With the
development of remote sensing technology, sufficient land surface temperature (LST) data
have been provided, with wide coverage and periodic observation, filling the gaps in AUHI
and promoting studies of SUHI. Currently, studies on SUHI are generally divided into
three categories: spatiotemporal variation, driving mechanism, and environmental impact.
The first category focuses on exploring the spatial patterns and temporal variations of
SUHI [20–22]. The second category examines the driving forces of SUHI [23,24]. The third
category illustrates the impact of SUHI on the urban environment and provides targeted
mitigation policies [25,26].

SUHI intensity (SUHII) and SUHI footprint (FP) are the two main indicators that can
quantify SUHI. SUHII, which is described as the temperature difference between urban
areas and suburban areas [27–29], is one of the most commonly used indicators. The
relationship between SUHI spatial patterns and land-use cover is systematically elaborated
via SUHII [29,30]. However, SUHII is unable to comprehensively quantify the SUHI effect,
as it focuses more on the temperature values while ignoring the spatial extent of the SUHI
effect. The range of the SUHI effect can reach several times the urban area [31], so it is
necessary to understand the spatial patterns of the SUHI effect.

Subsequently, the SUHI FP, defined as the extent of the increased LST with regard
to the suburban region, can be introduced as a new indicator to delineate the spatial
morphology of the SUHI effect [32]. The advantage of the SUHI FP is that it can take both
the magnitude and the spatial extent of the SUHI effect into account. Several algorithms
have been developed to calculate the SUHI FP. The Gaussian surface method is widely used
to characterize the SUHI FP due to its excellent modeling performance [33–35]. However,
this method pays more attention to describing the trajectory of the SUHI gravity center.
The FP delineated by this method is an ellipse, which does not accurately represent the
true spatial extent of the SUHI effect. To obtain the accurate FP, the exponential decay
model (EDM), which delineates the FP by calculating the extension distance of the SUHI
effect through fitting LST curves, is proposed. Previous studies focused on a single city and
revealed the relationship between FP and urban size [36]. Later, the study area was extended
to urban agglomerations, and the impact of the spatial structure of urban agglomerations on
the SUHI FP was emphasized [37]. However, the EDM does not eliminate the uncertainties
associated with land-use type and the influence of the SUHI coupling effect between
neighboring cities, which could decrease the accuracy of the LST curves. The LST curve in
this method is crucial because it determines the final FP, but few studies have explored the
accuracy of the curve.

In terms of the study region, the SUHI first arises in large and medium-sized cities
in developed countries due to the early start of the urbanization process. With the rapid
economic development of some developing countries, cities with populations of more than
1 million or even 10 million have also emerged and begun to replicate the heat environment
problems faced by cities in developed countries [38,39]. However, from the perspective
of SUHI evaluation, the generation mechanisms and evaluation methods of both are
basically the same, and the research results of SUHI have strong universal applicability [40].
Existing studies have pointed out that water bodies and terrain can decrease the LST,
thereby affecting the quantification of the SUHI effect [41–43]. Therefore, most of the FP
calculations remove the water bodies and terrain. On the other hand, some studies state
that built-up areas can increase LST [44,45], but the influence of built-up areas outside the
urban area is less often taken into account when using traditional methods such as the
EDM, which decreases the extraction accuracy of the FP. The complexity and irregularity of
urban expansion lead to uneven distribution of landscapes around the urban area, which
increases the uncertainty of the LST curve, resulting in the over and underestimation of the
FP [46].

Given the above analysis, this study aims to develop an optimization method called the
rotational-scan exponential decay model (RSEDM) for SUHI FP calculation. The innovation
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is to fully consider the influence of water bodies and unevenly distributed built-up areas
outside urban areas on the FP and to use rotational scan to exclude these areas and improve
the accuracy of the LST fitting curve, thus obtaining a more accurate FP.

The research objectives of this study are as follows: (1) to improve the accuracy of LST
curves so as to obtain an accurate FP by developing RSEDM; (2) to clarify the characteristics
of the SUHI FP by using RSEDM and the advantages of RSEDM compared with traditional
methods; (3) to apply the RSEDM to the exploration of the seasonal variations of SUHI
effect; (4) to reveal the SUHI coupling effect between neighboring cities. Therefore, the
remainder of this paper is organized as follows: Section 2 introduces the relevant data and
processing flow. The SUHI FP results are illustrated in Section 3. Sections 4 and 5 provide
the discussion and conclusion, respectively.

