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Abstract: In recent years, the intensification of the urban heat island (UHI) effect has become a
significant concern as urbanization accelerates. This survey comprehensively explores the current
status of surface UHI research, emphasizing the role of land use and land cover changes (LULC)
in urban environments. We conducted a systematic review of 8260 journal articles from the Web
of Science database, employing bibliometric analysis and keyword co-occurrence analysis using
CiteSpace to identify research hotspots and trends. Our investigation reveals that vegetation cover
and land use types are the two most critical factors influencing UHI intensity. We analyze various
computational intelligence techniques, including machine learning algorithms, cellular automata,
and artificial neural networks, used for simulating urban expansion and predicting UHI effects. The
study also examines numerical modeling methods, including the Weather Research and Forecasting
(WRF) model, while examining the application of Computational Fluid Dynamics (CFD) in urban
microclimate research. Furthermore, we evaluate potential mitigation strategies, considering urban
planning approaches, green infrastructure solutions, and the use of high-albedo materials. This
comprehensive survey not only highlights the critical relationship between land use dynamics and
UHISs but also provides a direction for future research in computational intelligence-driven urban
climate studies.

Keywords: urban heat island effect; land use; vegetation index; computational intelligence; urban
expansion simulation; heat island effect prediction

1. Introduction

The unprecedented velocity of global economic expansion has led to a remarkable
proliferation of urban landscapes, culminating in a significant increase in the demand
for designated land. This expansion has accentuated the disparity between urban and
suburban underground environments, consequently elevating surface temperatures and
exacerbating the urban heat island (UHI) phenomenon [1]. The UHI effect is described
as urban areas exhibiting elevated air and surface temperatures in comparison to the
surrounding rural regions, posing a considerable threat to urban sustainability [2]. The
UHI phenomenon can be categorized into surface UHI (SUHI) and atmospheric UHI
(AUHI). The latter is further subdivided into boundary layers UHI (BUHI) and canopy UHI
(CUHLI), with canopy UHI being the most frequently studied variant. While the SUHI is
obtained from surface temperature measurements, the CUHI is determined by comparing
temperature records between urban and countryside regions [3]. Among the multitude of
factors influencing the heat island effect, land use patterns and vegetation coverage have
emerged as the two most critical variables [4]. Research has corroborated that a judicious
allocation of land uses within urban areas can effectively mitigate UHI intensity [5]. A
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study focusing on land surface temperature (LST) across various land use and cover (LUC)
categories in Sapporo, Japan, revealed that urban expansion has been the predominant
factor contributing to the UHI phenomenon over the past three decades [6]. Additionally,
another investigation concluded that alterations in LULC are the primary drivers of LST
fluctuations [7]. Consequently, the analysis of urban heat island phenomena through the
prism of LULC change scenarios has emerged as a burgeoning research focus within the
realm of earth system science [8].

Contemporary research in urban studies has shifted its focus toward examining the
intricate relationships between human activities, land use changes, and their environmental
consequences, with a particular emphasis on sustainable land utilization. As we progress
through the 21st century, the study of urban cover transformation and its environmental
implications has become increasingly pertinent, especially concerning energy balance
systems such as urban thermal environments. This research domain encompasses the
environmental alterations resulting from LULC changes, as well as the associated ecological,
environmental, and disaster-related issues [9].

A growing number of scholars are now directing their attention toward assessing the
influence of alterations in land use on the architecture of ecosystems and their functional
services. The primary factors contributing to the UHI effect within the context of land
use and cover change (LUCC) are the proliferation of impervious surfaces [10] and the
diminution of natural urban vegetation cover [11], along with the varied utilization of
different land surfaces [12]. The emergence of the UHI effect is not solely attributed to land
use types; other factors play crucial roles as well. Researchers have identified additional
contributing factors, including anthropogenic heat release [13], excessive solar radiation
retention in urban structures [14], scarcity of green spaces, sea wind [15], and inadequate
air circulation in urban canyons [16].

To address these issues, various measures have been proposed, targeting the root
causes of the UHI effect. Scholars have explored diverse mitigation strategies from different
perspectives, such as reducing street aspect ratios, employing lightweight materials, and
increasing green vegetation cover in urban areas. The New York Climate and Health
Program team employed the simulate urban growth based on grid cells (SLEUTH) model
to investigate the effects of the urban heat island phenomenon on global environmental
and climate change [17]. Current UHI research primarily focuses on analyzing temperature
relationships between urban peripheries and centers during urban expansion [18]. With
the advent of artificial intelligence, meta-cellular automata [19] and neural networks [20]
have been increasingly applied to UHI studies, gaining popularity among both domestic
and international scholars. Studies have consistently demonstrated that land use [21]
and vegetation cover [22] are intimately linked to the UHI effect, representing the most
critical factors in its formation. Consequently, recent years have seen scholars making
preliminary progress by analyzing the correlation between land cover and urban surface
temperature while also considering various urban biophysical parameters to derive the
evolving characteristics of the UHI effect.

2. Research Review Based on Bibliometric Analysis

The research method is as follows (Figure 1): First, to prevent the duplication of content
within this paper, we chose to utilize a single database for our literature analysis. The
research topic of the “heat island effect” was determined, and a comprehensive search was
conducted in the Web of Science (WOS) database. The search employed the keyword “Heat
Island effect” across all fields and covered the period from January 1, 2014, to November
30, 2024. A total of 9393 documents were retrieved, categorized as follows: Articles (8260),
Proceedings Papers (807), Review Articles (387), Early Access (83), Editorial Materials
(17), Data Papers (7), Book Chapters (5), Corrections (4), Meeting Abstracts (4), Retracted
Publications (4), and Letters (2). A single article in the WoS database may be classified
under multiple types.
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These articles were preserved as plain text files containing comprehensive records
and cited references. Then, we used Citespace as a tool to conduct bibliometric analysis
and keyword co-occurrence analysis on the retrieved papers. Specifically, we utilized
the “Data/Import/Export” functionality within Citespace to transform these records into
executable formats and generate visual representations of the retrieved data. Finally, based
on the above literature and keywords, the main ideas of the literature were extracted and
analyzed to draw conclusions. In this part, we used the extracted key information to
perform a systematic review of the evolutionary trajectory and current research landscape
of heat island effect studies through bibliometric methodologies.
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Figure 1. The flowchart of the research.

To ensure the credibility and rigor of the analysis, we selected journal articles (8260 in
total) as the primary data source for this study. Journal articles undergo a rigorous peer-
review process, which ensures their scientific validity and methodological soundness.
Additionally, journal articles typically provide more comprehensive and detailed descrip-
tions of research methods and findings, making them particularly suitable for quantitative
analysis in this context. Other document types, such as proceedings papers or review
articles, were excluded due to their varying levels of review rigor, limited methodological
detail, or differing research objectives that may not align with the focus of this study. The
annual publication trends of the selected articles are presented in Figure 2.

The number of papers published was found to increase from 2014 to November 2024,
as shown in Figure 2. This shows that the research on this topic has received more and
more attention.

