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REVIEW ARTICLE

Advancing the local climate zones framework: a
critical review of methodological progress,
persisting challenges, and future research
prospects
Jie Han 1, Nan Mo1, Jingyi Cai1, Leixin Ouyang2 & Zhengxuan Liu 3✉

The local climate zones (LCZs) classification system has emerged as a more refined method

for assessing the urban heat island (UHI) effect. However, few researchers have conducted

systematic critical reviews and summaries of the research on LCZs, particularly regarding

significant advancements of this field in recent years. This paper aims to bridge this gap in

scientific research by systematically reviewing the evolution, current status, and future trends

of LCZs framework research. Additionally, it critically assesses the impact of the LCZs

classification system on climate-responsive urban planning and design. The findings of this

study highlight several key points. First, the challenge of large-scale, efficient, and accurate

LCZs mapping persists as a significant issue in LCZs research. Despite this challenge, the

universality, simplicity, and objectivity of the LCZs framework make it a promising tool for a

wide range of applications in the future, especially in the realm of climate-responsive urban

planning and design. In conclusion, this study makes a substantial contribution to the

advancement of LCZs research and advocates for the broader adoption of this framework to

foster sustainable urban development. Furthermore, it offers valuable insights for researchers

and practitioners engaged in this field.

Introduction

Urbanization is an irreversible process that will continue to accelerate over the next three
decades, resulting in a projected global urban population increase of up to 668 million
(UN-Habitat 2022). While urbanization brings economic development, cultural

exchange, and technological progress, it also concentrates people in cities, leading to higher
greenhouse gas emissions and pollutants. These emissions contribute to air quality degradation,
global warming, and climate change. Urban heat island (UHI), characterized by higher tem-
peratures in urban areas compared to their surrounding rural areas, is a consequence of urba-
nization, driven by unique urban surfaces and anthropogenic heat release. UHI carries numerous
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adverse effects, including increased energy consumption, air
pollution, degradation of living conditions, and elevated heat-
related mortality rates. All of these challenges significantly
impede sustainable development, underscoring the critical
importance of identifying, mitigating, and adapting to UHI
(Huang and Lu 2018).

The term “urban heat island” was first introduced by Balchin
and Pye (1947), and it has since become a prominent research
field within urban climate studies (Peng et al. 2022, Zhang
et al. 2022, Mo et al. 2024). The central issue in UHI research
revolves around quantifying urban heat island intensity
(UHII) (Huang and Lu 2018). The conventional approach to
UHI evaluation involves computing UHII by comparing the
average temperature difference between urban and rural areas.
However, this method encounters limitations due to the
diverse nature of urban morphology, land cover, and human
activities, leading to varying UHII results within urban areas.
Consequently, UHI analysis and mitigation strategies based on
these results lack precision. Another challenge with the urban-
rural dichotomy lies in selecting suburban measurement
points that are minimally affected by urbanization. With
urbanization, the once-clear social, political, and economic
boundaries between urban and rural areas have blurred. It is
more accurate to describe the relationship between urban and
rural areas as a continuous and dynamic system rather than a
rigid dichotomy.

To address the shortcomings of the traditional “urban-rural
dichotomy” in UHI research, the local climate zones (LCZs)
classification system, introduced by Stewart and Oke (2012),
offers a fresh research framework. This system has expanded
its applications beyond UHI research and is now being
employed in other domains related to sustainable urban
development, including urban planning (Pradhesta et al. 2019,
Kopp et al. 2021), building energy consumption (Yang et al.
2020a, 2022, Benjamin et al. 2021), and urban thermal comfort
(Lau et al. 2019, Wu et al. 2022).

Table 1 lists the existing review articles on LCZs research.
Many researchers in the domain of LCZs mapping have directed
their attention to the current advancements in this area. For
instance, Huang et al. (2023) offered a comprehensive review of
LCZs mapping, providing detailed analyses of remote sensing
(RS)-based and geographic information system (GIS)-based
methods. They discussed RS-based methods in terms of feature
sets, classification units, training areas, classification algorithms,
and accuracy assessment, while GIS-based methods were elabo-
rated based on LCZ parameters, basic spatial units (BSUs), clas-
sification algorithms, and accuracy assessment. Quan and Bansal
(2021) summarized the general LCZs mapping processes in the
reviewed studies, encompassing data collection, defining BSUs,
calculating urban canopy parameters (UCPs), LCZs classification,
post-processing, and performance evaluation. Ma et al. (2021)
conducted a timely investigation into RS-based LCZs mapping
applications. They analyzed and evaluated several aspects influ-
encing LCZs mapping performance, including mapping units/
scales, transferability, sample datasets, low accuracy, and classi-
fication schemes. Meanwhile, researchers have dedicated their
focus to the field pertaining to the LCZs framework. For example,
Lehnert et al. (2021) provided a comprehensive analysis of the
application of the LCZs framework in European urban areas,
demonstrating an increasing and widely recognized use of LCZs
in climate research across European cities. Xue et al. (2020)
explored the applications of LCZs schemes in various research
fields such as meteorology, atmospheric science, environmental
science, remote sensing, architectural technology, civil engineer-
ing, and ecology by conducting a bibliometric analysis of articles
citing LCZs using CiteSpace. Additionally, most review studies
utilize bibliometric analysis to review LCZs research. However,
bibliometric analysis has the limitation of time lag due to the
literature on which it is based, which can not sufficiently reflect
the latest research progress.

The mentioned studies indicate the significant attention LCZs-
related research has garnered within the academic community.

Table 1 Current review articles for LCZs research.

Reference Research theme Differentiation from the proposed study

(Huang et al. 2023) Bibliometric and critical review of LCZs mapping progress,
challenges, and prospects based on literature from 2012 to 2021.

• Focus on LCZs mapping study, lack of description of LCZs
application areas.

• The bibliometric analysis has the limitation of time lag.
(Fan et al. 2023) Bibliometric and critical review of research progress, focuses, and

prospects of LCZs based on literature up to November 2022.
• Focus on bibliometric review of LCZs study, lack of in-
depth critical analysis of LCZs research.

• The bibliometric analysis has the limitation of time lag.
(Fernandes et al.
2023)

Systematical review of the scientific literature that uses the LCZs
classification to study the LST and the SUHI phenomenon based
on literature up to June 2020.

• Focus on review of SUHI study using LCZs framework, lack
of analysis of LCZs mapping and LCZs application fields
except SUHI.

• The bibliometric analysis has the limitation of time lag.
(Aslam and Rana
2022)

Systematic review of data sources, methods, and themes of LCZs
study based on literature up to July 2020.

• The bibliometric analysis has the limitation of time lag.

(Quan and Bansal
2021)

Systematic review of GIS-based LCZs mapping studies based on
literature up to April 2020.

• Focus on review of GIS-based LCZs mapping study, lack of
description of RS-based LCZs mapping, and LCZs
application fields.

(Lehnert et al. 2021) Systematic review of LCZs mapping and applications in European
Urban Environments based on literature up to June 2020.

• Solely reflects developments of LCZs study in Europe.
• The bibliometric analysis has the limitation of time lag.

(Ma et al. 2021) Systematic review of LCZs mapping based on literature up to
August 2021.

• Focus on LCZs mapping study, lack of description of LCZs
application areas.

• The bibliometric analysis has the limitation of time lag.
(Xue et al. 2020) Bibliometric review of the applications of LCZs Classification

Scheme based on literature up to July 2020.
• Focus on the application of LCZs framework, lack of
description of LCZs mapping.

• The bibliometric analysis has the limitation of time lag.
(Núñez Peiró et al.
2019)

Systematic review of the source area definition for LCZs studies
based on literature before 2017.

• Lack of description of LCZs mapping and the application of
LCZs framework.

• The bibliometric analysis has the limitation of time lag.
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Nonetheless, several noticeable gaps exist: 1) Few researchers
have systematically conducted critical reviews and comprehensive
summaries of LCZs research, especially concerning its recent
notable advancements. 2) A thorough investigation into its
development, research methodologies, and broader applications,
particularly in sustainable urban development contexts, is war-
ranted. This paper’s innovations and contributions primarily
involve:

1) Given recent advancements, this study comprehensively
examines and categorizes research methods and application areas
within the LCZs framework. This analysis provides a thorough
understanding of theoretical foundations and practical applica-
tions, contributing to a more holistic comprehension of LCZs
studies.

2) The paper critically evaluates the effectiveness of the LCZs
classification system in supporting climate-responsive urban
planning and design. This assessment is crucial in understanding
the practical utility of the LCZs framework for sustainable urban
development and its potential to mitigate UHI challenges.

The primary sections of this paper are structured as follows:
The literature survey and corresponding quantitative analysis are
presented in Literature Survey. Advancements in local climate
zones framework introduces the LCZs framework and delves into
the measurement of UCPs. Recent advancements in manual
sampling and mapping methods of LCZs reviews the progress of
LCZs research methods applied in UHI research. Application of
LCZs framework in various scenarios explores the various
application areas of LCZs, with a particular focus on its utility in
UHI research and climate-sensitive urban design. Limitations,
challenges, and future prospects engages in a discussion regarding
research limitations and potential future applications of the LCZs
framework. Conclusions presents the key findings and conclu-
sions drawn from the study. This structured approach allows for a
systematic and in-depth exploration of the LCZs classification
system’s development and its multifaceted applications in the
context of research related to sustainable urban development.

Literature survey
This study conducted a comprehensive screening of all peer-
reviewed journal and conference papers that cited the original
LCZs framework articles based on the Web of Science dataset. As
of February 2023, a total of 1534 papers were identified. Based on
this, we performed literature statistics and bibliometric analysis to
quantitatively assess the current state of development of LCZs
research.

Literature statistics. The literature statistics were conducted from
three aspects: annual output, country distribution, and research
fields. Figures 1 and 2 provide visual representations of the annual
output and the country distribution of LCZs research for the

period spanning from 2013 to 2022. Since the introduction of the
LCZs framework in 2012, there has been a notable surge in
publications related to LCZs research. Specifically, the number of
publications has seen a substantial increase, starting at 17 in 2013
and reaching 300 in 2022. This upward trend underscores the
escalating interest and engagement in LCZs research within the
academic community and beyond. Furthermore, the distribution
of countries reveals five nations that have made substantial
contributions to LCZs research. China stands out with the highest
number of papers, accounting for 668 publications, which
amounts to approximately 43.55% of the total papers. Following
China, the United States, Germany, the United Kingdom, and
Australia have also made significant contributions to LCZs
research, with 333, 225, 176, and 104 publications, respectively.
These statistics highlight the global reach and significance of
LCZs research, with diverse countries actively participating in
advancing this research field.

Table 2 provides an overview of the distribution of research
fields related to LCZs. LCZs research is characterized by its
interdisciplinary nature, encompassing a wide spectrum of
academic disciplines. The research content of LCZs studies spans
several fields: (1) Meteorology and atmospheric sciences: The
LCZs framework is employed to investigate urban meteorology,
evaluate the impact of urbanization on weather patterns, and
develop models for urban climate simulations; (2) Environmental
sciences and ecology: The LCZs classification system helps
identify and quantify the effect of urbanization on ecosystems,
biodiversity, and the overall environment; (3) Physical sciences:
The LCZs classification takes into account physical parameters
such as surface materials, building density, and thermal
admittance. This classification helps physical scientists study the
thermal characteristics of urban surfaces, develop models for
energy balance calculations, and explore the impact of different
materials on the UHI effect; (4) Geography: Geographers use
LCZs framework to investigate urban morphology, land use
dynamics, urban-rural interactions, and the relationship between
urban form and climate; (5) Energy and fuels: The LCZs
classification system helps identify areas with high energy
demand or heat stress, guiding the development of energy-
efficient buildings, urban cooling techniques, and renewable
energy integration; (6) RS: RS is a prominent and integral
research direction within LCZs. It involves the use of satellite and
aerial imagery to map and monitor large-scale urban climates,
often supported by GIS technologies. The multidisciplinary
nature of LCZs research enables cross-disciplinary collaboration
and knowledge integration, making it a versatile framework for
understanding and addressing urban climate challenges.