2. Materials and Methods

To remove the influence of water bodies and built-up areas around urban areas, this
paper proposes RSEDM to calculate the SUHI FP accurately. This methodology includes
three steps: (1) data processing: extracting the urban areas from nightlight (NTL) images
and deriving the LST from Landsat images on the Google Earth Engine (GEE) platform;
(2) SUHI FP calculation: screening the suburbs less affected by built-up areas and water
bodies by rotational scan, and fitting the suburban LST curve to calculate FP; (3) analysis:
carrying out a series of analyses of the results (Figure 1).
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Figure 1. The flowchart of major procedures used in the study. LST: land surface temperature, BR:
built-up area rate, XBR: threshold of BR, WR: water body rate, XWR: threshold of WR, MT: merge
tolerance, XMT: threshold of MT, SUHI FP: surface urban heat island footprint.
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2.1. Study Area

The Yangtze River Delta urban agglomeration (YRDUA) is located along the central
eastern coastline of China. It is one of the most densely populated and economically
developed areas in China. In the past few decades, the YRDUA has experienced rapid
urbanization, which has brought serious thermal environmental problems [47]. Several
essential characteristics were used to decide the study area based on the China Statistical
Yearbook of 2020, including (a) large population (over 4.5 million permanent residents),
(b) high GDP (over CNY 500 billion), (c) frequent heatwaves over the decade, and
(d) Landsat 8 data availability. Thus, the target area included 15 cities in the YRDUA,
namely, Changzhou (CZ), Hangzhou (HZ), Hefei (HF), Jiaxing (JX), Nanjing (NJ), Nantong
(NT), Ningbo (NB), Shanghai (SH), Shaoxing (SX), Suzhou (SZ), Taizhou (TZ, Jiangsu
Province), Taizhou (TZ, Zhejiang Province), Wuxi (WX), Yancheng (YC), and Yangzhou
(YZ), as shown in Figure 2. The total area is about 130,000 km2, and the terrain is flat.
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2.2. Data

The data used in this study included Landsat 8 images, NTL images, land-use data,
and built-up area statistical data for 2020.

2.2.1. Remote Sensing Images and Processing

All of the Landsat 8 data for the four seasons in 2020 were provided by the United
States Geological Survey (USGS). Landsat 8 data with red, near-infrared (NIR) had a 30 m
spatial resolution. The data from the Landsat series were considered to be consistent
and intercalibrated, so thermal infrared (TIR) bands were also resampled to 30 m spatial
resolution. The LST data were retrieved on the GEE platform by accessing the code
(accessed on 15 March 2022).

The VIIRS NTL, collected by the NASA–NOAA Suomi National Polar-Orbiting Part-
nership Satellite, had the unique ability to record emitted visible and near-infrared (VNIR)
radiation at night, with a spatial resolution of 500 m. NTL data for 2020 were clipped and
downloaded on the GEE platform to extract urban areas (accessed on 20 March 2022).
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2.2.2. Land-Use Data and Statistical Data

Land-use data for 2020 were acquired from the Resource and Environmental Science
Data Center of the Chinese Academy of Science [48], with a spatial resolution of 100 m
(accessed on 22 March 2022). These data were generated based on Landsat TM remote
sensing image interpretation, including six primary classes, namely, farmland, forest,
grassland, water, build-up area, and unused land. In addition, the built-up area data were
obtained from the China Statistical Yearbook [49] (accessed on 22 March 2022). Land-use data
and area statistical data were used to analyze the impact of land use on FP calculation and
to correct the urban area extracted from the NTL images, respectively.

2.3. Approaches
2.3.1. LST Retrieval

The statistical mono-window (SMW) algorithm was used to retrieve LST with the
GEE platform [50–52]. The approach was based on the empirical relationship between
top-of-atmosphere (TOA) brightness temperatures and LST; the formula was as follows:

LST = Ai
Tb
ε
+ Bi

1
ε
+ Ci (1)

where Tb represents the TOA brightness temperature in the TIR channel, while ε represents
the surface emissivity for the same channel. The algorithm coefficients Ai, Bi, and Ci are
determined by linear regressions of radiative transfer simulations performed for 10 classes
of total column water vapor (TCWV) (i = 1, . . . , 10).

2.3.2. Urban Area Extraction

The urban area was extracted from NTL images based on the dichotomy method [53]:

H(i, j) =
{

1, h(i, j) ≥ θ
0, h(i, j) < θ

(2)

where H(i, j) is the segmented binary image, θ is the threshold, and h(i, j) is the pixel value
of the original image at row i and column j. To obtain an accurate urban area, the threshold
was continually adjusted until the area was closest to the reference data. Only the main
built-up area with the largest area was considered an urban area.

