Online First: This article has been peer-reviewed and accepted, and is awaiting editing or assignment to a final issue, but it is citable using its DOL

FORUM GECGRAFI

ISSN: 0852-0682 | E-ISSN: 2460-3945

HTTPS://JOURNALS.UMS.AC.ID/INDEX.PHP/FG/

Review article

Local Climate Zones in Tropical Urban Environments: A Review

Citation:

Harimudin, J., Choy, L. K., & Ata, F. M.

(2026). Local Climate Zones in Tropical
Urban Environment: A Review. Forum

Geografi. 40(2), XX-XX.

Article history:

Received: 20 November 2025
Revised: 16 March 2026
Accepted: 21 May 2026
Published: 26 May 2026

Copyright: © 2026 by the authors. Sub-
mitted for possible open access publica-
tion under the terms and conditions of
the Creative Commons Attribution (CC
BY) license (https://creativecom-

mons.org/licenses/by/4.0/).

Jamal Harimudin, Lam Kuok Choy”, Frankie Marcus Ata

Geography Program, Centre for Research in Development, Social & Environment, Faculty of Social Sciences & Huma-
nities, Universiti Kebangsaan Malaysia, Bangi, Malaysia.

" Correspondence: lam@ukm.edu.my

Abstract

Local climate zones (LCZs) were originally proposed to redefine the rural-urban dichotomy, while providing
a standardised framework for urban heat island (UHI) studies worldwide. The UHI phenomenon, characte-
rised by rising land surface temperature (LST), particularly in urban areas, has become a global urban envi-
ronmental issue. At the same time, experts project that cities in tropical macroclimate regions will experience
UHI effects more rapidly. Therefore, this literature review examines the development of the LCZ framework
and identifies future research directions to address global climate change, particularly within tropical urban
environments. The study employs the PRISMA framework within the Scopus database, identifying 51 do-
cuments suitable for further analysis. Descriptive analysis indicates that LCZ studies are distributed across
60 cities, with Nagpur (India) being the most prominent. Meanwhile, the publication frequency fluctuates,
with 2024 recording the highest number. A bibliometric analysis of authors revealed that at least 10 of the
most productive researchers originated from different countries, institutions and disciplines. In addition, a
bibliometric analysis of keywords identified 18 terms with the highest co-occurrence rates, which constitute
the themes of current LCZ research. Remote sensing (RS)-based methods, employing supervised pixel-based
analysis with a random forest classifier developed within the WUDAPT project, dominate LCZ mapping
approaches, alongside expert-based and geographic information system (GIS)-based methods. Based on a
thematic analysis, the applications of LCZ across various fields include the UHI effect and its mitigation,
surface temperature monitoring, heat risk, heat stress and heat hazards, thermal comfort, energy consumption
and balance, urban climate modelling, urban planning, and other applications such as urban health and air
quality. In the future, LCZ in tropical macroclimate regions is likely to become a highly complex field of
study, requiring the involvement of multidisciplinary approaches.

Keywords: heat island; literature review; LCZs; tropics; urban environment.

1. Introduction

By 2018, more than half of the world’s population was living in urban areas. Urbanisation has
nearly doubled, reaching 55 per cent, up from 30 per cent in 1950, and is projected to reach 68
per cent by 2050 (United Nations, 2019). Over the last few decades, the growth of the global
population has boosted urbanisation, triggering massive development across the world (Asnawi
et al., 2024). In addition to uncontrolled growth, urbanisation results in significant changes to the
form, order, structure and metabolism of the landscape, ultimately altering the local climate of the
region (Xue ef al., 2020). Dense building structures, impervious surfaces, limited vegetation and
anthropogenic heat emissions can cause urban air temperatures to rise above those of surrounding
areas (Wellinger et al., 2024). This phenomenon, referred to as the urban heat island (UHI), has
become a serious challenge for the global urban environment. At present, more pronounced re-
gional warming is occurring in many parts of the world. It is estimated that between 20 and 40
per cent of the world’s population has experienced an increase in air temperature exceeding 1.5 °C
during at least one season in the region where they reside (Allen ef al., 2022).

The UHI phenomenon (Figure 1) is defined as the temperature difference between urban and rural
areas, generally caused by rising temperatures in city centres (McCarthy & Sanderson, 2011). It
is generally categorised into surface urban heat islands (SUHI), canopy urban heat islands (CUHI)
and boundary layer urban heat islands (BUHI) (Fernandes et al., 2023; Dewan et al., 2021; Voogt
& Oke, 2003). However, in much of the literature, SUHI has become the primary focus of research
and has often been equated with the term UHI itself.

Although research on the UHI effect has advanced significantly, experts have only recently rea-
lised that the definitions of “urban’ and “rural” remain ambiguous. In numerous studies, the des-
criptions of such areas in one region differ from those in another (Xue et al., 2020), leading to
biased definitions of the two terms. As a result, inconsistencies arise in UHI intensity when em-
ployed as a parameter for measurement. To address these challenges, Stewart and Oke (2012)
introduced the concept of local climate zones (LCZs), defined as areas characterised by similar
surface cover, structure, materials and human activities, ranging from hundreds of metres to se-
veral kilometres in horizontal scale.
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Figure 1. Illustration of an urban heat island (UHI) (Fernandes et al., 2023).

Implicitly, this definition encompasses three elements: the local scale, the climatic nature and the
reflection of zones. The primary objective of the LCZs framework is to standardise urban tempe-
rature observations in order to support UHI research globally. The LCZs classification system
consists of 17 standard classes: LCZ classes 1 to 10, representing “building” types, and LCZ
classes A to G, representing “land cover” types (Figure 2). All LCZ types can represent “heat
islands”, which refer to the urban canopy layer, where heat is measured at a height of 1-2 metres
above the ground. The urban canopy layer is quantified using urban canopy parameters (UCPs),
comprising ten parameters based on geometric, thermal, radiative and metabolic properties, as
defined in Table 1. Therefore, each LCZ class corresponds to a specific UCP value.
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Figure 2. Local climate zones (LCZs) classified into built types and land-cover types (Demuzere et al.,
2020).

To date, LCZ studies have been conducted on every continent apart from Antarctica (Wang et al.,
2024), including investigations into the relationship between LCZ, land surface temperature
(LST) and the UHI effect. However, the warming effect is strongly dependent on the macrocli-
matic conditions of each city (Stewart & Oke, 2012). A study by Zhang et al. (2024a) found that
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tropical regions are the most vulnerable to increases in LST due to population and road network
density. At the same time, developing countries, which are generally situated in tropical regions,
have experienced the most rapid population growth and unsystematic developmental activities,
which have often led to the changes in land use and land cover experienced in recent years (Roth,
2007; Choy et al., 2020). Furthermore, the IPCC projects that tropical regions will undergo subs-
tantial temperature increases during the twenty-first century (Marcotullio et al.,, 2021; IPCC,
2014). Therefore, this study presents a literature review of LCZs, with a particular focus on cities
situated within the tropical macroclimate regions.

Table 1. Definitions of UCP based on geometric, thermal, radiative and metabolic LCZ properties (Stewart
& Oke, 2012).

