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Uncertainties of Urban Heat Island Estimation With
Diverse Reference Delineation Methods Based on

Urban–Rural Division and Local Climate Zone
Xuecheng Fu , Bao-Jie He , and Huimin Liu

Abstract—The precise quantification of surface urban heat is-
land intensity (SUHII) is fundamental for understanding the pro-
cess, causes, and solutions to thermal environmental change. How-
ever, the existing methods for SUHII estimation are not uniform
in nonurban reference selection, with inconsistent consideration
of relevant influencing factors. The associated uncertainty can be
further exacerbated under seasonal fluctuations of atmospheric
and surface environments. This study concentrated on macrocity
and intraurban local scales to examine the variations in SUHII
assessment and its seasonal changes using different reference delin-
eation methods. City-scale analysis included eight references based
on the fixed areas or dynamic buffers, while local-scale analysis
took six natural cover types as references under the local climate
zone (LCZ) framework, respectively. Results revealed significant
differences in SUHII using diverse references, and the inconsistency
varied across seasons. On the city scale, the most pronounced inter-
method difference occurred in winter, while stronger consistency
of spatial patterns was observed in summer. Relatively, higher sea-
sonal SUHIIs and stronger spatial variabilities were generated by
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methods using fixed areas. On the local scale, a strong consistency
of spatial patterns was also observed in summer, while the most
pronounced difference occurred in spring. Maximum local SUHIIs
in all seasons were obtained using LCZ G as a reference. The study
further summarized a list of criteria of reference selection for both
scales. Overall, this study provides empirical evidence supporting
the appropriate reference delineation for reliable SUHII estimate,
especially for seasonal analysis. It can facilitate an improved under-
standing of urban thermal variations and benefit effective urban
heat mitigation.

Index Terms—Local climate zone (LCZ), nonurban reference,
seasonal variation, sensitivity test, surface urban heat island
intensity (SUHII), urban–rural division.

I. INTRODUCTION

A S THE spatial carriers of human economic, social, and
cultural development, cities have experienced rapid devel-

opment since the industrial revolution [1]. The region’s original
energy balance, hydrological cycle, and biogeochemical pro-
cesses have been significantly disrupted by the accompanying
high-intensity human activities and surface transformations.
This has resulted in a series of ecological and environmental
problems, including the deterioration of local climate, reduction
of biodiversity, and environmental pollution [2]. Of particular
note is the phenomenon of the urban heat island (UHI) effect,
which is directly related to the health of urban dwellers and the
habitability of the built environment [3]. As a consequence of
urbanization, UHI is one of the most visible climatic changes
and has been widely investigated and documented since the 20th
century [4], [5]. In addition to exacerbating the existing public
health concerns and introducing new risks, the intensification
of UHI also indirectly contributes to adverse impacts, such as
increased energy consumption and air pollution, which present
a significant challenge to urban sustainability [6]. With further
urban expansion/densification and the coupled effects of global
warming, the adverse impacts described above will escalate,
generating compound and cascading risks that are more complex
and difficult to manage [7]. Consequently, the accurate assess-
ment of UHI and the implementation of targeted mitigation-
adaptation measures have received increasing attention and have
become the focus of research in multidisciplinary fields.

Quantification studies of UHI can be divided into two cate-
gories according to the source of temperature data: atmospheric
UHIs based on the air temperature data and surface urban heat
islands (SUHI) based on the land surface temperatures (LSTs)
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[8]. The former has commenced at an earlier stage, but data
acquisition relies on a limited number of meteorological sta-
tions or instruments, which is limited in spatial representation
continuity [9]. The latter has benefited from advances in remote
sensing technology, and its advantages of wide spatial coverage,
periodic observation, and data consistency can compensate for
the shortcomings of the former in spatial information [10].
Therefore, this study focuses on SUHI. Extensive research has
been conducted on the assessment of SUHI, and several indi-
cators have been developed to quantify the characteristics of
SUHI, including intensity, footprint, capacity, and so on [11].
Among the aforementioned indicators, the surface UHI intensity
(SUHII) is one of the most widely used key indicators in current
multiscale studies for its simplicity of calculation, comparability,
and relative stability in response to climate fluctuations [12].

SUHII is measured in diverse ways at different scales. At
the city scale, SUHII is typically defined as the LST difference
between urban and nonurban reference area (an area not affected
by urban development) under static conditions based on the
urban–rural dichotomy or urban–rural gradient theory [13]. In
fact, the heterogeneity of the urban thermal environment is not
solely reflected in the macroscopic urban–rural contrast. Rather,
it is also evident in the internal characteristics of the thermal
environment within the urban area, which is not homogeneous
due to its complex landscape composition, urban morphology,
and human activities [14]. Furthermore, the high spatial overlap
with human settlements makes it imperative to investigate local
UHI within urban areas as a means to achieve refined knowledge
benefit for the effective mitigation of microclimate change [15].
In local SUHII studies, thermal environment analysis is typically
conducted in conjunction with urban zoning, encompassing a
range of geographical units, including neighborhood patches,
census units, local climate zones (LCZs), functional zones, and
so on [16], [17], [18]. Among these, the LCZ offers a particularly
effective means of integrating 2-D and 3-D information on
regional patches, including land cover, building characteristics,
morphology layout, and other relevant data. This approach has
the potential to enhance the standardization of urban studies and
facilitate a more nuanced and comprehensive understanding of
urban microclimate characteristics [19]. LCZ has been widely
used in the fields of climate assessment, urban planning, and
sustainability, covering urban thermal health, building energy
consumption, integration of multiscale climate models, urban
development and governance strategies, and so on [20]. Current
LCZ classification methods can be broadly categorized into GIS-
based methods and image classification methods represented by
the World Urban Database and Access Portal Tool (WUDAPT)
[21]. Compared with the former, WUDAPT integrates profes-
sional knowledge and relies on remote sensing images, which
has the advantages of lower data requirements, complete pro-
cess, and relative simplicity, and has received general attention
and application [22]. LCZ-based SUHI studies typically define
local SUHII as the LST difference between built-type zones and
land cover-type zones.