2.3.3. SUHI FP Calculation

The SUHI effect decays exponentially with distance from the urban areas to the
suburbs [36]. Built-up areas and water bodies distributed around the urban areas affect the
LST, the former increases the LST [54], while the latter offsets the impact of urbanization
on the LST in the suburbs [42], causing deviation in the fitting of the LST curves. In order
to eliminate these deviations to obtain a suitable LST curve for the suburban area, this
study proposed the rotational-scan exponential decay model (RSEDM) to calculate FP. The
RSEDM consists of the following three steps:

(1) Taking the gravity center of the urban area as the origin of polar coordinates, the
suburbs 20 km outside the urban area was scanned clockwise with an angle of 1◦ starting
from the north. If the proportion of built-up area exceeded the BR or the proportion of water
body exceeded the WR within a sector of 1◦, then the sector was excluded. After scanning,
part of the excluded area was merged with the neighboring reserved area according to the
MT. The final selected suburban area was less impacted by built-up areas and water bodies.
The BR, WR, and MT were three vital parameters in this method. The BR and WR were
the built-up area rate and water body rate, representing the threshold of the proportion of
built-up area and water body in a 1◦ sector, respectively; they were used to judge whether
to reserve the area. MT was the merge tolerance. When the excluded area was too small,
the LST curve was not actually affected, so if the continuous excluded area was smaller
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than MT, it would be merged into the reserved area next to it. These three parameters can
be changed according to the actual situation.

(2) To obtain the LST curves, multiple ring buffers were drawn from the urban area
boundary to the selected suburbs at 1 km intervals. The mean LST of each ring was calcu-
lated and drawn to a curve. The exponential decay function was utilized to quantitatively
analyze the changes in LST (Figure 3). The formula is as follows:

y = A ∗ e
−d

t + T0 (3)

where y is the mean LST of each ring, A is the SUHII, t is the exponential decay rate, d
is the extension distance of the FP, which is the distance from the boundary of the urban
area to the buffer ring, and T0 represents the fitted background LST, namely, the LST in the
suburban area that is not affected by the SUHI effect.
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(3) The final SUHI FP was determined by d and T0. Specifically, a rough FP boundary
was first delineated according to d, and then the pixels within the boundary that was higher
than T0 were further extracted. The extracted FP result eliminated the influence of large
water bodies and green spaces.

3. Results
3.1. The Characteristics of SUHI FP

In this study, the BR and WR were set to 30%, and MT was set to 5◦, according to
the experimental experience. The extension distance d and the rural background T0 of the
SUHI effect in 15 cities were calculated using the RSEDM (Table 1). The d values ranged
from 3.78 km to 15.97 km. SX had the smallest d, while YC had the largest. More than half
of the cities had a d value greater than 10 km, indicating that the influence range of the
SUHI effect was relatively wide in the YRDUA. T0 ranged from 29.84 ◦C to 40.05 ◦C, and
most cities had T0 smaller than 35 ◦C, but there were still a few suburbs that suffered from
the threat of high LST.
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Table 1. Extension distance of surface urban heat island effect and background land surface tempera-
ture of the 15 cities.

City d (km) T0 (◦C) City d (km) T0 (◦C)

CZ 7.78 31.21 SX 3.78 36.52
HZ 12.06 35.75 SZ 5.46 33.82
HF 13.50 34.09 TZ(ZJ) 4.18 33.96
JX 4.39 34.41 TZ(JS) 13.14 32.24
NJ 8.09 33.98 WX 4.61 35.30
NT 15.17 29.84 YC 15.97 31.66
NB 10.29 40.05 YZ 10.47 32.76
SH 15.62 33.17

According to the d and T0, the final SUHI FPs of 15 cities were delineated (Figure 4).
Through scanning, suburban areas affected by large and continuous built-up areas and
water bodies were effectively excluded from the area that was used for LST curve fitting.
The spatial morphology of the FP was not a simple urban expansion form but an irregular
range without the abnormally low LST area, reflecting strong anisotropy.
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The results showed that SH had the largest SUHI FP of the 15 cities, with an area of
4466.73 km2, while TZ (ZJ) had the smallest FP, with an area of 291.28 km2. SH, as the city
with the largest FP area, did not have the largest SUHI extension distance, while TZ, as the
city with the smallest FP area, also did not have the smallest extension distance. There was
no direct link between SUHI extension distance and FP area. Thus, we further considered
the relationship between urban size and FP area. The results showed that the FP reached a
maximum of 6.7 times the urban area. Meanwhile, there was a positive linear relationship
between the FP area and urban size (r = 0.88, p < 0.05) (Figure 5). Therefore, the FP area
increased depending not on the extension distance of SUHI effect but on the size of the
built-up area.
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3.2. Comparative Analysis between the RSEDM and EDM
3.2.1. Spatial Differences in FP Calculated by the RSEDM and EDM