No Parameter

Definition

Geometric properties and surface coverage

1 Sky view factor
2 Aspect ratio

3 Building surface fraction

4 Impervious surface fraction

5 Pervious surface fraction

6 Height of roughness elements
7 Terrain roughness class

8 Surface admittance

9 Surface albedo

10 Anthropogenic heat output

Ratio of the amount of sky hemisphere visible from ground level to that of an unobstructed hemisphere.
Mean height-to-width ratio of street canyons (LCZs 1-7), building spacing (LCZs 8-10), and tree spacing
(LCZs A-G).

Ratio of building plan area to total plan area (%).

Ratio of impervious plan area (paved, rock) to total plan area (%).

Ratio of pervious plan area (bare soil, vegetation, water) to total plan area (%).

Geometric average of building heights (LCZs 1-10) and tree/plant heights (LCZs A-F) (m).

Davenport et al. (2000) classification of effective terrain roughness (Z0) for city and country landscapes.
Thermal, radiative and metabolic properties

Ability of surface to accept or release heat (Jm-2 s—1/2 K-1).

Ratio of the amount of solar radiation reflected by a surface to the amount received by it.

Mean annual heat flux density (W m—2) from fuel combustion and human activity (transportation, space
cooling/heating, industrial processing, human metabolism).

The objective of the study is to review the development of the LCZs scheme, both in terms of
mapping methods and its applications within tropical macroclimate regions. To achieve these ob-
jectives, three sub-objectives were developed: (1) to describe the spatial, temporal and statistical
distribution of all articles considered; (2) to examine the development of LCZs mapping and clas-
sification methods; and (3) to analyse the development of applications of the LCZs scheme.

2. Methods

Literature reviews expand the scope of knowledge on a specific research topic (Jahan ef al., 2016)
and are an effective method for comprehensively evaluating knowledge in a particular field, de-
termining future research priorities, and answering individual study questions (Zhang et al.,
2024b). In this literature review, the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) framework was employed to identify and analyse relevant articles. PRISMA
provides technical guidelines for reporting, designed to enhance the completeness, transparency
and scientific value of systematic reviews and meta-analyses (Hutton ef al., 2015). The guidelines
comprise a four-stage flowchart that explains how articles are identified, screened, assessed for
eligibility, and selected for inclusion in the review (Selguk, 2019). Each stage of the review is
described in detail and synthesised in a flowchart, as presented in Figure 3.

Stage 1: Identification. The Scopus database was selected as the primary database because it un-
dergoes a rigorous peer-review process on various multidisciplinary topics. The search strings
TITLE-ABS-KEY (local climate zone OR local climate zones OR LCZ) were used on September
13, 2025, resulting in 11,545 articles.

Inclusion and exclusion criteria, as outlined in Table 2, were applied at this stage and during the
screening process. Consequently, several filters were applied. The first filter, document type, was
restricted to articles, yielding a total of 9,521. The second filter, restricted to final publications,
identified 9,471 articles, while the third, source type, was restricted to journals, resulting in 9,360
articles. The fourth filter, language used in the articles, was restricted to English, which yielded
8,750 articles, while the fifth, publication year, was restricted to the period 2012 to 2025, and
resulted in 7,251 articles. The final filter was keywords. To achieve the objective, keywords were
selected directly related to LCZ and tropical regions. Consequently, the keywords were limited to
local climate zone, local climate zones, tropics, and tropical regions, yielding 838 articles. All
documents that met the criteria based on the applied filters were selected to proceed to the next
stage.

Stage 2: Screening. At this stage, a screening of articles that were not relevant to the theme of
LCZs was conducted. This involved a thorough review of each title, abstract and keywords to
determine their relevance to LCZ research. A total of 336 articles deemed irrelevant were identi-
fied at this stage, while 502 articles progressed to the subsequent phase.
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In addition, a filter based on study location was applied. This was done to exclude studies con-
ducted in non-tropical regions that had not been identified in the previous stage. Therefore, each
study area accessed at https://datacatalog.worldbank.org/infrastructure-data/search/da-
taset/0038272/world-bank-official-boundaries was combined with the Képpen-Geiger world cli-
mate classification map. The data source was obtained from the climate map, which was reana-
lysed by Rubel er al. (2017) with higher resolution (accessed at https://koeppen-geiger.vu-
wien.ac.at/present.htm) and 51 articles were found.

Table 2. Inclusion and Exclusion Criteria.

No Criterion Inclusion Exclusion
Source: Scopus Database
1 Document type Article Conference paper, review, book chapter, book, con-

ference review, data paper, note, editorial, letter, er-
ratum, short survey

2 Publication stage Final Article in press
3 Source type Journal Conference proceeding, book series, trade journal
4 Language English Non-English
5 Years 2012-2025 Year/s not mentioned
6 Keywords Local climate zone, local climate zones, tropics, tropical Keywords not mentioned
regions
Source: World Map of Koppen-Geiger Climate Classification
7 Location Tropical area (Af, Am, As, Aw) Non-tropical area
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Stage 3: Eligibility. At this stage, all 51 documents identified were reviewed in their entirety for
text suitability. Once this was completed, their relevance to LCZs was re-evaluated, with all 51
documents deemed suitable to proceed to the final stage.

Stage 4: Included. This is the final stage in the PRISMA flowchart. Each article was re-examined
to ensure that all 51 were directly related to the LCZs framework and concerned tropical climate
regions. Subsequently, all articles were declared to have passed the review.

The selected articles were then analysed. ArcGIS 10.8 software was employed to map the spatial
distribution based on the study area of each article. Additionally, VOS Viewer and Microsoft
Office Excel were used for bibliometric analysis and analysis of temporal dynamics, author bi-
bliographies, and keywords. The final step was to conduct a thematic analysis to describe LCZ
performance across all articles, based on mapping themes and application of the LCZ framework.

Records identified through Scopus database search
n=11,545 Records Excluded
n=10,707

\ 4

Filters:
Document type limited to articles

1.
2. Publication stage limited to final
3. Source type limited to journals
A 4 4. Language limited to English
Records after applying filters 5. Years limited to 2012-2025
ne %’RY e 6. Keywords limited to: local climate zone, local climate
. zones, tropics, tropical regions
\ 4
Records screened Records Excluded
n=502 n=336
Filters: Not relevant
\ 4

ELIGIBILITY ]

|

INCLUDED

|

Records after applying filters

n=>51 Records Excluded

(n=451)

\ 4

Study area limited to tropical cities

v

Full text articles assessed for eligibility
n=>51

A 4

Final number of papers included
n=51

Figure 3. Article search strategy based on the PRISMA flowchart using keywords in the Scopus database.
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3. Results and Discussion
3.1. Spatial and Temporal Assessment of the Selected Articles

Spatially, the distribution of sites from the 51 selected articles is dispersed across various cities,
countries and continents. Each article focuses on a singular location, with the exception of that of
Brousse et al. (2020a), which encompasses nine locations as its study area. Figure 4 illustrates the
spatial distribution of study areas, which are spread across 32 sites, 20 countries and three conti-
nents, with varying frequencies.

ntted States of America

B /
v .\"-“v“—’
Tropical macroclimate regions based on Number of Article \\:}
Képpen-Geiger Climate Classification
- Af : Equatorial rainforest. Fully humid. " 1 o
- Am : Equatorial monsoon. Monsoonal. m 2
T As: Equatorial savanna. Summer dry. ® 3 f
Aw : Equatorial savanna. Winter dry. @ 4 N
@ 6
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Figure 4. Spatial distribution of study areas (cities and countries) in LCZ themed articles identified within
the tropical macroclimate regions (modified from Rubel ef al. (2017)).