Nevertheless, current SUHII studies that focus on either its
temporal dynamics or its spatial patterns are subject to un-
certainty arising from their inconsistent methods for defining
reference areas. There is no uniformity in the current literature

regarding the selection of reference areas. For instance, at the
urban scale, Siddiqui et al. [23] defined the nonurban area as
a 5-km buffer outside the urban area boundary; Yao et al. [24]
constructed a 10–30 km buffer around the urban area and ex-
cluded water bodies, impervious surfaces, and overheight pixels
as the reference nonurban area; Li et al. [25] employed the
modified equivalent area-rural method to define the reference
area. Furthermore, the methods employed for defining local
SUHII reference zones also differed from each other. For in-
stance, Zhou et al. employed regional mean normalized LST
as the reference temperature. In regard to the applications of
the LCZ framework, diverse types, i.e., dense forest (LCZ A)
[26], low vegetation (LCZ D) [27], and sparse trees (LCZ B)
and water (LCZ G) as key components of urban green space
[28], were, respectively, used as reference areas to quantify
SUHII. These different reference delineation methods are often
inconsistent in terms of both surface characteristics, such as
land cover and landscape patterns, and human-made activities
(infrastructure development, agricultural production activities,
etc.). The associate conjoint impacts will diminish the accuracy
of SUHII assessment and even lead to misinterpretation, creating
difficulties for subsequent policy development and adaptation-
mitigation measures.

Therefore, it is essential to investigate the sensitivity of SUHII
assessment to different methods of reference delineation and
further explore its variations across seasons. The sensitivity test
to identify the optimal method at a specific scale is a funda-
mental step in guaranteeing the applicability and dependability
of SUHII in evaluating the urban thermal environment and the
suitability of subsequent policy measures. Furthermore, such
sensitivity may also present pronounced seasonality, as seasonal
fluctuations in thermal conditions and nonurban landscapes can
directly alter its LST patterns, which complicates intermethod
differences and amplifies the impact of associated uncertainty
[29]. However, the existing limited number of studies exploring
the uncertainty of SUHII assessment using difference references
has rarely concerned its seasonal variations. This has resulted in
an incomplete understanding of the seasonal dynamics of SUHI.

To fill the gaps mentioned above, this study conducted com-
parative experiments of seasonal SUHII estimates using differ-
ent reference delineation methods at both city and local scales.
The objective of this study is to do the following:

1) estimate SUHII on both city and interurban scales using di-
verse ways of reference delineation methods, respectively,
based on urban–rural division and LCZ;

2) explore the spatial patterns and corresponding seasonal
variations with different references;

3) summarize a sort of reference recommendation list for
reliable SUHII estimate.

The results can benefit an improved understanding of SUHII
and its seasonal variation patterns, and further facilitate effective
urban heat mitigation.

II. METHODOLOGY

A. Study Area

The cities in the circum-Taihu Lake region (32.03°N–
30.37°N, 119.14°E–121.34°E) were selected as the study cases
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Fig. 1. Overview map of the circum-Taihu lake region. (a) Geographic location. (b) Regional elevation. (c) Regional land cover.

[see Fig. 1(a)]. The region is situated in the eastern part of
China, with a total area of 23 489 km2. It encompasses the
four regional center cities of Changzhou, Wuxi, Suzhou, and
Huzhou, as well as several satellite cities (Jintan, Liyang, Yixing,
Anji, Deqing, etc.), which constitute an important part of the
Yangtze River Delta region. The regional climate belongs to
the subtropical monsoon climate, characterized by hot summers
and warm winters, with simultaneous precipitation and high
temperatures. The region’s topography is predominantly plain,
with elevated terrain in the southwest and low-lying areas in the
northeast [see Fig. 1(b)]. The regional vegetation is character-
ized by subtropical evergreen broad-leaved forests. The region
has experienced remarkable economic growth since the reform
and opening up, with its GDP increasing from 371.943 billion
yuan in 2000 to 5220.926 billion yuan in 2022, representing a
14-fold increase. The process of industrialization has led to the
advancement of urbanization and a high degree of population
agglomeration. By the end of 2022, the urban resident popula-
tion within the administrative boundaries of Changzhou, Wuxi,
Suzhou, and Huzhou has reached 4.2, 6.2, 10.6, and 2.2 million,
respectively, and the population urbanization rates have reached
78.01%, 83.09%, 82.12%, and 66.4%, exceeding the national
average (65.22%). Meanwhile, the amount of land required for
urban development continues to increase, with the region’s total
impervious surface exceeding 21% by 2022 [see Fig. 1(c)]. How-
ever, the region is also confronted by prominent environmental

issues and increased ecological vulnerability. In particular, urban
sprawl and high-intensity construction has resulted in a deterio-
rated thermal environment and, consequently, exacerbated risks
to the habitat environment [30].

B. LST Retrieval

Landsat 8-9 C2 L2 level data (processed with atmospheric
corrections) from the U.S. Geological Survey1 has been selected
to obtain the 30-m LST through the single-channel algorithm.
The Landsat series, which allows for the effective character-
ization of the surface thermal environment on a continuous
spatial extent in a fine-grained way, has become the main source
data for urban warming studies over the past half-century [31],
[32]. In this study, four remote sensing images of 2022 were
selected to reflect the seasonal variations of LST. The dates
were 17 May [spring, Fig. 2(a)], 28 July [summer, Fig. 2(b)],
6 September [autumn, Fig. 2(c)], and 19 December [winter,
Fig. 2(d)], respectively. The cloud cover of the aforementioned
data was less than 10%. Furthermore, the data have undergone
the requisite preprocessing, including radiometric correction,
reprojection, cloud masking, quality control, unit conversion,
and regional statistics.