The principal goal of this investigation is to demonstrate the development and research
methods of the UHI effect. Our aim is to uncover prominent issues within the field and
make informed projections about potential future research directions. Our analysis result is
illustrated in Figure 3.
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Figure 2. Number of academic publications on the topic of “Heat Island Effect” from 2014 to 2024.

This study utilized CiteSpace software (V6.2.R4) for visualization and analysis to inves-
tigate the research hotspots and emerging frontiers in UHI studies. Based on experimental
outcomes, a ten-year timeframe was selected. The search parameters were set to include
journal articles from January 1, 2014, onwards, yielding 8260 results. The configuration of
the analytical parameters was as follows: time range from January 2014 to November 2024,
with annual time slices and “keywords” selected as the node type.

The analysis revealed the following top five keywords by frequency: urban heat island
(2406 occurrences), land surface temperature (1231 occurrences), climate (1089 occurrences),
urbanization (811 occurrences), and vegetation (676 occurrences). These keywords encap-
sulate the prevailing themes in urban heat island research over a certain period of time.
Notably, “land use” ranked 24th with 320 occurrences.
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Figure 3. Keyword co-occurrence network in the heat island effects study.

The analytical outcomes reveal that exploring the interrelationships between the urban
heat island effect and the refining factors constitutes a contemporary research focus. More-
over, the prediction of urban heat island effects emerges as a prospective area of increasing
scholarly interest. Consequently, this review concentrates on two principal aspects:

1.  The heat island effect and its critical influencing factors.
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2. Research methodologies employed in predicting urban heat island effects.

This approach allows us to provide a comprehensive overview of the current state
of knowledge and to identify emerging trends in this crucial area of urban environmen-
tal studies.

3. Causes and Influence Factors of UHI Effect
3.1. The Concept of the UHI Effect and Related Studies

The phenomenon of the UHI is typified by elevated temperatures in urban areas rela-
tive to the surrounding suburbs. This climatic anomaly arises from various urban features,
including the prevalence of heat-absorbing surfaces and the scarcity of natural thermal
regulators such as vegetation. Consequently, urban environments accumulate thermal
energy during daylight hours and subsequently emit it after sunset, thereby elevating
ambient temperatures [23]. This thermal phenomenon is observed and intensifies in numer-
ous global urban centers, primarily attributed to anthropogenic activities, modifications
in urban structure, and climate-related impacts, collectively contributing to heightened
temperatures within city limits [24-26].

However, in recent years, with global climate change, such localized climate and
change patterns have become more frequent and intense, often exacerbating heat wave
events in urban environments, while more and more factors influence the formation and
intensification of the UHI effect (Figure 4).

Increased anthropogenic

urban areas

Reduction of green

space and water area Land surface
' (increase of urban land) I temperature rise

Radiation cooling Reduces reflection coefficient (increases surface

heat absorption)

Figure 4. UHI effect.

Surface UHIs exhibit greater spatial and temporal variability compared with their
atmospheric counterparts. They tend to be more pronounced during daylight hours and
summer months, whereas atmospheric UHIs reach peak intensity in pre-dawn and noctur-
nal periods, as well as during winter. Research by Paolini suggests that the intensification
of daytime UHlIs is closely linked to urban expansion processes, while the elevation of
nighttime temperatures in atmospheric UHIs may be primarily associated with urban
densification [23].

The magnitude of the UHI effect is strongly correlated with city size [24], which has led
to a predominant focus on larger urban centers in existing research. Nevertheless, studies
by Oke [25] and Park [26] demonstrate that even smaller settlements in North America,
Europe, Japan, and Korea, with populations as low as 1000, can manifest heat island effects.
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Despite this, there is still a large disparity in our understanding of UHI patterns in small-
and medium-sized urban areas.

As a focal point of contemporary research, the heat island effect has garnered sub-
stantial scholarly attention. Sarah et al. assessed the UHI phenomenon in two Canadian
cities, proposing an integrated approach to mitigation strategies and land use planning [27].
Debbage et al. employed gridded minimum temperature datasets and spatial indicators
to quantify urban morphology in relation to the UHI effect [28]. Wang et al. conducted
temperature distribution measurements along representative routes in Chongqing, utilizing
isotherm analysis to study the city’s UHI characteristics [29]. Zhao et al. investigated the
relationship between urban expansion and the UHI effect in Shanghai across different
temporal scales through land use interpretation, surface temperature inversion, and spatial
overlay analysis [30].

3.2. Research on Factors Affecting UHI Effect

Empirical studies have identified several contributing factors to the UHI phenomenon,
including anthropogenic heat generation, the substantial thermal capacity of urban con-
struction materials, reduced evapotranspiration, low wind velocities, and air pollution [31].
The nomenclature of UHI itself implies its connection to urbanization and urban activities.
Kotharkar et al. posit that the physical and geometric characteristics of urban environments
significantly influence canopy layer air temperatures, thereby fostering the UHI effect [32].

Furthermore, global climate change is expected to exacerbate UHI intensity in urban
ecosystems [33]. In summary, the influence factors of UHIs are thought to be greenhouse gas
emissions [34], diminished urban forest cover [35], and urban morphology and scale [36].

July 2022 witnessed an unprecedented global heat wave, with several countries expe-
riencing extreme temperatures exceeding 40 °C. The World Meteorological Organization
reported it as one of the three hottest Julys on record, with average temperatures nearly
0.4 °C above the 1991-2020 reference period, resulting in widespread impacts on agricul-
tural productivity and public health.

Recent findings from economics researchers indicate that elevated temperatures can
result in increasing heat incidence, thereby negatively affecting labor productivity [37]. This
underscores the necessity to anticipate reductions in urban socio-economic activities and
increases in energy consumption for effective planning [38]. The UHI effect may exacerbate
heat waves in metropolitan areas, potentially leading to thermal discomfort both indoors
and outdoors and various health issues, including increased morbidity, fatigue, dehydra-
tion, and mortality [39]. During such thermal events, urban dwellers may experience
persistent heat stress throughout the day and night, while their rural counterparts typically
benefit from nocturnal relief [40].

However, in colder climates and during winter months, UHIs can have positive effects,
such as extended frost and ice-free periods, reduced snowpack, longer crop-growing
seasons, and decreased heating energy requirements [41]. The urban heat island effect in
winter significantly reduces the mortality rate related to cold [42].

3.2.1. Causes of the UHI Effect

The urban heat island (UHI) phenomenon arises from the significant temperature
disparities between urban centers and their surrounding suburban or rural areas, a conse-
quence of rapid urbanization [43,44]. This effect is most pronounced under high-pressure
(anticyclonic) weather conditions, particularly during clear, calm nights. The gradual
cooling of manufactured urban surfaces and structures, in contrast to their natural sur-
roundings, significantly contributes to this thermal anomaly. The UHI manifests in three
primary forms: surface UHI, canopy UHI, and boundary layer UHI. Surface UHIs persist
throughout the day and night and across seasons but exhibit greater intensity during
daylight hours and summer months, with daily surface temperature differentials between
urban and countryside regions potentially reaching up to 12 °C [45]. Atmospheric UHIs,
encompassing both canopy and boundary layer types, are most evident during pre-dawn



Land 2024, 13, 2176

7 of 26

and nocturnal hours, especially in winter, with temperature ranges typically spanning
7-12°C, slightly lower than surface UHIs [45,46]. The canopy UHI refers to the air layer
from ground level to rooftop or tree canopy height, while the boundary layer UHI extends
from rooftop level to approximately 1.5 km above ground.