Asia dominates the number of published articles, with 60% of the 60 study locations on this con-
tinent. India and Uganda are the two most frequently studied countries, with 24 articles published.
Although they each contributed only four articles, Brazil, Indonesia, Nigeria and Singapore were
the third-largest contributors after India and Uganda. Similarly, Nagpur in India and Kampala in
Uganda were the two most selected cities for study. Other cities, including Singapore, Bangkok,
Colombo and Lagos, made similar number contributions after Nagpur and Kampala.
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Figure 5. Temporal distribution of articles with LCZ themes identified within the tropical macroclimate
regions.
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Temporally, the publication of LCZ-based articles in the tropical macroclimate regions commen-
ced in 2014, subsequently exhibiting a relatively fluctuating frequency (Figure 5). The number
remained unchanged until 2017, with only one article published each year, although none in 2016.
Subsequently, there was an increase in the frequency of publications in 2018 and 2019, followed
by a tendency to decline until 2023. The peak frequency of articles occurred in 2024, with a total
of 11 published. By September 2025, three articles relating to LCZ in the tropical macroclimate
regions had been published in 2025.

3.2. Bibliographic Assessment of Authors and Keywords

Figure 6 shows a bibliometric analysis based on the networks of authors who have produced three
or more articles. A total of 161 authors have contributed to LCZ research in the tropical macro
climate regions, originating from various countries, with the most productive coming from India,
Belgium, Singapore and Thailand. Among them is Rajashree Kotharkar, who collaborates closely
with Anurag Bagade, Aveek Ghosh and Ravindra Keskar. All four are from the Visvesvaraya
National Institute of Technology, India. Furthermore, there is cross-national collaboration invol-
ving Oscar Brousse from KU Leuven, Belgium, who works closely with Matthias Demuzere from
Ghent University, Belgium, Matthias Roth from the National University of Singapore, Hendrik
Wouters from KU Leuven, Belgium and Wim Thiery from Vrije Universiteit Brussel (Belgium).
Another author id Dararat Khamchiangta from Khon Kaen University, Thailand. The papers writ-
ten by the authors listed above have been published in renowned international journals such as
Urban Climate, Sustainable Cities and Society, Building and Environment, Landscape and Urban
Planning, Atmosphere, Energy & Buildings, Environmental Research Letters, International Jour-
nal of Biometeorology, International Journal of Climatology, International Journal of Geo-Infor-
mation and Sustainability.

khamchiangta, dararat

brous§g; oscar keskar.g@avindra @

woutergghendrik
thiergwim
kotharka@ajashree

demuzergymatthias

ghoshgaveek bagade anurag

& roth, matthias
AN &
2% VOSviewer

Figure 6. Productivity and networks of authors (Note: larger circles indicate more productive authors).

A bibliometric analysis based on keywords was conducted by grouping them according to their
co-occurrence, as shown in Figure 7. The aim was to illustrate the evolution of and current trends
in LCZ research. The connections and distances between keywords demonstrate the strength of
the relationships between keywords within the LCZ topic. Furthermore, the results of the keyword
analysis can were used for thematic analysis in the literature review.

Author et al. Page xx



Forum Geografi, 40(2), 2026; DOI: 10.23917/forgeo.13119

urhanicanepy

mitigation

urbanglimate
tropics

heat@gtress

urban heat island
e sub-saharan africa

urban climage medelling

land surfacgiemperature

local climate zone wugapt

urban marphology random forest

breadth fist search

microglimate

S8 VOSviewer

thermal gomfort
energy consumption

urban planning

Figure 7. Keyword co-occurrence with a frequency of at least three occurrences.

The results of the analysis show that, out of the 166 keywords identified, 18 appeared together at

LRI

least three times. The five keywords with the highest frequency were “local climate zone”, “urban
heat island”, “land surface temperature”, “wudapt” and “thermal comfort (outdoors)”. The occur-
rence of these five keywords provides a preliminary indication that LCZ study in the tropical
macroclimate regions has progressed in line with its original objectives for urban climate research,
namely in relation to land surface temperature and the urban heat island effect. In subsequent
developments, LCZ studies began to expand their focus to other important themes, such as heat
stress, energy consumption and urban climate modelling. From the perspective of LCZ classifi-
cation, it appears that the WUDAPT procedure using the random forest (RF) classifier still domi-
nates the theme of LCZ mapping. Finally, recent developments in LCZ studies are moving to-
wards climate-based mitigation strategies and urban planning.

3.3. LCZ Mapping
3.3.1. Expert Based Method

Expert-based methods are essentially based on authors’ local expertise and knowledge of specific
urban areas, or on general urban surface calculations that are not described in detail in the publi-
cation (Lehnert ez al., 2021). This method adapts the guidelines set out by Stewart and Oke (2012),
which includes collecting site metadata, defining the thermal source area and selecting the local
climate zone. Consequently, in some cases, the identification of LCZs utilises Google Earth and
Bing Maps.

As found in the literature review, an expert-based method was employed by Thomas et al. (2023)
to identify land use within the LCZ scheme in the city of Kochi, India. In addition, Villadiego and
Velay-Dabat (2014) mapped LCZs in the city of Barranquilla, Colombia, using Google Earth and
Bing Maps, combining in-depth knowledge of urban morphology with field studies to observe
and verify the information. Morris et al. (2015) took the same approach, identifying LCZs based
on expert knowledge with the aid of Google Earth in Putrajaya, Malaysia. In contrast, Paula ez al.
(2025) deployed 91 observation stations to identify LCZs in the city of Cuiaba, Brazil. Overall, it
appears that this method is a traditional one; effective in smaller scale studies, but impractical
when applied on a large urban scale.
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3.3.2. Geographic Information System (GIS)-Based Method

In principle, LCZ mapping using GIS-based methods utilises urban canopy parameters (UCPs),
as defined in Table 1. This approach was introduced by Lelovics et al. (2014), who defined seven
of the 10 UCPs, namely the sky view factor (SVF), building surface fraction (BSF), pervious
surface fraction (PSF), impervious surface fraction (ISF), height of roughness elements (HRE),
terrain roughness class (TRC) and surface albedo (SAL).

These parameters are obtained from various sources, such as satellite and aerial images, 3D buil-
ding databases, CORINE land cover databases, road databases and maps (Gél ef al., 2015). The
method relies heavily upon GIS data, which is not always available in various urban areas, and
follows six key steps (Quan & Bansal, 2021), as presented in Figure 8.

Data
Collection

BSU UCPs LCZ Post- Result
s —|
Definition Calculation Classification processing Evaluation

Figure 8. Workflow of the GIS-based LCZ mapping method (Quan & Bansal, 2021).

