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A B S T R A C T   

Understanding the dynamics and spatial heterogeneity of the intra-city surface heat island (herein termed the 
surface urban heat island, SUHI) is critical for the design of urban heat mitigation strategies. Large disparities in 
the spatiotemporal variations of SUHIs are anticipated under different urbanization processes. However, most 
previous studies have focused solely on the inter-annual spatiotemporal SUHI variations of regular urbanization, 
while those for stable- and counter-urbanization remain largely unknown. Based on the remote identification of 
these three urbanization types over Guangzhou, China, we propose a novel strategy to investigate simultaneously 
the spatiotemporal variations and the associated controls of SUHIs. Our results indicate that: (1) Counter-, 
regular-, and stable-urbanization occurs mainly over the city center, city periphery, and the in-between areas, 
respectively. (2) The three urbanization types all demonstrate similar and significant growth in the daytime local 
SUHI intensity (SUHII). (3) There are significant disparities in the contributions of controls to the inter-annual 
daytime SUHII trends for these three urbanization processes. For the regular urbanization, the increase of the 
impervious surface percentage (ISP) dominates daytime SUHII growth, while the combination of ISP and residual 
factors (e.g., background climate and 3D urban geometry) leads for counter urbanization. For stable urbaniza
tion, the combination of residual controls and the increase in population density is the major factor. Urban 
divisional management may contribute to the mitigation of intra-city SUHI. Our findings potentially advance our 
understanding of changes in urban thermal environment under different urbanization processes.   

1. Introduction 

1.1. Background and objectives 

Rapid urbanization causes dramatic changes in the urban environ
ment [1,2]. One of these is the urban heat island (UHI) effect, a phe
nomenon in which the urban temperature is distinctly higher than that 
of the rural surroundings [3,4]. With the intensification of the UHI effect 
and its negative impacts on human health, along with rapid urbanization 
[5], the investigation of the UHI and its controls has become a focus of 
urban climate studies [6]. Some of the studies have used in-situ or 
vehicle-based temperature measurements to monitor UHI, yet such 

measurements can only provide limited and sparse spatial coverage [7, 
8]. Satellite-based land surface temperature (LST) provides a more 
spatially detailed view of the surface UHI (SUHI) via spatially contin
uous and temporally-repeated observations [9,10]. In recent years there 
has been an increasing number of studies that use satellite-derived LSTs 
for SUHI investigations [4], as well as for urban planning and man
agement [11]. 

There are two main strands of SUHI studies: the first focuses on the 
comparison of SUHI variations among a great number of cities distrib
uted within an extensive region [12–15], while the second focuses on 
changes in intra-city SUHI within individual cities [16–20]. Within an 
extensive region, cities across countries and climates are characterized 
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by significant inter-city SUHI variations. Such variations are determined 
by various controls, such as urban land cover, anthropogenic heat 
release (AHR), rural background, and background climate [12–15, 
21–24]. For individual cities, they have experienced different urbani
zation processes, including regular- (urban expansion), stable-, and 
counter-urbanization under diverse phases of the development of urban 
economy and the long-term impact of urban planning [25,26]. These 
different urbanization processes lead to a large heterogeneity in local 
SUHI [27–33], even within a single city. There is usually a significant 
temporal disparity of the local SUHI over surfaces that experience 
different types of urbanization [22,23,34]. 

The major objective of this study is to investigate the local SUHI and 
the associated controls responsive to different urbanization processes, 
using Guangzhou (a megacity in China) as a case study. The specific 
objectives of this study are as follows: (1) to identify urban surfaces that 
have experienced the three urbanization processes; (2) to examine and 
compare the inter-annual SUHI variations responsive to these processes; 
and (3) to separate the contribution of each control that results in the 
observed SUHI variations. 

The following contents of this paper are organized as follows. Section 
1.2 provides a literature review on the remote sensing of different types 
of urbanization as well as the associated impacts on local SUHIs. Section 
2 introduces the study area and the used data (Section 2), which are then 
followed by the presentation of the methodology for the estimation of 
the local SUHIs over surfaces that undergo different types of urbaniza
tion as well as for the quantification of the contributions from the 
associated controls (Section 3). Sections 4 and 5 display the results and 
implications of this study, respectively. The conclusions are finally 
drawn in Section 6. 

1.2. Literature review on different types of urbanization and their impacts 
on local SUHIs 

With regular urban growth especially in developing countries, 
currently regular urbanization, characterized by a continuous increase 
in the impervious surface density, is receiving wide attention [35–37]. 
The inter-annual SUHI variations responsive to regular urbanization are 
mainly modulated by four controls: (1) The impervious surface per
centage (ISP): Over newly-urbanized areas, both the daytime and 
nighttime SUHI intensity (SUHII) usually increases as natural surfaces 
are transformed into urban impervious land [7,10]. Like the case of 
newly-urbanized areas, the nighttime SUHII can also increase because of 
urban densification over urban cores (typified by an increase in ISP and 
a decrease in the sky view factor) [38]. Unlike the situation at night, 
along with urban densification over urban cores, the daytime SUHII may 
increase due to decreased evaporative cooling with a higher ISP; and it 
may also decrease due to a more significant shading effect among tall 
buildings [10,30]. (2) AHR: Along with urban expansion or densifica
tion, both the daytime and nighttime SUHII can be strengthened by the 
increased AHR generated by rising energy consumption [39,40]. (3) 
Rural background: The daytime SUHII is anticipated to increase with the 
cooling of the rural background, which is caused by increased vegetation 
evapotranspiration [13,22,34] as the rural background continues to 
become greener [14,41], although the nighttime SUHII is less impacted 
by the rural background greening. (4) Background climate: The daytime 
SUHII can either be enhanced or weakened in different background 
climate [24], but the former scenario is expected to occur more 
frequently as the warming of the background climate usually magnifies 
the urban-rural contrast in LST [23,24]. 