The primary driver of these UHI variants is the rapid urbanization process and asso-
ciated changes in building density, fundamentally altering the urban land surface [47,48].
Key factors contributing to UHI formation include reduced evapotranspiration and con-
vection, increased heat storage capacity, enhanced net radiation, and elevated artificial
heat production. These elements are closely linked to vegetation reduction, expansion
of impervious surfaces, altered thermal properties (diffusivity and reflectivity) of urban
materials, urban geometry (affecting heat dissipation and wind patterns), air pollution, and
increased energy consumption [49,50]. The complex interplay of these factors results in the
characteristic thermal profile of urban environments, distinguishing them from their rural
counterparts and facilitating the multifaceted nature of the UHI phenomenon.

The findings highlight vegetation cover as a crucial influencing factor, demonstrating a
strong correlation with the UHI effect. Conversely, the analysis indicates a relative paucity
of research focusing on UHI prediction through land use patterns.

This bibliometric analysis provides valuable insights into the current research land-
scape of UHI studies, identifying key areas of focus and potential gaps in the literature. The
prominence of vegetation-related keywords underscores the significance of green spaces in
UHI research, while the comparative underrepresentation of land use studies suggests an
opportunity for further investigation in this domain.

3.2.2. Discuss the Background Climate Factors Affecting UHIs

Research indicates that both SUHI and CUHI surface effects during summer are influ-
enced by the underlying urban climate conditions. Interestingly, daytime UHI intensity
decreases as drought conditions lessen, whereas nighttime UHIs exhibits an inverse rela-
tionship. It is particularly noteworthy that humid cities tend to exhibit elevated daytime
SUHIs and CUHIs due to reduced evaporative cooling, which is also linked to variations in
vegetation cover and leaf area index between urban and countryside environments [11].
Conversely, the elevated nighttime SUHIs and CUHIs observed in arid cities can be primar-
ily ascribed to the release of thermal energy accumulated in structures and ground surfaces
into urban canyons.

Furthermore, sky view factors can impede nocturnal heat dissipation. The climate’s
impact on weather can be examined through four key factors: heat waves, wind velocity,
wind direction, and solar radiation.

In cities with temperate climates, a synergistic relationship exists between the UHI
effect and heat waves [51]. Urban areas often experience more severe thermal stress
during heat wave events. The disparity in evapotranspiration rates and anthropogenic
heat emissions between urban and rural areas leads to an amplified impact of extreme
temperatures during heat waves compared with normal weather conditions [52]. The
positive sensitivity of background temperature intensifies the UHI effect. Researchers
utilized the WRF model to investigate the combined impact of urban expansion and heat
waves on extreme summer temperatures in Beijing [11]. Their findings revealed a positive
correlation between the UHI effect and background temperature, resulting in an amplified
UHI effect during heat waves.

While the positive sensitivity of background temperature to the UHI effect provides
valuable insights into UHI variations under different temperature conditions, the enhanced
background temperature sensitivity of the UHI effect due to urban sprawl suggests a greater
contribution of the UHI effect to overall warming. This additional warming exacerbates
thermal stress and negatively impacts urban ecosystems and economies [53,54]. Although
heat waves and UHIs may interact, the precise relationship between their interaction and
background climate conditions remains unclear [55]. During heat waves, solar radiation on
urban surfaces is more intense than usual, leading to an increase in the apparent heat island
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index at night. Conversely, this enhanced solar radiation can also increase air humidity
under heat wave conditions [56,57].

The UHI effect is closely linked to urban wind dynamics [58]. The UHI triggers an
additional ventilation mechanism, which, due to the poor thermal stability of the warm
urban atmosphere at night, results in an increased downward momentum of airflow passing
through the city. This, in turn, leads to higher near-surface wind speeds within the urban
area. This supplementary ventilation effect is most pronounced when the UHI is stronger.
Urban surface roughness can influence wind speed magnitude, typically reducing it [59].

However, not all winds effectively mitigate the UHI effect. While sea breezes help
lower temperatures in coastal cities, warm winds from desert regions can heat up urban
areas. Studies have shown that reducing the Building Coverage Ratio (BCR) can effectively
increase urban wind speeds, potentially leading to enhanced urban cooling and improved
comfort levels [60]. Lower capacity ratios and the BCR promote favorable wind conditions.

Wind direction also plays a crucial role in the intensification of daytime heat is-
lands [61]. In the direction of airflow, cold air can significantly reduce the heat associated
with UHIs [43]. In areas with limited wind circulation, temperature changes are less pro-
nounced, especially in buildings and narrow alleyways where temperature reductions are
observed [62]. Solar radiation directly influences UHISs [63].

Typically, a SUHI is more intense in summer than in winter, with winter daytime SUHIs
being the lowest, indicating a relationship between UHIs and solar radiation [64]. In general,
the solar radiation absorbed by the Earth’s surface is diminished due to atmospheric
reflection, scattering, and absorption, in addition to ground reflection. Consequently,
roughly one-third [65] of the total solar radiation absorbed is accounted for by the radiation
absorbed by the ground. Additionally, solar radiation entering the atmosphere is influenced
by cloud reflection and scattering. Therefore, cloud type and quantity influence the total
atmospheric absorption.

Cloud characteristics represent crucial factors that affect the attenuation of solar
radiation. Furthermore, the quantity of solar radiation that reaches the ground is affected
by the albedo of different urban surface materials, aerosol scattering and absorption, and
water vapor absorption. [66—68]. Moreover, insufficient evaporation can enhance the
background temperature sensitivity of the UHI effect.

3.2.3. Anthropogenic Heat Emissions

A significant correlation exists between anthropogenic heat emissions and UHIs, with
human activities primarily influencing surface evaporation [69]. In regions characterized
by higher population densities and intense economic development, human activities and
economic processes can contribute to anthropogenic warming. Consequently, the heat
island effect tends to be most pronounced in central urban areas [70]. The heat generated by
these anthropogenic activities is regarded as a waste by-product of urban energy cycles [71].

The magnitude of human heat emissions is contingent upon factors such as population
density, regional climate, seasonal variations, and diurnal patterns. The primary sources
of anthropogenic heat include human metabolic processes, vehicular emissions, and heat
generated within buildings, encompassing both electrical equipment (e.g., air conditioning
systems) and the combustion of fossil fuels [72].

