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Abstract: Amid global warming and urbanization, outdoor thermal comfort has become
a critical consideration in landscape architecture. This study integrates a systematic re-
view and bibliometric analysis of 1417 empirical studies (1980-2024) sourced from Web of
Science, aiming to clarify the current state of research, identify core themes, and propose
future directions. This study examines key evaluation models, the influence of spatial
morphology, and their practical applications using keyword co-occurrence, citation net-
works, and thematic analyses. Findings show a significant rise in research over the past
decade, particularly in tropical and subtropical regions. Core themes include thermal
comfort indices (PMV, PET, and UTCI), microclimate regulation, and important spatial
indicators (height-to-width ratio, sky view factor, and greening). The field is increasingly
shifting towards simulation tools (such as ENVI-met and CFD) rather than traditional field
measurements, with artificial intelligence emerging as a tool for predictive and regulatory
purposes, though its application remains limited. However, much of the research focuses
on small-scale morphological optimization and lacks a systematic framework for spatial
representation. Future research should prioritize developing a comprehensive evaluation
system adaptable to diverse landscapes, investigating the interplay between spatial form
and thermal comfort, and advancing sustainable, low-carbon design strategies. The insights
from this study provide a solid foundation for improving outdoor thermal comfort and
guiding sustainable urban development through landscape architecture.

Keywords: outdoor thermal comfort; landscape architecture; spatial morphology;
bibliometric analysis; sustainable landscape design

1. Introduction

Outdoor thermal comfort is a crucial aspect of landscape architecture, particularly in
the context of urbanization and climate change [1]. As urban areas continue to expand,
the effects of global warming and urban heat islands are becoming increasingly evident,
highlighting the importance of creating spaces that are comfortable, sustainable, and
resilient to changing environmental conditions [2]. Global warming and the associated
rise in urban temperatures exacerbate the challenges faced by outdoor spaces, making it
imperative to understand how landscape architecture can contribute to mitigating these
effects. Urbanization further complicates this issue by altering natural landscapes, reducing
green spaces, and increasing the demand for urban infrastructure that can intensify heat
stress [3].

The relationship between outdoor thermal comfort and landscape architecture is mul-
tifaceted, as various design elements, such as vegetation, materials, spatial configurations,
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and microclimatic conditions, play a critical role in shaping human comfort in outdoor
environments. Outdoor thermal comfort refers to the state in which individuals feel neither
too hot nor too cold in outdoor spaces, and it is influenced by several factors, including
ambient temperature, humidity, solar radiation, and wind speed [4-6]. Research has shown
that landscape architects can actively improve outdoor thermal comfort by integrating
design solutions such as green roofs, urban parks, water features, and tree canopies to
reduce the urban heat island effect and improve overall environmental quality [7-11].

However, despite the growing recognition of the importance of outdoor thermal com-
fort in urban design, there is a lack of comprehensive research that bridges the gap between
thermal comfort studies and landscape architecture practices. Most studies on outdoor
thermal comfort focus on bioclimatic models and environmental psychology [12,13], often
neglecting the critical role that landscape architects play in shaping outdoor spaces. This
gap in the literature leaves a need for further exploration of how specific landscape features
and design elements impact thermal comfort in outdoor spaces.

This study aims to address this gap by focusing on the specific relationship between
outdoor thermal comfort and landscape architecture. The research explores how various
landscape elements, such as spatial form, vegetation, and microclimate regulation, influence
outdoor comfort in urban settings. By integrating quantitative analysis with qualitative
insights, this study seeks to provide actionable recommendations for landscape architects
and urban planners to design more comfortable and sustainable public spaces.

2. Research Methodology

This study comprehensively reviews and analyzes the body of literature on outdoor
thermal comfort within the discipline of landscape architecture using both a qualitative
review and bibliometric analysis. The methodology follows the PRISMA guidelines for sys-
tematic reviews to ensure transparency, rigor, and reproducibility in the review process [14].
Below, we provide a detailed explanation of each component of the methodology.

2.1. Data Sources and Literature Retrieval

The bibliographic data were primarily obtained from the Web of Science Core Collec-
tion, which indexes high-quality academic journals and conference proceedings globally.
We selected this database due to its comprehensive coverage of the relevant academic fields
and its rigorous indexing standards. To ensure representativeness and academic credibility,
the literature retrieval strategy was structured as follows:

Primary Keywords: “outdoor thermal comfort”, “outdoor human thermal comfort”,
“outdoor thermal perception”, and “outdoor thermal stress”.

Logical Operators: relevant terms and synonyms were connected using the
‘OR’ operator.

Time Frame: the search spanned from 1980 to 1 December 2024, ensuring the inclusion
of historical developments and the latest research outcomes.

Document Type: only empirical journal articles were included, while reviews, confer-
ence papers, book chapters, and other document types were excluded.

An initial search resulted in 1733 documents, which were further refined through
a two-step screening process, as outlined below. This process is in compliance with the
PRISMA checklist (Supplementary Materials) and helps ensure the systematic and unbiased
inclusion of studies.

2.2. Literature Screening and Quality Control

The literature screening process was conducted in two rounds:
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1.  Initial Screening: Titles and abstracts were reviewed to exclude irrelevant documents,
non-academic publications, and studies outside the scope of the review. A total of
110 reports were excluded in this round;

2. FullText Screening: The remaining studies were reviewed for quality and eligibility.
Only articles with rigorous empirical methods were included. Reports were excluded
if they were found to have methodological issues (36 studies) or were deemed irrele-
vant to the main topic (75 studies).

In total, 1417 studies were retained for bibliometric analysis and qualitative re-
view. All steps adhered to the PRISMA guidelines to ensure compliance with systematic
review standards.

2.3. Qualitative Literature Review

The qualitative review provides an in-depth summary of the significant theories,
research progress, and methodological approaches to outdoor thermal comfort in landscape
architecture. The section is divided into the following parts:

1. Summary of Core Theories and Models

This part highlights the major models used to assess thermal comfort in outdoor
environments, including PMV (Predicted Mean Vote), PET (Physiological Equivalent Tem-
perature), and UTCI (Universal Thermal Climate Index). These models are examined in
the context of their application to landscape architecture, focusing on their effectiveness in
different climatic conditions, especially in urban environments.

2. Research Method Comparison

This section contrasts different research methodologies used in the field, such as field
measurements, laboratory-controlled experiments, and simulation-based methods. The
strengths and limitations of each approach are discussed, particularly their suitability
for assessing thermal comfort in outdoor spaces with various environmental and spatial
configurations. Simulation methods, particularly CFD (Computational Fluid Dynamics)
and Energy Balance Models, are explored in depth given their increasing application in
landscape architecture.