To validate the effectiveness of the proposed RSEDM, we compared the SUHI FPs of
15 cities calculated by the EDM and RSEDM, respectively. The area difference between the
two methods ranged between 19.69 km2 and 1303.49 km2 (Table 2). Cities with large area
differences were divided into two types. The first type was that the FP area calculated by
RSEDM was larger than that of EDM, such as NT. Since the southwestern area of the city
was the Yangtze River, this big water body caused great interference to the fitting results
of the LST curve, which made the FP extension distance calculated by EDM too small
(Figure 6a). Although the calculated FP of EDM included areas not affected by the SUHI
effect, such as large water bodies and other cities across the Yangtze River, its area was still
smaller than the FP calculated by RSEDM. The second was that the FP area of RSEDM was
significantly smaller than that of EDM, such as NB (Figure 6b). The city not only had a
large area of water in the northeast but also built-up areas surrounded by a large area of
forest land. These features had a cooling effect on the urban LST and were not affected by
the SUHI. However, the EDM mistook these low LST regions as FP in these types of cities.
In conclusion, the FP boundaries obtained by RSEDM terminated in low LST areas such
as water bodies and green spaces, unlike EDM, which simply extended the built-up area
boundaries outward. The FP obtained by RSEDM was anisotropic in shape, it can better
reflect the spatial differences of SUHI patterns, which was obviously more scientific and
reasonable.

Table 2. Footprint area of rotational-scan exponential decay model and exponential decay model of
15 cities. ARSEDM-EDM are the absolute terms of the difference between the two methods.

City RSEDM
(km2)

EDM
(km2)

ARSEDM-EDM
(km2) City RSEDM

(km2)
EDM
(km2)

ARSEDM-EDM
(km2)

CZ 2152.80 2021.28 131.52 SX 549.89 1141.85 591.96
HZ 1264.46 2048.91 784.45 SZ 1537.59 1573.44 35.85
HF 2526.05 3425.71 899.66 TZ(ZJ) 292.68 423.46 130.78
JX 494.47 519.98 25.51 TZ(JS) 625.03 1607.39 982.36
NJ 1339.09 1041.30 297.79 WX 678.15 697.84 19.69
NT 1487.92 1165.56 322.36 YC 1177.83 2066.65 888.82
NB 1152.39 2455.88 1303.49 YZ 775.78 869.72 93.94
SH 4596.40 5820.42 1224.02



Remote Sens. 2022, 14, 3505 9 of 20

Remote Sens. 2022, 14, 3505 9 of 20 
 

 

NB 1152.39 2455.88 1303.49 YZ 775.78 869.72 93.94 
SH 4596.40 5820.42 1224.02     

 
Figure 6. Footprint calculated by the rotational-scan exponential decay model and exponential de-
cay model. (a) Nantong; (b) Ningbo. 

3.2.2. Advantages of the RSEDM in Fitting Background LST 
To further understand the differences in principle between the RSEDM and EDM, we 

divided 15 cities into two categories based on land-use type outside urban areas and com-
pared the SUHI FP of these two types of cities calculated by the two methods. Specifically, 
this study first classified cities according to the overall proportion of built-up area and 
water body in suburban areas within 20 km of 15 cities. The overall proportion of built-
up area and water body in the first category was less than 20%, including HF, NB, SX, TZ 
(JS), and YC. The second category cities with a proportion greater than 20% included 10 
cities, namely, CZ, HZ, JX, NJ, NT, SH, SZ, TZ (ZJ), WX, and YZ. 

T0 is the LST of a suburban area that is not affected by the SUHI effect. This study 
compared the fitted background LST with the real background LST to judge the accuracy 
of the RSEDM. The average LST of the three farthest buffer rings was used as the real 
background LST for each city since the distances of these buffers were obviously larger 
than the previously reported FP [55]. 

For the first category of cities, the RSEDM can obtain accurate background LST. Table 
3 shows the background LST fitted by the two methods and the difference between them 
and the real background LST. When using RSEDM, the fitted background LST was higher 
than the real background LST for two cities and lower for three cities. When using the 
EDM, the fitted background LST of three cities was higher than the real background LST, 
while two cities were lower than that. The difference between the background LST calcu-
lated by the two methods was not significant, ranging only from 0.06 °C to 0.5 °C. In gen-
eral, most of the cities in the first category obtained background LST that were closer to 
the true value used for RSEDM compared to EDM. 