1[Online]. Available: https://earthexplorer.usgs.gov/

https://earthexplorer.usgs.gov/
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Fig. 2. Seasonal LSTs in the circum-Taihu region in 2022. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

C. City-Scale Nonurban Reference Delineation

The city-scale SUHII is defined by the LST difference (ΔT)
between the urban area and the selected nonurban reference area.
In detail, if ΔT is greater than 0 °C, it indicates the presence of
a significant SUHI effect, whereas if ΔT is less than 0 °C, it
indicates that the SUHI effect is not significant or even shows
an urban cold island effect [10]. One of the principal contents of
this study is the delineation of nonurban reference areas. Before
this, the study employed a bottom-up city clustering algorithm to
identify urban areas within the 2022 circum-Taihu Lake region.
The following steps were employed:

1) to extract impervious surfaces in the study area based on
the 30-m resolution China Land Cover Data;2

2) to construct a 1 km× 1 km grid to calculate and extract the
grids with more than 50% of impervious surface, which
can be considered as high development intensity units;

3) to aggregate the high development intensity units with a
distance of 2 km.

2[Online]. Available: https://zenodo.org/records/8176941

Ultimately, a total of ten aggregated patches within the study
area were identified as urban areas for the following analysis
(see Fig. 3).

Based on this, eight categories of nonurban references were
selected for the quantification of SUHII in this study (see Fig. 3).
The method definitions and related references are presented in
Table I. Among them, M1 and M2 were classified as fixed area
reference delineation methods, while the remaining six methods
were categorized as buffer area reference delineation methods
based on the extent of the reference and the target urban area
object. Furthermore, to avoid the influence of outliers, the study
excludes internal water bodies (except for the stable landscape
method), impervious surfaces, and overheight pixels (±50 m)
within the nonurban reference areas based on the land cover
data and the digital elevation model [45], [46].

D. Local-Scale Nonurban Reference Delineation

This study presented a comparative analysis of local SUHII
obtained by nonurban reference delineation methods based
on LCZs. It used the WUDAPT system to map the LCZ
of the circum-Taihu region in 2022 and to further conduct

https://zenodo.org/records/8176941
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Fig. 3. Nonurban areas defined by the eight nonurban area reference delineation methods (in summer). (a) Administrative division method. (b) Stable landscape
method. (c) 5-km fixed buffer method. (d) 10-km fixed buffer method. (e) Turning point method. (f) Equal area method. (g) Equal radius method. (h) Footprint-based
method.

TABLE I
URBAN-SCALE NONURBAN REFERENCE DELINEATION METHODS

local-scale SUHII comparisons using references delineated
with different LCZ types. WUDAPT was developed by Ching
et al. [47] with supervised classification of Landsat images
based on urban morphology using the random forest classifi-
cation algorithm. The algorithm employed a classification sys-
tem based on the reflected radiation patterns of multispectral
bands in selected multitype training regions [48]. The WU-
DAPT LCZ standard classification process consists of four
steps.

1) Select typical LCZ areas to be used as training samples
based on the WUDAPT project guidelines, prior knowl-
edge, and other auxiliary data (e.g., land cover, building
layout, building height, etc.).

2) Based on the WUDAPT process framework, the 2022
Landsat remote sensing images were preprocessed by
reprojection, resampling (from 30 to 100 m), clipping and
imported into SAGA GIS software.

3) Supervised classification of the target area using the LCZ
classification tool (random forest based classifier) in the
software and applying filtering to obtain a more homoge-
neous map.

4) Accuracy assessment of the output results.
Fig. 4 presents the final LCZ map of the study area in 2022.

The overall classification accuracy of the urban area, as deter-
mined by random sampling verification of Google Earth images,
was 77.82%, which met the accuracy requirements.
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TABLE II
LST STATISTICS FOR URBAN AREAS AND REFERENCE AREAS IN THE STUDY AREA, 2022

Fig. 4. Distribution and statistics of the LCZs in the circum-Taihu lake in
2022.

The LCZ-based local SUHII is usually defined as the LST
difference between the built-type zone and the land cover zone.
In this study, due to the limited samples of LCZ D (low plants)
and LCZ E (Bare rock or paved) in the region, it was necessary to
reclassify LCZ D as its similar type of LCZ C (bush and scrub)
and LCZ E as a neighboring building-type LCZ in the classifi-
cation process. On this basis, the study selected the overall land
cover zone (LCZ N) and each type of land cover zone (LCZ A,
LCZ B, LCZ C, LCZ F, and LCZ G) as the nonurban references
for calculating SUHII for overall and each type of built-type
zone (LCZ 1, LCZ 2, LCZ 3, LCZ 4, LCZ 5, LCZ 6, LCZ 8, and
LCZ 10), respectively.

III. RESULT

A. Impact of Different Reference Delineation Methods on
Urban-Scale Seasonal SUHII Assessment

The study summarized the LST levels in the urban areas
and multiple nonurban reference areas in 2022 (see Table II).

First, the region presented the SUHI effect (ΔT>0 °C) with
the LSTs in nonurban areas, whichever reference delineation
method was used, being lower than those in built-up urban areas.
A comparison among all eight methods revealed that the M6 gen-
erated the highest reference LSTs in spring (31.65 °C), autumn
(32.63 °C), and winter (8.61 °C). By contrast, in summer, the
highest reference LST was obtained by M7, reaching 38.83 °C.
Furthermore, the reference areas delineated by M2 exhibited
lower LST values throughout the year. Notably, it was observed
that, except for M2, all other methods generated reference LSTs
with the standard deviations being higher than that of the urban
areas, indicating greater LST variability in these reference areas.