The proliferation of artificial heat emissions poses challenges to urban develop-
ment [73]. Significant reductions in surface temperature can only be achieved through
extensive redevelopment efforts, with outcomes independent of site size. Such initiatives
primarily involve reducing artificial surfaces and expanding green spaces. Conversely, less
intensive redevelopment strategies appear to have a minimal impact on surface tempera-
ture (Figure 5 shows the LST in different land covers). Anthropogenic heat, particularly
from the high energy demands of air conditioning systems, represents a distinctive source
of warming of the canopy air, especially during daytime hours and in arid climates [74].

In consideration of the prevalence of anthropogenic heat emissions, the implemen-
tation of low-energy equipment emerges as an effective mitigation strategy [75]. The
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Figure 5. LST performance of various land covers in Shenzhen during the UHI phenomenon.

4. UHI Effect and Its Ecological Impact

As illustrated in Figure 6, the urban heat island (UHI) phenomenon exerts considerable
influence on urban environments and human life, serving as a primary source of numerous
environmental challenges in metropolitan areas [76]. Its impacts are far-reaching, affecting
human comfort, health, and overall living conditions.

Research by Sun et al. examined energy consumption patterns related to UHIs across
various climatic regions, revealing a substantially higher demand for cooling compared with
heating [77]. This finding underscores the UHI's role in shaping urban energy requirements.

Feng et al.’s study unveiled a significant spatiotemporal relationship between urban
ecological land use and the UHI effect. Their characterization of these impacts within
the study area demonstrated the UHI’s considerable influence on the entire urban ecosys-
tem [78]. This research highlights the intricate connections between urban land use patterns
and thermal dynamics.

Furthermore, the UHI phenomenon has been linked to a cascade of environmental
and health-related issues. These include deterioration of air quality [79], degradation of
urban living environments [80], reduction in human comfort levels [81], and increased
health risks for urban populations [82].

These findings collectively emphasize the multifaceted nature of UHI impacts, span-
ning from environmental quality to public health concerns. The pervasive influence of
UHISs on urban systems underscores the need for comprehensive strategies to mitigate its
effects and enhance urban resilience in the face of changing thermal conditions.
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Figure 6. Impact of urban heat island effect.

4.1. Hazards of UHI Effect on Mankind

The direct consequences of UHIs on urban livability encompass diminished envi-
ronmental quality, heightened thermal discomfort, and an upsurge in heat-related public
health issues [83-85].

The combined pressures of global climate change and UHIs have been linked to
an increase in the prevalence of chronic diseases among urban populations. Various
cardiovascular, cerebrovascular, mental, and respiratory disorders have been intricately
linked to the UHI phenomenon [86]. In 2013, China reported over 5000 cases of heat-related
illnesses, predominantly concentrated in urban centers [87].

Extreme UHI phenomena can substantially intensify global warming trends and lead
to elevated mortality rates. For instance, heat waves intensified by UHIs have resulted
in hundreds of fatalities across cities in the United States and Europe [88]. July 2022
witnessed an unprecedented global heat wave, with several countries experiencing extreme
temperatures exceeding 40 °C.

The World Meteorological Organization reported it as one of the three hottest Julys
on record, with average temperatures nearly 0.4 °C above the 1991-2020 reference period,
resulting in widespread impacts on agricultural productivity and public health. In certain
regions, the UHI effect is intensifying at an alarming rate. Northeastern Slovenia, for
example, has seen the frequency of heat waves more than double since the 1960s [89].
Additionally, these heat wave events have become more prolonged (extending by 8.8 days
since 1990) and have reached higher peak temperatures (up to 40.6 days in 2013) [33].

In conclusion, the degradation of air quality and the rising frequency of extreme
weather events attributable to UHIs have had profound adverse consequences for human
welfare and sustainable urban growth.

4.2. Influence of UHI Effect on the Natural Environment

The UHI is considered a key driver in the population expansion of various insect
species. Research by Hoa Q. Nguyen et al. revealed the quantity of the two most common
species of cicadas on the Korean Peninsula, Cryptotympana atrata and Hyalessa fuscata,
positively correlated with the intensity of UHIs in urban areas [90].
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In urban waterways, such as the Rideau River flowing through Ottawa, ON, annual
streamflow amplitudes show a positive correlation with annual air temperature fluctuations.
This suggests a potential reduction in severe annual flooding as the winter/summer tem-
perature contrast decreases. Notably, this relationship was not observed at rural monitoring
stations. The warming attributed to the UHI effect, particularly during winter months, may
contribute to alleviating the intensity of annual spring flood events in mid-to-high latitude
continental regions [91].

The UHI phenomenon influences the total growing season length in urban environ-
ments. The interplay between the UHI and the cooling impact of urban parks results in the
inhibition of Glycosphingolipid (GSL) expression within these green spaces [92].

The UHI significantly impacts land-sea circulation patterns. A study [93] demon-
strated that due to enhanced sensible heat flux, the control simulation exhibited stronger
sea breezes compared with scenarios with no anthropogenic heat or alternative land use
patterns. Conversely, nighttime land breezes were weaker in the control simulation. These
alterations in circulation patterns can impede the dispersion of air pollutants, thereby
significantly affecting nighttime air quality.

The above examples underscore the diverse and far-reaching impacts of the UHI effect
on various aspects of the natural environment, from biodiversity to hydrological cycles and
atmospheric dynamics.

5. Monitoring and Prediction of the UHI Effect
5.1. Methods for Predicting the UHI Effect

The ongoing progression of urbanization and industrialization in recent years has
led to an increasingly pronounced UHI effect. Forecasting the future evolution of this
phenomenon is vital for the effective planning and development of urban environments.

Researchers such as Lee, Ye Young, and colleagues have employed neural network
prediction models to forecast the UHI effect in Seoul, South Korea [94]. Similarly, Ashtiani,
Arya, and associates have proposed a temperature prediction system utilizing artificial
neural networks and regression methods [95].

However, it is important to note that the manifestation of the urban heat island
effect is intricately linked to the urban matrix, specifically the diverse land use patterns.
Consequently, projecting future changes in the urban heat island effect is closely tied to
anticipated alterations in urban land use. As such, simulating future land use alterations to
forecast the evolution of the UHI effect has emerged as a prominent research focus.

Numerous methodologies exist for simulating land expansion predictions. Previous
research approaches have predominantly relied on deep learning techniques to simulate
land expansion within study areas, utilizing neural networks and various algorithms to
construct predictive models. Table 1 below outlines several key research methodologies in
this field.

Table 1. The classical methods for predicting land expansion simulations.

Author Method or Model Results and Accuracy
Liang Xun Patch Generation Land Use Simulation Enhanced accuracy (Figure of Merit (FoM) }ncre.ased from 0.1895
to 0.2642), improved landscape pattern reliability, and valuable
et al. [96] (PLUS) Model i . . .
insights into land expansion drivers.
. MUItl_Ob]eChV.e Interval Fuzzy The research achieved dual optimization of land use quantitative
Zhou Min Chance-Constrained Programming . ..
. structure and spatial pattern by combining MIFCCP and PLUS
etal. [7] (MIFCCP) and Patch-generating Land models. Overall accuracy = 0.784862. FoM = 0.266557
Use Simulation (PLUS) model ’ y=5 : e :
Diwei Tan Coupled bargaining model, modified Superior simulation accuracy compared with traditional
ot al [98]g ant colony optimization (ACO) meta-cellular automata models (Kappa coefficient: 0.65),

algorithm demonstrating model efficacy in urban expansion simulation.
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Table 1. Cont.