3. Spatial Morphology and Thermal Comfort

This component emphasizes how spatial design factors such as sky view factor (SVF),
height-to-width ratio (H/W), and vegetation influence outdoor thermal comfort. It provides
a comprehensive review of studies that explore the interaction between urban form and
microclimate, underscoring how spatial morphology can either mitigate or exacerbate
thermal discomfort in public spaces.

2.4. Bibliometric Analysis Methods

The bibliometric analysis used in this study aims to uncover research trends, identify
hotspots, and recognize key studies that have shaped the field of outdoor thermal com-
fort. The analysis was conducted using the bibliometrix 4.1.4 R package, following these
methods [15]:

1. Analysis of Research Output

We examine the annual publication trends to identify key milestones and shifts in
the research field. This analysis highlights the rapid increase in outdoor thermal comfort
studies over the past decade and indicates significant geographical concentration in tropical
and subtropical regions.

2. Keyword Co-Occurrence and Research Hotspots
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A co-occurrence network of keywords was constructed to reveal the dominant research
topics and methodological frameworks. This method allows us to identify the key themes
such as thermal comfort indices, microclimate regulation, and spatial morphology, as well
as their evolution over time.

3.  Citation Analysis and Core Literature

Citation and co-citation analyses were used to map the field’s knowledge structure
and identify influential studies and authors. The citation network provides insights into
the interconnectedness of research topics and helps pinpoint the foundational works that
have significantly impacted the development of the field.

4. Research Theme Evolution

We tracked the evolution of research themes over time by examining the temporal
distribution of keywords. This analysis reveals emerging trends, such as the increasing in-
tegration of simulation tools like ENVI-met and CFD models in thermal comfort studies, as
well as the growing role of artificial intelligence in predictive modeling for outdoor spaces.

2.5. Compliance with PRISMA Guidelines

The systematic review adhered to PRISMA 2020 guidelines for transparency and
reproducibility. The review process, including literature screening and selection, is clearly
illustrated in the PRISMA flow diagram (Figure 1). This diagram outlines the study
selection process and the number of studies included at each stage.

[ Identification of studies via databases and registers }
)
Records removed before
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= Records identified from: E;uggc)ate recordsTemaved
= Databases (n =1757) N
= Registers (n = 0) Records m_arked as ineligible
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c
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o
5
) \4
Reports assessed for eligibility Reports excluded:
(n=1528) Reason 1 : Research
methodology issues (n =36 )
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\4
o Studies included in review
3 (n=1417)
= Reports of included studies
£ (n=1417)

Figure 1. PRISMA flow diagram: literature screening and selection process.
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No formal registration of this systematic review was conducted, as it focuses on a
literature review and bibliometric analysis rather than a clinical or intervention-based
study. However, we encourage future researchers to consider registration when conducting
similar reviews involving experimental interventions.

Although the risk of bias assessment is a common practice in systematic reviews, we
did not perform it for the studies included in this review. The primary reason is that the
reviewed studies were largely observational and diverse in their methodologies, making a
uniform risk of bias assessment challenging. Given the focus on empirical studies rather
than clinical trials or intervention studies, performing such an assessment was deemed
less applicable.

2.6. Summary of Research Methods

By combining systematic bibliometric analysis with qualitative review, this study pro-
vides a comprehensive overview of the research status and trends in outdoor thermal com-
fort within landscape architecture. Bibliometric analysis uses visualization tools to identify
research hotspots and academic networks, while a qualitative review offers deeper insights
into theoretical models and methodologies. Together, these approaches highlight significant
advancements, existing gaps, and practical guidance for future research, enabling the field
to address the challenges posed by climate change and urbanization effectively.

3. Thermal Comfort Evaluation Indicator System
3.1. Physical Environment Factors

From the very beginning of thermal comfort research, researchers have sought to
define the effects of the environment on people by means of quantitative environmental
indicators. Modern thermal comfort research began in 1919 at the Pittsburgh Laboratory of
the American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE)
with the study of the effects of indoor climate on human thermal comfort. As the research
progressed and was refined, researchers gradually refined the criteria and incorporated
parameters such as air movement velocity, thermal radiation, and air humidity. In 1923, FC
Hpoughten and Yaglou et al. introduced the effective temperature (ET) indicator, which has
had a profound impact on thermal comfort research [16]. This set of indicators combines
air temperature, humidity, and wind speed in different ways so that the same value of
effective temperature gives the same thermal sensation. In 1932, Vernon and Warner
enhanced the consideration of radiation to the effective temperature and used the black
sphere temperature (corrected for the wet sphere temperature) to calculate the corrected
effective temperature (CET) [17]. A large number of World War II studies on the training
efficiency of military forces under thermal environmental exposure were able to carry out
the post-war concept of thermal stress, which is still heavily borrowed and utilized in
subsequent studies. In 1957, the U.S. Navy, in an effort to assess the thermal exposure of
U.S. Marine Corps recruits in training, proposed the wet bulb globe temperature (WBGT)
index [18]. In 1959, Thorn of the U.S. National Weather Service proposed the Discomfort
Index (DI), in which the formula reflects the effect of hot and humid summer climatic
conditions on the degree of human discomfort through the combination of dry bulb and
wet bulb temperatures [19], and it was applied to the U.S. summer comfort and hours of
work forecasting. The wind chill index (WCI) proposed by Siple in 1945 [20] and the new
wind chill equivalent temperature (WCET), based on the modification related to heat loss
from exposed skin, which has been adopted by the U.S. National Weather Service since
2001 [21], are representatives of empirical models applied to comfort in cold environments.

Thermal comfort evaluation indicators based on physical factors of the environment
have been gradually abandoned by medical and architectural fields due to the lack of
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consideration of human factors. However, the simplicity also implies the convenience
of calculation and high adaptation, and it is still used by meteorology, urban and rural
planning, and other disciplines.

3.2. Human Stationary Modeling

With the continuous deepening of the research, academics have gradually realized
that, in addition to external meteorological factors, human perception of the thermal
environment is often affected by a variety of physiological and psychological factors
of the human body itself at the same time. Thermal comfort is the subjective feeling
of human beings under the influence of external environmental conditions, and there
are general individual differences in thermal perception of the external environment.
Different individuals’ gender, age, metabolic rate, clothing thermal resistance [22], cultural
background and other factors will have an impact on the perception of thermal comfort
under the same environmental conditions, and so these factors have also been included in
the thermal comfort evaluation indicators system.