Bibliometric analysis. The study employs the concept of “co-
occurrence clustering” and utilizes the CiteSpace visualization
software to conduct a bibliometric analysis of the screening
results. In this analysis, the fundamental unit of information
extraction and structural construction is the “keywords”. The
research utilizes a “keyword co-occurrence” network to depict
the knowledge structure, research evolution, and current
research focal points within the LCZs application field. In this
network, each node corresponds to a keyword found in the
literature, and the links represent the connections between these
keywords. The objective is to visually and analytically explore
the nodes, links, and overall network structure, shedding light
on the present state of development in the LCZs application
field. This approach allows for a systematic and data-driven
examination of the relationships between keywords and their
significance within the context of LCZs research. It facilitates
the identification of trends, patterns, and emerging areas of

Fig. 1 Annual output of LCZs research.
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interest within this field, providing valuable insights for
researchers and practitioners alike.

In the analyzed literature employing the LCZs framework,
several recurring nodes stand out, shedding light on the primary
objectives and emphases of LCZs research. The top five frequently
occurring nodes include “urban heat island,” “temperature,”
“climate,” “impact,” and “city,” as illustrated in Fig. 3. These
nodes collectively indicate that LCZs research primarily seeks to
understand the factors influencing urban climates (“climate” and
“city”), particularly the impact on temperature parameters
(“temperature”). There is a notable focus on examining how the
factors affect UHI (“urban heat island”), which aligns with the
LCZs framework’s original purpose. The high frequency of
“urban heat island” (697 times, with 144 mentions in 2021)
underscores its central role in LCZs research. This centrality
stems from the LCZs framework’s inception, which aimed to
address the limitations of the “urban-rural dichotomy” in UHI

studies, enabling a more nuanced understanding of UHI impacts
and the development of effective mitigation strategies.

Advancements in local climate zones framework
Local climate zone classification system. LCZs are defined as
areas with uniform surface cover, structure, material, and human
activity, with a minimum radius of 200–500 m, which exhibit
local-scale, climatic nature, and zonal representation as depicted
in Fig. 4. The LCZs classification system is based on 10 UCPs with
recommended ranges, allowing for classification into 17 standard
LCZ patterns, comprising 10 built types and 7 land cover types.
The various LCZ types represent the diverse compositions of
buildings, roads, plants, soils, rocks, and water. The names of
standard built types primarily reflect three building structure
characteristics (Density: compact/open; Height: high/mid/low;
Material: heavy/lightweight) and building type (general/

Fig. 2 Country distribution of LCZs research.

Table 2 Distribution of research fields for LCZs research.

Research field Number of studies Proportion/%

1 Meteorology Atmospheric Sciences 948 61.80
2 Environmental Sciences Ecology 944 61.54
3 Physical Sciences Other Topics 615 40.09
4 Geography 500 32.60
5 Engineering 410 26.73
6 Geochemistry Geophysics 365 23.79
7 Science Technology Other Topics 333 21.71
8 Energy Fuels 310 20.21
9 Construction Building Technology 275 17.93
10 Remote Sensing 247 16.10
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industrial). Conversely, the counterparts of standard land cover
types mainly reflected the vegetation and land cover
characteristics.

The process of LCZs classification usually involves four steps:
data acquisition, UCPs calculation, LCZs classification, and

accuracy evaluation. The first step is to collect the required
information for the study area (e.g., field measurements and
satellite images). The second step involves calculating UCPs using
the data gathered in the previous step. A detailed description of
the calculation methods for UCPs is provided in Measurement of
urban canopy parameters. For LCZs classification, the results
from UCPs calculation can assist in identifying the best match
between field sites and LCZ classes. Additionally, LCZs subclasses
can be customized when UCPs deviate from the recommended
ranges of the standard set of classes. For instance, a combination
of LCZ 4 (Open high-rise) and 3 (Compact low-rise) can provide
LCZ 34 (Compact low-rise with open high-rise).

Measurement of urban canopy parameters. For achieving pre-
cise LCZs classification, obtaining accurate values for UCPs is of
paramount importance. These UCPs are primarily related to
surface structure parameters, including sky view factor (SVF)
(Steyn 1980, Matzarakis et al. 2007, Liang et al. 2017), aspect ratio
(AR) (Masson 2000), and height of roughness elements (HRE)
(Yan and Huang 2022, Wu et al. 2023). They also encompass
surface cover parameters such as building surface fraction (BSF)
(Yu et al. 2010, Guo et al. 2022, Jifroudi et al. 2022, Wei et al.
2023), impervious surface fractions (ISF), and pervious surface
fractions (PSF) (Deng and Wu 2013, Sytsma et al. 2020). Surface
fabric parameters (surface admittance and surface albedo (Bart-
miński and Siłuch 2022, Tahooni et al. 2023)) and human activity
parameters (anthropogenic heat flux (Yu et al. 2021, Wang et al.
2022b, Liu and Li 2023)) are equally included.

In the absence of specific heat-related indicators, most current
studies rely on the geometric and ground cover values to define
LCZs. Table 3 highlights the various methods employed in
previous studies to measure parameters related to ground cover
and geometry. Measurement methods for SVF are typically
categorized as fisheye photographs, satellite images, street view
images, and numerical simulations. Parameters such as AR, BSF,

Fig. 3 Keyword co-present of the analyzed LCZs literature.

Fig. 4 Schematic diagram of standard LCZs.
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ISF, PSF, HRE, and TRC are primarily grouped into three
categories: field measurement, satellite image calculation, and
building data acquisition.

In summary, methods for measuring UCPs mainly consist of
manual measurement and satellite image calculation. Manual
measurement involves collecting data from a few sampling points
in a region and then averaging them to determine UCP values.
However, this approach is time-consuming, labor-intensive, and
prone to inaccuracies, rendering it unsuitable for large-scale
urban climate studies based on the LCZs framework. In contrast,
alternative methods such as RS and simulation modeling can be
more effectively employed for UCPs measurements. These
methods offer a more efficient and accurate means of collecting
UCPs, enabling a comprehensive and reliable analysis of urban
climate patterns and their impact on human well-being and the
environment. Furthermore, there is a pressing need to establish
standardized procedures for measuring UCPs. Future research
within the LCZs framework could emphasize the standardization
of UCP calculation using RS and GIS data to ensure precise
results.

Calculating urban heat island intensity using the LCZs fra-
mework. The LCZs framework method focuses on defining the
UHI magnitude using the temperature difference between LCZs,
represented by ΔTLCZ X-LCZ D, rather than the traditional “urban-
rural” temperature difference (ΔTu-r) (Stewart and Oke 2012).
Here, LCZ X denotes any class within the LCZs classification
system, while the temperature of LCZ D (low plants) serves as the
baseline. This calculation method not only offers a more physi-
cally grounded understanding of UHII but also enhances its
analysis and comparability. Numerous studies have affirmed the
efficacy of the LCZs-based UHII calculation method. For exam-
ple, Shi et al. (2021) computed surface urban heat island (SUHI)
intensity by analyzing the difference in land surface temperature
(LST) between LCZs and compared it with the conventional
“urban-rural dichotomy” method. The results revealed that the
LCZs-based UHII calculation method yielded a more precise
measure of SUHI intensity. Similarly, Budhiraja et al. (2019)
examined the seasonal SUHI intensity of Delhi using both LCZs-
based and “urban-rural dichotomy” methods, concluding that the
former provided a more detailed understanding of the relation-
ship between urban structure and SUHI.

Two primary UHI types were assessed using the LCZs-based
UHII calculation method: atmospheric urban heat island (AUHI)
and SUHI. Concerning AUHI, Chen et al. (2021) explored the
connection between the diurnal temperature range and AUHI
intensity using the LCZs-based UHII calculation method under
varying meteorological conditions categorized by precipitation.
Yang et al. (2017) investigated the characteristics of local AUHI at
selected LCZ sites, employing the LCZs-based UHII calculation
method. Regarding SUHI, Wang et al. (2021) calculated surface
urban heat island intensity (SUHII) using this method and
proposed a sustainable urban green infrastructure planning
strategy based on the analysis results. O’Malley and Kikumoto
(2022) delved into heat storage in Tokyo Prefecture, utilizing the
LCZs-based UHII calculation method to compute nocturnal-
diurnal SUHI differences. Finally, Zheng et al. (2022) scrutinized
the changes of LCZs and surface SUHII within Chang-Zhu-Tan’s
primary urban area, employing the LCZs-based UHII calculation
method.

In conclusion, the LCZs-based UHII calculation method
represents a significant advancement in UHI research. Its ability
to capture localized UHI variations, enhance comparability across
regions, and guide targeted mitigation strategies makes it a
valuable tool for urban planning and climate adaptation.

However, addressing data challenges and standardization issues
will be crucial to fully realize its potential for widespread
application. Further research should focus on refining data
acquisition and measurement techniques within the LCZs
framework to ensure the accuracy and reliability of UHII
assessments.

Recent advancements in manual sampling and mapping
methods of LCZs research
This section explores the research methods employed within the
LCZs framework for UHI research, specifically focusing on the
manual sampling method for limited LCZs and LCZs mapping
methods for large-scale applications.

Manual sampling method for limited LCZs. In the early stages
of UHI research based on the LCZs framework, the primary
emphasis was on LCZs classification through a manual sampling
approach. This method involved the identification of LCZ types
for a limited number of land parcels using manual techniques,
such as scrutinizing satellite images, live photos, and conducting
field surveys, for urban climate investigations. For instance, Yang
et al. (2017) conducted a study examining the local UHI char-
acteristics across 12 LCZs. These LCZs were selected based on a
thorough review of satellite images, street-level views, and on-site
fieldwork. In another research endeavor, Yang et al. (2018)
investigated 14 distinct LCZs using field data and high-resolution
satellite images to analyze the thermal characteristics of each
location.

However, it is important to note that the manual sampling
method has limitations, particularly when applied to large-scale
urban climate investigations. It necessitates a substantial number
of researchers to manually identify the LCZ type of each plot,
which is resource-intensive and time-consuming. Moreover, there
is a risk of human error during the identification process,
potentially compromising the accuracy and reliability of the
results. Consequently, while the manual sampling method has
proven valuable for in-depth studies focusing on limited LCZs, it
may not be suitable for broader urban climate investigations
within expansive urban areas. In such cases, alternative LCZs
mapping methods are typically preferred to ensure efficiency and
accuracy.

LCZs mapping methods. The evolution of the LCZs framework
has given rise to LCZs mapping methods tailored for large-scale
urban climate studies. These methods simplify the representation
of urban climate within the LCZs framework, enabling com-
parative analyses across different cities and enhancing the uni-
versality and applicability of findings. Moreover, LCZs framework
facilitates the transformation of “climate language,” supporting
the development of climate-sensitive urban design. LCZs map-
ping methods can be categorized into two types based on their
data sources and classification algorithms: GIS-based and RS-
based mapping methods (Tamás et al. 2015).

GIS-based LCZs mapping method. The GIS-based LCZs mapping
method comprises six main steps, as depicted in Fig. 5 (Quan and
Bansal 2021). Initially, it involves collecting GIS data and defining
BSUs to segment the urban environment into smaller blocks for
LCZs classification. Subsequently, the UCPs values for each BSU
are calculated using GIS data, and the LCZ type for each BSU is
determined based on the LCZs framework. Finally, post-
processing is carried out to merge adjacent units for simplifica-
tion and size adjustment, ultimately leading to the generation and
evaluation of the LCZs map. BSUs refer to the spatial scale of LCZ
classification, and the size of a BSU must meet the size
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requirement of the LCZs framework. The definition of BSUs is
typically divided into lot area polygons (Lelovics et al. 2014,
Unger et al. 2014), urban blocks (Wu et al. 2018, Quan 2019), and
regular grids (Chen et al. 2020a). Additionally, pre-processing of
the GIS data is often necessary before calculating the UCPs.
Common pre-processing includes: (1) Data cleaning: GIS datasets
may contain errors or inconsistencies, such as missing values,
outliers, or topological errors. It’s important to clean the data to
avoid inaccuracies. (2) Spatial resolution matching: GIS datasets
may have different spatial resolutions, which can affect the
accuracy of UCPs calculations. Pre-processing is necessary to
resample or aggregate datasets to a common spatial resolution to
ensure compatibility for analysis. (3) Others: Steps such as data
normalization and data integration are performed as needed.
Overall, pre-processing of GIS data is essential before calculating
UCPs to ensure data cleanliness, compatibility, and suitability for
analysis, leading to more accurate and reliable results.