Differing from regular urbanization that usually occurs around city 
peripheries, stable urbanization mostly emerges over already-urbanized 
surfaces where there have been few new urban constructions (e.g., 
buildings and roads) for periods [25,26,42]. Stable urbanization is 
usually characterized by minor or even no change in impervious surface 
density [25,26]. Compared with the numerous studies focusing on reg
ular urbanization, relatively few investigations have examined the 

inter-annual SUHI variations of stable urbanization. Previous studies 
have demonstrated that the SUHII over stable-urbanization surfaces also 
shows a rising trend, but with a different rate of increase compared to 
that over regular-urbanization surfaces [23,34]. In terms of controls, the 
cooling of the rural background has been shown to contribute to the 
increase in SUHII over stable-urbanization surfaces [34]. It is antici
pated that the disparate behavior in impervious surface density and AHR 
over stable-urbanization surfaces [22], as well as background climate 
change, can play a role [43,44]. Nevertheless, the individual contribu
tions of these controls to inter-annual SUHI variations over 
stable-urbanization surfaces remain considerably unclear. 

With urban renewal, especially over old urban areas, counter ur
banization (or urban renewal) occurs in some city cores [25,26,45,46]. 
Counter-urbanization surfaces are characterized by a decrease in 
impervious surface density. Although receiving less attention compared 
with the other two urbanization processes, counter urbanization fills the 
gap in understanding renewal-related changes in city cores. Recent 
studies have shown that renewal-related counter urbanization is 
observable in large cities, such as Guangzhou and Shanghai in China, 
and Lyon in France, by remote sensing [20,25,46]. Counter urbanization 
(or urban renewal) can lead to a reduced SUHII because the LST of city 
core can decrease with the decline in impervious surface density [20, 
47]. Compared with regular- and stable-urbanization, the controls on 
counter urbanization should differ, given that such an urbanization 
process is often accompanied by a decrease in impervious surface den
sity and AHR [46,48]. However, like those of stable urbanization, the 
inter-annual SUHI variations and the associated controls for counter 
urbanization remain poorly understood. 

Despite the progress made in SUHI investigations from the perspec
tive of urbanization type, especially those for regular-urbanization sur
faces, several issues remain to be addressed. First, the inter-annual SUHI 
variations for those surfaces with stable- and counter-urbanization 
remain largely unknown. Second, the contributions from various con
trols to inter-annual SUHI variations responsive to these three urbani
zation processes have not yet been comprehensively evaluated and 
consequently are also unclear. This status quo has hindered our in-depth 
understanding of inter-annual SUHI variations under these three 
different urbanization processes. 

2. Study area and data 

2.1. Study area 

Guangzhou (22◦26′-23◦56′N, 112◦57′-114◦03′E), the study area, is 
the provincial capital city of Guangdong Province and a national central 
city in China (Fig. 1). It is located within the subtropical climate zone 
where the surfaces are covered mainly by evergreen broadleaved forest; 
the annual mean precipitation and temperature are 1,800 mm and 
22.7 ◦C, respectively. The population in Guangzhou is 14.9 million 
(2018), and its urbanization rate is higher than 86%, which is signifi
cantly larger than the mean level of China [49]. In the past three de
cades, Guangzhou has experienced considerable expansion – its 
impervious surfaces, mostly of medium- and high-density, have 
increased by around eight times [50]. Since 2000, the city administra
tion has produced a series of urban planning strategies to renew old 
urban areas, including the ‘Short-term Construction Plan of Guangzhou 
(2002–2005)’, the ‘Special Eleventh Five-year Plan of Guangzhou 
(2006–2010)’ (http://www.gz.gov.cn/zwgk/ghjh/zxgh/content/mpost 
_2837440.html), and the ‘Three Old Renewals of Guangzhou 
(2011–2015)’ [51]. With these multiple urban planning strategies, 
different urbanization processes, such as regular-, stable-, and 
counter-urbanization, have developed simultaneously in Guangzhou 
and made it a valuable case. 
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2.2. Data 

2.2.1. MODIS products 
The MYD11A1 product from 2003 to 2015 (downloaded from 

https://ladsweb.modaps.eosdis.nasa.gov/) was used to analyze inter- 
annual SUHI variations under different urbanization processes. This 
product includes daily LSTs acquired at 13:30 and 1:30 local time, with a 
spatial resolution of 1 km. The daily LSTs were further composited into 
seasonal mean values through simple temporal aggregation with the null 
values excluded. Note that we only used the summer data (from June to 
August) because urban residents are exposed to higher heat stress during 
this season [12,52]. The MYD13A3 product from 2003 to 2015 was 
further used to extract monthly mean enhanced vegetation index (EVI) 
data, also with a spatial resolution of 1 km and with simple temporal 
aggregation. These EVI data were used analyze vegetation changes in 
the rural background. 

2.2.2. Impervious surface data 
The impervious surface percentage (ISP) data (2003–2015) derived 

from Ref. [25], with an overall accuracy of 84%, were used to identify 
the surfaces that experienced different urbanization processes. These 
data were generated based on the inter-annual optimized Cubist tree 
model with a spatial resolution of 30 m [25,53]. These 30-m ISP data 
were further resampled to 1 km to match the spatial resolution of the 
LST and EVI data. 