  

Figure 6. Footprint calculated by the rotational-scan exponential decay model and exponential decay
model. (a) Nantong; (b) Ningbo.

3.2.2. Advantages of the RSEDM in Fitting Background LST

To further understand the differences in principle between the RSEDM and EDM, we
divided 15 cities into two categories based on land-use type outside urban areas and com-
pared the SUHI FP of these two types of cities calculated by the two methods. Specifically,
this study first classified cities according to the overall proportion of built-up area and
water body in suburban areas within 20 km of 15 cities. The overall proportion of built-up
area and water body in the first category was less than 20%, including HF, NB, SX, TZ (JS),
and YC. The second category cities with a proportion greater than 20% included 10 cities,
namely, CZ, HZ, JX, NJ, NT, SH, SZ, TZ (ZJ), WX, and YZ.

T0 is the LST of a suburban area that is not affected by the SUHI effect. This study
compared the fitted background LST with the real background LST to judge the accuracy
of the RSEDM. The average LST of the three farthest buffer rings was used as the real
background LST for each city since the distances of these buffers were obviously larger
than the previously reported FP [55].

For the first category of cities, the RSEDM can obtain accurate background LST. Table 3
shows the background LST fitted by the two methods and the difference between them and
the real background LST. When using RSEDM, the fitted background LST was higher than
the real background LST for two cities and lower for three cities. When using the EDM, the
fitted background LST of three cities was higher than the real background LST, while two
cities were lower than that. The difference between the background LST calculated by the
two methods was not significant, ranging only from 0.06 ◦C to 0.5 ◦C. In general, most of
the cities in the first category obtained background LST that were closer to the true value
used for RSEDM compared to EDM.

In the second category of cities, the RSEDM had a better performance than the EDM
(Table 4). The background LST fitted by the RSEDM in 7 of the 10 cities was closer to the
real background LST. Compared to the EDM, the RSEDM could improve the accuracy of
the background LST in the range of 0.18 ◦C to 1.28 ◦C. The remaining three cities, CZ, SZ,
and WX, seemed not to work well when using the RSEDM. The fitted background LST of
these three cities was quite different from the real background LST, and all were less than
the real LST. The difference between the fitted LST and the real LST in CZ, SZ, and WX was
0.88 ◦C, 0.84 ◦C, and 0.73 ◦C, respectively. Considering that the cities in the Su-Xi-Chang
region are well established and are almost connected in space, the real background LST of
these three cities may be higher than it should be, resulting in the background LST fitted by
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the RSEDM not being close to the real LST. However, it did not mean that the RSEDM was
unsuitable for these cities.

Table 3. Background land surface temperature fitted by the rotational-scan exponential decay
model and exponential decay model of the first category of cities, and the difference between fitted
temperature and the real temperature. Difference values in the table are absolute terms.

City RSEDM (◦C) EDM (◦C) Real (◦C) LRSEDM-EDM
(◦C)

LRSEDM-Real
(◦C)

LEDM-Real
(◦C)

HF 34.09 34.43 33.60 0.34 0.49 0.83
NB 40.05 40.43 39.57 0.38 0.48 0.86
SX 36.52 36.33 36.61 0.19 0.09 0.28

TZ(JS) 32.34 32.84 34.12 0.50 1.78 1.28
YC 31.66 31.72 31.68 0.06 0.02 0.04

Table 4. Background land surface temperature fitted by the rotational-scan exponential decay model
and exponential decay model of the second category of cities, and the difference between fitted
temperature and the real temperature. Difference values in the table are absolute terms.

City RSEDM (◦C) EDM (◦C) Real (◦C) LRSEDM-EDM
(◦C)

LRSEDM-Real
(◦C)

LEDM-Real
(◦C)

CZ 34.55 35.27 35.42 0.72 0.88 0.16
HZ 35.75 36.35 34.77 0.60 0.98 1.58
JX 34.41 34.94 34.38 0.54 0.02 0.56
NJ 34.17 33.98 34.25 0.20 0.07 0.27
NT 30.84 31.21 30.53 0.37 0.31 0.68
SH 33.17 34.45 33.40 1.28 0.23 1.05
SZ 33.82 35.00 34.66 1.18 0.84 0.34

TZ(ZJ) 33.96 34.14 33.48 0.18 0.49 0.66
WX 35.30 36.54 36.03 1.24 0.73 0.51
YZ 32.76 33.58 32.65 0.82 0.10 0.92

The background LST is the suburban LST at the periphery of the FP boundary, so its
accuracy reflects the accuracy of the whole FP. In general, the RSEDM performed better
in obtaining the background LST to calculate the SUHI FP accurately, especially for the
second category of cities.