The use of GIS-based LCZs mapping has gained traction in
urban climate studies since the pioneering study by Lelovics et al.
(2014) in Hungary. For example, Quan et al. (2017) developed
and tested a bottom-up, fine-grained 3D LCZs mapping method
utilizing GIS and land cover data, with urban block units serving
as BSUs. Geletič et al. (2019) employed the GIS-based LCZs
mapping method to explore the inter-zone and intra-zone
seasonal variations of SUHI in three central European cities.

Despite its precision, the GIS-based LCZs mapping method has
limitations. Firstly, obtaining accurate and consistent ground
truth data for calculating UCPs poses a significant challenge,
leading to limited availability of urban data. The inability to
acquire comprehensive and detailed datasets for estimating UCPs,
particularly those related to thermal aspects, can significantly
impact the accuracy of LCZs mapping. Secondly, the merging of
BSUs exists in post-processing, making it challenging to find
optimal solutions, particularly in intricate urban environments.
This process may not fully capture the complexity of LCZs
mapping.

RS-based LCZs mapping method. RS is a technology that leverages
remote sensors to collect data from target objects and analyze it to
extract valuable information. Advances in RS information
acquisition, transmission, and storage technologies have dimin-
ished the limitations of RS applications due to improved data
quality and the increased availability of multiple RS data sources
(Liu et al. 2006). RS satellites streamline fieldwork complexity and
time intervals while delivering quantifiable and qualitative data
(Dhingra and Kumar 2019). Optical RS imagery is gradually
favored for identifying and categorizing land types and has
become a pivotal research area.

RS-based LCZs mapping methods also have several limitations.
One key limitation is the spatial and temporal resolution of the
RS data. RS data may not always provide complete coverage or
may be affected by cloud cover, which means that RS images need
to be processed for stitching. However, since the spatial and
temporal resolution of different remotely sensed images may
vary, the stitching process may impact the accuracy and

completeness of the LCZs mapping. Additionally, RS-based LCZs
mapping requires specialized knowledge in remote sensing and
image processing, which can be a barrier for non-remote sensing
professionals. This limitation restricts the widespread application
of RS-based LCZs mapping in urban planning and climate
studies.

However, compared to GIS-based approaches, RS-based LCZs
mapping methods offer several advantages, including higher
resolution, finer spatial and temporal data, and the ability to
quickly cover large areas. As a result, RS-based LCZs mapping has
become the preferred approach for LCZs classification.

To enhance the accuracy of LCZs map classification, RS
researchers have employed various benchmark datasets and
classifiers. Regarding the benchmark dataset, Hu et al. (2018)
utilized Sentinel-1 Dual-Pol data in LCZs mapping. Yang et al.
(2020b) employed multi-source datasets, including Luojia1-01
nighttime light imagery, Landsat-8, Sentinel-2, and building
vector data, to generate LCZs maps. They found that a
combination of object-based and pixel-based data with multi-
source data improved LCZs mapping workflow. Machine learning
classifiers, such as random forests and support vector machines
(Xu et al. 2017, Hu et al. 2018, Hay Chung et al. 2021), are widely
used for LCZs classification based on free multi-temporal RS data.
In recent years, deep learning techniques have also been
employed in RS-based LCZs mapping, as artificial intelligence
has advanced. For example, Liu et al. (2019) combined object-
based image analysis with convolutional neural networks (CNN)
for LCZs mapping. Huang et al. (2021) introduced a CNN-based
LCZ classification model for LCZs mapping in 32 Chinese cities.
Their model achieved high overall accuracy in more than 50% of
the cities.

Urban climate studies based on the LCZs framework face
notable challenges due to the demand for expertise in
meteorological science, RS, and machine learning, as well as data
availability issues and non-standardized urban description
methods. To address these challenges, Bechtel et al. (2015)
proposed the world urban database and access portal tool
(WUDAPT) protocol for LCZs mapping, which was developed
ultimately into the LCZs generator (Demuzere et al. 2021), an
online platform that generates LCZs mapping solely needing a
training area file as input and also provides automated accuracy
assessment. This approach aims to collect, store, and disseminate
climate-related data on urban physical geography globally. The
WUDAPT approach merges local expert knowledge with the
LCZs framework to categorize the urban landscape into LCZs,
generating LCZs maps for urban regions. The WUDAPT,
outlined in Fig. 6, has been widely adopted for urban climate
studies in numerous regions. For example, Demuzere et al. (2022)
generated a 100m-resolution global LCZs map, accessible for
download at https://doi.org/10.5281/zenodo.6364594. Cai et al.
(2018) created an LCZs map for the Yangtze River Delta
megaregion in China. Ren et al. (2019) generated LCZs maps for
over 20 cities and three major economic regions in China,
offering recommendations for enhancement. Demuzere et al.
(2019) constructed LCZs maps for Europe. Beyond urban climate

Fig. 5 General steps of GIS-based LCZs mapping method (Quan and Bansal 2021).
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studies, WUDAPT finds applications in various domains,
including urban pollution (Shi et al. 2019) and multi-scale urban
atmospheric modeling (Ching et al. 2019).

LCZs mapping methods represent a pivotal advancement
within the LCZs framework, enabling more extensive and
systematic urban climate studies. These methods are indispen-
sable for gaining insights into urban climatology, which is crucial
for informed urban planning and climate-responsive urban
design. While both GIS-based and RS-based LCZs mapping
methods offer advantages, it’s essential to consider their
respective strengths and limitations. GIS-based approaches
provide high precision but may suffer from data availability
issues and the complexity of post-processing. In contrast, RS-
based methods offer freely available multi-temporal data and can
quickly capture large-scale urban environments but may require
extensive computational resources and expertise. The integration
of machine learning and deep learning techniques into RS-based
LCZs mapping has significantly improved classification accuracy
and efficiency. However, these methods often demand large
training datasets and computational resources. Further research
should focus on optimizing these techniques for resource-
constrained environments. The WUDAPT protocol stands out
as a promising approach for LCZs mapping, offering generality,
simplicity, and objectivity. Its reliance on local expert knowledge
enhances accuracy, especially in areas with limited data
availability. However, challenges persist in implementing this
protocol universally, particularly in regions lacking local
expertise.

In summary, LCZs mapping methods represent a pivotal
milestone in urban climate research. They offer versatile tools for
understanding and addressing the UHI effect and other climate-
related urban challenges. As technology and data availability
continue to advance, these methods are poised to play an
increasingly prominent role in shaping sustainable and climate-
resilient cities.

Application of LCZs framework in various scenarios
The application domains of the LCZs framework can be cate-
gorized and analyzed based on the keywords found in the
screened literature. This analysis spans three principal areas: (1)
LCZs framework in UHI studies: The primary application of the
LCZs framework remains in the domain of UHI research. It
provides a valuable tool for investigating the causes and con-
sequences of UHIs, helping researchers better comprehend their

impacts on urban climates and devising strategies to mitigate
them. Given the growing significance of UHI effects in urban
areas, continued research in this area is essential. (2) LCZs
research contributions to urban design and climate change
mitigation: LCZs research also makes substantial contributions to
urban design and climate change mitigation efforts. The frame-
work enables a more refined understanding of how urban
structures and land use impact local climates. Consequently, it
aids urban planners and policymakers in developing climate-
sensitive urban designs and strategies to reduce the UHI effect
and its associated challenges. (3) LCZs framework in diverse
fields: LCZs research has found applications in various other
domains, such as urban ventilation, precipitation, thermal com-
fort, carbon emissions, and building energy consumption. This
indicates the versatility of the LCZs framework and its potential
to inform a broad spectrum of urban-related research.

In summary, the LCZs framework has evolved to become a
valuable tool in various research scenarios. While its origins lie in
addressing UHI research limitations, it now extends its influence
to inform urban design, climate change mitigation, and a range of
interdisciplinary studies. Its adaptability and versatility under-
score the continued relevance of LCZs research in addressing
contemporary urban challenges.

LCZs framework in urban heat island studies. UHI research is
crucial for understanding the impact of urban environments and
devising strategies to mitigate UHI effects. Traditional studies
have focused on 2D built environment parameters, such as
building density, road density, and green space area, extracted
from available data sources like weather data or satellite imagery
for 2D planar UHI studies. Recent investigations have revealed
that 3D built environment factors, including building height and
SVF, have a more substantial influence on UHI than the 2D
parameters (Luo et al. 2023). Consequently, there is a growing
need for research that assesses and characterizes UHI through 3D
spatial analysis, rather than the planar UHI estimation (Kim and
Brown 2021). The LCZs system, which integrates both 2D and 3D
UCPs, is well-suited for 3D UHI studies and can contribute to
advancing the understanding of UHI and its influencing factors.

Table 4 provides examples of UHI research conducted using
the LCZs framework, covering various climate types and research
contents. These studies span different climate types, including
tropical, subtropical, temperate, and more. UHI research typically
falls into two categories: SUHI, which concerns the temperature

Fig. 6 WUDAPT workflow (Bechtel et al. 2015).
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difference between urban and rural areas at the surface level, and
AUHI, which examines corresponding air temperature differ-
ences. Temperature variables in UHI studies can further be
categorized into LST and air temperature, depending on the type
of UHI under investigation. Research objectives encompass the
identification, influencing factors, and mitigation strategies
associated with UHI. UHI studies employ four primary
measurement methods, including fixed measurement (utilizing
fixed meteorological stations or establishing stationary observa-
tion points for thermal environment measurements), mobile
measurement (employing mobile vehicles equipped with climate
observation instruments to collect and record climate data along
predefined routes), ground measurement (retrieving LST using
thermal infrared data), and numerical simulation.

Given the dispersed nature of measurement points and the
limited equipment available for LCZs investigations, many UHI
studies opt for mobile measurement or LST retrieval methods to
gather temperature data across extensive areas. Furthermore,
contemporary LCZs framework research has shifted its focus
from single-city examinations to comparative analyses between
cities. This shift highlights the generalizability of the LCZs
framework and its contributions to the growing trend of multi-
regional urban climate research.

LCZs research contributions to urban design and climate
change mitigation. Well-planned cities are essential for achieving
sustainable urban development (Bai 2018). Climate-sensitive
urban design plays a pivotal role in addressing the challenges
posed by rising temperatures, which threaten residents’ thermal
comfort (Kim and Brown 2021). However, existing urban plan-
ning systems struggle to cope with the complexities of local,
regional, and global warming. Integrating climate considerations
into data requirements and analysis methods is crucial for prac-
tical urban design applications (Perera and Emmanuel 2018).

The development of urban climate mapping systems has
emerged as a responsive tool for climate-conscious urban
planning. LCZs offer a structured classification system for land
surface characteristics, forming the basis for surface parameter-
ization methods (Ren et al. 2011, Jin et al. 2020). LCZs facilitate
the examination of the relationship between urban morphology
and climate, providing meteorological data that informs building
and urban design decisions. This framework has yielded
significant insights into climate-responsive urban design, as
exemplified by recent research endeavors.

For instance, Perera and Emmanuel (2018) utilized the LCZs
framework to guide urban planning in Colombo, establishing it as
a valuable theoretical foundation for crafting climate-sensitive
cities. Likewise, Maharoof et al. (2020) applied the LCZs
framework to investigate the implementation of climate-
sensitive urban planning in densely populated urban areas, as
illustrated by their case study of Glasgow city center. Another
study by Pradhesta et al. (2019) dissected the critical components
of thermal comfort within the LCZs framework, emphasizing
factors such as roughness feature height, packing density, surface
cover, and thermal admittance of materials. These components
prove pivotal in the design of urban spaces that prioritize
residents’ thermal comfort.