2.2.3. Auxiliary data 
(i) Land use data. The land use data were derived from Ref. [54] 

using the Continuous Change Detection and Classification (CCDC) al
gorithm; and they are able to satisfy the requirement of this research 
with an overall accuracy of 87.05% [55,56]. With the land use data, we 
retrieved the stable forested areas that are adjacent to the city boundary 
of Guangzhou (green dots in Fig. 1). These stable forested areas have 
been stable for years and therefore suitable to be used for determining 
the rural background required for the SUHII calculation [57]. (ii) The 
population density (https://landscan.ornl.gov/landscan-datasets) [58] 
and digital elevation model (DEM) data (https://topotools.cr.usgs.gov 
/gmted_viewer/viewer.htm). The former and latter were used to help 
delineate the AHR and rural background, respectively; and they were 
also resampled to 1 km to match the spatial resolution of the LST data. 

3. Methodology 

Three steps were used to investigate inter-annual SUHI variations 
and their controls for surfaces with regular-, stable-, and counter- 
urbanization (Fig. 2). First, we delineated the rural background by 
combining the land cover type and DEM data (Section 3.1.1). The urban 
surfaces that experienced these three urbanization processes were then 
identified by analyzing both the ISP changes and the associated signif
icance level (p-value) during the study period (Section 3.1.2). Second, 
we calculated both the pixel-based and overall SUHI intensities of the 
three urbanization types, based on which the inter-annual SUHI varia
tions were examined (Section 3.2). Finally, we separated the individual 

Fig. 1. Geolocation of Guangzhou city. The colors within the red polygon (the boundary of the city built-up area) denote the impervious surface percentage (ISP, 
2015); the green dots denote forest pixels stable for a long duration; and the blue pixels are the defined rural background extracted from the green dots but with DEM 
< 100 m. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

J. Li et al.                                                                                                                                                                                                                                         

https://ladsweb.modaps.eosdis.nasa.gov/
https://landscan.ornl.gov/landscan-datasets
https://topotools.cr.usgs.gov/gmted_viewer/viewer.htm
https://topotools.cr.usgs.gov/gmted_viewer/viewer.htm


Building and Environment 199 (2021) 107935

4

contributions from different controls to the SUHI variations (Section 
3.3). 

3.1. Identification of the rural background and surfaces with different 
urbanization processes 

3.1.1. Identification of the rural background 
The rural background was defined as forested land adjacent to the 

urban areas of Guangzhou (green dots in Fig. 1) [57]. These forests are 
rarely affected by urbanization and they remained relatively stable 
during the study period. Furthermore, the pixels with elevations 
exceeding 100 m of the mean elevation of the rural background (blue 
dots in Fig. 1) were removed to reduce the impact of altitude on the 
estimation of SUHII. 

3.1.2. Identification of surfaces undergoing different urbanization processes 
Impervious surface percentage (ISP) is one of the most important 

indictors responding to the changes in urbanization [1]. Within the 
urban areas, we first designated the pixels with very low ISP (<10%) 
during the entire study period as non-urbanized surfaces, and then ob
tained the urbanized pixels by excluding the non-urbanized pixels (see 
Step 1 in Fig. 2a). Among the urbanized pixels, stable urbanization 
surfaces were identified by determining the significance level of the ISP 
trend (Step 2 in Fig. 2b). The remaining unclassified urbanized pixels 
were further separated into regular- and counter-urbanization surfaces 
by analyzing the magnitude of ISP change (Step 3 in Fig. 2c). Note that 

the detailed steps of these identifications are provided in Note S1 in 
Supplementary Material. 

Step 1. Delineation of urbanized pixels. To better reflect the impact of 
urbanization on the SUHI, the pixels with ISP <10% during the entire 
study period were first excluded prior to subsequent identification [25]. 
These pixels were designated as non-urbanized pixels while the rest 
were designated as urbanized pixels. 

Step 2. Preliminary classification of urbanized pixels. The urbanized 
pixels were divided into two groups by diagnosing the significance level 
of the ISP trend using ordinary least square regression analysis (OLS). 
The OLS was used to calculate the p-value of the ISP trend over urban 
pixels. The p-value is a necessary requirement for identifying whether 
urban pixels have undergone significant changes. The first group in
cludes the stable-urbanization surfaces which lack a significant ISP 
trend, while the second includes the remaining unclassified urbanized 
pixels that have a significant ISP trend. The retrieval of the ISP can be 
considerably impacted by cloud contamination [59], which may reduce 
the significance level of the ISP trend and affect the identification of true 
urban changes [36]. Therefore, the threshold of the significance level 
was set as 0.1 (p < 0.1) rather than to lower values such as 0.05 [53], to 
preserve as many as possible of the urbanized pixels that had undergone 
true changes. The pixels with p > 0.1 were labelled as stable urbaniza
tion surfaces while the other pixels with p < 0.1 were labelled as 
remaining unclassified urbanized pixels that require further identifica
tion (see Step 3). 

Fig. 2. Flowchart for the identification of surfaces that experienced three different types of urbanization process. ISP is the impervious surface percentage; R is the 
relative change rate given in Eq. (1); and v is the vertex of the histogram for R. 
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Step 3. Further classification of the remaining unclassified urbanized 
pixels. The remaining unclassified urbanized pixels do not completely 
correspond to the regular- and counter-urbanization surfaces since they 
may still include several stable- urbanization pixels. This is because 
small ISP changes and false ISP changes due to retrieval errors are un
able to reflect true urban changes [36]. Therefore, these remaining ur
banized pixels were further divided by the relative change rate of the ISP 
[60], using the following formula: 

R=
se − ss

ss
× 100% (1)  

Here, R is the relative change rate of the ISP; se and ss are the ISP values 

fitted using the OLS at the end and start year of the study period for each 
pixel, respectively. 