3.2.3. Advantages of the RSEDM in R2

The SUHI effect decays exponentially with the distance away from the urban area. The
LST curve showed that there was a large LST difference between the urban area and the
suburbs at first, and then the LST gradually decreased until the suburban area, where the
curve flattened out because the suburban area was not affected by the SUHI effect. When
fitting with an exponential decay function, the higher the R2, the more accurate the fitting
result. However, it was found that the R2 of some cities was not high when using the EDM,
which indicated that the LST curves of these cities were not exactly exponentially decaying
due to the land-use type. The LST curve obtained by the EDM contained many uncertain
factors, the most intuitive of which was the influence of built-up areas outside the urban
areas, and the RSEDM was designed to remove these uncertainties.

Taking NJ as an example (Figure 7), the R2 was only 0.67 when using the EDM. This
was because the EDM took the largest built-up area of the city as the urban area, while
the built-up area of NJ was divided into two parts by the Yangtze River, so the LST curve
was influenced by the other built-up areas, causing the LST to increase from 34.18 ◦C in
the fourth ring to 34.69 ◦C in the sixth ring. The EDM was unable to directly address the
abnormal rise in the LST curves, resulting in low fitting accuracy. Thus, if the selected urban
area is surrounded by too many other built-up areas, it will lead to the SUHI coupling
effect and the “pseudo cold island” phenomenon, which will bias the SUHI FP calculation.
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Figure 7. Land surface temperature curves of Nanjing obtained by the rotational-scan exponential
decay model and exponential decay model, respectively. The temperature of the 0 km buffer expresses
the mean temperature of the urban area.

The advantage of the RSEDM is that the abnormal LST areas in a certain direction
were excluded, making the LST variation more consistent with exponential decay and, thus,
improving the curve fitting accuracy. For the first category of cities, the RSEDM performed
a good fitting function, and the R2 values were all greater than 0.8. For the second category
of cities, the R2 values ranged from 0.77 to 0.97. In 9 of the 10 cities, the R2 obtained by the
RSEDM was greater than that obtained by the EDM, with the increment ranging from 0.01
to 0.5 (Figure 8). The R2 increased most significantly in four cities, JX, NJ, SZ, and TZ (ZJ).
When the exponential fit was performed using EDM, the LST curves had obvious up and
down fluctuations with the increase of ring buffers, where the smallest R2 was only 0.41.
After being corrected by RSEDM, the anomalously high LST in four cities were reduced,
the pattern of the LST change was more consistent with exponential decay, and the fitted
curves were closer to the real ones. Meanwhile, the curve fitting accuracy in the remaining
cities was also improved to some extent. Therefore, in terms of fitting R2, the RSEDM was
better than the EDM at excluding the impact of built-up area to calculate a more accurate
SUHI FP.

3.3. Seasonal Variations of SUHI

In this study, we applied RSEDM to the exploration of the seasonal variations of SUHI.
Specifically, we selected HF and YC from the first category of cities and NJ and NT from
the second category of cities. Taking these four typical cities as examples, we calculated
their SUHI FP and SUHII in four seasons of 2020, respectively.

3.3.1. Spatiotemporal Variations of SUHI FP

Spatially, HF had the largest FP in summer, while the other three cities all had the
largest FP in spring, meaning that more suburban areas would be negatively affected by
the SUHI effect in spring. In winter, the FP of all cities were the smallest, the SUHI effect
had less impact on surrounding suburbs than in other seasons. From spring to winter, the
FP of HF increased first and then decreased while the FP of NT continued to diminish. The
FP of YC and NJ decreased from spring to summer, increased from summer to autumn,
and finally decreased from autumn to winter (Figure 9).
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The mean center was used to identify the geographical center of the SUHI effect. From
spring to winter, the mean center of FP of HF generally moved to the southeast, and there
was a crossover in its track. The mean center of YC had a round trip between spring,
summer, and autumn, eventually moving northwest. For NJ, the track formed a closed
loop, with the mean center in spring being very close to that in winter. Moreover, the track
of NT was more straightforward, generally moving southwest.