In essence, the LCZs framework offers a powerful tool for
formulating climate-sensitive urban design strategies that
enhance the quality of life and the sustainability of our cities.
Climate-conscious urban design based on LCZs revolves around
several key facets:

i) Green infrastructure: Integrating green infrastructure into
urban planning stands as a critical measure for mitigating the
effects of climate change on cities and their inhabitants. A

comprehensive evaluation by Emmanuel and Loconsole (2015)
underscores the effectiveness of green infrastructure options in
combatting urban overheating, particularly within the context
of a warming climate. Notably, increasing green coverage by
approximately 20% over current levels could potentially
eliminate up to half of the projected extra UHI effect by 2050
(Emmanuel and Loconsole 2015). Further insights from
Kotharkar et al. (2020) reveal that greening initiatives not only
serve as cooling strategies but also enhance pedestrian-level
comfort. Intriguingly, their research highlights the superior
results achieved by planting vegetation along streets, as opposed
to concentrating greenery in designated areas. Li et al. (2022b)
further advocate for the moderation of SUHI through the
strategic implementation of urban blue-green infrastructure.
Stepani and Emmanuel (2022) advocate optimizing green
spaces within public realms rather than merely increasing their
quantity, emphasizing that climate-responsive design necessi-
tates a diverse array of solutions, extending beyond green
infrastructure.

ii) Blue infrastructure: The concept of blue infrastructure
encompasses a network of natural and artificial water systems,
including rivers, lakes, canals, and drainage systems, which serve
as vital resources for human communities. Li et al. (2022b)
recommended harnessing the seasonal variations and spatial
distribution of water bodies to enhance the cooling performance
of LCZ G (Water). Factors such as distance and flow rates within
rivers significantly influence the cooling effects, making them key
considerations for urban planners and policymakers. Further-
more, they stress the importance of accounting for the growing
risks of floods and droughts in East African cities, necessitating
the design of blue infrastructure capable of adapting to seasonal
variations and changing climates.

iii) Building design: Building resilience to climate change-
induced extreme weather events is a crucial consideration in
urban design. Passive cooling strategies, including cool roofs,
emerge as effective means to reduce energy consumption and
mitigate the UHI effect. Kotharkar et al. (2020) highlight the
efficacy of cool roofs, specially designed to reflect more sunlight
and absorb less heat than traditional roofing materials, particu-
larly in densely populated urban areas.

iv) Street design: Urban streets represent a significant
component of contemporary urban planning, encompassing
approximately one-quarter of urban areas. They wield consider-
able influence in shaping comfortable urban environments.
However, the climate-sensitive street design goes beyond rigid
one-size-fits-all approaches. Maharoof et al. (2020) advocate for
the integration of LCZ parameters with form-based considera-
tions such as orientation and façade geometry. This nuanced
approach recognizes that different street typologies may demand
distinct design strategies, underscoring the importance of
tailoring designs to specific urban contexts.

v) Other considerations: Research by O’Malley and Kikumoto
(2022) suggests that mitigating UHI effects can be achieved
through constructing lower-rise and open LCZs. They note that
high-rise buildings possess larger heat storage capacities relative
to lower-rise structures. Additionally, Zheng et al. (2022)
proposed the full utilization of the cooling potential inherent in
LCZ A-D and LCZ G and emphasized the need for judicious
regulation of construction land areas (built LCZs) in future urban
development plans.

Leveraging insights from LCZs-based research, climate-
sensitive urban design should center around the integration of
green and blue infrastructure, innovative building design, and
flexible street design elements to counter the adverse impacts of
climate change and foster the creation of sustainable, climate-
responsive urban environments.
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i) Green-blue infrastructure: Urban areas can benefit signifi-
cantly from nature-based solutions, such as green roofs, gardens,
and urban forests. These solutions serve dual purposes, including
mitigating the negative impacts of climate change and promoting
biodiversity. Furthermore, green corridors, such as tree-lined
streets and bike paths, serve as multifunctional assets. They not
only improve air quality but also offer enhanced mobility options
for residents and reduce noise pollution. Water features, such as
fountains and ponds, not only enhance the aesthetic appeal of
public spaces but also provide cooling through evaporation.

ii) Building design: To mitigate UHI effects, building design
should incorporate various strategies, including green roofs, cool
roofs, shade provision, and sustainable materials. Green roofs are
particularly advantageous because they contribute to cooling both
buildings and their surroundings by absorbing and subsequently
releasing moisture through transpiration. Additionally, cool roofs
reflect sunlight and possess lower heat absorption than traditional
roofing materials. The reduction in heat transfer into buildings
beneath the roof not only lowers cooling costs but also enhances
indoor comfort during hot weather. Moreover, building design
can introduce shading solutions in outdoor areas, thereby
reducing the amount of sunlight absorbed by buildings and their
surroundings, thus contributing to cooler environments. Sustain-
able building materials, such as recycled steel, bamboo, and
reclaimed wood, can play a pivotal role in reducing the
environmental footprint of construction, ensuring that buildings
are more sustainable, efficient, and comfortable.

iii) Street design: The design of urban streets plays a crucial role
in mitigating UHI effects. Incorporating vegetation, green roofs,
and other green elements into street design can effectively provide
shade and evaporative cooling. Furthermore, using permeable
pavement materials allows rainwater to penetrate the surface,
promoting evaporation and reducing the amount of heat
absorbed and re-emitted by the pavement. This is particularly
important as impervious surfaces, like concrete and asphalt, tend
to absorb and re-emit substantial amounts of heat, exacerbating
UHI effects. By reducing the prevalence of impervious surfaces in
street design, the adverse impacts of UHI can be mitigated.
Additionally, thoughtful street furniture design, including street-
lights and bus shelters, can be employed to provide shade and
further reduce UHI effects.

In summary, urban design strategies that incorporate green-
blue infrastructure, utilize innovative building design techniques,
and employ street design elements prioritizing vegetation and
sustainability offer comprehensive solutions to mitigate the
adverse effects of UHI. These strategies enhance the overall
resilience and comfort of urban areas, preparing them for the
challenges posed by climate change.

Applications of the LCZs framework in other domains
Urban climate studies. Beyond its primary application in UHI
studies, the LCZs framework offers substantial utility across
various domains of urban climate research. This adaptable fra-
mework enables researchers to explore both spatial and temporal
dynamics of ventilation and precipitation patterns at a local scale,
providing crucial insights for developing effective strategies to
mitigate the environmental and health impacts of urbanization.
For instance, Zhao et al. (2020) effectively employed the LCZs
framework to analyze local-scale urban ventilation performance
in Shenyang. In another study, Yang et al. (2019a) evaluated the
ventilation efficiency of different LCZs in Shanghai by assessing
the frontal area index across various LCZ types. Chen et al. (2021)
conducted a quantitative assessment of the relationship between
daily temperature variations and UHII under varying meteor-
ological conditions, classifying data using precipitation as a

criterion. Additionally, Shi et al. (2022) assessed the influence of
urban ventilation corridors on UHII using the LCZs framework.
Yang et al. (2020c) explored the spatial and temporal variations in
humidity within the urban canopy across eight LCZ plots in
Nanjing, analyzing the interplay between humidity differences,
condensation precipitation events, meteorological parameters,
and UHI. In a related study, Savić et al. (2020) scrutinized pre-
cipitation patterns in different urbanization settings by segregat-
ing areas into “urbanized” and “non-urbanized” based on LCZs
classifications.

In summation, the utilization of the LCZs framework within
urban climate research enhances our comprehension of the
intricate connections between urban design and the multifaceted
facets of urban climate. This broader perspective empowers
researchers to devise effective strategies aimed at mitigating the
repercussions of urbanization on the environment and human
well-being, ultimately contributing to the enhancement of urban
living conditions.

Enhancing outdoor thermal comfort. The quality of outdoor
thermal comfort significantly influences the livability of urban
areas. Changes in urban surfaces can substantially affect LST,
consequently leading to elevated air temperatures and increased
heat stress on urban residents (Lau et al. 2019). The LCZs fra-
mework proves to be a valuable tool in advancing research on
outdoor thermal comfort by capturing the nuances of urban
surface characteristics. For instance, Lau et al. (2019) employed a
combination of questionnaires and field measurements to gauge
subjective thermal sensations within eight distinct LCZs in Hong
Kong. Unger et al. (2018) examined daily and seasonal fluctua-
tions of outdoor human thermal perceptions, scrutinizing diverse
LCZ types based on meteorological data. On a quantitative note,
Liu et al. (2018) analytically assessed the levels of outdoor thermal
comfort within nine LCZs in Shenzhen, dissecting the impact of
various urban spatial characteristics. Schibuola and Tambani
(2022) engaged in an evaluation of outdoor thermal comfort
using the LCZs framework, offering a basis for comparative
analysis of mitigation strategies. Meanwhile, Unal Cilek and Uslu
(2022) analyzed the thermal conditions in urban green spaces
across three distinct canopy cover scenarios using LCZs frame-
work. Lastly, Wu et al. (2022) assessed the thermal comfort levels
in Shenzhen throughout the year 2020 based on the LCZs
framework.

These studies demonstrate that the LCZs framework enables a
more profound comprehension of how urban surface character-
istics affect outdoor thermal comfort. This understanding is
crucial for developing and optimizing mitigation strategies in
urban planning and design to enhance the quality of life and
comfort for urban residents.

Tackling carbon emissions and building energy consumption.
Cities play a significant role in global energy consumption and
carbon dioxide emissions (Zhou 2022b), making the development
of sustainable urban areas pivotal for achieving climate stability
objectives (Zhou 2023, Zhou et al. 2023). The form and function
of the built environment closely intertwine with its carbon
emission patterns. Hence, the LCZs framework emerges as a
valuable tool for research focused on mitigating carbon emissions
and optimizing building energy efficiency. Through the creation
of a regional carbon map grounded in the LCZs framework,
researchers can furnish urban planners and decision-makers with
crucial insights into urban carbon emissions, thereby bolstering
strategic initiatives for carbon reduction and management.

Recent studies have harnessed the potential of the LCZs
framework to scrutinize and chart building carbon emissions and
energy utilization within urban landscapes. Notably, Wu et al.
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(2018) established correlations between building carbon emis-
sions and LCZs classifications, culminating in a detailed mapping
of LCZs-based building carbon emissions in Shanghai. This
research enables a granular understanding of urban-scale carbon
dynamics, essential for localized mitigation efforts. Additionally,
Sharifi et al. (2018) introduced a novel LCZs-based urban carbon
mapping method, offering a standardized approach to urban
carbon assessment. This method found application in major
global cities like Bangkok, Shanghai, and Tokyo, facilitating
comprehensive carbon analysis. Moreover, the adaptability of the
LCZs framework extends to energy consumption assessments for
city-level energy management and planning. For instance, Yang
et al. (2019b) devised a diagnostic equation for daily maximum
UHI indices grounded in the LCZs framework, effectively
applying it to simulate building energy consumption. In a similar
vein, Kotharkar et al. (2022) explored cooling loads and energy
requisites for two distinct building typologies, leveraging the
LCZs framework for insights into energy planning.

Collectively, these studies underscore the versatility and
promise of the LCZs framework in guiding urban sustainability
endeavors and informed energy planning, ultimately steering
cities toward a greener, more energy-efficient future.

Limitations, challenges, and future prospects
Limitations and challenges. While the LCZs framework presents
a promising avenue for standardizing the exchange of global
urban temperature data, its widespread adoption faces challenges
due to the lack of a unified approach to data sourcing and LCZs
classification, leading to inconsistencies in LCZs framework
research. To ensure methodological consistency, it is essential to
establish a standardized LCZs framework research protocol. The
WUDAPT method, designed for data sharing and user-friendli-
ness, shows promise for future urban climate studies based on
LCZs mapping. However, a critical challenge remains in
improving this method’s accuracy. Consequently, a key concern
in LCZs research is developing a large-scale, effective, and precise
LCZs mapping approach by leveraging various benchmark
datasets and classifiers. This paper highlights current issues in the
LCZs mapping process and suggests potential enhancements.

i) Data availability: Data availability poses significant chal-
lenges for LCZs mapping, stemming from several factors. These
include limitations in the spatial and temporal resolution of RS
data, difficulties in obtaining accurate and consistent ground
truth data for calculating UCPs, the high cost associated with
accessing high-quality RS data, etc. These challenges emphasize
the need for a generalizable framework that addresses data
availability issues. The WUDAPT team is actively working
towards this goal and has curated a list of datasets for UCPs
calculation, including building data, tree data, and urban
population data, which can be accessed on the official website
(https://www.wudapt.org/third-party-data/).

ii) RS-based mapping: RS-based mapping predominantly relies
on freely available Landsat satellite image data. However, the
limited image resolution of Landsat data can compromise LCZs
mapping accuracy. To mitigate this limitation, the use of low-cost
and user-friendly unmanned aerial vehicles (UAVs) devices for
high-resolution RS image capture is worth considering. This
approach can mitigate the impact of weather conditions and
cloud cover on images, ultimately enhancing the precision of
training sample identification and LCZs classification.

iii) Training samples: The overall accuracy of the WUDAPT
method depends on the precise identification of LCZ types within
the training samples. However, challenges may arise during data
collection and UCPs calculation due to limited professional
knowledge among researchers, potentially leading to inaccurate

LCZs identification. To mitigate these challenges, the accuracy of
training sample recognition can be improved through the
standardization of data collection and UCPs calculation pro-
cesses. This will help reduce subjective errors and address
expertise-related constraints that can hinder manual recognition.

iv) Classifier: Apart from training samples, the classifier’s
ability to achieve high-precision LCZ type recognition is pivotal
in LCZs mapping research. Recent advancements in artificial
intelligence, particularly deep learning, have revolutionized image
recognition and found widespread application in image classifica-
tion tasks. Consequently, the emerging trend is to leverage neural
network algorithms to achieve large-scale, efficient, and precise
LCZs mapping.