The R value of each remaining unclassified urbanized pixel was 
calculated using Eq. (1), and the histogram of the absolute value of R 
was also generated (Fig. 3b). Using the vertex (i.e., v) of the R histogram 
as the boundary, the remaining unclassified urbanized pixels were 
divided into two groups [36]: Those with absolute R less than v (i.e., − v 
< R < v) were grouped into stable urbanization surfaces, whereas those 
with absolute R greater than v (i.e., R > v) and with absolute R lower 
than − v (i.e., R < − v) were defined as regular- and counter-urbanization 
surfaces, respectively. 

Fig. 3. Spatial distribution (a) and annual mean ISP variations (b) of regular urbanization (RU), stable urbanization (SU), and counter urbanization (CU). EP denotes 
the ‘erased pixel’; Ellipses I, II, and III in (a) denote the approximate areas formed by regular-, stable- and counter-urbanization pixels, respectively; and the numbers 
‘1’ to ‘12’ in (a) represent the pixel location of 12 pairs of high-resolution Google Earth images (c) which denote the surface status before and after the associated 
urbanization process. 
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3.2. Calculation of the SUHII of surfaces with different urbanization 
processes 

The pixel-based SUHII was calculated as the LST difference between 
each urbanized pixel (including all three urbanization types) and the 
rural background, given as follows: 

Iu = Tu − Tr_m (2)  

where Tu is the LST for each urbanized pixel, and Tr_m is the mean LST of 
rural background. Furthermore, the overall SUHII for each urbanization 
type was obtained by further averaging the SUHIIs for all pixels from 
each urbanization type. 

3.3. Separation of contributions from different controls 

Inter-annual SUHII variations are regulated primarily by controls 
such as urban land cover status, AHR, rural background, background 
climate, and changes in city size [21–24,43,61]. We used the ISP to 
quantify the contribution of the urban land cover status to inter-annual 
SUHII variations, mainly because the ISP is a key surface parameter of 
urban land cover status and has been widely used for this purpose [7, 
24]. We used population density (POD) as a proxy for quantifying the 
AHR-induced contribution [39], and the rural background LST (RBL) for 
reflecting the contribution from the rural background [23], as it is 
directly involved in the SUHII calculation (see Eq. (2)). It is very difficult 
to calculate the contributions from the rest factors such as changes in the 
background climate, city size, economic activities, and transportation 
systems, as well as those from the interactions among the controls. We 
therefore combined all such residual factors (REF) as a single control and 
estimated their contributions using the residual method [62]. We 
acknowledge that several other physical factors (e.g., the economic ac
tivities and transportation systems) can also be used to represent urban 
land cover status [24,30,63], and most of them can be characterized by 
remotely-sensed surface parameters, such as vegetation, nighttime light 
data, and urban 3D geometry. Nevertheless, these surface factors are 
either closely related to the ISP and population density (such as the 
NDVI and nighttime light data), or are relatively difficult to obtain at the 
city scale (urban 3D geometry). 

The separated contributions from these controls to inter-annual 
SUHII variations satisfy the following formula [62]: 

Ku =Ks + Kp + Kr + Ko (3)  

where Ku is the observed inter-annual SUHII change rate; and Ks, Kp, Kr, 
and Ko are the inter-annual SUHII change rates induced by ISP, POD, 
RBL, and REF respectively. These parameters were calculated using the 
following strategies: (1) Ku was directly calculated as the observed 
change rate of SUHII for each urbanization type using Eq. (2). (2) Ks was 
estimated as the SUHII change rate induced by ISP. Nevertheless, it is 
difficult to separate the ISP-induced contribution from a temporal 
perspective because the SUHII dynamics is controlled by a series of 
controls in addition to the ISP [64], although this parameter is closely 
related to inter-annual SUHII variations [7]. To address this, we derived 
the relationship between ISP and SUHII using the ‘space-for-time sub
stitution’ strategy [65,66]. In other words, we first established the 
general statistical relationship between the ISP and SUHII from the 
spatial perspective (i.e., by combining different pixels), and then used 
the relationship to quantify the individual ISP-induced contribution to 
inter-annual SUHII variations. (3) Kp was estimated as the inter-annual 
SUHII change rate induced by POD. POD has also been shown to be well 
correlated with inter-annual SUHII variations [67,68]. However, similar 
to ISP, it is difficult to separate the POD-induced contribution from the 
temporal perspective. Therefore, we again used the ‘space-for-time 
substitution’ strategy to derive the relationship between POD and SUHII 
variations. (4) Kr was estimated as the SUHII change rate induced by 
RBL. The calculation of SUHII is directly impacted by RBL (see Eq. (2)). 

The RBL-induced contribution is equivalent to its own change rate and 
was thus quantified as the observed increment of the annual mean rural 
background LST referenced to the annual mean of the starting year of 
the study period. (5) Ko was calculated as Ku minus the sum of addition 
of Ks, Kp, and Kr. We are aware of that there may be uncertainties in the 
‘space-for-time substitution’ strategy for estimating the ISP- and 
POD-induced contributions, as well as in approach for estimating the 
REF-induced contribution. Further discussion of these issues is given in 
Section 5.2. 

The foregoing analysis shows that Ku can be directly calculated using 
the LST observations, and that Ko can be quantified once Ks, Kp, and Kr 
are available. Ks, Kp, and Kr can be calculated using the following 
equations: 
⎧
⎨

⎩

Ks = Trend[λs⋅ms(t)]
Kp = Trend

[
λp⋅mp(t)

]

Kr = Trend[Tr_s − Tr_m(t)]
(4)  

Here Trend[⸳] denotes the function used to derive the linear trend of 
SUHII of each control with time (K⋅decade− 1); λs and λp are the linear 
regression slopes between ISP (or POD) and the observed SUHII ob
tained using the ‘space-for-time substitution’ strategy, respectively; 
ms(t) and mp(t) are the annual mean ISP and POD in year t, respectively; 
Tr_s is the rural background LST at the start year of the study period; and 
Tr_m is the annual mean rural background LST in year t. 