3.3.2. Temporal Variations of SUHII

The SUHII is the temperature difference between the urban and the suburban area.
The larger the difference, the more severe the SUHI effect. The maximum values of SUHII
in four cities all occurred in summer, with the highest intensity reaching 5.50 ◦C. Similarly,
the minimum values were all in winter, with a minimum of 0.55 ◦C (Figure 10a). SUHII
of all four cities showed an upward trend from spring to summer and a downward trend
from summer to winter. The maximum values of spring, summer, and autumn appeared in
YC, and that of winter was in NJ. From the perspective of seasonal changes, only the trend
of SUHII in HF corresponded to the trend of the FP area, while the other three cities did not
meet this characteristic. From Figure 10b, it can be seen that the largest FP in spring was
NJ, with an area of 1852.44 km2. While in other seasons, HF had the largest FP, especially
in summer, with an area of 2526.05 km2 which was much larger than other cities. The
FP area in HF increased from spring to summer and decreased from summer to winter.
The FP of YC and NJ showed a decreasing trend from spring to summer, then rebounded
from summer to autumn, and finally decreased to a minimum in winter. Additionally, NT
decreased from spring to winter continually. All four cities had the smallest FP areas in
winter, indicating that the SUHI effect was weakest in winter. Therefore, high SUHII did
not imply that the SUHI effect could affect a broader area.
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4. Discussion
4.1. Effect of Parameter Threshold

Parameter settings lead to different extraction results for the SUHI FP. To reveal how
the BR, WR, and MT affected the extraction results, experiments were conducted in the city
of NJ.

The influence mechanisms of BR and WR on FP were similar, but the effect was the
opposite. The larger the BR, the more built-up areas were included, leading to an increase
in LST and making the LST curve appear abnormally high. Conversely, the increase in the
WR significantly reduced the mean value of the LST. Therefore, this study set a series of
different parameter values to analyze the influence in detail. Here, only 10%, 30%, and
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50% were selected as the values of BR and WR for purposes of illustration. The selected
suburban area and FP are shown in Figure 11. When the BR and WR were 10%, the fitted
background LST was 1.2 ◦C lower than the actual value, and the FP area was the largest at
3644.52 km2. However, the R2 was only 0.22, and it was difficult to guarantee the accuracy
of the FP at this time. When the threshold was set too low, only a few suburban areas were
preserved, so the attenuation effect of SUHI was not really reflected. When the BR and WR
were 50%, R2 was 0.67, and the FP area was the smallest, at 1181.31 km2. The LST curve still
had a significant upward trend in the 4th ring and the 12th ring, indicating that when the
threshold was set too high, the influence of land-use type could not be well eliminated. If
the threshold was set to 30%, R2 was the highest, reaching 0.86, and the difference between
the fitted and the real background LST was the smallest, at only 0.07 ◦C, indicating that the
FP was the most reasonable.
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The MT value could also cause inaccuracy of the FP. This parameter determined the
area of the exclusion region. When the MT was too large, a large number of culled areas
were merged into the suburbs used to calculate the LST curve, while excessively fine
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patches were excluded, and these areas would not actually affect the LST curve. Therefore,
after setting the BR and WR thresholds at 30%, this study took 5◦, 10◦, and 20◦ as examples
to analyze the influence of the MT on the SUHI FP. The selected suburb areas and FP results
are shown in Figure 11. With the increase in the MT, R2 gradually decreased, and the
difference between the fitted and the actual background LST became larger. When the
tolerance was 5◦, the abnormal increase in LST could be slowed down to the greatest extent,
and the LST curve fitting was the best.

In general, if the thresholds of the BR, WR, and MT were set too small, the selected
suburbs would be small and scattered. On the other hand, most of the suburbs were
reserved, making it impossible to completely exclude the impact of built-up areas and
water bodies. This ultimately led to the FP being overestimated or underestimated. For
the cities in this study, 30% and 5◦ were the most appropriate thresholds, but the optimal
threshold was not set in stone. For cities in other regions, the optimal threshold should be
selected according to their own characteristics.

4.2. SUHI Coupling Effect in the Su-Xi-Chang Metropolitan Area

Three cities in the Su-Xi-Chang metropolitan area are geographically close, and all have
experienced very rapid urban expansion, so the coupling effect of SUHI can be observed in
the adjacent cities. Wuxi city, located in the center of the metropolitan area, was used as an
example to study the SUHI coupling effect. LST curves were drawn separately according
to the selected sectors, with a BR value exceeding 30% between Wuxi and Changzhou and
between Wuxi and Suzhou, as shown in Figure 12. The SUHI effect in the direction of
Changzhou decreased at first, but unlike the normal trend, it increased gradually from the
11th ring. This was because suburbs between the two cities were affected by the coupling
effect, which intensified the negative effects of the SUHI.
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The SUHI effect in the direction of Suzhou had an upward trend, reaching a maximum
of 39.32 ◦C in the 14th ring, which was much higher than the temperature at both ends,
while the LST gradually decreased after the 14th ring. This indicates that Suzhou had a
more serious impact on Wuxi than Changzhou. On the whole, the LST in the suburbs of
Wuxi had a serious abnormal rise under the combined action of the two cities. Therefore,
the coupling effect of the SUHI poses a great threat to the suburban environment.