By addressing these challenges and limitations, the LCZs
framework can evolve into a more robust tool for urban climate
research and planning, ensuring improved accuracy and con-
sistency across studies.

Future prospects. The LCZs framework’s generality, simplicity,
and objectivity make it remarkably versatile, positioning it for
extensive application across various future research domains.
Beyond its current role in UHI effect research, the framework
exhibits potential for a plethora of other areas, such as urban
design, outdoor thermal comfort, carbon emissions, building
energy consumption. The trajectory of LCZs framework research
can be delineated into the following directions:

i) Enhancing understanding of UHI: Previous studies evaluat-
ing UHI effects have predominantly relied on 2D planar analysis,
which does not account for the 3D physical form of cities. The
LCZs framework provides an avenue for 3D spatial analysis,
facilitating a more comprehensive evaluation of UHII. This
advancement can significantly enhance our understanding of
UHI effects and foster the development of innovative UHI
mitigation strategies.

ii) Urban design: The LCZs framework serves as a valuable tool
for identifying climate risks within urban areas. Urban planners,
government decision-makers, and stakeholders can leverage this
framework to formulate plans for climate-sensitive urban
development, thereby promoting the creation of sustainable and
resilient cities. Through the utilization of the LCZs framework,
these stakeholders can gain valuable insights into potential
climate risks, enabling them to proactively implement measures
that enhance the effectiveness and efficiency of urban planning
and development.

iii) Exploring complex urban climates: While recent urban
climate studies have started to consider the influence of complex
geographical factors such as topography and water bodies, there
remains a research gap concerning mountainous cities. These
cities, characterized by unique topographical elements and
complex urban climates, have received comparatively less
research attention. Therefore, future urban climate research can
delve into the analysis of urban climates in mountainous cities
using the LCZs framework. By leveraging this framework,
researchers can gain a deeper understanding of the intricate
interactions between topographical features and urban climates in
these unique settings.

iv) LCZs-based economic-environmental analysis: Economic-
environmental analysis aids policymakers and businesses in
harmonizing economic growth with environmental sustainability
by quantifying the environmental impacts of economic activities
(Zhou 2022a). Future LCZs research can evolve towards
economic-environmental analysis. The LCZs framework provides
a foundational understanding of urban physical characteristics
and functions, which can be correlated with economic activities
and environmental impacts. Integrating economic analysis into
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LCZ studies, such as integrating lifecycle assessment methods to
quantify the environmental impacts of various urban develop-
ment scenarios, enables researchers to investigate the cost-
effectiveness of diverse urban development strategies, evaluate
the economic implications of carbon emission reduction, and
assess the financial advantages of sustainable building practices.

These future research directions promise to further amplify the
applicability and impact of the LCZs framework in urban climate
studies, urban planning, economic activities, and climate-
conscious urban development.

Conclusions
This study provides a systematic and critical overview of LCZs
framework research, exploring its evolution, current status, and
future prospects based on recent advancements. It underscores
the LCZs classification system’s effectiveness in guiding climate-
responsive planning and design. The study’s key contributions are
summarized as follows:

1) The proliferation of publications on the LCZs framework
has been remarkable, escalating from 17 in 2013 to 300 in 2022.
This surge in research reflects a prominent trend towards inter-
disciplinary collaboration, with LCZs research encompassing ten
primary categories, including meteorology atmospheric sciences,
environmental sciences ecology, and physical sciences among
others.

2) The ongoing challenge of achieving large-scale, efficient, and
accurate LCZs mapping remains a central concern in LCZs
research. Efforts to address this challenge have been underway,
with researchers integrating diverse benchmark datasets,
employing UAVs, and utilizing deep learning classifiers.

3) In the realm of UHI studies, the LCZs framework has
demonstrated its suitability for 3D UHI analysis, enriching the
comprehension of UHI dynamics and their repercussions on
urban environments. Recent LCZs framework investigations have
evolved from single-city analyses to comparative studies encom-
passing multiple cities. Moving forward, the LCZs framework
holds promise for deciphering the complexities of urban climates
influenced by intricate geographical factors.

4) For climate-responsive urban design, the LCZs framework
serves as an invaluable instrument for devising strategies that
prioritize climate sensitivity in urban planning and development.
The integration of green and blue infrastructure, building design
principles, and innovative street design emerges as fundamental
elements in fostering climate-conscious cities through the LCZs
framework.

5) The LCZs framework exhibits versatility across various
research domains, including outdoor thermal comfort, carbon
emissions analysis, and building energy consumption assess-
ments. Its application contributes significantly to advancing
ecological urban construction and promoting sustainable urban
development.

In summation, the LCZs framework stands out as a powerful
instrument with broad implications for urban climate research,
urban planning, and the advancement of climate-resilient and
sustainable cities. Its ongoing evolution and refinement are poised
to catalyze innovation and advancements in these crucial
domains.

Data availability
Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

Received: 21 October 2023; Accepted: 17 April 2024;

References
Alexander PJ, Mills G (2014) Local Climate Classification and Dublin’s Urban Heat

Island. Atmosphere 5:755–774. https://doi.org/10.3390/atmos5040755
Aslam A, Rana IA (2022) The use of local climate zones in the urban environment:

A systematic review of data sources, methods, and themes. Urban Clim.
42:101120. https://doi.org/10.1016/j.uclim.2022.101120

Bai X (2018) Advance the ecosystem approach in cities. Nature 559:7–7. https://doi.
org/10.1038/d41586-018-05607-x

Balchin WGV, Pye N (1947) A micro-climatological investigation of bath and the
surrounding district. Q J. R. Meteor Soc. 73:297–323. https://doi.org/10.1002/
qj.49707331706

Bartmiński P, Siłuch M (2022) Mapping the albedo of the active surface at different
stages of the growing season using data from various sources. Remote Sens
Appl 28:100818. https://doi.org/10.1016/j.rsase.2022.100818

Bechtel B, Alexander P, Böhner J, Ching J, Conrad O, Feddema J, Mills G, See L,
Stewart I (2015) Mapping Local Climate Zones for a Worldwide Database of
the Form and Function of Cities. ISPRS Int J. Geo-Inf. 4:199–219. https://doi.
org/10.3390/ijgi4010199

Benjamin K, Luo Z, Wang X (2021) Crowdsourcing Urban Air Temperature Data
for Estimating Urban Heat Island and Building Heating/Cooling Load in
London. Energies 14:5208. https://doi.org/10.3390/en14165208

Budhiraja B, Gawuc L, Agrawal G (2019) Seasonality of Surface Urban Heat Island
in Delhi City Region Measured by Local Climate Zones and Conventional
Indicators. IEEE J.-STARS 12:5223–5232. https://doi.org/10.1109/JSTARS.
2019.2955133

Cai M, Ren C, Xu Y, Lau KK-L, Wang R (2018) Investigating the relationship
between local climate zone and land surface temperature using an improved
WUDAPT methodology – A case study of Yangtze River Delta, China. Urban
Clim. 24:485–502. https://doi.org/10.1016/j.uclim.2017.05.010

Chen G, He M, Li N, He H, Cai Y, Zheng S (2021) A Method for Selecting the
Typical Days with Full Urban Heat Island Development in Hot and Humid
Area, Case Study in Guangzhou, China. Sustainability 13:320. https://doi.org/
10.3390/su13010320

Chen Y, Zheng B, Hu Y (2020a) Mapping Local Climate Zones Using ArcGIS-
Based Method and Exploring Land Surface Temperature Characteristics in
Chenzhou, China. Sustainability 12:2974. https://doi.org/10.3390/su12072974

Chen Y, Zheng B, Hu Y (2020b) Numerical Simulation of Local Climate Zone
Cooling Achieved through Modification of Trees, Albedo and Green Roofs—
A Case Study of Changsha, China. Sustainability 12:2752. https://doi.org/10.
3390/su12072752

Ching J, Aliaga D, Mills G, Masson V, See L, Neophytou M, Middel A, Baklanov A,
Ren C, Ng E, Fung J, Wong M, Huang Y, Martilli A, Brousse O, Stewart I,
Zhang X, Shehata A, Miao S, Wang X, Wang W, Yamagata Y, Duarte D, Li Y,
Feddema J, Bechtel B, Hidalgo J, Roustan Y, Kim Y, Simon H, Kropp T, Bruse
M, Lindberg F, Grimmond S, Demuzure M, Chen F, Li C, Gonzales-Cruz J,
Bornstein B, He Q, Tzu-Ping, Hanna A, Erell E, Tapper N, Mall RK, Niyogi D
(2019) Pathway using WUDAPT’s Digital Synthetic City tool towards gen-
erating urban canopy parameters for multi-scale urban atmospheric model-
ing. Urban Clim. 28:100459. https://doi.org/10.1016/j.uclim.2019.100459

Demuzere M, Kittner J, Bechtel B (2021) LCZ Generator: A Web Application to
Create Local Climate Zone Maps. Front Env Sci. 9:637455. https://doi.org/10.
3389/fenvs.2021.637455

Demuzere M, Bechtel B, Middel A, Mills G (2019) Mapping Europe into local
climate zones. Mourshed M (Ed.). PLOS ONE 14: e0214474. https://doi.org/
10.1371/journal.pone.0214474

Demuzere M, Kittner J, Martilli A, Mills G, Moede C, Stewart ID, van Vliet J,
Bechtel B (2022) A global map of local climate zones to support earth system
modelling and urban-scale environmental science. Earth Syst. Sci. Data
14:3835–3873. https://doi.org/10.5194/essd-14-3835-2022

Deng C, Wu C (2013) The use of single-date MODIS imagery for estimating large-
scale urban impervious surface fraction with spectral mixture analysis and
machine learning techniques. ISPRS J. Photogramm. 86:100–110. https://doi.
org/10.1016/j.isprsjprs.2013.09.010

Dhingra S, Kumar D (2019) A review of remotely sensed satellite image classifi-
cation. IJECE 9:1720. https://doi.org/10.11591/ijece.v9i3.pp1720-1731

Dong P, Jiang S, Zhan W, Wang C, Miao S, Du H, Li J, Wang S, Jiang L (2022)
Diurnally continuous dynamics of surface urban heat island intensities of
local climate zones with spatiotemporally enhanced satellite-derived land
surface temperatures. Build Environ. 218:109105. https://doi.org/10.1016/j.
buildenv.2022.109105

Emery J, Pohl B, Crétat J, Richard Y, Pergaud J, Rega M, Zito S, Dudek J, Vairet T,
Joly D, Thévenin T (2021) How local climate zones influence urban air