4. Results 

4.1. Spatial distribution of different urbanization types 

The spatial distribution and the annual mean ISP changes for the 
regular-, stable-, and counter-urbanization surfaces are presented in 
Fig. 3, with the identification details given in Note S1 in Supplementary 
Material. In terms of spatial distribution, these three types of urbani
zation surface show a spatial structure of concentric ellipses from the 
interior to the exterior, with Ellipses I, II, and III representing the reg
ular-, stable-, and counter-urbanization surfaces, respectively (Fig. 3a). 

In terms of urbanization type, regular-urbanization surfaces account 
for the largest area (62%) and they are mostly located in the city pe
riphery (Ellipse I, the northeastern region, as shown in Fig. 3a). During 
the study period, the annual mean ISP of this type of surface increased 
from 18% to 35% (Fig. 3b), indicating extensive regular urbanization in 
Guangzhou. This regular urbanization was mainly driven by typical 
urban expansion, with a large amount of rural land, e.g., farmland 
(Fig. 3a9), bare land (Fig. 3a10 & a11), and forest (Fig. 3a12), being 
transformed into impervious surfaces. Such changes are closely related 
to the planning of local economic and technological development zones, 
as well as the construction of urban-related infrastructure and facilities 
[69]. 

Stable-urbanization surfaces account for 30% of the urbanized pixels 
and are mainly distributed in the peripheral region of the city center 
(Ellipse II, Fig. 3a). The annual mean ISP of this urbanization type 
remained very stable (~55%) throughout the study period, with the 
magnitude of ISP change less than 1% (Fig. 3b). This accords well with 
the approximately stable land use and/or land cover change within old 
urban areas [22,23]. New buildings or roads within stable-urbanization 
surfaces were barely detected, although land use change (e.g., from 
vegetation to bare land) is still identifiable (Fig. 3a6). 
Stable-urbanization surfaces correspond well to: (1) large 
densely-distributed old buildings within city villages (Fig. 3a5), (2) 
permanent railway land (Fig. 3a7), and (3) to areas that surround water 
bodies (Fig. 3a8). The occurrence of stable urbanization over these 
surfaces is probably a result of the very high cost and difficulty of 
renewing urban villages [51]. The requirement for preserving public 
facilities and ecological land may also be a cause of the emergence of 
stable urbanization. 
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Counter-urbanization surfaces account for the smallest proportion 
(8%) of the urbanized areas and they are mostly concentrated in the city 
center (Ellipse III, Fig. 3a). During the study period, its annual mean ISP 
decreased very significantly, from 71% to 55% (Fig. 3b). Counter ur
banization results mainly from typical urban renewal and/or greening 
activities, such as park construction (Fig. 3a1), street and community 
greening (Fig. 3a2 & a4), and the conversion from old buildings to 
vegetation (Fig. 3a3). These greening and renewal activities have 
resulted in a significant increase in vegetation cover in the city center. 
Counter urbanization caused by urban renewal activities are also 
observable in several other cities, e.g., Shanghai in China [46], and Lyon 
in France [20]. 

4.2. Spatiotemporal SUHII variations for different urbanization types 

For each urbanization type, we analyzed the annual mean and spatial 
variations of SUHII, both during the day and at night (Figs. 4 and 5). The 
results show that, for all the three urbanization types, the annual mean 
SUHII shows an increasing trend during daytime but an insignificant 
trend at night (Fig. 4a and b). The notable increasing trend in daytime 
SUHII for regular urbanization is understandable given the associated 
substantial increase in ISP. By contrast, for the counter- and stable- 
urbanization surfaces where the ISP has even decreased substantially 
or remains unchanged, trends of increasing SUHII similar to that for 
regular-urbanization surfaces are evident. Specially, the SUHII trend for 
counter-urbanization surfaces (i.e., the city center) is smaller than that 
for stable-urbanization surfaces (i.e., areas surrounding the city center). 
These trends in Guangzhou differ from the recent similar cases in Bei
jing, which despite experiencing counter urbanization showed a 
decreasing SUHII trend in the city center [47]. This contrast indicates 
the possibility of a very different daytime SUHII trend over city centers, 
even for cities undergoing a similar counter-urbanization process. 
Further explanation of this phenomenon is given in Section 4.3.1. 

At night, the annual mean SUHII variations for all three urbanization 
types show an insignificant decreasing trend (0.24 ≤ p ≤ 0.26) (Fig. 4b), 
in spite of the prevalent ISP increase for regular-urbanization surfaces. 
These identified insignificant nighttime SUHII trends over the city center 
and the surrounding areas are consistent with the results of previous 
research in Guangzhou [22], although stable- and counter-urbanization 
surfaces were also separated. 

Careful assessment reveals large disparities in SUHII among different 
urbanization processes (Fig. 4c). The SUHII of counter-urbanization is 
always greater than those of regular- and stable-urbanization during 
both daytime and at night. The SUHII of counter urbanization is 7.2 K 
during the day and 3.4 K at night, while the intensities for the other two 
urbanization types decrease on average by 2.7 K and 1.3 K during the 
daytime and at night, respectively. This phenomenon can be attributed 
to changes in the gradient of the control contribution from the city 
center to the periphery (Note that the spatial patterns of the contribution 
from each control are provided in Fig. S3 given in Supplementary 
Material). 