Author Method or Model Results and Accuracy
Zhuang Haoming High-Performance Metacellular . Enhanced accuracy (FoM nerease from 0.1895 to. 02642)'.
improved landscape pattern reliability, and valuable insights into
et al. [99] Automata Model . .
land expansion drivers.
Pourmohammadi,  Deep convqlutlonal neur al 1}etW0rks, The results show a performance accuracy of 98% for the test data.
P et al. [100] semantic segmentation ideas
SLEUTH, a model for predicting urban  The ecological priority model yields the most reasonable land use
N growth based on cellular automata. scale for Shanghai (average Lee Sallee value ~0.63). Higher total
Shi, Yishao . . . .
etal. [101] The inputs are S (Slope), L (Land Use), ecological service value compared with the natural growth
’ E (Excluded), U (Urban), T scenario, promoting conservation and sustainable land resource
(Transportation), and H (Hillshade). use in Shanghai.

5.2. Predicting Heat Island Effect Through Land Expansion Simulation

UHI effect and land expansion have been extensively studied by scholars, who have
found a strong correlation between these phenomena. Researchers have employed various
methods to predict UHI development by simulating land expansion changes. For instance,
Aliihsan et al. utilized spectral indices and Markov chain methods to analyze and forecast
land surface temperature (LST) changes, achieving a Kappa value of 0.73 for future simula-
tions [102]. In a study focused on Wuhan, Meiyan Zhao et al. employed satellite imagery
along with cellular automata and artificial neural networks to predict future LULC and LST
changes, noting that LST expansion patterns closely mirrored building area growth [103].

These methods, which demonstrated good consistency between simulated and retrieved
values for different LULC types, predicted a continued intensification of the UHI effect in
Jinan by 2030 owing to increased impermeable surfaces and reduced vegetation [104].

Remote sensing techniques have been widely adopted to evaluate UHI effects globally.
Mohammed Al-Marzooqi et al. investigated the correlation between urban expansion and
UHIs in Doha, revealing significant long-term UHI intensity trends and spatial-temporal
changes consistent with urban growth [105]. Peng Tian et al. investigated the surface
urban heat island (SUHI) effect in Hangzhou using Landsat thermal sensor images, finding
that high SUHI areas have moved in tandem with urban expansion since 2010 [106]. In a
study of tropical cities, Isaac Buo et al. utilized Landsat imagery to map urban expansion
and estimate UHI strength and size, concluding that urban expansion processes outpaced
density increases [107]. Yonghong Hu et al. integrated various data sources to study
the connection between human activity and climate change in the vicinity of big cities,
identifying urbanization as a key driver of land use and LUCC [108]. Bijay Halder et al.
explored the UHI effect in Calcutta and its surroundings using thermal remote sensing,
revealing an inverse correlation between LST and the Normalized Difference Vegetation
Index (NDVI) [109].

Predictive modeling has also played a crucial role in UHI research. Imran, Hosen M
et al. employed weather forecasting models to simulate current and future land use sce-
narios, demonstrating that urban sprawl increases near-surface temperatures in expanded
urban areas at night [110]. Shen, Chuhui, et al. utilized a random forest model informed by
projections of future landscapes to predict UHI intensity, forecasting significant increases in
high-intensity heat island areas [111]. Aliihsan Sekertekin et al. simulated future LST distri-
bution patterns and SUHI effects based on impervious surface area expansion, confirming
the direct influence of urbanization on SUHI intensification [61].

Researchers have also combined remote sensing with other technologies and indices
to quantify UHI factors. For example, the Urban Thermal Field Change Index (UTFVI) has
been used alongside remote sensing and supervised classification techniques to measure
UHI vulnerability and analyze correlations between LST, vegetation indices, and built-up
indices [112]. Various algorithms have been employed to enhance UHI research. Jia Du
et al. utilized a single window algorithm to retrieve surface temperatures and study urban
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thermal models, revealing the prominent effects of wetlands on LST distribution within a
350 m radius [113]. Meiyan Zhao et al. developed a UHI ratio index (URI) to better express
UHI intensity characteristics, demonstrating a high correlation between UHI impact areas
and urban land area [30]. Mingxing Chen et al. utilized LST products to estimate and
simulate UHI effects in relation to urban expansion, finding that temperature differences
between expanding and central regions significantly reduced as urban areas grew [114].

These studies collectively demonstrate the feasibility and effectiveness of predicting
heat island effects through land expansion simulation.

5.3. Relevant Models and Methods for Urban Heat Island Effect
5.3.1. Numerical Modeling and Weather Research and Forecasting Model WRF

The field of UHI modeling experienced a significant shift with Myrup’s ground-
breaking 1969 paper. This work marked the transition from descriptive, response-based
approaches to analytical, process-based methodologies, facilitating hypothesis generation
and testing. Notably, it introduced the first application of numerical modeling to UHI
studies [96]. Myrup’s computational approach contextualized UHI within the framework
of surface energy balances, energy sources, urban characteristics, and the interplay between
substrate and upper air exchange. This seminal work has profoundly influenced the study
of UHIs in geoclimatology [115].

The methodology introduced by Myrup allows for comprehensive experimental
control over factors determining the interactions between urban canopies, the form and
function of the Planetary Boundary Layer (PBL), and the various scales involved in ur-
ban climate dynamics. This has led to significant efforts in enhancing Urban Boundary
Layer (UBL) descriptions, improving urban canopy parameterizations, and refining anthro-
pogenic exothermic scenarios in Numerical Weather Prediction (NWP) models, such as the
Weather Research and Forecasting (WRF) model. The increasing availability of computa-
tional power has propelled numerical modeling to the forefront of UHI research [116].

Numerical modeling techniques can be categorized into models at the mesoscale and
microscale according to their spatial scale. These methods are versatile and applicable to
various climate systems, including atmospheric, oceanic, land surface, and snow and ice
interactions. They are particularly useful in analyzing land surface temperature (LST) data,
which provide intuitive insights into the UHI effect. The methodology extends to General
Circulation Models (GCMs) or Global Climate Models (GCMs) for microscale modeling
and Regional Climate Models (RCMs) for mesoscale modeling. Among these, the WRF
model stands out as the most widely utilized. While numerical simulations offer superior
spatial resolution compared with satellite data, mesoscale models have lower resolution
than microscale models, making the latter particularly suitable for detailed urban climate
studies [95,117,118].

The WRF model is characterized by its ability to generate high-quality data to adapt
to various climatic and geographic conditions [119]. The WRF model’s versatility has
allowed its application to extend beyond weather prediction to various mesoscale mod-
eling studies [120]. A common approach in WRF modeling involves constructing two-
or three-grid nested domains to acquire more accurate lateral boundary information for
the innermost grid [58]. This makes WRF a valuable tool for assessing weather changes
attributed to global climate change across various emission scenarios and their impacts on
urban climates. Additionally, it can evaluate specific mitigation and adaptation measures
within urban environments under future climate scenarios [121-123].