In the 1960s, a large number of thermal comfort models were proposed to integrate
several parameters, the most representative of which are the PMV steady state model
proposed by Fanger and the two-node base heat transfer model by Gagge. Most of the
subsequent typical thermal comfort models have been developed on this basis.

The first classical thermal comfort model was the predicted mean vote (PMV) model
based on Fanger’s human heat balance equation [23]. It transformed the study of thermal
comfort from qualitative to quantitative research.

The PMV thermal comfort model was proposed by Fanger in the 1970s, through a large
number of climate chamber experimental research, to meet the human body comfortable
state of the three conditions and, based on this, to establish a mathematical formula related
to thermal comfort. Furthermore, it integrated the human body’s thermal comfort of the
four physical variables (air temperature, flow velocity, the average radiation temperature of
the environmental surface, and the relative humidity) and the two anthropogenic variables
(clothing thermal resistance and the human body activity), variables proposed to be able to
predict the PMV indicator. The theoretical basis for the construction of the PMV indicator
is that the human body is considered to be at a comfortable temperature when it is close to
thermal neutrality, and the greater the thermal load on the human body, the further the
human body deviates from the state of thermal comfort under a certain thermal humidity
condition. This indicator represents the thermal sensation of the majority of people in the
same environment. Since this index does not represent the thermal sensation of all people,
Fanger proposed the predicted percentage of dissatisfied (PPD) index as a supplement. The
PPD index represents the percentage of the population that is dissatisfied with the thermal
environment and is expressed in terms of probability. Therefore, the PMV model is widely
used to evaluate the thermal comfort of the human body indoors. PMV is still widely used
in practice as the basis of the ISO 7730 [24] and ASHRAE 55 standards [25].

In 2002, Fanger et al. extended the original PMV evaluation index by proposing a
PMYV index for different countries (or regions) and climate zones, which was calculated by
multiplying the original PMV index by a correction factor ranging from 0.5 to 1.0 [26].

The characteristics of the stationary model of the human body determine that the PMV
model is more suitable for the evaluation of thermal comfort in scenarios where the external
climatic conditions are relatively constant and the amount of human movement is small.
As the PMV is still the most frequently used thermal comfort evaluation system in indoor
scenarios. Outdoor thermal environments are far more complex than indoor environments,
and in the outdoors, the diversity of activities is significantly increased, metabolic levels are
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more varied, and different individuals are dressed differently, which makes the evaluation
of outdoor thermal comfort more difficult.

3.3. Human Non-Stationary Modeling

Gagge of the Pierce Institute at Yale University, USA, proposed the “two-node model”,
which divides the human body into a core layer and a skin surface layer, and it consists of
two subsystems: the controlling system and the controlled system. The two-node model
also uses the heat balance method to predict thermal comfort, but with a non-stationary
state assumption [22].

In 1971, Gagge et al. introduced the concept of skin wetness on the basis of the effective
temperature index; then, they proposed the new effective temperature ET* [27], but ET*
is only applicable to the environment of light clothing, low activity level, and low wind
speed. After that, Gonzalez et al. proposed the standard effective temperature (SET) [28] in
1974 by considering different activity levels and the thermal resistance of clothing, thus
expanding the use of ET*.

On the basis of the two-node model, Hoppe proposed the Munich human body heat
balance model (MEMI) in 1984 [29], which assumes that the heat in the human body is
brought to the skin surface through blood circulation, and this value is equal to the human
body’s sensory heat dissipation. Therefore, on the basis of the human body heat balance
equations, we add the two heat transfer equations from the human body’s core to the
skin as well as from the skin surface to the surface of the garment to derive the surface
temperature of the garment, the surface temperature of the skin, as well as the temperature
of the human body’s core, which are the three important indexes of the human body’s
thermal sensation, and then predict the human body’s thermal sensation [30].

Based on the MEMI, Hoppe et al. in 1999 constructed the Physiological Equivalent
Temperature (PET) index specifically for the evaluation of comfort in outdoor thermal
environments, which is defined as the air temperature at which the human body’s heat gain
and loss in a typical indoor environment (without wind and solar radiation) equilibrates
with the same core and skin temperatures under the complex outdoor conditions to be
evaluated [31]. It is defined as the air temperature at which the heat balance of the human
body in a typical indoor environment (without wind and solar radiation) is in equilibrium
with the core and skin temperatures of the same complex outdoor conditions to be evalu-
ated [32]. This indicator takes the influence of the main meteorological parameters, such
as activity, clothing, and individual parameters, on comfort into account. Compared to
the PMV model, it is more comprehensive and in-depth, as it considers the influence of
various factors. The PET metric has been heavily used in evaluations and studies related to
outdoor environments.

Based on Gagge’s two-node heat transfer model of the human core and surface skin, a
three-node model of the human core + skin + clothing and even more complex multi-node
models have been developed, which abstract the human body into multiple parts, each of
which is divided into layers of skin, fat, muscle, bone, etc. Each part is considered to be a
heat transfer node with thermal physiological parameters and is governed by the energy
conservation equation. Each layer of each part is considered to be a heat transfer node with
thermal physiological parameters controlled by energy and mass conservation equations.
Some of the more common multi-node models include the Tanabe model [33], the Fiala
model [34], the Berkeley model [35], etc. These models are more commonly used in the
fields of medical care, design of protective clothing, and design of air-conditioning systems
for transportation.

The advantage of this type of model is that it provides a clearer analysis of the internal
heat conduction in the human body, which is conducive to a more detailed understanding
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of the perceived thermal comfort of the human body. This type of model is more suitable for
physiologically relevant thermal comfort studies and is also valuable for specific individuals
such as athletes, industrial workers, or people suffering from diseases.

Multidisciplinary cross-fertilization has led to the mature development of thermal
physiology and heat exchange theories. The Universal Thermal Climate Index (UTCI),
which combines Fiala’s multi-node thermal physiology model and the adaptive dressing
model [36], has been established [37]. Blazejczyk et al. found that the correlation between
UTCI and commonly used comfort indices, such as PMV, ET*, SET, PET, etc., is up to 96% or
more; however, the UTCI is more sensitive to temporal changes in meteorological elements
than other comfort indices and can well reflect the nuances of the human body when it feels
the weather changes [38]. Its characteristics are applicable to multi-climatic and complex
climatic conditions, and it shows higher accuracy when compared with several outdoor
thermal comfort indices, and accordingly, the calculation process is more complicated.