In the GIS method, vector-based GIS data collection, such as building footprint data and road
cover/path data, is used to generate urban canopy parameters (UCPs), including the sky view
factor (SVF), aspect ratio (AR) and roughness element height (HRE) (Quan & Bansal, 2021). The
resulting UCP values are then translated into basic spatial units (BSUs) that refer to a specific
spatial scale. This procedure is followed by the quantification of each UCP into BSUs based on
the LCZ scheme. Post-processing is aimed at collecting units for simplification and size ad-
justment (Han et al., 2024).

Quan and Bansal (2021) grouped LCZ classifiers in GIS-based methods as 1) standard rule-based
classifiers; 2) modified standard rule-based classifiers; 3) fuzzy rule-based classifiers; and 4) other
classifiers. The standard rule-based classifier is based on the UCP value range proposed by Ste-
wart and Oke (2012). The method was employed by Perera and Emmanuel (2018), who mapped
the LCZs using fish-eye lens photographs, field surveys, detailed maps and Google Earth to iden-
tify UCPs in the city of Colombo, Sri Lanka. The LCZ map they produced was also utilised by
Emmanuel et al. (2023).

The method was also used by Ekanayaka ef al. (2025), who identified LCZs using building data,
NDWI and NDVI to extract UCP also in the city of Colombo. A modified standard rule-based
classifier adjusts the range of UCP values if there is insufficient data to apply the original UCP
range. A fuzzy rule-based classifier is based on fuzzy rules designed to address the limitations of
standard rule-based classifiers, while, ‘other classifiers’ also aim to address the limitations of
standard rule-based classifiers. This other classifiers was employed by Kotharkar and Bagade
(2018a), who identified LCZs using Bhuvan land use and land cover maps from the NRSC,
Google Maps, Landsat 7 ETM+ and a primary survey, by applying a new rule-based classifier
that adopted standardised methods aligned with qualitative and descriptive parameters to extract
UCPs in the city of Nagpur, India. Subsequently, the method was used as the LCZ base map by
Kotharkar and Bagade (2018b), Kotharkar et al. (2019a), Kotharkar et al. (2019b), Kotharkar et
al. (2020), Kotharkar et al. (2021), Kotharkar et al. (2022), Kotharkar et al. (2024a).

In terms of data sources, GIS streams mostly utilise vector-based GIS data combined with satellite
imagery to construct UCP properties. In the literature review, SVF was interpreted through fish-
eye lens photographs (Quan & Bansal, 2021; Perera & Emmanuel, 2018), while others UCPs were
interpreted using Autodesk Auto-CAD format generated from vector data combined with Landsat
7 ETM+ satellite imagery (Perera & Emmanuel, 2018; Kotharkar & Bagade, 2018a). For accuracy
assessment, Google Earth and field surveys are used to validate LCZ results.

Overall, this method performs relatively well compared to expert knowledge-based methods.
However, it has limitations in terms of the availability of vector-based GIS data, which varies
from region to region. In other words, the method is promising for regions with comprehensive
vector data.

3.3.3. Remote Sensing-Based Method

The Remote sensing-based method is widely popular in LCZ classification due to its applicability,
simplicity and availability of free data (Zhang et al., 2024b). In our literature review, remote sen-
sing-based methods are categorised into pixel-based and object-based methods (Table 3).

In the LCZ mapping repository, the pixel-based method with supervised classification has gained
momentum since Bechtel ef al. (2015) proposed the World Urban Database and Access Portal
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Tools (WUDAPT) framework to address the limitations of information on the form and function
of cities at various spatial resolutions. WUDAPT is a collection of urban canopy modelling and
information infrastructure databases produced by the international community to facilitate re-
search applications focused on urban climate, weather, air quality and energy use (Ching et al.,
2018). Figure 7 presents the WUDAPT standard LCZ mapping workflow. Mills et al. (2015)
categorised WUDAPT based on data collection into level 0 data, level 1 data and level 2 data. All
three types use data from a two-dimensional medium scale to a three-dimensional detailed scale.
In this literature review, the majority of studies used the WUDAPT level 0 framework.

Table 3. Remote sensing-based method (overview of methods, classifiers and procedures).

No  Author Method Classifier Procedure
1 Anjos and Lopes (2017) Pixel-Based RF WUDAPT
2 Pokhrel et al. (2019) Pixel-Based RF WUDAPT
3 Mughal ef al. (2019) Pixel-Based RF WUDAPT
4 Ochola et al. (2020) Pixel-Based RF WUDAPT
5 Patel et al. (2020) Pixel-Based RF WUDAPT
6 Anjos et al. (2020) Pixel-Based RF WUDAPT
7 Kabano et al. (2021) Pixel-Based RF WUDAPT
8 Pereira et al. (2021) Pixel-Based RF WUDAPT
9 Pathak et al. (2022) Pixel-Based RF WUDAPT
10 Obe et al. (2024a) Pixel-Based RF WUDAPT
11 Obe et al. (2024b) Pixel-Based RF WUDAPT
12 Mancheno et al. (2024) Pixel-Based RF WUDAPT
13 Lefevre et al. (2025) Pixel-Based RF WUDAPT
14 Middel et al. (2018) Pixel-Based RF WUDAPT
15  Brousse et al. (2020a) Pixel-Based RF WUDAPT
16  Brousse et al. (2020b) Pixel-Based RF WUDAPT
17  Van de Walle ef al. (2021) Pixel-Based RF WUDAPT
18  Van de Walle et al. (2022) Pixel-Based RF WUDAPT
19  Rothet al (2022) Pixel-Based RF WUDAPT
20 Sanchez et al. (2023) Pixel-Based RF WUDAPT
21 Choudhury et al. (2021) Pixel-Based RF WUDAPT
22 Dasetal (2020) Pixel-Based RF WUDAPT
23 Brousse et al. (2019) Pixel-Based and RF and segmentation WUDAPT and GEO-
Object-Based BIA
24 Simanjuntak et al. (2019) Pixel-Based and RF and segmentation WUDAPT and OBIA
Object-Based
25  Vaidya et al. (2024a) Pixel-Based RF, deep learning (3DNN and 1D- WUDAPT and others
CNN), subset ensemble
26  Vaidya et al. (2024b) Pixel-Based RF, deep learning (3DNN and 1D- WUDAPT and others
CNN), subset ensemble
27  Vaidya et al. (2024c) Pixel-Based RF, deep learning (3DNN and 1D- WUDAPT and others
CNN), subset ensemble
28  Khamchiangta and Dhakal Pixel-Based MLC WUDAPT
(2019)
29  Khamchiangta and Dhakal Pixel-Based MLC WUDAPT
(2021)
30  Khamchiangta and Yamagata Pixel-Based MLC WUDAPT
(2024)
31  Kotharkar et al. (2024b) Pixel-Based MLC WUDAPT
32 Gupta et al. (2024) Pixel-Based MLC WUDAPT
33 Fardani et al. (2024) Pixel-Based RF Others
34  Nurwanda and Honjo (2018) Pixel-Based MLC Others
35  Daramola and Balogun (2019) Pixel-Based Others Others
36  Wibowo et al. (2023) Pixel-Based Others Others

Notes: RF = random forest; MLC = maximum likelihood classification; 3DNN = 3-layer deep neural net-
work; 1D-CNN = 1D convolutional neural network; WUDAPT = World Urban Database and Access Portal
Tools.