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03072-8 REVIEW ARTICLE

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:538 | https://doi.org/10.1057/s41599-024-03072-8 15

https://doi.org/10.3390/atmos5040755
https://doi.org/10.1016/j.uclim.2022.101120
https://doi.org/10.1038/d41586-018-05607-x
https://doi.org/10.1038/d41586-018-05607-x
https://doi.org/10.1002/qj.49707331706
https://doi.org/10.1002/qj.49707331706
https://doi.org/10.1016/j.rsase.2022.100818
https://doi.org/10.3390/ijgi4010199
https://doi.org/10.3390/ijgi4010199
https://doi.org/10.3390/en14165208
https://doi.org/10.1109/JSTARS.2019.2955133
https://doi.org/10.1109/JSTARS.2019.2955133
https://doi.org/10.1016/j.uclim.2017.05.010
https://doi.org/10.3390/su13010320
https://doi.org/10.3390/su13010320
https://doi.org/10.3390/su12072974
https://doi.org/10.3390/su12072752
https://doi.org/10.3390/su12072752
https://doi.org/10.1016/j.uclim.2019.100459
https://doi.org/10.3389/fenvs.2021.637455
https://doi.org/10.3389/fenvs.2021.637455
https://doi.org/10.1371/journal.pone.0214474
https://doi.org/10.1371/journal.pone.0214474
https://doi.org/10.5194/essd-14-3835-2022
https://doi.org/10.1016/j.isprsjprs.2013.09.010
https://doi.org/10.1016/j.isprsjprs.2013.09.010
https://doi.org/10.11591/ijece.v9i3.pp1720-1731
https://doi.org/10.1016/j.buildenv.2022.109105
https://doi.org/10.1016/j.buildenv.2022.109105


temperature: Measurements by bicycle in Dijon, France. Urban Clim.
40:101017. https://doi.org/10.1016/j.uclim.2021.101017

Emmanuel R, Loconsole A (2015) Green infrastructure as an adaptation approach to
tackling urban overheating in the Glasgow Clyde Valley Region, UK. Landsc.
Urban Plan 138:71–86. https://doi.org/10.1016/j.landurbplan.2015.02.012

Fan PY, He Q, Tao YZ (2023) Identifying research progress, focuses, and prospects
of local climate zone (LCZ) using bibliometrics and critical reviews. Heliyon
9:e14067. https://doi.org/10.1016/j.heliyon.2023.e14067

Fernandes R, Nascimento V, Freitas M, Ometto J (2023) Local Climate Zones to
Identify Surface Urban Heat Islands: A Systematic Review. Remote Sens
15:884. https://doi.org/10.3390/rs15040884

Geletič J, Lehnert M, Dobrovolný P (2016) Land Surface Temperature Differences
within Local Climate Zones, Based on Two Central European Cities. Remote
Sens 8:788. https://doi.org/10.3390/rs8100788

Geletič J, Lehnert M, Savić S, Milošević D (2019) Inter-/intra-zonal seasonal
variability of the surface urban heat island based on local climate zones in
three central European cities. Build Environ. 156:21–32. https://doi.org/10.
1016/j.buildenv.2019.04.011

Guo H, Du B, Zhang L, Su X (2022) A coarse-to-fine boundary refinement network
for building footprint extraction from remote sensing imagery. ISPRS J.
Photogramm. 183:240–252. https://doi.org/10.1016/j.isprsjprs.2021.11.005

Hay Chung LC, Xie J, Ren C (2021) Improved machine-learning mapping of local
climate zones in metropolitan areas using composite Earth observation data
in Google Earth Engine. Build Environ. 199:107879. https://doi.org/10.1016/j.
buildenv.2021.107879

Hu J, Ghamisi P, Zhu XX (2018) Feature Extraction and Selection of Sentinel-1
Dual-Pol Data for Global-Scale Local Climate Zone Classification. ISPRS Int
J. Geo-Inf. 7:379. https://doi.org/10.3390/ijgi7090379

Huang F, Jiang S, Zhan W, Bechtel B, Liu Z, Demuzere M, Huang Y, Xu Y, Ma L,
Xia W, Quan J, Jiang L, Lai J, Wang C, Kong F, Du H, Miao S, Chen Y, Chen
J (2023) Mapping local climate zones for cities: A large review. Remote Sens
Environ. 292:113573. https://doi.org/10.1016/j.rse.2023.113573

Huang Q, Lu Y (2018) Urban heat island research from 1991 to 2015: a biblio-
metric analysis. Theor. Appl Climatol. 131:1055–1067. https://doi.org/10.
1007/s00704-016-2025-1

Huang X, Liu A, Li J (2021) Mapping and analyzing the local climate zones in
China’s 32 major cities using Landsat imagery based on a novel convolutional
neural network. Geo-Spat. Inf. Sci. 24:528–557. https://doi.org/10.1080/
10095020.2021.1892459

Jiang S, Zhan W, Dong P, Wang C, Li J, Miao S, Jiang L, Du H, Wang C (2022)
Surface air temperature differences of intra- and inter-local climate zones
across diverse timescales and climates. Build Environ. 222:109396. https://doi.
org/10.1016/j.buildenv.2022.109396

Jifroudi HM, Mansor SB, Pradhan B, Halin AA, Ahmad N, Abdullah AFB (2022) A
new approach to derive buildings footprint from light detection and ranging
data using rule-based learning techniques and decision tree. Measurement
192:110781. https://doi.org/10.1016/j.measurement.2022.110781

Jin L, Pan X, Liu L, Liu L, Liu J, Gao Y (2020) Block-based local climate zone
approach to urban climate maps using the UDC model. Build Environ.
186:107334. https://doi.org/10.1016/j.buildenv.2020.107334

Kim SW, Brown RD (2021) Urban heat island (UHI) intensity and magnitude
estimations: A systematic literature review. Sci. Total Environ. 779:146389.
https://doi.org/10.1016/j.scitotenv.2021.146389

Kopp J, Frajer J, Novotná M, Preis J, Dolejš M (2021) Comparison of Ecohy-
drological and Climatological Zoning of the Cities: Case Study of the City of
Pilsen. ISPRS Int J. Geo-Inf. 10:350. https://doi.org/10.3390/ijgi10050350

Kotharkar R, Bagade A (2018) Evaluating urban heat island in the critical local
climate zones of an Indian city. Landsc. Urban Plan 169:92–104. https://doi.
org/10.1016/j.landurbplan.2017.08.009

Kotharkar R, Bagade A, Singh PR (2020) A systematic approach for urban heat
island mitigation strategies in critical local climate zones of an Indian city.
Urban Clim. 34:100701. https://doi.org/10.1016/j.uclim.2020.100701

Kotharkar R, Ghosh A, Kapoor S, Reddy DGK (2022) Approach to local climate
zone based energy consumption assessment in an Indian city. Energ. Build.
259:111835. https://doi.org/10.1016/j.enbuild.2022.111835

Lau KK-L, Chung SC, Ren C (2019) Outdoor thermal comfort in different urban
settings of sub-tropical high-density cities: An approach of adopting local
climate zone (LCZ) classification. Build Environ. 154:227–238. https://doi.
org/10.1016/j.buildenv.2019.03.005

Leconte F, Bouyer J, Claverie R, Pétrissans M (2015) Using Local Climate Zone scheme
for UHI assessment: Evaluation of the method using mobile measurements. Build
Environ. 83:39–49. https://doi.org/10.1016/j.buildenv.2014.05.005

Leconte F, Bouyer J, Claverie R, Pétrissans M (2017) Analysis of nocturnal air
temperature in districts using mobile measurements and a cooling indicator.
Theor. Appl Clim. 130:365–376. https://doi.org/10.1007/s00704-016-1886-7

Lehnert M, Savić S, Milošević D, Dunjić J, Geletič J (2021) Mapping Local Climate
Zones and Their Applications in European Urban Environments: A

Systematic Literature Review and Future Development Trends. ISPRS Int J.
Geo-Inf. 10:260. https://doi.org/10.1371/journal.pone.0214474

Lelovics E, Unger J, Gál T, Gál C (2014) Design of an urban monitoring network
based on Local Climate Zone mapping and temperature pattern modelling.
Clim. Res 60:51–62. https://doi.org/10.3354/cr01220

Li N, Wang B, Yao Y, Chen L, Zhang Z (2022a) Thermal Contribution of the Local
Climate Zone and Its Spatial Distribution Effect on Land Surface Tempera-
ture in Different Macroclimate Cities. Remote Sens 14:4029. https://doi.org/
10.3390/rs14164029

Li X, Stringer LC, Dallimer M (2022b) The role of blue green infrastructure in the
urban thermal environment across seasons and local climate zones in East
Africa. Sustain Cities Soc. 80:103798. https://doi.org/10.1016/j.scs.2022.103798

Liang J, Gong J, Sun J, Zhou J, Li W, Li Y, Liu J, Shen S (2017) Automatic Sky View
Factor Estimation from Street View Photographs—A Big Data Approach.
Remote Sens 9:411. https://doi.org/10.3390/rs9050411

Liu L, Pan X, Jin L, Liu L, Liu J (2022) Association analysis on spatiotemporal
characteristics of block-scale urban thermal environments based on a field
mobile survey in Guangzhou, China. Urban Clim. 42:101131. https://doi.org/
10.1016/j.uclim.2022.101131

Liu L, Lin Y, Xiao Y, Xue P, Shi L, Chen X, Liu J (2018) Quantitative effects of
urban spatial characteristics on outdoor thermal comfort based on the LCZ
scheme. Build Environ. 143:443–460. https://doi.org/10.1016/j.buildenv.2018.
07.019

Liu S, Qi Z, Li X, Yeh A (2019) Integration of Convolutional Neural Networks and
Object-Based Post-Classification Refinement for Land Use and Land Cover
Mapping with Optical and SAR Data. Remote Sens 11:690. https://doi.org/10.
3390/rs11060690

Liu X, Li X (2023) Luojia nighttime light data with a 130m spatial resolution providing a
better measurement of gridded anthropogenic heat flux than VIIRS. Sustain Cities
Soc. 94:104565. https://doi.org/10.1016/j.scs.2023.104565

Liu Y, Li M, Mao L, Xu F, Huang S (2006) Review of remotely sensed imagery
classification patterns based on object-oriented image analysis. Chin. Geogr.
Sci. 16:282–288. https://doi.org/10.1007/s11769-006-0282-0

Luo P, Yu B, Li P, Liang P, Liang Y, Yang L (2023) How 2D and 3D built
environments impact urban surface temperature under extreme heat: A study
in Chengdu, China. Build Environ. 231:110035. https://doi.org/10.1016/j.
buildenv.2023.110035

Ma L, Zhu X, Qiu C, Blaschke T, Li M (2021) Advances of Local Climate Zone
Mapping and Its Practice Using Object-Based Image Analysis. Atmosphere
12:1146. https://doi.org/10.3390/atmos12091146

Maharoof N, Emmanuel R, Thomson C (2020) Compatibility of local climate zone
parameters for climate sensitive street design: Influence of openness and
surface properties on local climate. Urban Clim. 33:100642. https://doi.org/
10.1016/j.uclim.2020.100642

Masson V (2000) A Physically-Based Scheme For The Urban Energy Budget In
Atmospheric Models. Bound-Lay. Meteorol. 94:357–397. https://doi.org/10.
1023/A:1002463829265

Matzarakis A, Rutz F, Mayer H (2007) Modelling radiation fluxes in simple and
complex environments—application of the RayMan model. Int J. Biome-
teorol. 51:323–334. https://doi.org/10.1007/s00484-006-0061-8

MoN, Han J, Yin Y, Zhang Y (2024) Seasonal analysis of land surface temperature using
local climate zones in peak forest basin topography: A case study of Guilin. Build
Environ. 247:111042. https://doi.org/10.1016/j.buildenv.2023.111042

Mushore TD, Mutanga O, Odindi J (2022) Understanding Growth-Induced Trends
in Local Climate Zones, Land Surface Temperature, and Extreme Tempera-
ture Events in a Rapidly Growing City: A Case of Bulawayo Metropolitan
City in Zimbabwe. Front Env Sci. 10:910816. https://doi.org/10.3389/fenvs.
2022.910816

Núñez Peiró M, Sánchez-Guevara Sánchez C, Neila González FJ (2019) Source area
definition for local climate zones studies. A systematic review. Build Environ.
148:258–285. https://doi.org/10.1016/j.buildenv.2018.10.050

Nurwanda A (2018) City expansion and urban heat island in Bogor. IOP Conf. Ser:
Earth Environ. Sci. 179:012007. https://doi.org/10.1088/1755-1315/179/1/012007

O’Malley C, Kikumoto H (2022) An investigation into heat storage by adopting
local climate zones and nocturnal-diurnal urban heat island differences in the
Tokyo Prefecture. Sustain Cities Soc. 83:103959. https://doi.org/10.1016/j.scs.
2022.103959