A notable application of WRF modeling was in assessing future climate scenarios for
UHIs in Lisbon, considering the impact of anthropogenic heat and irrigation on the city’s
green spaces [124]. The study employed two simulations: one representing the historical
climate from 1986 to 2005 and another projecting a long-term future scenario from 2081 to
2100 [58].

The WRF model is frequently coupled with the Urban Canopy Model (UCM) for
comprehensive urban environment studies [125]. This coupling enables thermal comfort
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studies that account for urban canopies, which is not possible with the WRF model alone.
However, it is important to note that urban canopies can contribute to the UHI effect,
necessitating spatial assessment of their impact on urban thermal comfort [126].

Post version 3.1, WRF incorporates data according to the Moderate Resolution Imag-
ing Spectroradiometer (MODIS), enhancing the performance of coupled WRF and UCM
models [127]. This integration allows for improved modeling accuracy and more detailed
analysis of urban environments.

Numerical modeling methods excel in capturing daily variations in UHI intensity and
analyzing factors influencing UHISs, such as wind speed and urban-rural surface energy
dynamics. However, their application is limited to relatively small areas. Consequently, re-
searchers have begun employing Computational Fluid Dynamics (CFD) models to simulate
broader urban regions, expanding the scope and precision of UHI studies [128,129].

5.3.2. Computational Fluid Dynamics CFD Modeling

CFD modeling enables the interconnection of mathematics, physics, and computation
so that the model can be applied to all fields of science and technology. It also has a higher
spatial resolution than mesoscale and microscale models [49]. According to [130], CFD
studies of urban microclimates have shown rapid growth in recent years.

The use of CFD modeling has emerged as a prominent approach for researching
the intricate interactions between urban morphological factors and wind environment.
This method offers significant advantages, including low operational costs and the ability
to simultaneously compare and analyze multiple scenarios—a capability not afforded
by physical measurements or wind tunnel tests. However, it is important to note that
CFD modeling has limitations in accurately simulating turbulence and can exhibit some
dispersion in results.

Despite its growing popularity, an important portion of recent studies has concentrated
on building-scale analyses, which often fall short of fully capturing the effects of integrated
urban planning. Furthermore, there is a notable gap in research addressing the aggregate
impacts of different morphological factors on the wind environment. The mitigation
strategies and urban form indicators used to quantify the natural urban environment in
these studies sometimes struggle to provide comprehensive qualitative visualizations of
complex phenomena [79,131,132].

This observation underscores the significance of employing models to simulate the
impact of urban form on wind speed. Such a method can yield more precise and detailed
insights into how building mass influences wind patterns. In order to mitigate and adapt
to the effects of overpressure or air pollution coming from urban wind field dynamics,
researchers can offer robust decision support by modeling regional wind speed variations
under various planning scenarios [65].

Recent applications of CFD modeling have yielded valuable findings. For instance, a
study demonstrated that increasing tree density and utilizing cold mulch materials were
effective strategies for reducing air temperatures in urban environments [133]. These results
highlight the potential of CFD modeling in developing targeted interventions for urban
climate management.

The advancement in modeling techniques opens new avenues for comprehensive
urban planning that considers both the built environment and natural elements.

5.3.3. Porous Media Modeling

Recent advancements in modeling techniques have led to the development and vali-
dation of a 3D turbulent, porous media model for urban climate studies. This approach
addresses some of the limitations of previous modeling methods, as summarized by Ming,
T et al. [65]. Their analysis highlighted that while mesoscale models often employ CFD,
they can suffer from reduced computational accuracy. Conversely, microscale models excel
in depicting detailed geometric features and buildings but struggle to represent entire
urban landscapes comprehensively [133-136].
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The 3D turbulent, porous media model offers a novel approach to simulating the
wind-heat environment of urban canopies, particularly for cities with concentric circular
structures—a common layout in many large urban centers. This method models macro-
scopic flow and heat transfer within the city using turbulent, porous media modeling,
providing temperature and flow field data over concentrically structured urban areas.

A study employing this model in a simplified concentric city structure identified three
key factors influencing turbulence and heat transfer in the central city: artificial heat, inlet
velocity, and central zone porosity [137]. The model demonstrates good computational
accuracy without requiring excessive computational power, enabling analysis of UHI effects
on a macroscopic scale [138,139].

Wind speed significantly impacts UHI intensity, with higher speeds notably reducing
the effect, especially in city centers. An optimal porosity exists in the central region of
concentric cities that favors the dissipation of artificial heat. The intensity of UHIs in Central
Business Districts (CBDs) correlates positively with the strength of anthropogenic heat
sources and is influenced by upstream urban areas.

These results suggest that minimizing artificial heat generation and increasing the
spacing between buildings in the central urban area can both help to lessen the impacts of
UHIs. The model’s ability to simulate wind and thermal environments at an urban scale
using CFD represents a significant advancement in the field.

However, it is important to note the limitations of this approach. The model neglects
street-level flow dynamics and, while effective in predicting macroscopic urban flow
patterns, it shows limitations in accurately forecasting macroscopic Turbulent Kinetic
Energy (TKE) in upwind fringe regions of porous areas. Furthermore, the study does not
account for the influence of specific urban neighborhood characteristics on UHI effects, nor
does it consider variations in urban form or the impact of predominant wind directions.
The absorption of solar radiation in urban environments is also not factored into this
model [140,141].

These limitations highlight areas for future research and model refinement. Integrating
more detailed urban morphology data, accounting for diverse neighborhood characteristics,
and incorporating solar radiation absorption could significantly enhance the model’s
predictive capabilities. It is worth noting that LULC ranks first in the selection rate of input
parameters within the model (the distribution of each parameter is illustrated in Figure 7),
but the remaining parameters could also have a significant influence [119]. Therefore,
exploring the interplay between urban form, wind patterns, and other parameters could
provide more comprehensive insights into urban planning and climate mitigation strategies.
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Figure 7. Frequency of usage for input parameters.
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6. Ways to Mitigate the UHI Effect

As urban climate modeling continues to evolve, interdisciplinary approaches that
integrate advanced computational methods with detailed urban design principles and
climate science will be essential. These integrated strategies could yield more accurate
predictions of urban heat island effects and inform more effective methods for developing
resilient, climate-adaptive urban environments.

The urgency of addressing urban heat island effects is particularly evident in rapidly
urbanizing countries. In the context of systematic literature review statistics, the three
leading countries in terms of publication numbers on UHIs are China, the USA, and the
UK (more information in Figure 8) [119].

B China W USA
UK Russia
M India M Japan

W Others

Figure 8. Distribution of research across countries.