The seasonal variations of the SUHIIs estimated using dif-
ferent references were presented in box plots (see Fig. 5). On
average, covering SUHIIs estimated using all reference delin-
eation methods, the interseasonal SUHII variations exhibited a
pattern with spring (5.90 °C) > summer (5.74 °C) > autumn
(4.17 °C) > winter (1.51 °C). Furthermore, the study was
subjected to analysis using ANOVA and post hoc multiple com-
parisons REGWQ methods, which revealed that SUHII values
obtained from different reference delineation methods within
each season exhibited considerable variability (see Fig. 5). The
greatest variability in SUHII was observed in winter (F= 117.43
and p<0.01), followed by spring (F = 75.92 and p<0.01),
summer (F = 10.79 and p<0.01), and autumn (F = 8.62 and
p<0.01). A comparison among all methods revealed that the
highest SUHII was obtained using M2, with 12.72 °C in spring,
9.82 °C in summer, 6.77 °C in autumn, and 4.82 °C in winter.
In comparison, the lowest SUHII in spring (4.53 °C), autumn
(3.43 °C), and winter (0.70 °C) was obtained using M6, while the
lowest value in summer (4.89 °C) was obtained by M7. Besides,
there was a significant difference among seasons while using the
same reference delineation method (p<0.01). The interseasonal
variability among eight methods was quantified as M6 (F =
78.57) > M3 (F = 59.67) > M4 (F = 52.43) > M7 (F = 46.37)
> M2 (F = 44.41) > M5 (F = 31.27) > M8 (F = 27.64) > M1
(F = 13.32).

Furthermore, the spatial patterns of SUHIIs estimated by spe-
cific area reference delineation methods (M1 and M2) exhibited
greater standard deviations, namely, greater spatial variability, in
comparison with the other six buffer area methods (see Fig. 6).
The study further examined the spatial pattern consistency of
SUHII results obtained using different reference delineation
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Fig. 5. Box plots of city-scale seasonal SUHII estimated based on the different reference delineation methods. Note: Different letters represent significant
differences between methods, e.g., a and b, while ab indicates a nonsignificant difference between them. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

Fig. 6. Correlation coefficients of city-scale SUHIIs between any pair of
reference delineation methods for all seasons. Note: Larger ellipse area indicated
a greater standard deviation of data distribution; larger values represent a greater
consistency in the distribution of the data. (a) Spring. (b) Summer. (c) Autumn.
(d) Winter.

methods in combination with Spearman correlation analysis.
Overall, the strongest correlations were observed in summer and
autumn, which were significantly larger than those in spring
and winter. This indicates that, at the city scale, the spatial
distributions of SUHII obtained by different methods exhibited
higher degrees of consistency in summer and autumn, while
exhibiting weaker or even opposing distribution characteristics
in spring and winter. In detail, in spring, the SUHII estimated
by all eight methods showed positive correlations, especially
between the SUHII obtained by the buffer area reference delin-
eation methods. There were significant relationships between
M3-M4-M7-M8 and between M3-M6 (p<0.05). In contrast,
the correlation between the results generated by the fixed area

reference methods (M1 and M2) and the other methods was low
and not even significant; in summer and autumn, the SUHII esti-
mated by each method exhibited high positive correlations, with
the relationships being significant in all cases except between M1
and M7 in autumn. In comparison with the other seasons, the
correlation coefficients between methods were generally lower
in winter, with the relationships being significant only between
M3-M5-M6, M6-M7, and M4-M8.

B. Impact of Different Reference Delineation Methods on
Local-Scale Seasonal SUHII Assessment

The study obtained the LCZ mapping of the circum-Taihu
region based on the WUDAPT system process and conducted
a statistical analysis regarding the LSTs in each zone across all
seasons (see Table III). The results demonstrated that among
the built-type LCZs, the higher values of spring and summer
LST were observed in the LCZ 3 region, reaching 39.09 °C
and 46.92 °C, respectively. In contrast, in autumn and winter,
they were observed in the LCZ 8 region, reaching 38.18 °C and
10.26 °C, respectively. Overall, the lowest LST values were ob-
served in LCZ 10 (spring, 34.31 °C), LCZ 6 (summer, 42.08 °C),
and LCZ 4 (autumn, 34.90 °C; winter, 7.91 °C). Furthermore,
in all seasons, the LSTs were generally lower for the land cover
types of LCZ than for the built types. Among the land cover
types, the higher LSTs were observed in LCZ F during the spring,
summer, and autumn months, reaching 33.54 °C, 41.89 °C, and
34.44 °C, respectively. In contrast, during the winter, higher LST
was observed in LCZ B (9.10 °C). The lowest values of seasonal
LST for the land cover types were all distributed in LCZ G.
Furthermore, it was found that the land cover types exhibited
greater variability among LCZs compared with the built-type
LCZs. Specifically, LCZ 5 and LCZ 10 in the built types and
LCZ F in the land cover type showed greater variability within
their respective LCZ category.
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TABLE III
SEASONAL LST STATISTICS FOR BUILT-TYPE AND LAND COVER-TYPE LCZ, 2022

Fig. 7. Box plots of local-scale seasonal SUHII estimated based on different LCZ references. (a) Spring. (b) Summer. (c) Autumn. (d) Winter.

In this study, the land cover-type LCZs were selected as
references to local-scale SUHII (see Fig. 7). In general, SUHIIs
estimated using all reference delineation methods exhibited a
pattern with spring (5.26 °C) > summer (5.04 °C) > autumn
(3.26 °C) > winter (0.69 °C). Meanwhile, the local-scale SUHII
estimates demonstrated considerable intermethod variability,
which was most pronounced in spring (F = 19.73), followed
by autumn (F = 12.43), summer (F = 10.50), and winter
(F = 6.28). The local SUHII values estimated based on the MG
(water) method were found to be significantly higher than those
of the other methods in all seasons, reaching 9.43 °C (spring),
7.45 °C (summer), 5.49 °C (autumn) and 1.94 °C (winter),
respectively. In contrast, the local SUHII obtained by the MF
(bare soil or sand) and MB (scattered trees) methods is lower,
especially the winter local SUHIIs obtained by MB, which was
less than 0 °C, i.e., it showed a cold island effect opposite to the
results obtained by other methods. In addition, the study found
significant seasonal variability in the results obtained by each
reference method. Specifically, the interseasonal variability of
the methods was categorized in descending order as MB (F =
66.14)>MN (F= 44.59)>MG (F= 40.63)>MC (F= 34.72)
> MA (F = 33.84) > MF (F = 2.11).