We further analyzed the pixel-based magnitude of change in SUHII 
for each urbanization process during the study period (Fig. 5). The re
sults reveal a large disparity between daytime and nighttime; during the 
day, more significant SUHII increase occurs over the city periphery, 
while the SUHII increase in the city center is more enhanced at night. In 
other words, during the day, a large growth of SUHII mostly occurs over 
regular- and stable-urbanization surfaces, whereas they often appear 
over counter-urbanization surfaces at night. Furthermore, when 
compared with the daytime case, the pixels with a reduced nighttime 
SUHII become more concentrated over the regular- and stable- 
urbanization surfaces located in the northwestern region around the 
city center (see Ellipse Ⅳ in Fig. 5b), whereas those pixels with a large 
nighttime SUHII growth in the southeastern region are less concentrated 
(Ellipse Ⅵ in Fig. 5b). In addition, when referenced to the daytime case, 
counter-urbanization pixels around the city center with a large SUHII 

Fig. 4. Annual mean SUHII variations for regular urbanization (RU), stable urbanization (SU), and counter urbanization (CU) during the day (a) and at night (b), and 
the pixel-based multi-year (2003–2015) mean SUHII for these three urbanization types (c). 
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growth become more concentrated at night (see Ellipse Ⅴ in Fig. 5b). The 
day-night contrast in the spatial distribution of the magnitude of the 
change in SUHII may be attributed to the spatial distribution of the ISP. 
The ISP over the city center of Guangzhou (which corresponds well to 
counter-urbanization surfaces) is significantly larger than that over the 
city periphery (which corresponds well to regular-urbanization surfaces) 
[70,71]. This gradient in ISP can lead to a higher concentration of major 
SUHII growth over counter-urbanization surfaces (i.e., the city center) 
during the night than in the day, as nocturnal cooling is more suppressed 
with a higher ISP (or a lower sky view factor) [30,38]. 

4.3. Contributions of the controls to inter-annual dynamics of SUHII for 
different urbanization types 

4.3.1. Contributions of controls in daytime 

4.3.1.1. Contributions of controls to the inter-annual trend in daytime 
SUHII. The inter-annual SUHII trends of different urbanization types, as 
well as the contributions of the associated controls to such trends, are 

shown in Fig. 6. Considering that the RBL-induced contribution is 
identical for these three types of urbanization as the rural background is 
shared for these three urbanization types in the calculation of SUHII 
[57], we now focus mainly on the similarities and disparities in the 
contributions from the three other controls: ISP, POD, and REF. 

The results show that the contribution of each control differs for the 
three urbanization processes (Fig. 6). Over regular-urbanization sur
faces, the increasing SUHII trend is mainly due to the increase in ISP; 
both POD and REF contribute substantially to the increasing trend in 
SUHII over stable-urbanization surfaces, while the combined impact 
from ISP and REF leads to SUHII variations over counter-urbanization 
surfaces (Fig. 6). 

For regular-urbanization surfaces, the contribution from the ISP to 
the inter-annual SUHII trend is the greatest (43.6%), but it becomes 
negligible for stable-urbanization surfaces (<3%), and is significantly 
negative for counter-urbanization surfaces (− 26.6%) (Table 1). The 
contribution from the ISP over counter-urbanization surfaces is negative 
due to the decrease in ISP. This also partly explains the slightly smaller 
SUHII trend for counter urbanization compared with those of the other 

Fig. 5. Spatial distribution of the magnitude of change in daytime SUHII (a) and nighttime SUHII (b) during the study period for regular urbanization (RU), stable 
urbanization (SU), and counter urbanization (CU). 

Fig. 6. Contribution of each control to the inter-annual dynamics of daytime SUHII, with the error bars indicating the 5%–95% range of uncertainty. RU, SU, and CU 
denote regular-, stable-, and counter-urbanization, respectively. OBS denotes the trend in observed SUHII; and RBL, ISP, POD, and REF denote the SUHII trend 
induced by rural background LST, impervious surface percentage, population density, and residual factors, respectively. 
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two types of urbanization (Fig. 4a). The contribution from POD to the 
inter-annual SUHII trend is relatively small for all three urbanization 
types, but with a disparity: The contribution reaches a maximum for 
stable-urbanization surfaces, becomes lower for regular-urbanization 
surfaces, and becomes minimal for counter-urbanization surfaces 
(Fig. 6 & Table 1). This disparity corresponds well to the higher growth 
rate of population density over stable- compared to regular- and 
counter-urbanization surfaces (see Fig. S4 in Supplementary Material). 

The contribution from REF for counter- and stable-urbanization 
surfaces is greater compared with that for regular-urbanization sur
faces (Table 1). This indicates the greater impact of REF over the city 
center and the surrounding area than over the city periphery. As indi
cated in Section 3.3, the REF includes a series of factors such as back
ground climate, city size, and urban land cover status, which are now 
discussed in turn: (1) Background climate change (Fig. S2a in Supple
mentary Material) is anticipated to have a greater impact on the SUHII 
over the city center than over the periphery [9,43,72,73]. This is mainly 
because background climatic change can promote greater energy con
sumption (induced by increased urban cooling demand during summer) 
over the city center, where there is a denser population, greater energy 
consumption, and therefore a higher SUHII [22,24,74,75]. (2) The in
crease in city size (Fig. S2b in Supplementary Material) due to urban 
expansion is also expected to have a greater impact on the SUHII of the 
city center compared with the periphery [72,73]. (3) The more complex 
urban land cover status over the city center compared with the pe
riphery, which results from a rougher surface and less efficient surface 
heat release over the city center [15,30,38,44], may also lead to the 
higher contribution of REF [28,76]. 