The evaluation indicators of outdoor thermal comfort vary from one thermal comfort
indicator to another, and the evaluation of the same thermal comfort indicator varies from
one season to another in the same region, which implies that it is of great importance to
carry out on-site validation before the evaluation. The first issue in evaluating thermal
comfort under different environmental conditions is to select appropriate outdoor thermal
comfort indicators. In the past decades, hundreds of thermal comfort indicators have been
developed, and according to incomplete statistics, as of 2017, no less than 165 thermal
comfort models have been proposed [39], but they are limited to the constraints of dif-
ferent disciplines, as they focus on the differences, the cost of validation, the influence of
dissemination, etc. The most commonly used research indicators are mainly concentrated
in a limited number of PMV, PET, SET, and UTCI. Also, the selection of outdoor thermal
comfort indicators is important for the evaluation of different environmental conditions.
The selection of outdoor thermal comfort indicators has also become a major research
direction in outdoor thermal comfort research.

From the published literature, it indicated that the modified PMV, PET, and UTCI
are the mainstream thermal comfort evaluation criteria in landscape architecture research
and practice.

4. Outdoor Thermal Environment Parameter Acquisition Method
4.1. On-Site Field Measurements

The first and most intuitive research method is to analyze the relevant data through
the measurement of field climatic data, which can obtain the first-hand meteorological data
through the thermometer, anemometer, weather station, and other equipment, as well as
carry out the subsequent evaluation work. Due to the convenience and accuracy of field
measurements, this parameter acquisition method is still adopted by a large number of
research institutes [40-42].

Concurrently, due to the spatial and temporal homogeneity, many studies can observe
and analyze the behaviors of the people in the environment while carrying out on-site
measurements [43,44]. It can also conveniently take the form of questionnaires or scores
in the way of supplementing the study so as to reach the coupling study of objective
data and subjective feelings of the human body [41,45-47]. After calculating PET, UTCI,
and other criteria from meteorological data measured in the field, correlation studies can
also be conducted with data such as thermal sensation vote (TSV) and thermal comfort
vote (TCV) [48-51]. This type of research method is also the most widely used in field
measurement research.

With the development of information technology in recent years, studies have also
gradually begun to conduct correlation analyses with the help of network data, such as
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social media network evaluations, cell phone signaling of people in the vicinity, and other
data [32,52,53], as a way to strengthen the credibility of the study.

In addition to this, field measurements are an important means of verifying the accu-
racy and feasibility of other research methods and have been used as an adjunct in a large
number of studies. The accuracy of the simulation software and the associated evaluation
model can be tested and calibrated by comparing the results of field measurements and
pre-experiments prior to the start of formal experiments [54-57].

Although the field measurement method has the advantages of being intuitive, ac-
curate, and easy to obtain data, it still has major limitations. First, it is more rigorous in
terms of the location and time of the study. Second, it is difficult to fully comply with
the expectations of the experimental design when the experiments are carried out under
uncontrollable meteorological conditions. Third, the study can only be satisfied with the
situation of a certain area and cannot accurately predict the future situation.

4.2. Laboratory-Controlled Experiments

In response to the shortcomings of the field measurement research methodology
described in the previous section, researchers have established laboratories to improve the
conditions and efficiency of their research.

With the help of laboratory equipment, research can be carried out in a controlled
or semi-controlled manner. The control of variables such as meteorological factors and
spatial configurations makes it possible to conduct thermal comfort studies under specific
conditions and for specific durations with a single factor.

For example, Nie et al. explored the applicability of this metric for the assessment
of outdoor thermal comfort in cold and bitterly cold winter regions in Tianjin, China.
Through a series of analyzing, the results concluded that the UTCI in cold regions may
have ineffective compartments under its low-temperature zone through a field experiment
on a campus [58]. Pigliautile et al. monitored more than 20 compartments in a full-size
experimental setup in a continental Mediterranean climate. Moreover, the experiment
examined evapotranspiration and analyzed high albedo surfaces numerically as a way
to investigate the feasibility of mitigation strategies for the urban heat island effect [59].
Kriiger et al. compared the differences in human thermal comfort perception among urban
squares, streets, and canyons through laboratory simulations of thermal environments and
the visualization of urban spaces [60].

Although laboratory experiments are of great value to thermal comfort research,
they are generally applied to the thermal properties of materials [61-64] and are not the
underpinning of outdoor thermal comfort research. These shortcomings have led to the
emergence of digital simulation as a method for thermal comfort research because of the
difficulties in designing experiments for these types of studies and the high cost of using
them, as well as the long research period.

4.3. Digital Simulation Methods

With the burgeoning development of computer technology and the development
of thermal comfort models, it has become possible to use computers to mathematically
simulate those changes in the outdoor thermal environment. Numerical simulation suggests
real-world phenomena by solving a set of equations related to urban climate characteristics.
Currently, the main numerical methods for simulating thermal environments can be divided
into two main branches: the energy balance model and Computational Fluid Dynamics.

4.3.1. Energy Balance Model (EBM)

The simulation principle of the energy balance model is to utilize the law of energy
conservation at the wired nodes to obtain the values of the relevant heat quantities. It
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runs by calculating the energy inflows and outflows on a larger scale to solve the thermal
environment and the thermal comfort level in the computational domain.

Compared to the pure CFD software, simulation programs based on the EBM, such as
CitySim [65-69] and SOLWEIG [70-75], construct the model based on the main principle
of energy conservation. These programs are faster and can simulate urban buildings on
a larger scale; however, the simulation of airflow and heat transfer processes is more
simplified. The convective effects are not directly simulated but indirectly realized by some
empirical parametric equations. It is mainly used to calculate the effects of short-wave
radiation on urban spaces.

The street cluster thermal time constant (CTTC) model, which is similar with the EBM
principle, has also been employed in outdoor thermal comfort studies and has been used to
assess the thermal effects of the built environment [76,77].

The characteristics of the model per se indicates that the energy balance model is more
suitable for providing acceptable accuracy on a large scale with reasonable calculation
speed. As a result, it is widely used in urban planning and other large-scale research fields.
However, its significant shortcoming is the lack of consideration for the time dimension,
and it is unable to measure the specific time nodes of the relevant situation at the same time.
Furthermore, it cannot calculate the atmospheric movement of heat fluxes and other related
values of the small-scale climate for the solution; thus, in the majority of the landscape
architecture related to the research on outdoor thermal comfort, it has not been widely used.

4.3.2. Computational Fluid Dynamics (CFD)

Computational Fluid Dynamics (CFD) simulates fluid flow by numerically solving
the differential equations governing fluid dynamics. This method provides a detailed
distribution of meteorological parameters in specific regions, making it highly suitable for
small-scale studies and for incorporating time dimensions into thermal comfort analysis,
thus improving the feasibility for assessing seasonal or temporal changes [78].