About the spatial distribution patterns of local SUHIIs (see
Fig. 8), it was observed that, among all six methods, the standard

Fig. 8. Correlation coefficients of local-scale SUHIIs between any pair of
reference delineation methods for all seasons. Note: Larger ellipse area indicated
the greater standard deviation of data distribution; larger values represent the
greater consistency in the distribution of the data. (a) Spring. (b) Summer.
(c) Autumn. (d) Winter.
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deviation of SUHII obtained using MF was greater in spring,
summer, and winter, while MG yielded higher values in autumn.
In contrast, SUHII estimated by MB showed less spatial vari-
ation in all seasons. In terms of the spatial pattern consistency
under different reference delineation methods, it is found that
the results exhibited strong spatial consistency in summer, which
was greater than that in winter, autumn, and spring, sequentially.
In detail, in the spring, the majority of the results obtained by the
methods showed lower and even negative correlations. Only the
results obtained by MG-MF-MN were significantly correlated
in a positive manner (p<0.05). In contrast, summer showed a
general positive correlation between the methods, and more than
half of the pairwise relationships were significant. In autumn
and winter, the relationships between SUHII results exhibited
similar characteristics to those observed in the spring, namely
low correlations and a limited number of significant correlations.
Only the relationships between MB-MC (autumn and winter),
MG-MN (autumn and winter), MF-MG (winter), and MF-MN
(winter) were found to be significant.

Beyond the analyses that considered the built-type LCZs as
a whole, the study further explored the impact of reference
delineation on the assessment of SUHII to its subcategories (see
Fig. 9). Overall, seasonal SUHII obtained by different methods
showed a general and significant variability (p<0.01) across
LCZs of each built type. The greatest variability in SUHII
obtained by different methods occurred in spring for LCZ 1,
LCZ 2, LCZ 3, LCZ 5, LCZ 8, and LCZ 10, in autumn for LCZ 4,
and in summer for LCZ 6. In winter, SUHII variability was
generally low across the LCZs. The local significant high
SUHIIs obtained based on MG were also validated in each
built-type LCZ compared with other reference methods. Overall,
the higher values of SUHII in spring (11.96 °C) and summer
(9.98 °C) occurred in LCZ 3, and higher values in autumn
(7.39 °C) and winter (3.22 °C) occurred in LCZ 8. Furthermore,
the greatest interseasonal variations in SUHII were obtained
based on MG and MA, with the former commonly occurring
in LCZ 1, LCZ 2, LCZ 3, LCZ 4, LCZ 5, LCZ 6, LCZ 8, and
the latter in LCZ 10.

Spatially, a more discrete distribution pattern of local SUHIIs
obtained by MF was observed for most of the built-type LCZs.
The study examined the consistency of SUHII results across
different reference delineation methods for each built-type LCZ,
in conjunction with correlation analyses (see Figs. 10 and 11).
The results demonstrated that the spatial consistency of SUHII
results varied among built-type LCZs and exhibited evident
seasonal instability. In general, the high levels of correlations
were mainly observed in summer (LCZ 1, LCZ 2, LCZ 3, LCZ 4,
and LCZ 5) and autumn (LCZ 6, LCZ 8, and LCZ 10). This
indicated that, for the aforementioned LCZs, the SUHII results
quantified by each method exhibited a high degree of consistency
in the corresponding seasons. In contrast, during spring (LCZ 1,
LCZ 2, LCZ 3, LCZ 5, LCZ 8, and LCZ 10), autumn (LCZ 4),
and winter (LCZ 6) seasons, the SUHII pairwise relationship
correlations were low or even exhibited negative correlations.
This suggested that the spatial distribution patterns of SUHII
were unstable or even opposite among the different methods.

IV. DISCUSSION

A. Uncertainty Introduced by Reference Selection for SUHII
Quantification

The quantification of SUHII at the urban scale is subject to
multiple uncertainties that may affect the accuracy and reliability
of the research results. These uncertainties include differences in
geographical condition (topography and climate), methodology
(measurement methods and data sources), study scale (time and
space), reference areas area selection, and type and intensity of
human activities, among others [49]. In particular, the uncer-
tainty associated with reference selection arises whenever the
definition of the SUHI is misunderstood as the simple temper-
ature difference between urban and nonurban reference areas
and the references are not selected to highlight the impact of
urban effects [33]. This is, therefore, a primary and fundamental
problem in reliable urban climate research. Reference areas,
which serve as the spatial carriers of many climate-associated
features (land cover, meteorological conditions, topographic
relief, etc.), present varying temperature levels across time and
space [50]. Therefore, the selection of appropriate reference
areas is of paramount importance for the accurate calculation of
SUHII, especially for comparative studies across time or space.