Peng W, Wang R, Duan J, Gao W, Fan Z (2022) Surface and canopy urban heat
islands: Does urban morphology result in the spatiotemporal differences?
Urban Clim. 42:101136. https://doi.org/10.1016/j.uclim.2022.101136

Perera NGR, Emmanuel R (2018) A “Local Climate Zone” based approach to urban
planning in Colombo, Sri Lanka. Urban Clim. 23:188–203. https://doi.org/10.
1016/j.uclim.2016.11.006

Pradhesta YF, Nurjani E, Arijuddin BI (2019) Local Climate Zone classification for
climate-based urban planning using Landsat 8 Imagery (A case study in
Yogyakarta Urban Area). IOP Conf. Ser: Earth Environ. Sci. 303:012022.
https://doi.org/10.1088/1755-1315/303/1/012022

REVIEW ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03072-8

16 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:538 | https://doi.org/10.1057/s41599-024-03072-8

https://doi.org/10.1016/j.uclim.2021.101017
https://doi.org/10.1016/j.landurbplan.2015.02.012
https://doi.org/10.1016/j.heliyon.2023.e14067
https://doi.org/10.3390/rs15040884
https://doi.org/10.3390/rs8100788
https://doi.org/10.1016/j.buildenv.2019.04.011
https://doi.org/10.1016/j.buildenv.2019.04.011
https://doi.org/10.1016/j.isprsjprs.2021.11.005
https://doi.org/10.1016/j.buildenv.2021.107879
https://doi.org/10.1016/j.buildenv.2021.107879
https://doi.org/10.3390/ijgi7090379
https://doi.org/10.1016/j.rse.2023.113573
https://doi.org/10.1007/s00704-016-2025-1
https://doi.org/10.1007/s00704-016-2025-1
https://doi.org/10.1080/10095020.2021.1892459
https://doi.org/10.1080/10095020.2021.1892459
https://doi.org/10.1016/j.buildenv.2022.109396
https://doi.org/10.1016/j.buildenv.2022.109396
https://doi.org/10.1016/j.measurement.2022.110781
https://doi.org/10.1016/j.buildenv.2020.107334
https://doi.org/10.1016/j.scitotenv.2021.146389
https://doi.org/10.3390/ijgi10050350
https://doi.org/10.1016/j.landurbplan.2017.08.009
https://doi.org/10.1016/j.landurbplan.2017.08.009
https://doi.org/10.1016/j.uclim.2020.100701
https://doi.org/10.1016/j.enbuild.2022.111835
https://doi.org/10.1016/j.buildenv.2019.03.005
https://doi.org/10.1016/j.buildenv.2019.03.005
https://doi.org/10.1016/j.buildenv.2014.05.005
https://doi.org/10.1007/s00704-016-1886-7
https://doi.org/10.1371/journal.pone.0214474
https://doi.org/10.3354/cr01220
https://doi.org/10.3390/rs14164029
https://doi.org/10.3390/rs14164029
https://doi.org/10.1016/j.scs.2022.103798
https://doi.org/10.3390/rs9050411
https://doi.org/10.1016/j.uclim.2022.101131
https://doi.org/10.1016/j.uclim.2022.101131
https://doi.org/10.1016/j.buildenv.2018.07.019
https://doi.org/10.1016/j.buildenv.2018.07.019
https://doi.org/10.3390/rs11060690
https://doi.org/10.3390/rs11060690
https://doi.org/10.1016/j.scs.2023.104565
https://doi.org/10.1007/s11769-006-0282-0
https://doi.org/10.1016/j.buildenv.2023.110035
https://doi.org/10.1016/j.buildenv.2023.110035
https://doi.org/10.3390/atmos12091146
https://doi.org/10.1016/j.uclim.2020.100642
https://doi.org/10.1016/j.uclim.2020.100642
https://doi.org/10.1023/A:1002463829265
https://doi.org/10.1023/A:1002463829265
https://doi.org/10.1007/s00484-006-0061-8
https://doi.org/10.1016/j.buildenv.2023.111042
https://doi.org/10.3389/fenvs.2022.910816
https://doi.org/10.3389/fenvs.2022.910816
https://doi.org/10.1016/j.buildenv.2018.10.050
https://doi.org/10.1088/1755-1315/179/1/012007
https://doi.org/10.1016/j.scs.2022.103959
https://doi.org/10.1016/j.scs.2022.103959
https://doi.org/10.1016/j.uclim.2022.101136
https://doi.org/10.1016/j.uclim.2016.11.006
https://doi.org/10.1016/j.uclim.2016.11.006
https://doi.org/10.1088/1755-1315/303/1/012022


Quan J (2019) Enhanced geographic information system-based mapping of local
climate zones in Beijing, China. Sci. China Technol. Sci. 62:2243–2260.
https://doi.org/10.1007/s11431-018-9417-6

Quan SJ, Bansal P (2021) A systematic review of GIS-based local climate zone
mapping studies. Build Environ. 196:107791. https://doi.org/10.1016/j.
buildenv.2021.107791

Quan SJ, Dutt F, Woodworth E, Yamagata Y, Yang PP-J (2017) Local Climate Zone
Mapping for Energy Resilience: A Fine-grained and 3D Approach. Energy
Procedia 105:3777–3783. https://doi.org/10.1016/j.egypro.2017.03.883

Ren C, Ng EY, Katzschner L (2011) Urban climatic map studies: a review. Int J.
Climatol. 31:2213–2233. https://doi.org/10.1002/joc.2237

Ren C, Cai M, Li X, Zhang L, Wang R, Xu Y, Ng E (2019) Assessment of Local
Climate Zone Classification Maps of Cities in China and Feasible Refine-
ments. Sci. Rep. 9:18848. https://doi.org/10.1038/s41598-019-55444-9

Savić S, Kalfayan M, Dolinaj D (2020) Precipitation spatial patterns in cities with
different urbanisation types: Case study of Novi Sad (Serbia) as a medium-
sized city. Geogr. Pannonica 24:88–99. https://doi.org/10.5937/gp24-25202

Schibuola L, Tambani C (2022) A monthly performance comparison of green
infrastructures enhancing urban outdoor thermal comfort. Energ. Build.
273:112368. https://doi.org/10.1016/j.enbuild.2022.112368

Sharifi A, Wu Y, Khamchiangta D, Yoshida T, Yamagata Y (2018) Urban carbon
mapping: Towards a standardized framework. Energy Procedia 152:799–808.
https://doi.org/10.1016/j.egypro.2018.09.193

Shi L, Ling F, Foody GM, Yang Z, Liu X, Du Y (2021) Seasonal SUHI Analysis
Using Local Climate Zone Classification: A Case Study of Wuhan, China. Int
J. Env Res Pub He 18:7242. https://doi.org/10.3390/ijerph18147242

Shi Y, Ren C, Lau KK-L, Ng E (2019) Investigating the influence of urban land use
and landscape pattern on PM2.5 spatial variation using mobile monitoring
and WUDAPT. Landsc. Urban Plan 189:15–26. https://doi.org/10.1016/j.
landurbplan.2019.04.004

Shi Z, Yang J, Zhang Y, Xiao X, Xia JC (2022) Urban ventilation corridors and
spatiotemporal divergence patterns of urban heat island intensity: a local
climate zone perspective. Environ Sci Pollut Res. https://doi.org/10.1007/
s11356-022-21037-9

Skarbit N, Stewart ID, Unger J, Gál T (2017) Employing an urban meteorological
network to monitor air temperature conditions in the ‘local climate zones’ of
Szeged, Hungary. Int J. Climatol. 37:582–596. https://doi.org/10.1002/joc.5023

Stepani HMN, Emmanuel R (2022) How Much Green Is Really “Cool”? Target
Setting for Thermal Comfort Enhancement in a Warm, Humid City (Jakarta,
Indonesia). Atmosphere 13:184. https://doi.org/10.3390/atmos13020184

Stewart ID, Oke TR (2012) Local Climate Zones for Urban Temperature Studies. B Am.
Meteorol. Soc. 93:1879–1900. https://doi.org/10.1175/BAMS-D-11-00019.1

Steyn DG (1980) The calculation of view factors from fisheye‐lens photographs:
Research note. Atmos.-Ocean 18:254–258. https://doi.org/10.1080/07055900.
1980.9649091

Sytsma A, Bell C, Eisenstein W, Hogue T, Kondolf GM (2020) A geospatial
approach for estimating hydrological connectivity of impervious surfaces. J.
Hydrol. 591:125545. https://doi.org/10.1016/j.jhydrol.2020.125545

Tahooni A, Kakroodi AA, Kiavarz M (2023) Monitoring of land surface albedo and
its impact on land surface temperature (LST) using time series of remote
sensing data. Ecol Inform: 102118. https://doi.org/10.1016/j.ecoinf.2023.102118

Tamás G, Benjamin B, János U (2015) Comparison of two different Local Climate
Zone mapping methods. ICUC9

Unal Cilek M, Uslu C (2022) Modeling the relationship between the geometric
characteristics of urban green spaces and thermal comfort: The case of Adana
city. Sustain Cities Soc. 79:103748. https://doi.org/10.1016/j.scs.2022.103748

Unger J, Lelovics E, Gál T (2014) Local Climate Zone mapping using GIS methods
in Szeged. Hungarian Geographical Bull. 63:29–41. https://doi.org/10.15201/
hungeobull.63.1.3

Unger J, Skarbit N, Gál T (2018) Evaluation of outdoor human thermal sensation
of local climate zones based on long-term database. Int J. Biometeorol.
62:183–193. https://doi.org/10.1007/s00484-017-1440-z

UN-Habitat (2022) World Cities Report 2022: Envisaging the Future of Cities.
United Nations

Wang C, Middel A, Myint SW, Kaplan S, Brazel AJ, Lukasczyk J (2018) Assessing local
climate zones in arid cities: The case of Phoenix, Arizona and Las Vegas, Nevada.
ISPRS J. Photogramm. 141:59–71. https://doi.org/10.1016/j.isprsjprs.2018.04.009

Wang R, Wang M, Zhang Z, Hu T, Xing J, He Z, Liu X (2022a) Geographical
Detection of Urban Thermal Environment Based on the Local Climate Zones:
A Case Study in Wuhan, China. Remote Sens 14:1067. https://doi.org/10.
3390/rs14051067

Wang Y, Ni Z, Hu M, Chen S, Xia B (2021) A practical approach of urban green
infrastructure planning to mitigate urban overheating: A case study of Guangz-
hou. J. Clean. Prod. 287:124995. https://doi.org/10.1016/j.jclepro.2020.124995

Wang Y, Hu D, Yu C, Di Y, Wang S, Liu M (2022b) Appraising regional
anthropogenic heat flux using high spatial resolution NTL and POI data: A
case study in the Beijing-Tianjin-Hebei region, China. Environ. Pollut.
292:118359. https://doi.org/10.1016/j.envpol.2021.118359

Wei S, Zhang T, Ji S, Luo M, Gong J (2023) BuildMapper: A fully learnable
framework for vectorized building contour extraction. ISPRS J. Photogramm.
197:87–104. https://doi.org/10.1016/j.isprsjprs.2023.01.015

Wu J, Liu C, Wang H (2022) Analysis of Spatio-temporal patterns and related factors
of thermal comfort in subtropical coastal cities based on local climate zones.
Build Environ. 207:108568. https://doi.org/10.1016/j.buildenv.2021.108568

Wu W-B, Ma J, Banzhaf E, Meadows ME, Yu Z-W, Guo F-X, Sengupta D, Cai X-X,
Zhao B (2023) A first Chinese building height estimate at 10 m resolution
(CNBH-10 m) using multi-source earth observations and machine learning.
Remote Sens Environ. 291:113578. https://doi.org/10.1016/j.rse.2023.113578

Wu Y, Sharifi A, Yang P, Borjigin H, Murakami D, Yamagata Y (2018) Mapping
building carbon emissions within local climate zones in Shanghai. Energy
Procedia 152:815–822. https://doi.org/10.1016/j.egypro.2018.09.195

Xia H, Chen Y, Song C, Li J, Quan J, Zhou G (2022) Analysis of surface urban heat
islands based on local climate zones via spatiotemporally enhanced land
surface temperature. Remote Sens Environ. 273:112972. https://doi.org/10.
1016/j.rse.2022.112972