CFD simulations rely on turbulence models like the standard K-¢, RNG K-¢, and
standard k-w, which have been widely adopted in outdoor thermal comfort studies due
to their computational efficiency. While a large eddy simulation (LES) has demonstrated
superior accuracy in some studies, its higher computational cost limits its widespread
application [79]. These turbulence models are preferred for urban simulations because
they balance accuracy with manageable computational demands, making them a common
choice in outdoor thermal comfort research.

In terms of software, FLUENT [80,81] and PHOENICS [82,83] are traditionally used
in the built environment industry and have been validated in fields like HVAC and
spacecraft design. However, their complexity limits their use in broader landscape
architecture applications.

ENVI-met has emerged as a more widely utilized tool for urban microclimate simu-
lations. Developed by Michael Bruse and his team at the University of Mainz, ENVI-met
is effective in simulating interactions between solid surfaces, vegetation, and air in urban
environments, making it a go-to solution for landscape architecture studies on thermal
comfort [54,55,84].

In addition, Ladybug Tools, a free and open source environment plug-in based on
Grasshopper, has been gradually promoted for outdoor thermal comfort research [85-92].

This review highlights that outdoor thermal comfort research within the built envi-
ronment and landscape architecture remains in its exploratory stages. While theoretical
tools and knowledge from related disciplines have been integrated, suitable paradigms
and research frameworks tailored to landscape architecture are yet to be fully developed,
necessitating further exploration in future studies.
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5. Landscape Architecture for Outdoor Thermal Comfort
5.1. Research Area

Comfortable outdoor thermal environments are a common need of human beings,
and studies on outdoor thermal comfort are widely distributed around the world, from
Harbin, China [93], to Sydney, Australia [43], and from Baghdad, Iraq [94], to Anaba,
Algeria [40]. According to the Koppen—Geiger climate classification, relevant studies
have been conducted across most climatic regions, including but not limited to Af (trop-
ical rainforest climate) [57], Cwa (subtropical winter-dry climate) [69,71], BWh (tropical
desert climate) [95], Bsk (cool semi-arid climate) [58,96,97], Cfa (subtropical humid cli-
mate) [48,98], Csa (hot-summer Mediterranean climate) [99,100], and Am (tropical humid
climate) [42,101-103] climate regions.

Notably, outdoor thermal comfort studies are geographically widespread but predom-
inantly concentrated in temperate, tropical, and subtropical regions. This trend suggests
that lower-latitude areas receive greater research attention due to their heightened thermal
comfort challenges. Moreover, the number of studies is also related to the degree of eco-
nomic development of the location, and it should be noted that there are far more studies
in the more economically active regions than in the Global South, which is also something
that researchers need to pay attention to.

The studies on outdoor thermal comfort also focus on the following areas, such as urban
open spaces [48,51,56,84,96,104], building compounds [99,105], residential areas [106-108],
urban street canyons [54,57,109,110], university campuses [41,42,97,102,111,112], etc. The
thermal comfort of these areas with strong public attributes has received more attentions. In
addition, there are studies conducted on archeological sites [113], traditional gardens [114],
historical neighborhoods [115], botanical gardens [45], and other spaces. It is believed that
in the future, with the continuous development of the research, more types of places will
be included in outdoor thermal comfort studies.

5.2. Research Indicators

In the process of outdoor thermal comfort research, the selection of thermal comfort
evaluation indicators is also an important portion, though the literature review highlights
that WBGT [106,116,117], pmv (often need to be corrected according to the location of
the climate zones) [84,94,112], SET [41,107,118-122], and other indicators have been used
in relevant studies. The most widely used indicators are PET [47,57,101,108,109,123] and
UTCI [55,99,103,124,125].

It is worth noting that in recent years, more and more studies have begun to try to
use multiple thermal comfort study metrics together as a way to ensure the accuracy of
their studies [126-133]. For example, Huang [48], Hartabela [50], Huang [49], etc., in their
studies, combined PET and thermal comfort vote (TSV) control via field test calculation
as a way to carry out comfort studies. Mutani [100], Zafarmandi [97], Nie [58], and others
combined PET, UTCI, and PMV metrics together to determine outdoor thermal comfort,
respectively, and compared the accuracy and variability of the different metrics in the same
scenario, as well as gave corrections.

5.3. Indicators of Spatial Characterization

The main work of the landscape architecture discipline is oriented to outdoor spaces
and forms the combination of different materials and elements. The aim of this discipline is
to create a pleasant outdoor environment through the adjustment of the outdoor spatial
pattern, of which outdoor thermal comfort is also a vital part.

For the above reasons, compared with the physiological and psychological indicators
of the human body, thermal comfort research under the discipline of landscape architecture
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focuses more on the influence of environmental indicators on the small-scale thermal
environment, in other words, a method to improve the four indicators of temperature,
humidity, wind, and solar radiation inside the targeted site based on the form of outdoor
spaces under the given external weather conditions. It indicates that outdoor thermal
comfort within the framework of landscape architecture is the study of the relationship
between the spatial form and the microclimate.

At the beginning of the research, researchers often analyze the climatic indicators of a
particular site directly through measurement and simulation and evaluate the advantages
and disadvantages of the thermal environment of the built environment [41-43,47,56,89].
With the development of the discipline, in order to make the research results more universal,
and also in order to better guide the design of the practice, researchers have begun to
analyze the relationship between the space form and thermal comfort. To summarize and
characterize the complex and diverse spatial patterns, indicators such as the height-to-width
ratio (H/W), main orientation, sky view factor (SVF), leaf area index (LAI), impervious area,
etc., were introduced to quantify the characteristics of the outdoor space and to analyze the
ways in which the different indicators influence the parameters of the outdoor thermal and
humid environments.

For example, Wei Yang et al. [109] used ENVI-met to numerically simulate the micro-
climate within a street canyon. The effect of the height-to-width ratio (H/W) on outdoor
thermal comfort in high-rise urban environments in Singapore was analyzed, and it was
determined that H/W = 3 can be considered as a threshold for outdoor thermal comfort
in Singapore. Nasrollahi et al. [105] numerically discussed the thermal performance of
different configurations of traditional courtyards in the Shiraz region of Iran and concluded
that the mean radiant temperature and the wind speed are the most effective parameters
affecting the thermal comfort of courtyards. They suggested a high H/W ratio and a south
facing configuration for better shading in summer, particularly in Iran and similar areas
with comparable climatic conditions.

Xiong et al. [110] argued that the sky view factor (SVF), as one of the main morpho-
logical features reflecting the horizontal and vertical characteristics of the urban space,
determines solar irradiation and wind incidence. The SVF has a great impact on thermal
perception, and with the help of this metric, they revealed the mechanisms by which the
microclimate and human activities affect the thermal sensation and comfort in winter.