The study compared and analyzed the SUHII obtained by
the existing mainstream reference delineation methods, and the
results revealed significant horizontal intermethod and vertical
interseasonal differences. First, the discrepancy in SUHII es-
timates obtained by different methods is due to the inconsis-
tency in the extent of nonurban areas and their internal surface
characteristics obtained by different methods. This is evidenced
by the disparate fixed-specific areas (M1 and M2) and buffer
distances (M3, M4, M5, M6, M7, and M8). Specifically, the
former provides a consistent reference point. With a fixed re-
gion selected, data collection and analysis are relatively simple,
facilitating repeated experiments and comparative studies across
cities. However, the fixed-area reference faces the impact of un-
certainty brought about by differences in factors, such as regional
environment, land cover, size, and location For instance, as for
the two fixed-area reference methods, the area delineated by the
administrative division method encompasses a diverse array of
land covers (woodland, grassland, water bodies, cropland, etc.)
and local topographic variations, whereas the area of the stable
landscape method is constituted solely of water bodies and is rel-
atively smooth [51]. These differences and their indirect effects
(e.g., heat capacity, wind field, evapotranspiration, etc.) resulted
in a significant difference in the SUHII obtained by the two
methods, which was much higher than that obtained by the other
methods. Furthermore, circular areas (buffer strips) delineated
based on varying buffer distances are deemed an appropriate
representation of the reference area (suburban or rural) [52]. The
buffer zones are typically situated adjacent to the urban bound-
ary, and their dimensions and position can be modified according
to the requirements of the study, thus creating a flexible reference
area. However, there are no standards for the buffer distances that
appear in the existing studies, and few studies have investigated
the effect of buffer radius on SUHII. In addition, the diversity
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and variability of land cover and land use types within buffer
zones introduce more uncertainty in temperature measurements
[53]. The findings of this study validate the differences that
different buffer distances can bring to SUHII assessment. The
mean values of SUHII obtained based on M5 (turning point
method) were high, especially in spring, and the difference with
other similar methods was very significant. This phenomenon
can be attributed to the buffer approach of the method. The
buffer was defined as the lowest point in the temperature curve of
several continuous buffers. This temperature was typically lower
than the reference temperature of other methods, which enabled
the attainment of higher SUHII values [54]. Furthermore, there
were minor discrepancies between SUHII values obtained by
comparable methods, except for M5. This can be attributed to the
fact that LST typically declines exponentially with increasing
distance from the urban boundary. Despite the disparity in buffer
radius among methods, it did not significantly alter the mean
LST of the buffer, which consequently resulted in no notable
discrepancy in SUHII [40]. It is noteworthy that M8 generated
a lower SUHII in the method comparison. Such a result may be
caused by the additional thermal impact of neighboring urban
patches, particularly in areas with a dense distribution of urban
patches.

The dynamic changes in the reference area, represented by
seasonal differences, performed as a key factor exacerbating the
uncertainty in depicting the spatiotemporal variation patterns of
SUHII. On the one hand, SUHII values obtained by the same
reference method showed significant seasonal differences (see
Fig. 5). On the other hand, SUHII differences estimated based on
the same reference methods were not consistent across seasons
(see Fig. 6). Although the spatial extent of the reference area is
relatively fixed, which helps to control disturbances caused by
urbanization, there are interseasonal variations in nonurbanized
elements, such as meteorology, biology, soil, and human activi-
ties, which drive the reference area to exhibit temporal instability
[55]. This will increase the uncertainty in SUHII assessment,
leading to inaccurate or even erroneous understanding of the
spatial pattern, temporal evolution, and driving mechanisms of
the urban surface thermal environment. This consequently poses
a challenge to the implementation of multifaceted adaptation-
mitigation measures, such as the subsequent policy designation,
planning implementation, and individual coping. To quantify
SUHII in an objective and universal manner, and to obtain
reliable information and knowledge about the characteristics and
drivers of the urban surface thermal environment, it is necessary
to employ appropriate standardized reference methods, as well
as to synthesize the temporal evolution and control potential
disturbing factors in nonurban areas.

A series of methods based on image elements or small-scale
relative mean patches have been developed to get rid of the
uncertainty associated with the urban–rural dichotomy-based
SUHII assessment. Among them, LCZs provide a classifica-
tion criterion for interurban SUHII investigation [56], [57]. In
comparison with SUHII calculations based on the urban–rural
dichotomy, this approach gives more comprehensive consid-
eration to land cover and building structure characteristics,
thereby enhancing the scientific validity and reliability of the

results. Concurrently, the meticulous categorization and high
spatial resolution characteristics of this approach facilitate the
identification of smaller scale microclimate features that are not
discernible through the use of an urban-scale methodology. This
enables a more detailed and targeted response [58], [59]. How-
ever, the LCZ-based SUHII calculation method is still similar to
the urban-scale method, which is a simple difference operation
between the target LCZ (built LCZ) and the reference LCZ (land
cover LCZ), which leads to similar uncertainties in the SUHII
estimate. First, previous studies lacked a uniform definition of
reference LCZs, which resulted in a lack of comparability and
generalizability of the findings. It was demonstrated that the
local SUHII obtained based on the MG method was considerably
higher than that of other methods. This was attributed to the
distinctive physical properties of the water body, which exerted
a significant influence on LST. On the one hand, the heat capacity
of water bodies is considerably higher than that of soil or
vegetation, which can absorb and store more heat. On the other
hand, water bodies consume a considerable amount of heat due
to the evaporative cooling effect, which leads to a significant
reduction in temperature. A lower reference LST leads to an
overestimation of the SUHII when the LST of the target LCZ
is constant [60], [61]. Similarly, the SUHII was underestimated
in the reference case with bare ground with opposite physical
properties (low heat capacity and high albedo). It is worth noting
that this situation was not robust between seasons, showing poor
seasonal consistency (see Fig. 8), which can be attributed to
seasonal differences in the mechanisms of land cover action.
This was more pronounced on bare ground (LCZ F) where solar
radiation was strong in summer and the cover itself heated up
faster due to its low heat capacity and high thermal conductivity,
resulting in higher daytime LSTs, while in winter, there was less
solar radiation and the cover itself had a low heat capacity and
lack sufficient insulation to prevent rapid heat loss, resulting
in lower daytime temperatures in winter [62]. There were also
LST variations in vegetated areas due to different mechanisms.
In summer, the transpiration and shading insulation effects of
vegetation bring about lower LSTs compared with the surround-
ing area, while in winter, LSTs are higher compared with the
bare surface due to the insulating effect of the canopy and the
reduction of ventilation heat from increased surface roughness
[63], [64], [65]. Consequently, neglecting perturbations due to
differences in the seasonal driving mechanisms of the LCZs
themselves and their temperature response, especially the land
cover-type LCZs used as references, can introduce uncertainty
in local SUHII assessment.

B. Selection Strategy of Reference Methods for SUHII
Quantization

To control the uncertainties in SUHII estimate and the associ-
ated spatiotemporal pattern exploration, it is imperative to raise
effective strategies for optimized reference selections.