4.3.1.2. Contributions of controls to daytime SUHII during different time 
intervals. The mean contribution of each control to the absolute SUHII 
during the three time-intervals of 2003–2005, 2006–2010, and 
2011–2015 are shown in Fig. 7. The results show that the SUHII dif
ference among the three types of urbanization surface is regulated more 
by ISP and REF than by RBL and POD, and that the contributions of these 
controls vary between time intervals. Specifically, the contributions of 

ISP and REF are the greatest over the areas close to the city center (i.e., 
counter-urbanization surfaces), while the contributions of RBL and POD 
are relatively unchanged or vary only slightly over surfaces with 
different urbanization processes. In terms of ISP and REF, the contri
bution from REF gradually increases over regular-urbanization surfaces 
during the three time-intervals, while that of ISP increases more rapidly. 
Over stable-urbanization surfaces, however, the contribution of REF 
increases rapidly, while that of ISP remains relatively constant. 
Comparatively, the contribution of REF increases rapidly while that of 
ISP shows a decreasing trend over counter-urbanization surfaces. 

4.3.2. Contributions of controls during nighttime 
The analysis in Fig. 4b has shown that the nighttime trends in SUHII 

over all three urbanization types are insignificant (p < 0.05). We now 
further demonstrate the individual contribution of each control to the 
inter-annual nighttime SUHII trend (Fig. 8). Note that the ISP-induced 
contribution over stable-urbanization surfaces and the ISP-and POD- 
induced contributions over counter-urbanization surfaces are not given 
in Fig. 8 because the statistical relationship is not significant (i.e., p >
0.05) for Eq. (4). The results imply that these insignificant trends result 
from the large uncertainties in the contributions of the controls. For 
example, the estimated RBL- and REF-induced contributions have large 
uncertainties, with the error bar exceeding the mean. The ISP-induced 
contribution is stable only for regular-urbanization surfaces. The un
certainty of the estimated POD-induced contribution remains relatively 
low and is relatively small compared with those of the other controls. 

The large uncertainties in the estimation of the RBL-induced 
contribution may be derived from the insignificant relationships be
tween nighttime LST and the greening of the rural background (Fig. 9). 
This differs from the daytime case, for which rural background greening 
is usually accompanied by stronger surface evapotranspiration cooling 
under strong solar radiation [9,13]. The weak relationship between RBL 
and nighttime SUHII was also partly demonstrated in previous reports 
[22,23]. The estimation of the contribution of the ISP is only uniform 
over regular-urbanization surfaces, mostly due to higher heat storage 
release at night caused by the rapid growth of the ISP over such surfaces 
(Fig. 3). Although the POD maintains a relatively low uncertainty, its 
absolute contribution is considerably lower than those from the other 
controls. The stable POD-induced contribution over regular- and 
stable-urbanization surfaces may be due to the rapid increase in the 
population density of these areas (see Fig. S4b at Supplementary Ma
terial). The greater impact of AHR on SUHIIs during the night than 
during the day, caused by an increase in population density, may also 
contribute to the more stable estimate of the POD-induced contribution 
[23,24]. 

Table 1 
Proportional contribution of each control of the inter-annual daytime SUHII 
dynamics of the three types of urbanization.  

Urbanization type ISP POD RBL REF 

Regular urbanization 43.6% 7.8% 40.4% 8.3% 
Stable urbanization − 2.9% 15.3% 38.7% 43.1% 
Counter urbanization − 26.6% 1.2% 22.7% 49.5%  

Fig. 7. Mean contribution of each control to the inter-annual daytime SUHII variations for each type of urbanization during the time-intervals of 2003–2005, 
2006–2010, and 2011–2015. RU, SU, and CU denote regular-, stable-, and counter-urbanization, respectively. RBL, ISP, POD, and REF denote the SUHII trend 
induced by rural background LST, impervious surface percentage, population density, and residual factors, respectively. 
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5. Discussion and implications 

5.1. Implications for the design of heat mitigation strategies 

For the majority of previous SUHI studies, land use/cover change 
within cores was usually assumed to be negligible [22,23,34,72], 
although this assumption will probably bias the estimation of the con
tributions from various controls to SUHII variations. For instance, urban 
renewal was recently demonstrated to be able to alter the land use/cover 
type of the urban cores of several metropolises (e.g., Guangzhou and 
Shanghai in China and Lyon in France) [20,25,46]. The latest studies 
have further indicated that such massive urban renewal is even capable 
of significantly reducing the SUHII in the city center [47]. However, the 
spatiotemporal patterns of SUHII variations, especially over the city 
center where there has been massive urban renewal, are still not 
completely clear. To our best knowledge, our study of the spatiotem
poral SUHII variations and their controls in Guangzhou serves as the first 
to be conducted from the perspective of urbanization type. 

Mitigation of the SUHI is an important way to improve the liveli
hoods of urban residents and to promote sustainable development of a 
city. Our results indicate that there are significant disparities among the 
local SUHIs over the surfaces that undergo different types of urbaniza
tion. We found that although a similar trend of increasing SUHII is 
observed for all three urbanization types over Guangzhou, the contri
bution of each control differs substantially (the spatial pattern of the 
individual impacts of factors see Fig. S3 in Supplementary Material). 
These imply that different mitigation strategies should be applied to the 
mitigation of the local SUHIs over surfaces of different types of urban
ization to achieve sustainable urban development. For regular- 
urbanization surfaces, the increasing trend is primarily driven by the 
increase in the ISP; and special attention should therefore be directed to 
the city periphery in the initial stage of urban expansion, e.g., through 
the control management of the sprawl of low-density buildings to 
maximize the blue-green landscape [32–34]. For counter-urbanization 
surfaces, the reduction in the ISP due to urban renewal has a signifi
cant cooling effect that offsets warming; therefore, urban planning de
partments should consider not only the economic benefits of urban 
renewal, but also the eco-environmental benefits, which may be quan
tified by the heat island mitigation index [77]. Over stable-urbanization 
surfaces where the land use/cover types remain relatively unchanged, 
the increasing trend in SUHII is a result of the combination of REF and 
AHR (Fig. 6). The negative impact due to the increase in AHR (see 
Fig. S4a in Supplementary Material) can be offset by using energy-saving 
air-conditioning units and adopting the design of greening roof strate
gies [78,79]. 