Xu Y, Ren C, Cai M, Edward NYY, Wu T (2017) Classification of Local Climate
Zones Using ASTER and Landsat Data for High-Density Cities. IEEE J.-
STARS 10:3397–3405. https://doi.org/10.1109/JSTARS.2017.2683484

Xue J, You R, Liu W, Chen C, Lai D (2020) Applications of Local Climate Zone
Classification Scheme to Improve Urban Sustainability: A Bibliometric
Review. Sustainability 12:8083. https://doi.org/10.3390/su12198083

Yan Y, Huang B (2022) Estimation of building height using a single street view
image via deep neural networks. ISPRS J. Photogramm. 192:83–98. https://
doi.org/10.1016/j.isprsjprs.2022.08.006

Yang G, Fu Y, Yan M, Zhang J (2020a) Exploring the distribution of energy
consumption in a northeast Chinese city based on local climate zone scheme:
Shenyang city as a case study. Energy Explor Exploit 38:2079–2094. https://
doi.org/10.1177/014459872095046

Yang J, Wang Y, Xiu C, Xiao X, Xia J, Jin C (2020b) Optimizing local climate zones
to mitigate urban heat island effect in human settlements. J. Clean. Prod.
275:123767. https://doi.org/10.1016/j.jclepro.2020.123767

Yang J, Jin S, Xiao X, Jin C, Xia J, Li X, Wang S(2019) Local climate zone venti-
lation and urban land surface temperatures: Towards a performance-based
and wind-sensitive planning proposal in megacities Sustain Cities Soc.
47:101487. https://doi.org/10.1016/j.scs.2019.101487

Yang R, Yang J, Wang L, Xiao X, Xia J (2022) Contribution of local climate zones
to the thermal environment and energy demand. Front Public Health 10.
https://www.frontiersin.org/articles/10.3389/fpubh.2022.992050

Yang X, Yao L, Zhu C, Jin T, Peng LL (2017) Analysis of Local Heat Islands in
Nanjing, China, based on the Local Climate Zone Scheme. Procedia Eng.
205:2501–2508. https://doi.org/10.1016/j.proeng.2017.09.980

Yang X, Peng LLH, Chen Y, Yao L, Wang Q (2020c) Air humidity characteristics of
local climate zones: A three-year observational study in Nanjing. Build
Environ. 171:106661. https://doi.org/10.1016/j.buildenv.2020.106661

Yang X, Yao L, Peng LLH, Jiang Z, Jin T, Zhao L (2019b) Evaluation of a diagnostic
equation for the daily maximum urban heat island intensity and its appli-
cation to building energy simulations. Energ. Build. 193:160–173. https://doi.
org/10.1016/j.enbuild.2019.04.001

Yang X, Yao L, Jin T, Peng LLH, Jiang Z, Hu Z, Ye Y (2018) Assessing the
thermal behavior of different local climate zones in the Nanjing metro-
polis, China. Build Environ. 137:171–184. https://doi.org/10.1016/j.
buildenv.2018.04.009

Yang X, Peng LLH, Jiang Z, Chen Y, Yao L, He Y, Xu T (2020d) Impact of urban
heat island on energy demand in buildings: Local climate zones in Nanjing.
Appl Energy 260:114279. https://doi.org/10.1016/j.apenergy.2019.114279

Yu B, Liu H, Wu J, Hu Y, Zhang L (2010) Automated derivation of urban building
density information using airborne LiDAR data and object-basedmethod. Landsc.
Urban Plan 98:210–219. https://doi.org/10.1016/j.landurbplan.2010.08.004

Yu C, Hu D, Wang S, Chen S, Wang Y (2021) Estimation of anthropogenic heat
flux and its coupling analysis with urban building characteristics – A case
study of typical cities in the Yangtze River Delta, China. Sci. Total Environ.
774:145805. https://doi.org/10.1016/j.scitotenv.2021.145805

Yuan B, Zhou L, Hu F, Zhang Q (2022) Diurnal dynamics of heat exposure in
Xi’an: A perspective from local climate zone. Build Environ. 222:109400.
https://doi.org/10.1016/j.buildenv.2022.109400

Zhang H, Yin Y, An H, Lei J, Li M, Song J, Han W (2022) Surface urban heat island
and its relationship with land cover change in five urban agglomerations in
China based on GEE. Environ Sci Pollut Res. https://doi.org/10.1007/s11356-
022-21452-y

Zhao Z, Shen L, Li L, Wang H, He B-J (2020) Local Climate Zone Classification
Scheme Can Also Indicate Local-Scale Urban Ventilation Performance: An
Evidence-Based Study. Atmosphere 11:776. https://doi.org/10.3390/
atmos11080776

Zheng B, Chen Y, Hu Y (2022) Analysis of land cover and SUHII pattern using
local climate zone framework—A case study of Chang-Zhu-Tan main urban
area. Urban Clim. 43:101153. https://doi.org/10.1016/j.uclim.2022.101153

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03072-8 REVIEW ARTICLE

HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:538 | https://doi.org/10.1057/s41599-024-03072-8 17

https://doi.org/10.1007/s11431-018-9417-6
https://doi.org/10.1016/j.buildenv.2021.107791
https://doi.org/10.1016/j.buildenv.2021.107791
https://doi.org/10.1016/j.egypro.2017.03.883
https://doi.org/10.1002/joc.2237
https://doi.org/10.1038/s41598-019-55444-9
https://doi.org/10.5937/gp24-25202
https://doi.org/10.1016/j.enbuild.2022.112368
https://doi.org/10.1016/j.egypro.2018.09.193
https://doi.org/10.3390/ijerph18147242
https://doi.org/10.1016/j.landurbplan.2019.04.004
https://doi.org/10.1016/j.landurbplan.2019.04.004
https://doi.org/10.1007/s11356-022-21037-9
https://doi.org/10.1007/s11356-022-21037-9
https://doi.org/10.1002/joc.5023
https://doi.org/10.3390/atmos13020184
https://doi.org/10.1175/BAMS-D-11-00019.1
https://doi.org/10.1080/07055900.1980.9649091
https://doi.org/10.1080/07055900.1980.9649091
https://doi.org/10.1016/j.jhydrol.2020.125545
https://doi.org/10.1016/j.ecoinf.2023.102118
https://doi.org/10.1016/j.scs.2022.103748
https://doi.org/10.15201/hungeobull.63.1.3
https://doi.org/10.15201/hungeobull.63.1.3
https://doi.org/10.1007/s00484-017-1440-z
https://doi.org/10.1016/j.isprsjprs.2018.04.009
https://doi.org/10.3390/rs14051067
https://doi.org/10.3390/rs14051067
https://doi.org/10.1016/j.jclepro.2020.124995
https://doi.org/10.1016/j.envpol.2021.118359
https://doi.org/10.1016/j.isprsjprs.2023.01.015
https://doi.org/10.1016/j.buildenv.2021.108568
https://doi.org/10.1016/j.rse.2023.113578
https://doi.org/10.1016/j.egypro.2018.09.195
https://doi.org/10.1016/j.rse.2022.112972
https://doi.org/10.1016/j.rse.2022.112972
https://doi.org/10.1109/JSTARS.2017.2683484
https://doi.org/10.3390/su12198083
https://doi.org/10.1016/j.isprsjprs.2022.08.006
https://doi.org/10.1016/j.isprsjprs.2022.08.006
https://doi.org/10.1177/014459872095046
https://doi.org/10.1177/014459872095046
https://doi.org/10.1016/j.jclepro.2020.123767
https://doi.org/10.1016/j.scs.2019.101487
https://www.frontiersin.org/articles/10.3389/fpubh.2022.992050
https://doi.org/10.1016/j.proeng.2017.09.980
https://doi.org/10.1016/j.buildenv.2020.106661
https://doi.org/10.1016/j.enbuild.2019.04.001
https://doi.org/10.1016/j.enbuild.2019.04.001
https://doi.org/10.1016/j.buildenv.2018.04.009
https://doi.org/10.1016/j.buildenv.2018.04.009
https://doi.org/10.1016/j.apenergy.2019.114279
https://doi.org/10.1016/j.landurbplan.2010.08.004
https://doi.org/10.1016/j.scitotenv.2021.145805
https://doi.org/10.1016/j.buildenv.2022.109400
https://doi.org/10.1007/s11356-022-21452-y
https://doi.org/10.1007/s11356-022-21452-y
https://doi.org/10.3390/atmos11080776
https://doi.org/10.3390/atmos11080776
https://doi.org/10.1016/j.uclim.2022.101153


Zhou L, Yuan B, Hu F, Wei C, Dang X, Sun D (2022) Understanding the effects of
2D/3D urban morphology on land surface temperature based on local climate
zones. Build Environ. 208:108578. https://doi.org/10.1016/j.buildenv.2021.
108578

Zhou Y (2022a) Energy sharing and trading on a novel spatiotemporal energy
network in Guangdong-Hong Kong-Macao Greater Bay Area. Appl Energy
318:119131. https://doi.org/10.1016/j.apenergy.2022.119131

Zhou Y (2022b) Low-carbon transition in smart city with sustainable airport
energy ecosystems and hydrogen-based renewable-grid-storage-flexibility.
Energ. Rev. 1:100001. https://doi.org/10.1016/j.enrev.2022.100001

Zhou Y (2023) Worldwide carbon neutrality transition? Energy efficiency,
renewable, carbon trading and advanced energy policies. Energ. Rev.
2:100026. https://doi.org/10.1016/j.enrev.2023.100026

Zhou Y, Zheng S, Lei J, Zi Y (2023) A cross-scale modelling and decarbonisation quan-
tification approach for navigating Carbon Neutrality Pathways in China. Energ.
Convers. Manag. 297:117733. https://doi.org/10.1016/j.enconman.2023.117733

Acknowledgements
This work was supported by Innovation Project of Guangxi Graduate Education
(YCSW2023306), Natural Science Foundation of Guangxi Province of China
(No.2018GXNSFAA281212).

Author contributions
Jie Han: Conceptualization, Formal analysis, Funding acquisition, Investigation, Meth-
odology, Writing—original draft. Nan Mo: Conceptualization, Formal analysis, Investi-
gation, Methodology, Writing—original draft. Jingyi Cai: Conceptualization, Formal
analysis, Investigation, Methodology, Writing—review & editing. Leixin Ouyang: Con-
ceptualization, Formal analysis, Investigation. Zhengxuan Liu: Conceptualization, Formal
analysis, Investigation, Methodology, Supervision, Writing—original draft, Writing—
review & editing.

Ethical approval
Ethical approval was not required as the study did not involve human participants

Informed consent
This article does not contain any studies with human participants performed by any of
the authors.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Zhengxuan Liu.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

REVIEW ARTICLE HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/s41599-024-03072-8

18 HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS |          (2024) 11:538 | https://doi.org/10.1057/s41599-024-03072-8

https://doi.org/10.1016/j.buildenv.2021.108578
https://doi.org/10.1016/j.buildenv.2021.108578
https://doi.org/10.1016/j.apenergy.2022.119131
https://doi.org/10.1016/j.enrev.2022.100001
https://doi.org/10.1016/j.enrev.2023.100026
https://doi.org/10.1016/j.enconman.2023.117733
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Advancing the local climate zones framework: a critical review of methodological progress, persisting challenges, and future research prospects
	Introduction
	Literature�survey
	Literature statistics
	Bibliometric analysis

	Advancements in local climate zones framework
	Local climate zone classification�system
	Measurement of urban canopy parameters
	Calculating urban heat island intensity using the LCZs framework

	Recent advancements in manual sampling and mapping methods of LCZs research
	Manual sampling method for limited�LCZs
	LCZs mapping methods
	GIS-based LCZs mapping�method
	RS-based LCZs mapping�method

	Application of LCZs framework in various scenarios
	LCZs framework in urban heat island studies
	LCZs research contributions to urban design and climate change mitigation
	Applications of the LCZs framework in other domains
	Urban climate studies
	Enhancing outdoor thermal comfort
	Tackling carbon emissions and building energy consumption

	Limitations, challenges, and future prospects
	Limitations and challenges
	Future prospects

	Conclusions
	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Ethical approval
	Additional information