Combining the experience of previous studies with the results
of this study, the urban-scale reference methods were ranked in
order of applicability and reliability as follows: Administrative
division method < fixed-distance buffer method < turning point
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method < stable landscape method < footprint-based method.
First, the least recommended is the division based on adminis-
trative regions. This method is only suitable for use in specific
cases, where there is a high degree of homogeneity within the
region, including topography, meteorology, landscape, and so on
[33]. Moreover, nowadays, with the development of urban ag-
glomerations, urban areas show spatial proximity, connectivity,
and integration, which strengthens the inapplicability of this type
of method [66]. Second, methods for establishing buffer zones
immediately adjacent to urban boundaries, such as the M3, M4,
M6, and M7 methods. It must be recognized that the temperature
of the region beyond the urban boundary can be influenced by the
urban area. The difference between the environment inside and
outside the boundary increases the advection effect between the
regions, leading to a spillover of high temperatures and bringing
additional heat to the environment outside the domain [67].
As a result, the urban–rural temperature curve showed a single
exponential decline rather than a cliff-like decline as one moved
away from the urban boundary. In some studies, the urban–rural
gradient has also been defined as the urban, expansion area, and
rural levels for analysis of the thermal environment [68]. There-
fore, the construction of a buffer zone immediately adjacent to
the boundary as a reference area unaffected by urban influence
is inappropriate and tends to underestimate SUHII, as verified in
this study (see Fig. 5). Likewise, the outer boundary of the buffer
zone should not be too far away. Differences in meteorological
conditions, landscape and topographic conditions, etc., brought
about by excessive distances can also cause disturbances in the
estimation of SUHII [69]. In addition to the aforementioned
issues, the invariant buffer radius of patches (M3 and M4) and
the spatial overlay issues that arise in dense urban areas can
give rise to significant uncertainty in the assessment of SUHII
[70]. Third, the method using turning point (M5) identified the
reference area based on the urban–rural LST gradient and can
mitigate the additional impact of urban heat spillover effects.
Thus, this method was demonstrated to be superior to the first
method. However, this method is also confronted by a series
of problems in practical application. It is highly sensitive to
outliers and, thus, requires detailed exclusion of potentially
influential pixels, especially in large water bodies. The influence
of outliers on a regional scale may result in turning points
that are not easily identified and increase the cost of compu-
tational time. Next, the existing studies were inconsistent in
their methods of identifying turning points (visual inspection,
locally weighted regression, nonlinear fitting, etc.) [54], [71],
[72]. The identification of turning points based on different
methods produced disparate results, making it challenging to
compare SUHIIs identified through such methods. The fourth is
the stable landscape method. This study selected the large water
body in the region, Taihu Lake area. In comparison with other
methods, large water bodies serve as a reference point with a dis-
tinct advantage in estimating SUHII due to their larger volume,
spatial and property stability, and less influence of urbanization
on temperature. This allows for the effective carrying out of
interseasonal and interannual comparisons. The method also
exhibits certain limitations. On the one hand, the lower reference
temperature of large water bodies results in an overestimation

of the absolute value of SUHII. On the other hand, the method is
less generalizable, and such a large and stable landscape cannot
be found in all regions, which represents the most significant
limitation of the method. Finally, the most recommended for the
study is the footprint-based method (MF). Although the SUHII
obtained based on this method was not significantly different
from buffer-based methods, it was designed to take into account
the high-temperature spillover effects due to temperature differ-
ences between peri-urban environments. Furthermore, despite
the differences in specific modeling approaches to quantify the
footprint of existing methods, such as Gaussian surface fitting
and nonlinear decay models, the underlying premise of these
methods is consistent. This is the monotonic decay trend of the
urban–rural temperature gradient in the presence of a significant
UHI effect [73]. This lays the foundation for enhancing the
comparability of the results. It is important to note that, when
applying the method, it is essential to maintain independence in
the selection of the reference area and to avoid the influence of
other urban areas in the vicinity.

On the local scale, the study revealed significant differences
in SUHII assessment using different land cover-type LCZs as
references (see Fig. 7) and further reported strong inconsisten-
cies in all seasons except summer in spatial patterns (see Fig. 8).
Overall, our recommended order of reference zone selection is
LCZ C (LCZ D) and LCZ B > LCZ G and LCZA > LCZ F.
First, LCZ F, which is the LCZ with the highest similarity to
the built-type LCZ, is the least recommended. Due to its high
surface albedo and the lack of moderating effect of vegetation
cover, there are significant diurnal, seasonal, and interannual
variations in its LST, which makes it challenging to achieve a
precise SUHII estimate. Next, there are LCZ A and LCZ G, both
of which are better than LCZ F in terms of the stability of their
internal temperatures. However, their application is limited by
their small and scattered distribution, especially in LCZ A, which
mostly exists in topographically complex zones and produces
complex impacts that are difficult to control. Previous studies
have confirmed that blue–green infrastructure reaches a certain
size threshold before it can fully exert its cooling effect [74].
Similarly, the internal temperature of smaller and fragmented
blue–green patches is highly susceptible to the influence of
the surrounding built environment, which, in turn, affects the
accuracy of their reference temperature. In contrast, LCZ C
(LCZ D) and LCZ B are more widely distributed, with their
primary function in urban areas being urban parks. This confers
upon them an advantage in terms of being used as a reference
for SUHII calculation.