Fig. 8. As Fig. 6, but for the nighttime case.  

Fig. 9. Change in rural EVI during the study period (a) and the relationships 
between LST and EVI during the day (b) and at night (c). Subfigure (a) shows a 
significant greening trend in rural background, and subfigure (b) shows a sig
nificant decreasing trend in the daytime LST of rural background with the in
crease of rural EVI, while subfigure (c) indicates an insignificant relationship 
between the LST and EVI of rural background. 
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5.2. Limitations and prospects 

Although progress has been made in understanding the inter-annual 
variations and controls of the SUHI over Guangzhou, the following is
sues need to be addressed in future studies. 

In terms of data, satellite images of Guangzhou suffer from cloud 
contamination [54]. This issue was addressed by the temporal aggre
gation of dense MODIS LSTs obtained under the clear-sky condition, but 
two shortcomings remain. (1) This current study mainly focuses on the 
mean local SUHII for each urbanization type and therefore does not 
require LST data with a high spatial resolution. For the investigation of 
local SUHI at a finer scale, this shortcoming may be overcome by the 
fusion of LST data from multiple sources, such as MODIS and Landsat 
LSTs [80]. (2) Satellite-derived clear-sky LST products may not be 
suitable for investigating SUHIs under overcast conditions. This short
coming may be addressed by incorporating reconstruction methods 
capable of estimating under-cloud LSTs [81]. (3) The thresholds for true 
changes over urban surfaces may depend on the economic development 
level, topography, land cover, and other factors of the specific city, 
which are usually not easy to obtain. The thresholds used in this study 
over a single city (i.e., Guangzhou) were set based on sub-pixel imper
vious surface data, while a more universal approach applied for deter
mining the thresholds of true urban changes over a large number of 
cities with different surface status remain necessary [1]. (4) Although 
the coordinate system and spatial resolution of multi-source data have 
been unified, there may still be geographic deviations among these data 
from multiple sources. Therefore, more effective methods are required 
to mitigate the impact of geographic deviations of various data for the 
analysis, especially for studies at a spatial scale much finer than 1 km. 

In terms of methodology, the following issues should be addressed. 
(1) Collinearity among controls. Although the ISP and POD are widely 
used for representing urban land use/cover and AHR in both local and 
global studies [6,39,82], there may be collinearity between these two 
surface parameters. More advanced approaches that can overcome this 
issue may be used in the future [8,21]. (2) Separation of the individual 
contribution of controls summarized as REF. Controls such as back
ground climate change and city size have been combined as REF. In-situ 
surface air temperatures and precipitation may be used to help separate 
the contribution from background climate change [23,24]; however, 
there are usually an inadequate number of stations to cover all three 
urbanization types. Future studies may consider the incorporation of 
urban climate models to separate the individual contributions of these 
REF-related controls. (3) Different urbanization processes induce many 
changes in other various physical factors in addition to the controls such 
as the land cover. The impacts of changes in economic activities, 
transportation systems, infrastructure, and other physical aspects on 
local SUHI under different urbanization processes should be further 
incorporated. 

6. Conclusions 

Various urbanization processes within cities can result in different 
spatiotemporal SUHII variations. Using Guangzhou in China as an 
example, we have attempted to identify all three urbanization types (i.e., 
regular-, stable-, and counter-urbanization), and to investigate simul
taneously the inter-annual SUHII dynamics and the associated controls 
over surfaces with all three types of urbanization process. 

Our results show that the spatial distribution of the three urbaniza
tion types exhibits a concentric circle structure. The mean ISP of regular- 
urbanization surfaces increased by 17% during the study period. The 
mean ISP of counter-urbanization surface also changed by a similar 
percentage (i.e., 16%), but it shows a decreasing rather than an 
increasing trend, indicating the significant impact of urban renewal over 
the city center. For the stable-urbanization surface, the mean ISP 
changed by less than 1%. 

Our findings reveal disparities and similarities in the SUHI variations 

responsive to regular-, stable-, and counter-urbanization. The absolute 
SUHIIs over these three urbanization types are quite different. The 
SUHII over regular-urbanization surfaces is lower than that over stable- 
urbanization surfaces, and even lower than that over counter- 
urbanization surfaces. However, the inter-annual SUHII trends of the 
three urbanization types are similar − they are all characterized by a 
significant daytime increase (greater than 0.17 K decade− 1), while there 
is an insignificant trend at night. 

For the SUHII controls, over all the three urbanization types the RBL- 
induced contributions to the SUHII dynamics are identical, and ISP and 
REF are shown to be two important controls. However, the dominant 
controls that regulate the inter-annual SUHII variations differ among the 
three urbanization types. Over regular-urbanization surfaces, ISP is the 
major control of the increasing SUHII trend, with a contribution up to 
43.6%; POD and REF are the two dominant controls over stable- 
urbanization surfaces, together contributing 58.4% to the SUHII trend; 
and the reduction of ISP and REF contribute − 26.6% and 49.5%, 
respectively, to the inter-annual SUHII variations over counter- 
urbanization surfaces. 

These findings contribute to an in-depth understanding of the 
spatiotemporal SUHI variations in the context of cities that experience 
various urbanization processes concurrently. 
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