These nations exhibit high population density alongside advanced levels of industrial-
ization, resulting in a pronounced UHI effect. By 2021, the urbanization rate in China had
reached 64.72% [142], a figure that was expected to rise with ongoing social and economic
development. This urban expansion has been driven by a complex interplay of physical
factors, socio-economic dynamics, neighborhood characteristics, land use policies, and
urban planning strategies. Consequently, the intensification of the UHI effect parallels this
urbanization trajectory, emerging as one of the most pressing environmental challenges
facing modern cities.

The ramifications of an intensifying urban heat island effect are multifaceted and
far-reaching. It leads to a deterioration of urban thermal environments, exacerbates public
health issues, and contributes to increased concentrations of urban pollutants [11]. The
health impacts are particularly concerning, with heat stress becoming more pronounced
and urban heat-related mortality rates rising [143]. Moreover, the economic implications
are significant, affecting building energy consumption and peak power demands [144].

The influence of the UHI extends beyond immediate urban confines, impacting sur-
rounding landscapes and microclimates. It alters local wind patterns, enhances cloud and
fog formation, increases the frequency of thunderstorms, and affects rainfall distribution.
These changes underscore the necessity of exploring and implementing effective UHI
mitigation strategies in contemporary urban planning and management.

Recognizing the substantial environmental challenges posed by the heat island effect,
researchers are actively investigating various mitigation approaches [142]. Promising strate-
gies include the establishment of three-dimensional greenery [145], the use of light-colored
roofs and walls, increasing green area coverage, implementing permeable pavements on
sidewalks, and covering sandstone pavements and roofs with materials or coatings that are
highly reflective.
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6.1. Increase Natural Vegetation Cover to Increase Humidity

The contemporary urban landscape is predominantly composed of two main elements:
urban green infrastructure and impermeable surfaces [144]. As urbanization progresses,
there is a noticeable trend toward an increase in impermeable surface area, primarily in the
form of asphalt and concrete pavements [61]. This shift from natural vegetation cover to
urban sprawl is widely recognized as a key factor exacerbating the UHI effect.

To effectively mitigate the UHLI, it is essential to analyze the functional distribution of
local urban conditions and land cover patterns. This approach facilitates a more nuanced
understanding of how various urban elements contribute to alleviating heat island effects.
Interestingly, research has shown that the natural life cycle of vegetation (Viridiplantae)
can increase the variability of seasonal ultra-high temperatures, suggesting that the impact
of vegetation on extreme temperature mitigation requires further investigation.

The UHI effect is particularly pronounced at night in most climates. This nocturnal
intensification is attributed to the heat-trapping properties of street canyons and the slower
cooling rates of urban materials compared with natural surfaces. In this context, natural
vegetation emerges as a powerful tool for reducing UHI intensity. It achieves this pri-
marily through two mechanisms: increasing humidity and utilizing evaporative cooling.
This direct impact of vegetation on UHIs is one of the most effective natural mitigation
strategies [146].

Recent studies have provided quantitative insights into the cooling effects of urban
vegetation. Research indicates that the presence of urban trees is significantly associated
with a reduction in land surface temperature. Cities that incorporate green spaces and
trees experience land surface temperature decreases that are 2 to 4 times greater than those
observed in cities lacking such vegetation [147].

However, it is important to note that irrigation of urban green spaces, while beneficial
overall, can lead to a slight increase in daytime ultra-high temperature indices due to
increased humidity [71]. These findings underscore the complexity of vegetation’s role
in urban climate regulation and highlight the need for carefully planned green infrastruc-
ture strategies.

Given the effectiveness of increased humidity in mitigating UHIs, various urban
planning strategies can be employed. One approach is to strategically plan the layout of
urban areas and buildings to maximize proximity to water bodies such as seas or lakes.
Additionally, thoughtful integration of waterscapes near buildings in urban areas can
enhance evaporative cooling at the surface level, significantly reducing the UHI effect.
These measures not only increase humidity but also improve the energy efficiency of
surrounding buildings [58].

The implementation of different irrigation schemes in areas with natural vegetation
coverage presents another effective option for increasing urban humidity. From a macro-
urban perspective, this approach helps to enhance evaporative cooling near the surface,
contributing to overall UHI mitigation.

Beyond temperature regulation, urban green spaces offer a multitude of ecological and
socio-economic benefits [148]. They play a crucial role in urban environmental resilience,
facilitating rapid recovery following disturbances and making certain that the entire urban
system runs sustainably. The improvement of the urban ecological environment through
green spaces is closely linked to enhanced public health and quality of life for residents.
Furthermore, expanding urban green areas contributes to various environmental bene-
fits, including increased carbon sequestration, noise reduction, and mitigation of urban
flooding [89,149].

However, the expansion of urban green areas faces challenges, especially in conditions
of limited land availability in densely populated urban areas. Given these constraints,
the focus should shift toward optimizing existing green space layouts and structures to
maximize ecological benefits. This approach involves strategic planning to enhance the
functionality and efficiency of urban green spaces within the existing urban fabric.



Land 2024, 13, 2176

18 of 26

6.2. Mitigating UHI Effect Through Urban Programming

The factors that accelerate the UHI effect are often related to all aspects of the urban
structure. We can achieve this by reducing the urban albedo, using lightweight urban
materials [150], using sunshade buildings [151], and reducing the aspect ratio of street
valleys [152]. These factors have a strong correlation with reducing the UHI effect.

6.2.1. Reducing Urban Albedo

The use of light-colored materials [153] in urban construction and planning has emerged
as an effective strategy to combat UHIs. These materials increase urban albedo, thereby
reducing heat absorption and storage. Traditional dark urban surfaces, such as asphalt
roads, dark roofs, and concrete sidewalks, tend to absorb and slowly release solar radiation
throughout daily cycles, contributing to elevated urban temperatures compared with sur-
rounding rural landscapes [146-149]. By contrast, light-colored materials reflect more solar
radiation, reducing the heat absorbed and subsequently released by urban surfaces.

The benefits of using light-colored materials extend beyond surface temperature re-
duction. Research has shown that implementing light-colored roofing can significantly
decrease the apparent heat release from buildings and reduce cooling energy consump-
tion [70]. This not only contributes to UHI mitigation but also offers potential energy
savings and improved thermal comfort for building occupants.

6.2.2. Use of Lightweight Urban Materials

Another innovative approach to urban material selection is the use of lightweight
urban materials [154]. These materials offer several advantages in the context of UHI
mitigation. Enhanced Urban Ventilation: Lightweight materials can increase wind speed
within the urban canopy layer, which is characterized as the layer between the ground
and the roof level of buildings [73]. This enhanced airflow accelerates heat dissipation and
improves overall urban ventilation. Reduced Nocturnal Heat Release: Compared with
traditional heavy materials, lightweight materials typically store less heat during the day
and release less heat at night, helping to mitigate the nighttime UHI effect. Facilitation of
Urban-Rural Air Exchange: The use of lightweight materials can enhance the development
of suburban and town areas, facilitating the flow of cooler air from these regions into urban
centers. This process helps in cooling urban areas by leveraging temperature differentials
between urban and rural environments. Improved Block-Level Ventilation: Strategies
such as raising building floors and creating urban ventilation corridors [150] can be more
effectively implemented with lightweight materials, further enhancing air circulation within
urban blocks.