The WUDAPT procedure starts with raster processing involving the cropping of the area of inter-
est (ROI) and resampling of the image data into a uniform grid of Landsat 8 OLI-TIRS satellite
imagery as raster data. SAGA—GIS software is recommended for the satellite image processing.
In addition, Demuzere et al. (2021) developed the LCZ Generator (https://lcz-generator.rub.de)
to run the overall WUDAPT framework process.

The next step is to digitise homogeneous surface training data, with a 50% training area and 50%
validation area (Bechtel et al., 2018) and a minimum polygon area of 1 km? (Verdonck et al.,
2017) using the Google Earth platform. The quality of the resulting LCZ map is highly dependent
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on the quality of the training area created (minimum average accuracy > 50%), therefore local
knowledge is essential in this process. The overall process sequence within the WUDAPT frame-
work is followed by an accuracy assessment. Bechtel ef al. (2018) divided the three approaches
to accuracy assessment in WUDAPT into cross-validation, manual review and cross-comparison
with other data. In the literature review, the combination of cross-validation and manual review
was seen to be the most commonly used approach in LCZ mapping. Cross-validation is calculated
using a confusion matrix, which will produce an overall accuracy (OA). The literature review
identified that accuracy was assessed using a confusion matrix, and all articles reported LCZ map-
ping with an overall accuracy of >60%, meeting expectations by Bechtel et al. 2018.

The final step is the application of random forest classification. The random forest algorithm in-
troduced by Breiman (2001) is the best-performing machine learning method for WUDAPT-based
LCZ mapping (Bechtel & Daneke, 2012; Bechtel et al., 2018).

Google Earth SAGA

Raster processing . -
LoadilSldata Crop to ROI Re:sample Resample further
GDAL: Import Raster ClipGridwith | 1. grid sy§tem ; grid systgms
Polygon | Resampling [ Resampling
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Figure 9. WUDAPT standard LCZ mapping workflow (Bechtel ef al., 2015).

Although the series of steps outlined above may appear complicated, they are in line with the
project’s ambition to provide a global LCZ database quickly and cost-effectively; the availability
of the LCZ generator enables local urban experts without experience in RS and GIS to perform
LCZ classification within their urban environments.

In the literature review, the standard WUDAPT procedure developed by Bechtel et al. (2015) was
the most widely used classification system and was employed in the majority of articles. In sum-
mary, this procedure is characterised by: 1) pixel-based classification; 2) the use of SAGA GIS
software, the LCZ Generator and the Google Earth Engine platform as processing tools; 3) the
use of freely available Landsat datasets; and 4) the use of random forest (RF) classifiers. The
overall standard procedure results in moderate accuracy, with an overall accuracy (OA) ranging
from 50-60% (Bechtel et al., 2018), the accuracy of the built-up type being lower than that of
land cover.

Several notes are detailed below based on the previous description.

a. Basics of classification. As previously mentioned, the WUDAPT procedure is a pixel-based
LCZ classification system. Consequently, most of the documents in this study utilise the stand-
ard WUDAPT procedure with a pixel-based classification method to map LCZs. Pixel-based
LCZ mapping is constrained by the need to resample to a grid size of 50-200 m (typically 100
m), which results in smaller pixel sizes for identifying LCZ types (Ma et al., 2021). For exam-
ple, in a Landsat dataset with a pixel size of 30 m, a single pixel is too small to represent a
single type of LCZ. Consequently, resampling was conducted to a 100 m grid to accommodate
the definition of an LCZ as ‘several hundred metres or kilometres horizontally’, which
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generally resulted in a fragmented LCZ classification. Therefore, Brousse et al. (2019) tested
the mapping of LCZs using object-based image analysis (OBIA) in cities across sub-Saharan
Africa. This approach was also followed by Simanjuntak et al. (2019), who used the OBIA
method to map the LCZ in the city of Bandung, Indonesia. Ma et al. (2021) and Yan ef al.
(2022) propose that OBIA could be a promising method for future LCZ mapping practices. In
addition, in the studies of Fardani ef al. (2024), who mapped LCZs in the city of Bekasi, Indo-
nesia; Nurwanda and Honjo (2018), who mapped LCZs in Bogor, Indonesia; Daramola and
Balogun (2019), who mapped LCZs in the city of Akure, Nigeria; and Wibowo et al. (2023),
who mapped LCZs in the city of Bogor, Indonesia none of the four followed the WUDAPT
procedure for LCZ classification.

b. Datasets and software. Following standard WUDAPT procedures, most of the documents in

the literature review utilised the Landsat dataset series (Landsat 5 TM, Landsat 7 ETM+, Land-
sat 8 OLI/TIRS, Landsat 9 OLI/TIRS) for the identification of single LCZs and the detection
of LCZ changes. Pleiades and SPOT-6 were selected for the OBIA method. Meanwhile, SAGA
GIS software, the LCZ Generator platform, and the Google Earth Engine platform are the most
popular software options, in line with standard WUDAPT procedures. Therefore, most studies
following standard WUDAPT procedures used this software, with the exception of Choudhury
et al. (2021), who mapped the LCZ in the Asansol-Durgapur Development Area (ADDA),
India; Khamchiangta and Dhakal (2019), who mapped the LCZ in Bangkok, Thailand; and
Kotharkar ez al. (2024), who used ArcGIS 10.X software to map the LCZ in the city of Nagpur,
India. Meanwhile, the classification of LCZ using the OBIA method utilises R software and
eCognition software, whilst other LCZ classifications use Quantum GIS and ArcGIS Pro soft-
ware.

c. Classifier. Bechtel et al. (2012) tested several classifiers within pixel-based methods and due

to its robustness recommended the random forest (RF) method for use as the classifier in the
standard WUDAPT procedure. Consequently, the RF classifier has become popular, and was
commonly found in this literature review, alongside the traditional maximum likelihood clas-
sification (MLC) used by Khamchiangta and Dhakal (2019), Kotharkar et al. (2024) and Gupta
et al. (2024). The RF classifier is also used in the OBIA method. Other documents that did not
follow the standard WUDAPT procedure did not specify which LCZ classifier was used. Sev-
eral strategies have been employed to improve the accuracy of WUDAPT standard mapping,
including those of Vaidya et al. (2024), who utilised deep learning (3DNN and 1D-CNN) and
a subset ensemble, which proved capable of improving the overall accuracy (OA) of LCZ
mapping compared to a RF classifier.

Overall, the remote sensing-based method in the WUDAPT classification system performs better
than the GIS-based method, particularly in spatial and temporal resolution and in its ability to
rapidly generate LCZ maps on a global scale. In addition, the OBIA method, which is gaining
popularity, can provide new insights into LCZ mapping.

Despite its advantages, the RS-Based method has limitations, particularly regarding transferabi-
lity, spatial and temporal resolution, the quality of cloud-free data (especially in tropical regions),
and sample quality; it also requires specialist expertise in remote sensing to operate.