Simulation analysis from Fahmy et al. [95] revealed the practical effect of urban trees
and their actual LAI on factors such as the MRT radiant temperature. Zhang et al. [98]
also concluded that the effect of vegetation on the thermal environment and ventilation
depends on the tree arrangement, LAI, canopy width, and tree height.

Others have attempted to synchronize different spatial metrics into the study of the
outdoor thermal environment. Shata et al. [104] measured and calculated SVF and LAl in
the campus space and combined them with PET and UTCI values to confirm the importance
of urban trees in modifying the microclimate of the existing university plaza.

Zhu et al. [134] determined that the correlation between H/W and air temperature
was greater than the correlation between SVF and air temperature, and H/W was more
effective in improving the thermal environment within an urban street canyon by combining
the calculation of SVF and H/W with a thermal comfort analysis for the four locations
in question.

Although there have been many attempts to tackle this issue, the questions of how to
completely characterize outdoor space patterns and how to comprehensively analyze their
impacts on the outdoor thermal environment have not yet been resolved. The establishment
of a system of outdoor spatial morphology indicators to represent the thermal environment
still requires the efforts of subsequent researchers.
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5.4. Emerging Trends in Research on Artificial Intelligence (Al) Technology Applied to Outdoor
Thermal Comfort

Recent advancements in artificial intelligence (Al) technologies have led to a growing
body of research aimed at improving outdoor thermal comfort by leveraging machine
learning, computer simulations, and intelligent control systems. Al applications in outdoor
thermal comfort research encompass machine learning models, Internet of Things (IoT)
technologies, and intelligent thermal comfort regulation systems, all designed to predict
and optimize comfort in outdoor spaces.

1.  Thermal Comfort Interpretation

Al can be utilized to interpret thermal comfort measurements, providing human-
like interpretations that foster trust in decision support systems [135]. Machine learning
models have been employed to assess outdoor thermal comfort in cold regions [136] and to
predict thermal comfort on green sidewalks using supervised machine learning [137]. Jeong
developed a data-driven approach using optimized tree-based algorithms for predicting
outdoor thermal comfort and informing urban design strategies [138]. Prasad utilized Al,
including machine learning tools, to assess outdoor thermal comfort using remotely sensed
data (e.g., Landsat 8 imagers) for analyzing thermal comfort in metropolitan areas [139].

2. Thermal Comfort Prediction

Recent studies have demonstrated the efficacy of Al methods, such as machine learn-
ing algorithms, in predicting and enhancing thermal comfort in buildings, suggesting their
potential applicability to outdoor environments as well [140]. For instance, Shahrestani
et al. introduced a machine learning-based framework for predicting the impact of different
urban configurations on outdoor thermal comfort by training pix2pix convolutional gener-
ative adversarial network (cGAN) models [141]. Machine learning models such as random
forest (RF) and artificial neural networks (ANNs) have been used to predict various aspects
of outdoor thermal comfort. Shah et al. employed the adaptive neuro fuzzy inference
system (ANFIS) to determine the significant impact of air temperature on thermal comfort,
leading to the development of an ANN model based solely on air temperature inputs for
predicting outdoor thermal comfort [142]. Matallah utilized Al techniques for computer
simulations and predicted the impact of climate change on outdoor thermal comfort in arid
regions [143]. Zhang et al. comprehensively explored the assessment of macroclimate and
microclimate impacts on outdoor thermal comfort using five validated ANN models [144].

3. Thermal Environment Regulation Systems

Al technologies can tailor thermal comfort solutions based on individual preferences,
thereby reducing energy consumption and enhancing comfort in outdoor spaces. This
personalized approach, employing sensors and intelligent systems, underscores the sig-
nificance of Al in developing efficient thermal comfort systems [145]. The integration of
IoT devices with Al technologies has facilitated the development of intelligent thermal
comfort control systems. A smart thermal comfort control system for buildings, based on
IoT and Al, demonstrates the potential of these technologies to automatically adjust living
parameters to improve human comfort. The system leverages IoT hardware devices and Al
algorithms to predict energy consumption and thermal comfort metrics, thereby optimizing
energy use while ensuring outdoor thermal comfort [146]. Furthermore, as explored in
the literature [147], urban greening can be augmented through the application of Al and
IoT, mitigating the urban heat island effect and enhancing thermal comfort and walkability
for pedestrians. By monitoring the thermal environment and pedestrian behavior in real
time, these technologies can inform the strategic layout and maintenance of green spaces to
maximize their cooling effect.
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4. Accuracy and Limitations

While Al methods provide a promising avenue for improving outdoor thermal comfort,
several challenges remain. The models” accuracy is contingent upon the quality of the data,
the complexity of the simulation models, and the scalability of the technology to large,
diverse urban environments. Models such as those based on ANNs or SVMs may be prone
to overfitting if not properly validated or if trained on limited datasets. Additionally, Al
models often require high computational power, which may not be accessible in resource-
constrained settings, limiting their widespread adoption.

The integration of Al technologies into outdoor thermal comfort in landscape spaces
represents an emerging research area with significant potential to improve urban livability.
Through predictive modeling, personalized comfort systems, and intelligent design, Al
technologies could revolutionize the approach to thermal comfort in outdoor environments.
Future research directions may focus on further refining AI models to enhance accuracy
and efficiency and exploring innovative applications that integrate esthetic considerations
with environmental comfort.

6. Review of Existing Research

The current state of research on outdoor thermal comfort within the context of land-
scape architecture cannot be fully understood through traditional qualitative review meth-
ods alone. This chapter integrates both bibliometric analyses and qualitative reviews to
offer a systematic overview of the field, focusing on the developmental stages, thematic
evolution, and future directions of research. The figures presented in this chapter clearly
illustrate research trends, hot topics, and methodological advancements in the field.

6.1. Development Trends in Thermal Comfort Research

Outdoor thermal comfort has become a central interdisciplinary research focus, as
it is driven by the escalating impacts of global climate change and urbanization. The
bibliometric analysis of annual scientific publications (Figure 2) shows that the number of
studies remained relatively modest from 2000 to 2013, with fewer than 50 papers published
each year. However, the number of publications surged significantly after 2013, coinciding
with the intensification of climate change and urbanization. This increase in research output
highlights the growing academic attention to outdoor thermal comfort as a crucial strategy
for improving urban thermal environments.
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Figure 2. Annual trends in the number of publications on outdoor thermal comfort (2003-2024).
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The temporal distribution of keyword frequencies (Figure 3) further reveals the evo-
lution of research priorities over time. Early studies focused on basic topics such as

‘urban ventilation” and ‘adaptation’, followed by ‘PET” and ‘design for adaptation’. After-

wards, the use of quantitative evaluation methods such as “PET” (Physiological Equivalent
Temperature) and “UTCI” (Universal Thermal Climate Index) has increased significantly;,
demonstrating a gradual shift towards data-driven approaches.
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Figure 3. Temporal distribution of keywords in outdoor thermal comfort research.