The effectiveness of lightweight, low-albedo materials in UHI mitigation is attributed
to their reduced heat absorption and storage capacity, which often results in a thermal lag
of several hours compared with traditional urban materials. This delayed heat release can
help in moderating urban temperatures, particularly during peak heat periods.

However, it is important to note that the specific impact of material choices on ur-
ban thermal environments can vary depending on several factors. The size and type
of urban buildings, local climate characteristics, and overall urban morphology all play
significant roles in determining the effectiveness of these strategies [155]. An effective
strategy for utilizing lightweight urban materials is to improve airflow [156], which can
be achieved by promoting wind circulation. Therefore, context-specific analysis is crucial
when implementing material-based UHI mitigation measures.

6.2.3. Use of Sheltered Buildings

In addition, by shading buildings” envelopes, the solar heat gain in structures can be
mitigated. This can reduce the intensity of the UHI [157]. Shaded sidewalks and courtyards
can improve human comfort at the microscale. The use of shading buildings can reduce the
direct absorption of solar radiation in some areas, reduce heat absorption, and promote a
reduction in heat release [158,159].
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6.2.4. Changing the City Geometry to Reduce the Aspect Ratio of Street Valleys

Urban planning and design play a crucial role in mitigating the UHI effect. The
geometry and layout of urban structures significantly influence local microclimates and,
consequently, the intensity of heat islands. One effective strategy in this context is the
reduction in the aspect ratio of street canyons [160]. Urban planners can achieve this by
reducing building heights, increasing the spacing between buildings, and widening streets.

These modifications affect the dynamic heat dissipation within urban areas. Addition-
ally, altering the orientation of streets and buildings can further optimize urban thermal
environments [21].

The importance of street design extends beyond thermal considerations. Research
has shown that the orientation of urban streets leads to variations in microclimatic condi-
tions [161]. This underscores the intricate connection between urban morphology and local
climate variables such as temperature, humidity, wind speed and direction, and rainfall.
Indeed, urban morphology is a key determinant of urban microclimate and environmental
temperature [162].

A comprehensive approach to UHI mitigation through urban planning encompasses
various strategies such as increasing urban green spaces and forest areas, implement-
ing energy conservation measures, enhancing water permeability of urban surfaces, and
improving road forest permeability.

All these measures contribute to urban cooling [163]. However, to maximize their
effectiveness, it is crucial to design the spatial configuration of urban areas thoughtfully.
Increasing the urban patch shape index can enhance the coupling between forest vegetation
and the urban environment, thereby minimizing the UHI effect.

It is important to note that while all urban scale factors contribute to the UHI, their
impacts vary across different cities and seasons [164]. This variability necessitates context-
specific urban planning approaches tailored to local conditions. Based on current research,
several key recommendations for UHI-conscious urban planning emerge, as follows:

L Urban Continuity and Complexity: Urban planning should avoid excessively contin-
uous and elongated city forms with highly complex boundaries or high population
density [165,166]. Such configurations can exacerbate heat island effects.

II.  Seasonal Considerations: Given that most urban areas experience cold winters, urban
forms that mitigate summer heat while enhancing winter warmth can contribute to
overall energy savings [167]. This balanced approach addresses both seasonal extremes.

III.  Geometric Optimization: While controlling the size of urban areas at high-temperature
risk is crucial, optimizing urban geometry should be a priority for all city types. This
optimization does not necessarily require sacrificing urban development [164]. In-
stead, it involves thoughtful design that balances thermal considerations with other
urban needs.

IV.  Focused Research Approach: Future studies should prioritize collecting and analyz-
ing key factors that influence UHIs [140,141]. This targeted research can inform more
effective and efficient urban planning strategies.

7. Conclusions and Future Prospects
7.1. Current Challenges and Limitations

The study of UHI effects in the context of land use changes and urban expansion
presents a multifaceted challenge that continues to elude comprehensive understanding.
The complexity of this phenomenon stems from the intricate interplay of numerous natural
and socio-economic factors, making it difficult to isolate individual effects and establish
clear causal relationships. While existing models have made significant strides in predicting
land expansion and analyzing heat island effects, there remains a notable absence of
generalizable models with robust predictive power across diverse urban contexts. This
limitation is further compounded by the ongoing struggle to effectively harmonize and
assimilate data from both natural and anthropogenic sources, particularly when attempting
to bridge the gap between macro-level policies and micro-level land use changes.
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The nonlinear nature of land use change processes and their impacts on urban climate
necessitates more sophisticated analytical approaches that transcend traditional qualitative
policy analysis and quantitative correlation studies. Moreover, reconciling the disparate
temporal and spatial scales at which land use changes and UHI effects occur poses sig-
nificant methodological challenges for integrated analysis. While various UHI mitigation
strategies have been proposed, their long-term effectiveness and potential unintended
consequences in diverse urban settings remain inadequately understood, highlighting the
need for more comprehensive and context-specific research.

7.2. Future Perspectives and Research Directions

To address these challenges and advance our understanding of UHIs in the context of
urban expansion, future research should focus on developing more sophisticated, integrated
models that can simultaneously account for land use changes, urban climate dynamics,
and socio-economic factors. These models should aim to capture the complex, nonlinear
interactions between different urban systems, potentially leveraging machine learning
algorithms and big data analytics to find hidden links and patterns in large, complex
urban datasets.

The utilization of advanced remote sensing technologies to obtain higher resolution
data on urban surface characteristics could enable more precise analysis of UHIs at finer spa-
tial scales. Incorporating urban metabolism approaches may provide deeper insights into
the flows of energy and materials within cities and their relationship to UHI formation. Fur-
thermore, developing models that integrate future climate change scenarios will be crucial
for predicting long-term UHI trends and informing adaptive urban planning strategies.

Interdisciplinary collaboration between urban planners, climatologists, ecologists,
and social scientists should be fostered to develop holistic approaches to UHI mitigation
that consider both environmental and social factors. Comprehensive assessments of how
urban policies and planning decisions impact UHI formation and intensity could provide
evidence-based guidance for policymakers. Quantifying the economic and ecological value
of UHI mitigation strategies in terms of ecosystem services would better inform cost-benefit
analyses of urban planning decisions.

The potential of smart city technologies and Internet of Things (IoT) sensors to pro-
vide real-time data on urban microclimates offers exciting possibilities for more dynamic
and responsive UHI management strategies. Additionally, strengthening the connection
between UHI research and public health studies will be essential to better understand and
mitigate the health impacts of urban heat stress.

By pursuing these research directions, we can develop a more nuanced understanding
of UHI effects in the context of urban expansion. This knowledge will be crucial for
designing sustainable, resilient cities that can adapt to changing climatic conditions while
preserving the inhabitants’” health and welfare in cities. Ultimately, this research will
provide valuable insights for urban planners, policymakers, and environmental managers,
helping to create more livable and environmentally sustainable urban environments in
response to ongoing urbanization and climate change.
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