3.4. Application of LCZ for Urban Temperature Research

The LCZ framework has attracted the interest of researchers and shown rapid development
worldwide. It has brought many benefits to various topics related to urban temperature studies
and proved to be an input to urban climate simulations. Studying the urban climate and other
related factors is necessary to learn more about consequences of urbanisation (Rendana et al.,
(2023). Researchers are in the process of understanding temperature dynamics in cities, which can
lead to serious problems in the urban environment. In this section, the LCZ application theme for
urban heat island research is based on the results of a bibliometric analysis using keywords.
Lehnert ez al. (2021) revealed that temperature detection within the LCZ framework can be pur-
sued in several ways, based on field measurements, mobile measurements, satellite image inter-
pretation and simulation. In the literature review, temperature detection was dominated by field
measurements and the interpretation of satellite imagery; a combination of the two; or a combi-
nation of one of these with other methods. Temperature data from field measurements generally
come from direct measurement installations or data from measurement stations owned by local
meteorological agencies. In addition, temperature data from satellite image interpretation is ob-
tained from Landsat dataset and MODIS land surface temperature data that provide thermal bands.
Procurement of temperature data through field measurements is not only used as primary data,
but also for validation based on satellite image interpretation, and for simulation and modelling.
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3.4.1. Urban Heat Islands (UHIs)

UHI studies dominate many literature reviews, which is expected, given that the LCZ scheme was
originally designed as a standardised classification system for UHI research (Xue et al., 2020).
UHIs are commonly measured by UHI magnitude/UHI intensity, as discussed by Stewart and Oke
(2012). In our literature review, this method was applied to study the appearance of UHIs based
on the distribution of air temperatures in each LCZ class.

Our review included several UHI studies conducted by various researchers. Morris et al. (2015)
studied the UHI in Putrajaya (Malaysia) by integrating several LCZ observation points into a
Weather Research and Forecasting (WRF) simulation and found the UHI intensity to range from
1.9 to 3.1 °C. On the other hand, Anjos and Lopes (2017) mapped the LCZs and linked it to UHI
intensity, combined with park cool island (PCI) intensity, to study the dynamics of both in Aracaju
(Brazil). They found that the UHI intensity was in the range of 1.5-2°C. A UHI study was also
conducted by Kotharkar and Bagade (2018) in Nagpur (India), which examined the relationship
between different types of LCZs and UHIs, finding that UHI intensity during the winter season
ranged from 1.76 to 4.09 °C. Roth et al. (2022) measured the UHI magnitude for each type of
LCZ in Singapore and found that the average range of night-time UHI intensity across seven built-
up LCZ types ranged between 1.8 and 3.5°C, with the highest temperatures observed in LCZ 3
(compact lowrise) and LCZ 8 (large lowrise). Sanchez et al. (2023) used the diagnostic equation
proposed in Theeuwes et al. (2017) to detect the maximum canopy-layer urban heat island (CL-
UH]I) in Singapore and found that the equation was effective for UHI detection. Gupta ef al. (2024)
applied Moran’s I clustering method to study the dynamics of the UHI in Kolkata (India) and
found that, between 2003 and 2014, there was an increase in UHI intensity of up to 4°C. In addi-
tion, Paula et al. (2025) conducted a study in Cuiaba (Brazil) and identified an average UHI in-
tensity across all seasons ranging from 0.013°C to 0.53°C. Together with the combination of
methods, UHI intensity has also been studied to provide recommendations; for example by
Lafevre ef al. (2025) in relation to urban planning on Réunion Island (France), with a difference
in UHI intensity of up to 4.14 °C found between urban and natural areas.

Besides detecting the UHI effect based on LCZ type, some researchers have also studied UHI
thermal characteristics in relation to the “urban’ and ‘rural’ dichotomy in order to recommend the
most effective mitigation measures to slow down the effects of climate change. A study conducted
by Kotharkar ef al. (2019a) using regression analysis with the Imtest package in the R statistical
software in Nagpur (India) found that there had been a reduction in UHI intensity, influenced by
distance dynamics from the CBD (DI), surface albedo (AL), aspect ratio (AR) and vegetation
density ratio (VDR). Kotharkar et al. (2020) also evaluated strategies involving the installation of
cool roofs and pavements using the ENVI-Met model to mitigate the urban heat island effect in
Nagpur.

Overall, the use of LCZs for UHI studies in macro-tropical climates is well established. By inte-
grating temperature data from satellite image analysis, field measurements, and mobile mea-
surements, researchers can obtain more precise data, whilst gaining comprehensive understanding
of the UHI effect in tropical macroclimate regions. UHI intensity appears to vary across cities.
This observation requires more detailed analysis to provide a comprehensive description of the
nature of such intensity in the tropical macroclimate regions, thereby aiding decision-making re-
garding future climate change adaptation.

3.4.2. Surface Temperature Monitoring

Understanding the spatial and temporal dynamics of temperature in the context of LCZs is crucial
in formulating urban thermal quality improvement strategies (Feng & Liu, 2022). Therefore, this
theme has attracted much research, in addition to that on UHIs. Surface temperature monitoring
generally concerns the relationship between LCZ and land surface temperature (LST) based on
remote sensing methods utilising Landsat datasets (Landsat 5 TM, Landsat 7 ETM+ and Landsat
8 OLI-TIRS), which have thermal bands for surface temperature identification. The utilisation of
multi-temporal satellite imagery has become a cornerstone of researchers' efforts to understand
the linkages between LCZ changes and their impact on LST changes. In this literature review,
urban expansion through such a linkage was conducted by Nurwanda and Honjo (2018) in Bogor
(Indonesia) during the period 1990-2017 and by Khamchiangta and Dhakal (2021) in Bangkok
(Thailand) over the period 1991-2016, and estimated until 2026. In addition, Simanjuntak et al.
(2019) monitored changes in LST due to the development of the city of Bandung (Indonesia)
during the period 2013-2016, while Fardani ef al. (2024) conducted a similar study in relation to
Bekasi (Indonesia) for the period 1993-2023, as did Vaidya et al. (2024) for Nagpur (India) over
the summer and winter periods in 2019-2020. A variation to such studies was conducted by
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Khamchiangta and Dhakal (2019), who evaluated the physical and non-physical factors of urban
Bangkok (Thailand) that triggered LST changes during the period March to April, 2016. Moreo-
ver, Ochola ef al. (2020) analysed Nairobi (Kenya) urban hotspot management through LCZ dif-
ferentiation at various LSTs during the period 2013-2018. Likewise, Ekanayaka et al. (2025) stu-
died the impact of urban ventilation corridors on LST and wind in Colombo (Sri Lanka) in 2017
and 2020, while Kabano et al. (2021) studied the relationship between LST, vegetation phenology
and LCZ during the period 2013-2015 in Kampala (Uganda). Finally, Choudhury et al. (2021)
investigated thermal behaviour patterns (TBPs) in the industrial Asansol-Durgapur development
area in India.

Overall, the majority of studies conclude that there is a strong link between LCZ and LST. Further-
more, changes in LCZ have led to an increase in LST over time. This scientific evidence can assist
in future urban planning.