6.2. Research Hotspots and Keywords Co-Occur

The keyword co-occurrence network (Figure 4) illustrates the distribution of research
themes, with a focus on terms like temperature, environment, and microclimate. Keywords
such as spaces and vegetation are densely clustered, indicating that studies not only
address the physical characteristics of thermal environments but also emphasize spatial
design strategies for microclimate regulation. This integrated approach reflects the growing
recognition of landscape architecture’s role in managing outdoor thermal comfort.
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Figure 4. Keyword co-occurrence network: research themes and focus areas. The axes represent
keywords (on the horizontal axis) and their frequency of co-occurrence (on the vertical axis). This
visualization highlights how certain keywords, such as thermal comfort and vegetation, are closely
related, signifying the interconnectedness of these concepts within the literature.

The thematic structure map (Figure 5) reveals the relationships among different key-
words. For example, spatial features like “street canyon” and “sky view factor” are closely
related to “thermal comfort”. This association reflects the tendency of researchers to incor-
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porate quantitative indicators of the spatial form into the design of microclimate regulation
when analyzing thermal environments.
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Figure 5. Thematic structure and keyword relationships in outdoor thermal comfort research. The
color-coded map represents thematic clusters in the research, such as thermal comfort, microclimate,
and design strategies. The varying colors of the clusters indicate different thematic groups, with over-
lapping themes reflecting an interdisciplinary approach to the topic, involving both environmental
and design aspects.

6.3. Evolution of Thermal Comfort Evaluation Models

As shown in the tree map of the keyword distribution (Figure 6), thermal comfort
evaluation models have evolved significantly. The PMV model is useful for indoor settings
but is less applicable in complex outdoor environments. The PET model has gained popu-
larity due to its flexibility, especially in the context of climate change, and the UTCI model
has become mainstream since 2019 for its applicability in outdoor environments. Addition-
ally, hybrid models combining meteorological data with socio-economic parameters are
emerging, indicating a shift towards multidimensional evaluations.

outdoor thermal comfort microclimate
247

8%

performance
121
2%
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Figure 6. Tree map of keyword distribution in outdoor thermal comfort research. The size of each
box represents the relative frequency of each keyword in recent publications. Larger boxes indicate
that a term has been more frequently used, highlighting key topics and research trends in the field of
outdoor thermal comfort. Keywords like PET, microclimate, and urban heat islands are central to
current research.
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6.4. Shifts in Research Methodology and Technological Evolution

Research methods have undergone a significant shift, moving from field measurements
to computer simulations. As shown in Figure 7, keywords related to simulation tools like
ENVI-met and CFD have gained prominence since 2015. Early studies relied heavily
on high-precision weather station data, but these methods had limitations in terms of
spatial coverage and time constraints. The widespread adoption of simulation techniques
has improved the efficiency and accuracy of studies, enabling larger-scale analysis and
offering insights into spatial morphology (Figure 3). However, as indicated in Figure 7,
CFD simulations have continued to grow, but the accuracy of these tools can be limited by
input data quality and model validation against field measurements.
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Figure 7. Evolution of research methods and application of simulation techniques. This figure tracks
the usage of simulation methods like CFD, ENVI-met, and PET over time. The bars represent the
number of studies using each method within specified time frames.

These tools are capable of assessing the effectiveness of design strategies at various
scales. As illustrated in the thematic structure (Figure 5), “simulation” and “model” are
centrally positioned within the study, alongside “temperature” and “environment”, high-
lighting the pivotal role of simulation in analyzing the thermal environment. Furthermore,
“simulation” and “model” are associated not only with meteorological parameters but also
with “street canyon” and “green spaces”. This suggests that researchers are increasingly
utilizing simulation techniques to explore the influence of spatial patterns on the thermal
environment and to propose more effective design optimization strategies.

6.5. Keyword Evolution and Future Trends

Combining the keyword theme evolution map (Figure 7) and the theme trend map
(Figure 8) clearly illustrates the dynamic evolution of outdoor thermal comfort research.
These shifts indicate not only changes in scientific approaches but also the adaptation of
landscape architecture to emerging challenges such as climate change and urbanization.
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Figure 8. Thematic evolution of keywords in outdoor thermal comfort research (2013-2024).
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1.  Early Focus (2003-2013)

During the early years of research, the emphasis was on basic concepts such as
adaptation to climate, urban ventilation, and general studies on human comfort in outdoor
environments. These early studies primarily focused on the relationship between human
physiology and environmental parameters, with an emphasis on thermal sensation and
microclimate factors.

2. Emerging Models and Evaluation Methods (2014-2018)

As interest in outdoor thermal comfort grew, the focus shifted towards more specific
models for evaluation. Keywords like PET (Physiological Equivalent Temperature) and
UTCI (Universal Thermal Climate Index) gained prominence, signifying the development
of more sophisticated and context-specific thermal comfort models. This period saw the
increased use of computational methods and simulations to account for complex outdoor
environments. This shift allowed researchers to integrate more variables such as solar
radiation and wind speed in thermal comfort evaluations.

3. Technological Advancements and Simulation (2019-2023)

From 2019 onwards, the landscape of research on outdoor thermal comfort expanded
to include technological advancements like simulation tools, Computational Fluid Dynam-
ics (CFD), and deep learning algorithms. The focus on spatial morphology, including the
role of vegetation, urban heat islands, and microclimate, became central to studies. The
relationship between landscape architecture and thermal comfort was further explored
through these advanced methodologies, enabling better predictive models and more accu-
rate simulations of human comfort in urban spaces.

4.  Future Trends (2024 and Beyond)

Looking ahead, real-time monitoring, multi-objective optimization, and artificial
intelligence are expected to play significant roles in advancing the study of outdoor thermal
comfort. Research is likely to focus on dynamic thermal comfort models that adapt in
real-time to changing environmental conditions and human activities. Additionally, there
will be increased emphasis on the integration of Al-powered tools for personalized comfort
solutions and real-time microclimate adjustments in urban landscapes.

These evolving trends point to a future where landscape architecture can more effec-
tively contribute to climate adaptation through intelligent design and advanced computa-
tional methods, enabling urban spaces to better accommodate human thermal comfort.