C. Mitigation Strategies, Limitations, and Prospects

In addition to investigating the uncertainties introduced by
differences in reference methods, the study also validates the
substantial multiscale SUHI effects within this region. In order to
offset the detrimental effects of this phenomenon on ecological
security and sustainable development, it is imperative to imple-
ment a multifaceted approach that integrates policy, planning,
and technology in a unified manner. At the macrocity scale,
measures should be oriented toward comprehensive planning
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and policy development. It is incumbent upon governing bodies
to implement rigorous standards of building energy efficiency
and to provide appropriate economic incentives with a view to
promoting the development, dissemination, and application of
cooling technologies and materials. Concurrently, the advance-
ment of blue–green infrastructure and ecological restoration
initiatives should be facilitated through the implementation of
greening regulations and planning guidelines, with the objective
of optimizing urban form and land use [13]. In addition, a
real-time monitoring system should be synchronized to provide
scientific guidance for policy implementation and adjustment.
Furthermore, it is imperative to reinforce regional coordination
and collaboration, particularly within urban agglomeration re-
gions, in order to establish comprehensive regional ecological
protection and climate regulation systems [75]. This will facili-
tate the sharing of data, technology, and experience, enabling
a collective response to the seasonal UHI effect, which is a
consequence of climate change. At the local neighborhood level,
mitigation measures should focus on area-specific microclimate
improvements, particularly in the compact low-rise (LCZ 3),
open low-density (LCZ 8), and compact midrise (LCZ 2) blocks.
Adaptations to specific neighborhood characteristics and cli-
matic conditions can be made to achieve more effective UHI
mitigation. For example, in high-density areas, such as LCZ
3 and LCZ 2, measures, such as the use of efficient shading
devices, green roofs, and improved building design, should
be considered to reduce the heat island effect. For low- and
medium-density zones, such as LCZ 8, localized warming can
be mitigated by measures, such as increasing green roofs, street
greening, and the use of cooling materials [76]. In addition,
energy-saving retrofitting of buildings should be promoted, such
as the installation of high-efficiency air conditioning systems to
reduce local heat emissions. These measures can significantly
reduce the SUHI effect at the local scale and improve the living
comfort of residents.

This study is subject to certain limitations. First, this study
explored the seasonal change of the sensitivity of SUHII estimate
to the diverse methods of reference delineation, yet the variations
on other timescales, e.g., interannual scale or long-term trends,
were note considered. Second, the results generated by the re-
motely sensed LST data may not necessarily apply to those using
air temperate data. Future research is encouraged to explore the
similarities, differences, and advantages of different reference
delineation methods in air temperature-based UHII analysis.
Third, the spatial scope of this study is limited to the circum-
Taihu Lake cities, which are relatively homogeneous in terms
of internal geographic conditions, climatic resources, locational
characteristics, and anthropogenic factors. In the future, it is
necessary to explore the differences in SUHII assessment results
brought about by different reference methods on a larger spatial
scope to verify the robustness and applicability of the results.
Moreover, due to computational costs, data requirements, and
prior knowledge requirements, the existing studies assessing
SUHII based on LCZ mostly focused on the local scale [77]. In
future studies, we will incorporate such efforts into urban-scale
SUHI assessment using the footprint-based method. With the
simultaneous delineation of LCZ-based urban and reference

areas, the later will be further “refined” and “dynamically con-
trolled” to more stable and homogeneous land cover-type LCZs,
thereby enhancing the effectiveness and generalizability of the
reference delineation methodology.

V. CONCLUSION

This study examined the existing urban-scale and local-scale
reference delineation methods for SUHII estimate and the asso-
ciated spatial and seasonal variations, with the specific case of
the circum-Taihu Lake region.

At the city scale, the results revealed significant variability
among different methods, especially in winter. Higher values
of SUHII for all seasons were obtained based on the stable
landscape method, while lower values were generated with the
equal radius method (spring, autumn, and winter) and the equal
area method (summer). In terms of spatial patterns, the spatial
heterogeneity of SUHII obtained by reference identified as a
specific area was stronger than that based on methods using
buffer area references. The SUHIIs obtained by the eight meth-
ods exhibited strong spatial consistency in summer and autumn,
while they were weaker in spring and winter, or even showed
opposite distribution characteristics.

At the local scale, the overall SUHII of built-type LCZs ob-
tained from different land cover references showed the greatest
difference in the spring. Across seasons, the SUHII obtained
based on the LCZ G reference was higher, while the SUHII
obtained based on the LCZ F and LCZ B was lower. Meanwhile,
the acquired SUHII results showed strong spatial consistency
during summer. For specific built-type LCZs, it was found that
the largest intermethod differences in SUHII assessments for
LCZ 1, LCZ 2, LCZ 3, LCZ 5, LCZ 8, and LCZ 10 occurred
in spring, LCZ 4 in autumn, and LCZ 6 in summer. The spatial
patterns and seasonal instability of SUHII obtained based on
the different methods also presented differences among built-
type LCZs. High spatial pattern consistency was predominantly
found in summer (LCZ 1, LCZ 2, LCZ 3, LCZ 4, and LCZ 5)
and autumn (LCZ 6, LCZ 8, and LCZ 10), which was lower in
spring and winter.

Finally, based on the experience of previous studies and the
results of this study, the uncertainties and selection strategies of
SUHII assessment methods based on urban–rural division and
local climate zoning were summarized. On the urban scale, the
applicability was ranked as administrative division method <
fixed-distance buffer method < turning point method < stable
landscape method < footprint-based method. On the local scale
based on LCZ, the ranking was then as LCZ C (LCZ D) and
LCZ B > LCZ G and LCZA > LCZ F. This research provides
empirical evidence supporting the appropriate nonurban refer-
ence delineation for reliable SUHII estimate, which may fa-
cilitate improved understanding of the spatiotemporal patterns,
evolving processes, underlying mechanisms, and possible solu-
tions of urban heat under rapid urbanization and global climate
change.

APPENDIX
See Figs. 9–11.
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Fig. 9. Local seasonal SUHII of different built-type LCZs based on multiple references defined using different land cover-type LCZs.

Fig. 10. Correlation coefficients of local-scale SUHIIs of LCZ 1, LCZ 2, LCZ 3, and LCZ 4 between any pair of reference delineation methods for all seasons.
Note: Larger ellipse area indicated the greater standard deviation of data distribution.
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Fig. 11. Correlation coefficients of the local scale of SUHIIs LCZ 5, LCZ 6, LCZ 8, and LCZ 10 between any pair of reference delineation methods for all
seasons. Note: Larger ellipse area indicated the greater standard deviation of data distribution.
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