3.4.3. Heat Risk, Heat Stress and Heat Hazards

In addition to UHI studies and LST monitoring, researchers have begun to consider other topics
related to the LCZ relationship and the spatial and temporal dynamics of temperature, such as heat
risk, heat stress and heat disasters. All three conditions can provide early warning of the dangers
of increasing urban temperatures. Emmanuel ef al. (2023) defined heat risk as the occurrence of
high/extreme temperatures (hazard), mediated by urban morphology including buildings, shade,
vegetation, and various types of infrastructure (exposure), applying the concept in Colombo (Sri
Lanka). Heat stress is defined as the discomfort and physiological burden of exposure to extreme
heat (Wills, 2016) and has been studied using several methods. Kotharkar ef al. (2021) and Ko-
tharkar et al. (2024b) in Nagpur (India) and Van de Walle et al. (2022) in Kampala (Uganda)
assessed heat stress through heat stress by heat index, while Obe ef al. (2024b) in Lagos (Nigeria)
ran a WRF-urban scheme simulation to assess such stress. In addition to these topics, Wibowo et
al. (2023) investigated the urban heat hazard, considered as the occurrence of extreme tempera-
tures (exceeding 30°C) in the urban area of Bogor that can endanger humans.

Overall, several studies addressing the topics of heat risk, heat stress and heat hazards have de-
monstrated a relationship between LCZ and threats of heat, that can affect anyone. It is therefore
important to take these various hazards into account in all decision-making, particularly with re-
gard to the sustainability of the urban environment.

3.4.4. Thermal Comfort

Thermal comfort is defined as a subjective assessment of human comfort in relation to the sur-
rounding thermal environment (Feng & Liu, 2022) and is achieved by several methods. The pa-
rameters generally vary spatially in urban areas as a result of the dynamics of surface energy
balance and radiation in different LCZs (Xue et al., 2020). Thermal comfort has been shown to
indirectly affect the quality of life in urban areas (Han ez al., 2024).

In our literature review, thermal comfort was assessed using common methods such as comparing
objective thermal conditions (temperature measurement) and subjective thermal conditions (com-
fort questionnaires); use of a thermal comfort index; and simulation using SOlar and Long Wave
Environmental Irradiance Geometry (SOLWEIG) and ENVI-met. Thermal comfort analysis of
tropical regions was pioneered by Villadiego and Velay-Dabat (2014), who assessed outdoor ther-
mal comfort in Barranquilla (Colombia), while Kotharkar et al. (2019b) and Kotharkar and Don-
garsane (2024a) investigated outdoor thermal comfort in Nagpur (India) using different methods.
In addition, Das et al. (2020) assessed outdoor thermal comfort in the Sriniketan-Santiniketan
Planning Area (India); Anjos et al. (2020) analysed sea breeze front and outdoor thermal comfort
in Aracaju (Brazil); and Pereira et al. (2021) examined socio-spatial inequality and its correlation
to thermal (dis)comfort in Santos (Brazil).

In short, although thermal comfort studies generally cover a limited area, the representation of
each location within different LCZ types can provide an overview of thermal sensations at each
study site, whilst also aiding the design of future cities that are climate adaptive.

3.4.5. Energy Consumption and Balance

Globally, nearly 75% of energy supplies are consumed in urban areas, which are home to 55% of
the world's population (Kotharkar et al., 2022). Since urban morphology and energy use are re-
lated to the interaction between urban form and microclimate, LCZ can be an alternative typology
for analysing both (Wang et al., 2024). In addition to energy consumption, knowledge of surface
energy distribution, especially in urban areas, is also of interest to researchers, due to its important
role in regulating the exchange between land surface and atmospheric energy. Therefore, our
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review addresses both topics. Kotharkar ez al. (2022) studied the energy consumption of the buil-
ding sector with the LCZ approach using building models for energy simulation in Nagpur (India).
Likewise, Pokhrel ef al. (2019) built a scenario of building cooling load reductions for sustainable
energy with building effect parameterisation and building energy model (BEP-BEM) simulation
schemes in the San Juan Metropolitan Area (Puerto Rico). Similarly, Daramola and Balogun
(2019) and Obe et al. (2024a) focused on investigating surface energy flux by simulating the
surface energy balance algorithm for land (SEBAL) and surface urban energy and water balance
scheme (SUEWS) models in the cities of Akure and Lagos (Nigeria).

Overall, various studies conducted in different locations indicate that LCZs are effective in mo-
nitoring energy consumption (particularly built-up types) with a view to creating cities that are
resilient to climate change.

3.4.6. Urban Climate Modelling

In addition to field observations and satellite monitoring, the integration of regional climate mo-
dels (RCMs) and urban canopy parameters (UCPs) in specific regions is an important method for
urban environmental research (Wang ef al., 2024). Urban climate modelling can help describe
current and future urban climate conditions while urban climate simulation has been partially
discussed in relation to topics such as UHI, thermal comfort and energy. In the literature review,
in general urban climate modelling is performed to understand overall urban climate conditions.
Mughal et al. (2019) utilised the Weather Research and Forecast (WRF) model to understand the
urban climate conditions of Singapore during the hot period of April 2016; Mancheno et al. (2024)
used the same model to simulate the meteorological conditions of Quito (Ecuador); while Patel et
al. (2020) also employed the model to predict very heavy rainfall events in Mumbai (India). In
addition, Brousse et al. (2020b) utilised the COSMO-CLM model to assess and understand the
impact of recent urbanisation on the (surface) urban heat island ((S)UHI) under clear-sky condi-
tions in Kampala (Uganda). Similarly, Van de Walle et al. (2021) used the model to illustrate the
influence of urban parameters on urban climate formation in Kampala (Uganda).

In general, the simulation models developed by the researchers mentioned above indicate that
LCZs can serve as tools for predicting future urban climate dynamics. This is important in order
to provide input to decision-makers so that they do not overlook climate-related factors that could
contribute to multi-hazard risks.

3.4.7. Urban Planning

The various climate-related issues in the tropical macroclimate regions described above would
not pose a serious problem if climate-inclusive urban planning were implemented from the outset.
Recognising this, researchers need to consider climate-resilient urban planning solutions to ensure
the sustainability of cities in the future. Therefore, local characteristics (natural and cultural land-
scapes) must be taken into account when planning a city. In this literature review, a study of the
prospects of LCZs in urban planning was conducted by Perera and Emmanuel (2018) in Colombo,
Sri Lanka, who demonstrate how the LCZ framework can be utilised to improve urban planning.
Although only one relevant urban planning study was identified, the co-occurrence of the keyword
“urban planning” more than three times suggests that the various themes addressed in the different
studies will contribute to climate-resilient urban planning.

3.5. Other LCZ Applications

The results of the bibliometric analysis based on keywords have provided an overview of current
research trends regarding the LCZ scheme in the tropical macroclimate regions. However, several
other themes emerged in a number of studies. These included urban health, air quality and a speci-
fic study by Pathak et al. (2022), which investigated the presence of the urban heat island effect
using the LCZ method for the placement of meteorological measurement sensors in Pune (India).

Heat stress as a cause of death, vector-borne diseases, and air quality issues are some of the health
problems caused by urban climate issues (Xue et al., 2020). Therefore, researchers have become
interested in assessing the urban climate dynamics influenced by LCZ distribution that impact
health issues. Brousse et al. (2019) demonstrated that the LCZ scheme can be correlated with
temperature (using an urban climate model) to study urban health issues, particularly malaria.
Furthermore, Brousse ef al. (2020a) predicted vector behaviour and malaria prevalence based on
LCZ.