6.6. Synthesis: Impact of Spatial Morphology on Outdoor Thermal Comfort

A key outcome of this study is the recognition that spatial morphology plays a critical
role in regulating outdoor thermal comfort. Landscape architecture, by integrating spatial
design elements such as street canyons, green spaces, and vegetation patterns, significantly
influences the microclimate and thereby impacts human comfort in urban environments.
The use of simulation techniques has allowed researchers to quantify these effects and
evaluate the effectiveness of different landscape designs in mitigating urban heat islands
and enhancing thermal comfort.

Research has shown that spatial configurations, such as the orientation of buildings,
the density of green spaces, and the design of urban canyons, affect how heat is distributed
and how air flows in urban environments. These factors directly influence the urban heat
island effect and thermal comfort. For instance, green roofs and urban trees can provide
shade and cooling, reducing the effects of excessive heat during hot weather and improving
overall comfort levels.
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This study also highlights the growing importance of digital simulation in evaluating
the role of spatial morphology in outdoor thermal comfort. As the field of landscape
architecture becomes more integrated with advanced computational models, researchers
are able to assess the impact of spatial factors more accurately and in real-time. Future
research should continue to explore how landscape elements can be optimized through
modeling and simulation to improve thermal comfort in response to climate change and
urban expansion.

7. Discussion
7.1. Thermal Comfort and Landscape Architecture: A Pathway to Better Outdoor Environments

Landscape architecture plays a critical role in enhancing outdoor thermal comfort
by integrating natural elements with human-built spaces. In the face of climate change
and urbanization, thermal comfort has become a central concern in the field of landscape
architecture. Landscape architects are uniquely positioned to mitigate the effects of urban
heat islands and improve outdoor thermal comfort through the careful consideration of
spatial morphology, including building layouts, vegetation arrangement, and the design of
water features and shading systems.

With rising global temperatures, particularly in urban areas where the urban heat
island effect exacerbates heat exposure, the role of landscape architects becomes even
more essential. Through optimized landscape design, urban areas can be transformed
into more comfortable spaces for outdoor activities, helping to reduce the impacts of
extreme temperatures. Therefore, incorporating thermal comfort research into landscape
architecture is a powerful strategy for addressing the challenges posed by climate change
while simultaneously improving urban living conditions.

This growing body of research underscores the importance of integrating green infras-
tructure into urban landscapes. The strategic placement of vegetation and water features
can significantly lower local temperatures, provide shade, and contribute to evaporative
cooling, all of which enhance outdoor thermal comfort. Moreover, shading and wind
patterns have been shown to influence the thermal comfort of urban public spaces, and
landscape architects must consider these factors when designing public areas [148,149].

7.2. The Role of Spatial Morphological Characteristics

Spatial morphological characteristics play a decisive role in outdoor thermal comfort.
Factors such as building density, vegetation distribution, urban canyons, and shading
systems all directly influence microclimates and thermal comfort levels. By thoughtfully
designing urban spaces with attention to green spaces, water features, and the orientation
of structures, landscape architects can effectively mitigate the urban heat island effect and
enhance comfort in outdoor spaces.

Particularly in densely built environments, landscape architects can reduce heat expo-
sure by strategically designing open spaces, increasing green infrastructure, and introduc-
ing water features to create more comfortable microclimates. Furthermore, urban canyons,
green coverage, and building orientation all play key roles in regulating airflow and heat
accumulation, influencing the overall thermal environment in cities [150].

It is clear that landscape architects, by leveraging spatial morphology, can directly
influence the microclimate, thereby enhancing the overall thermal comfort in urban spaces.
Thus, the effective integration of green infrastructure, water bodies, and shading sys-
tems into urban design plays a critical role in addressing climate change challenges and
improving the comfort of outdoor environments [151].
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7.3. The Practical Significance of Thermal Comfort Research for Landscape Architecture

Thermal comfort research provides valuable theoretical and practical guidance for
landscape architects. By incorporating thermal comfort indices such as PMV, PET, and
UTCI, landscape architects can more accurately assess the impact of spatial designs on
thermal comfort. The application of simulation technologies, such as Computational Fluid
Dynamics (CFD) and ENVI-met, enables landscape architects to model various design
scenarios and evaluate how different urban configurations affect thermal conditions.

Moreover, thermal comfort research highlights the importance of incorporating shad-
ing, green infrastructure, and ventilation into design strategies. The integration of these
elements not only improves thermal comfort but also enhances climate resilience. For
instance, green roofs, vertical gardens, and reflective surfaces have proven effective in
mitigating thermal discomfort, particularly in hot urban environments. These insights
provide landscape architects with actionable strategies for creating climate-adaptive urban
spaces that promote human well-being [152,153].

7.4. Key Directions for Future Research

The future of landscape architecture and thermal comfort research lies in the inte-
gration of dynamic adaptive design strategies and multi-scale evaluation systems. These
approaches will address the complexities of climate change and urbanization, ensuring
that landscape designs remain effective in the face of changing environmental conditions.
Key directions for future research include the following:

1.  Development of Multi-Scale Integrated Evaluation Systems

Comprehensive frameworks that integrate regional and local scales are essential for
understanding the impacts of climate change and meeting specific design needs. By inte-
grating microclimate analysis, researchers can offer more holistic insights into mitigating
outdoor heat stress, which is crucial for landscape design [154].

2. Dynamic Adaptive Design

Advancing the ability to design for thermal comfort through real-time climate data and
dynamic modeling technologies is critical. Future research should explore adaptive design
strategies that focus on optimizing vegetation and water bodies to enhance adaptability to
fluctuating environmental conditions [155].

3.  Low-Carbon and Ecological Design

In alignment with global sustainability goals, future studies should prioritize low-
carbon materials, nature-based solutions, and green technologies. These strategies should
aim to balance energy efficiency with ecological benefits to create sustainable urban envi-
ronments [156].

The strategic integration of green spaces can reduce urban heat islands while aligning
with low-carbon strategies to enhance both thermal comfort and ecological sustainability.

4.  Cultural and Behavioral Research

Thermal comfort perceptions vary across different cultural and behavioral contexts.
Future research should explore these differences to develop spatial designs that cater to
diverse urban populations, enhancing inclusivity and functionality [157].

5. Technological Integration and Interdisciplinary Collaboration

The application of artificial intelligence, big data, and IoT technologies will deepen
our understanding of thermal comfort and provide actionable insights for urban planning.
Interdisciplinary collaboration will be essential to drive innovation in this field [158].
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By addressing these critical directions, thermal comfort research can more effectively
respond to the challenges of climate change and urbanization, contributing to sustainable,
inclusive, and equitable urban development.
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