4.3. Difference between Popular Methods

The RSEDM contributed to a comprehensive understanding of the SUHI effect. It
provided accurate FP in space as well as SUHII in quantity. Based on the idea of anisotropy,
the current SUHI FP study can be divided into two categories. Firstly, the FP calculated
by EDM was simply a rough range (Figure 13a). The result was derived based on the
isotropy, so it only presented the expansion form of the urban areas and inevitably includes
some low LST areas. Moreover, it only excluded the impact of water bodies but ignored
the built-up areas surrounding the urban areas [36]. The detailed comparative analysis
was described in Section 3.2. Secondly, some studies had realized the anisotropy of the
SUHI effect. The Gaussian surface method had been used in SUHI modeling to reflect the
directionality of the urban heat distribution [56,57]. However, it can only represent the
difference of the SUHI effect in the direction of the long and short axes of the ellipse and
cannot reflect the difference in other directions (Figure 13b). To remedy this deficiency, the
transect segmentation method was proposed. The method divided the urban territory into
16 transects and determined the FP by the shifting point in each direction [58]. However, just
using the shifting point as the FP boundary will lead to large errors (Figure 13c). Compared
to the above three methods, RSEDM can be considered the most advanced method at
present (Figure 13d). The FP extracted by this method exhibited strong anisotropy due to
the consideration of the influence of water bodies and built-up areas. Meanwhile, the FP
extension distance was scientifically calculated by exponential decay fitting.
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Accurate SUHI FP is the most important prerequisite for the study of SUHI changes,
which is beneficial for understanding the spatial pattern of SUHI effect development and
quantifying the areas affected by the SUHI effect. It provides technical support for livable
urban planning and allows the purposeful allocation of water bodies and green spaces to
areas with more prominent heat island intensity, which is important for alleviating urban
environmental problems.

5. Conclusions

This paper proposed a novel method for the extraction of SUHI FP called the RSEDM,
which can achieve the automatic recognition of the SUHI in most cities through rotational
scan and adjustment of three main parameters. To validate the performance of this method,
experiments on the SUHI FP calculation of 15 cities in the YRDUA were conducted, and
the conclusions are shown as follows.

First, RSEDM excluded the influence of the continuous built-up areas and the water
bodies in the suburbs on the FP calculation process. Meanwhile, it also excluded areas
with a lower LST than the background LST to obtain an anisotropic FP. Second, compared
with the traditional EDM, the RSEDM had higher fitting accuracy of the LST curve and
could increase R2 by up to 0.50. The fitted background LST was also closer to the actual
background LST. Therefore, the RSEDM can maintain the accurate estimation of LST at a
high level in the exponential decay fitting process, thus improving the universality of the
SUHI calculation method. Third, three of four cities had the largest FP boundary in spring,
while all four cities had the strongest SUHII in summer and the smallest FP boundary
and SUHII in winter. Furthermore, the best BR, WR, and MT values of this experiment
were 30%, 30%, and 5◦, respectively. If the thresholds of the three parameters were set too
small, the selected suburbs would be small and scattered. On the other hand, the impact
of built-up areas and water bodies cannot be completely excluded, as this would lead to
the final FP being overestimated or underestimated. Finally, this study explored the SUHI
coupling effect in the Su-Xi-Chang metropolitan area, and the results proved that it resulted
in a rise in LST and a greater threat to the environment.

However, the existing work still has some limitations, such as the same parameter
setting. In addition, the method would not work well when urban areas are surrounded by
too many proportions of built-up areas and water bodies. In future work, we will focus on
addressing the selection of parameter thresholds and improving the applicability of the
method in different types of cities.

The RSEDM can be extended to the automatic identification of the SUHI FP in different
cities. The precise FP extracted from the RSEDM can not only contribute to the sustainable
development of the central region of the YRDUA but also provide suggestions for the
thermal environment research of other urban agglomerations.
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The following abbreviations are used in this paper:

UHI Urban Heat Island
SUHI Surface Urban Heat Island
FP Footprint
SUHII Surface Urban Heat Island Intensity
AUHI Atmospheric Urban Heat Island
LST Land Surface Temperature
EDM Exponential Decay Model
RSEDM Rotational-Scan Exponential Decay Model
SMW Statistical Mono-Window
GEE Google Earth Engine
TOA Top-of-Atmosphere
NTL Nightlight
YRDUA Yangtze River Delta Urban Agglomeration
BR Built-up Area Rate
WR Water Body Rate
MT Merge Tolerance
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