Air quality monitoring based on LCZs is another topic that is beginning to attract attention. For
example, Thomas et al. (2023) investigated the uneven influence on air quality due to lockdown
policies during Covid-19 in urban Kochi (India). In addition, Khamchiangta and Yamagata (2024)
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mapped urban carbon emissions in the building sector in the context of LCZs in Bangkok (Thai-
land). The emergence of several new themes in LCZ studies may point the way for future research
into the field.

3.6. Discussion

Since it was first proposed by Stewart and Oke, the LCZ framework has attracted researchers’
interest in applying it to sites or cities in various parts of the world, including cities in the tropical
macroclimate regions. Our study comprises a literature review on the progress of the framework
in the region. The contributions of LCZ frameworks in tropical environmental studies can be
viewed in several ways.

First, LCZ mapping; there is no denying that such mapping using RS-based methods pioneered
by the WUDAPT project has dominated LCZ studies for over a decade. Furthermore, although
GIS-based methods have not seen significant development, they remain relatively promising.
However, both encounter the same problem: data availability and accuracy. In the WUDAPT
scheme, the use of pixel-based analysis and free datasets with medium pixel size (such as the
Landsat and Sentinel data series) — which are claimed to be user-friendly and accessible to non-
experts — has yet to yield optimal results. Therefore, the OBIA method could serve as an alterna-
tive for mapping the LCZs in the future.

The case study on the use of the OBIA method in this literature review has been shown to improve
overall accuracy. However, it is important to note that the use of medium-resolution data, trans-
ferability and the type of classifier need to be carefully tested in the OBIA method. Furthermore,
the application of machine learning and deep learning can expand insights into the future pros-
pects of LCZ mapping. A hybrid method (combining RS and GIS) could also serve as a new
mapping alternative to improve the accuracy of LCZ mapping. Furthermore, the scope of the LCZ
study could be extended to cities with high rates of urbanisation, which, according to United Na-
tions (2019) projections, are expected to have a population of over 5 million by 2030, with a view
to expanding the scope of LCZ application whilst testing the transferability of LCZ mapping.
Studies conducted in cities across the world, such as those by de Moraes et al. (2024), Chen et al.
(2024), Falah et al. (2024), Xie et al. (2024), Ding and Chen (2022), Hu et al. (2021), Aslam et
al. (2021), Yeung et al. (2020), Brousse et al. (2020b) and Li et al. (2015) provide sufficient
evidence of how uncontrolled urbanisation rates lead to the large-scale conversion of land into
various LCZ classes (particularly built-up types) and changes to the physical structure of cities,
triggering rises in air temperature, posing dangers and even resulting in mortality.

Second, the application of the LCZ framework in various fields; as described in Sections 3.4 and
3.5, these make a significant contribution to urban climate and urban environmental studies, par-
ticularly in tropical macroclimate regions. Current themes are very supportive of the original aim
of introducing the LCZ, namely for urban temperature studies and UHI. Overall, each of the LCZ
application areas reviewed focuses on the phenomena caused by the response to urban tempera-
ture dynamics resulting from human activities represented by the LCZ. In the future, the scope of
various LCZ applications—such as monitoring surface temperatures and urban heat islands, heat
risks, and thermal comfort—needs to be expanded in order to gain broader insights into mitigation
efforts and best practices in urban planning. Other areas of application for LCZs include energy
consumption (in buildings and transportation), which contributes to the energy crisis and deterio-
rating air quality, as well as urban climate modelling for improved urban planning, which is also
conducted on a regular basis. In tropical contexts, the scope of LCZ applications can be expanded
to address the following gaps:

1) Urban climate monitoring. Monitoring can be implemented in many cities to understand the
characteristics of urban heat in tropical cities, including its influence based on the geographical
location of cities, such as coastal or highland regions. This monitoring is important for studying
urban climate behaviour, which is not limited to temperature alone, but can also cover other
climate elements including rainfall, humidity and wind. Therefore, with various studies avail-
able, urban climate issues can be identified at an early stage, providing insights for policy-
making aimed at improving urban living.

2) Tropical vegetation characteristics. The diversity of tropical vegetation and vegetation phenol-
ogy could become a new field of application in LCZ studies. The type and density of vegetation
in natural land cover types such as “dense trees” (LCZ A) and “scattered trees” (LCZ B) can
provide a new perspective on climate-based urban planning, particularly in terms of their cool-
ing effects and carbon storage capacity. This prospect could lead green infrastructure planning
toward better future urban planning.
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3) Urban environmental studies based on the LCZ from economic and socio-cultural perspectives.
Uncontrolled urbanisation frequently results in uncontrolled demand for land. Furthermore, the
massive urban expansion that is taking place often leads to regional disparities, resulting in
economic and socio-cultural inequalities. Several studies in this literature review demonstrate
how urban expansion can affect the urban environment, which in turn can lead to thermal dis-
comfort—a factor that has been shown to correlate with socio-spatial inequalities. Therefore,
LCZ studies could be expanded to examine the ability of LCZ to identify issues of environ-
mental injustice that have an impact on economic and socio-cultural issues. LCZ studies can
also be geared towards redefining sustainable economic development by examining the impact
of economic activities on environmental degradation.

In short, LCZ studies in tropical climate regions can be highly complex and multi-disciplinary.

4. Conclusion

This study comprised a systematic literature review of 51 articles addressing the LCZ framework
from spatial and temporal aspects; in relation to bibliometric authors and keywords; and in terms
of methods and their application in tropical urban environments. To date, studies involving LCZ
frameworks in tropical areas are spread across multiple sites, but concentrated in India. The fre-
quency of publications has fluctuated, peaking in 2024. The authors, coming from various disci-
plinary backgrounds, reflect the prospects for research collaboration; LCZ has become a complex
field involving a multi-disciplinary approach.

The RS-based LCZ mapping method with supervised pixel-based image analysis and random fo-
rest classifiers initiated in the WUDAPT project has become the most popular approach taken.
Various methods of LCZ mapping continue to be refined in order to obtain the highest quality
LCZ maps. Meanwhile, the application of LCZ shows an encouraging and developing trend.
Themes include rising surface temperatures and the formation of UHIs, which have various conse-
quences such as heat risk, heat stress and heat hazards, potentially reducing thermal comfort and
affecting urban health. In addition, another impact is the increase in energy consumption, which
can accelerate the formation of greenhouse gases due to air quality disruption, including an in-
crease in carbon concentration in the air. Therefore, various simulations through urban climate
modelling are expected to identify better urban planning formulations in the future.

The LCZ framework in tropical urban environments has been proven to contribute significantly
to urban environmental studies and has promising prospects for future development, particularly
for a better way of life for humans.

There are, however, limitations to our systematic review. The time lag involved in the publication
of the studies means that some documents from subsequent years have not been included. Simi-
larly, the selection of database was limited to Scopus, which means that this it was not possible to
cover all the documents published on other databases during the same time period. Keyword se-
lection in a search strategy that is not comprehensive can also lead to bias in the selection of
articles. Nevertheless, this literature review is expected to provide insights that can help guide
future research in the field of urban environmental studies in macro-tropical climates to tackle
climate change issues.
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