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Abstract

In the last century, urban growth has increased rapidly in most cities worldwide, con-
tributing to the loss of natural areas, greater impervious surfaces, and urban density. This
has led to elevated temperatures and the development of the urban heat island (UHI)
effect. The UHI effect can significantly impact the environment, economy, public health,
and overall urban livability. Abundant studies have proven that vegetation is the most
effective strategy to mitigate urban heat through shading provision and evapotranspiration.
However, despite the growing body of literature on vegetation-based cooling strategies,
the influence of climatic conditions on its cooling performance remains insufficiently un-
derstood. This scoping review examines the UHI characteristics and maps the evidence
on the effectiveness of vegetation-based strategies in reducing urban temperatures and
enhancing outdoor thermal comfort in two different climates: hot arid (Képpen BWh) and
Mediterranean (Koppen Csa). Peer-reviewed English language studies published between
2010 to 2026 were identified through Scopus, Web of Science, and ProQuest, with the final
search conducted in April 2026. Following a screening and eligibility assessment, data
from 127 included studies were synthesized quantitatively and qualitatively. The results
show that, while hot-arid cities may exhibit nighttime canopy urban heat island (CUHI)
and surface urban heat island (SUHI) effects and daytime canopy urban cool island (CUCI)
and surface urban cool island (SUCI) effects, Mediterranean cities generally experience
the CUHI and SUHI effects during both day and night. Moreover, the cooling capacity
of vegetation varied according to vegetation type, configuration, density, local climate,
water availability, and urban context. Consequently, developing a universal applicable solu-
tion for vegetation-based strategies with a consistent cooling performance across different
climates and urban conditions is a real challenge.

Keywords: urban heat island (UHI); urban vegetation; vegetation-based strategies;
urban heat mitigation; outdoor thermal comfort; hot-arid climate; Mediterranean climate;
climate-responsive urban design; urban microclimate; scoping review

1. Introduction

Massive urban expansion and global warming have significantly exacerbated thermal
stress in most of the world’s cities, putting the health of more than 1.7 billion people at
risk [1]. Urbanization encourages people living in rural areas to move to cities in search of
a better life, leading to intensified socioeconomic activities, increased energy consumption,
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and, consequently, increased carbon dioxide emissions [2]. Indeed, the percentage of the
global urban population increased from about 30% in 1950 to approximately 45% in 2014,
and this is estimated to exceed 60% by 2050 [3,4] with cities now are responsible for 60-80%
of energy consumption worldwide and 70% of CO, emissions [5]. Similarly, the global area
of impermeable surface is projected to increase approximately threefold by 2030, to nearly
1.2 million km? [6].

On the other hand, global climate patterns have changed rapidly due to the rising
levels of greenhouse gas emissions [7]. Based on the 2014 Intergovernmental Panel on
Climate Change (IPCC) report, the global average temperature has shown an upward
trend by 0.85 °C, and, by the end of the 21st century, is projected to rise by 1.5 °C with
a strong likelihood of increasing extreme weather events. Such transformations have a
significant negative impact on our life environmentally, socially, financially, and in public
health, resulting in increased mortality [8-11]. Heat events, moreover, are taking place in
the majority of urbanized regions [12]. The increasing frequency and intensity of extreme
heat events pose substantial risks to human health. For instance, recent studies estimated
that approximately 67,873, 50,789, and 60,775 heat-related deaths occurred in Europe due
to severe heatwaves during the summers of 2022, 2023, and 2024, respectively [13,14].
Moreover, in Australia, a nationwide analysis projected 1009 heatwaves-attributable deaths
between 2016 and 2019 [15].

In urban environments, the implications of these changes are intensified by the loss
of natural surfaces with man-made ones, leading to a higher thermal conductivity, higher
heat capacity, and lower surface albedo, along with an unsuitable urban canyon geometry
for local climate and anthropogenic heat sources, making cities warmer than their sur-
roundings [16-18]. During warm periods, sun-exposed surfaces such as pavements, roofs,
and building facades absorb shortwave radiation during the day and release it into the air
as longwave radiation, leading to a rise in ambient air temperature [19,20]. Differences
in temperatures between urban areas and the surrounding countryside is a phenomenon
known as the urban heat island (UHI) effect [21,22]. This phenomenon can be characterized
through different thermal measures. The canopy-layer urban heat island (CUHI) refers
to the differences in near-surface air temperature between urban and surrounding rural
areas, whereas the surface urban heat island (SUHI) refers to the differences in land surface
temperature (LST) [23].

The primary cause of the UHI effect is the aforementioned urban expansion, leading
to extensive changes in land cover and land use in modern cities. For example, during hot
seasons, the surface temperature of dark, dry urban materials in direct sun can reach up to
88 °C during the day, while green areas with moist soil can reach 18 °C at the same weather
conditions [24]. Mirzaei and Haghighat [25] state that several phenomena contribute to
the formation of the UHI effect, ranging from microscale mechanisms such as human
activities to mesoscale interactions such as meteorological forces. Accordingly, the primary
causes of UHI differ between cities and climatic contexts meaning that drawing a universal
conclusion in terms of UHI formation is challenging. For example, anthropogenic heat
sources can be the primary cause of nighttime UHI in urban high-density districts under
cloudy conditions, while the primary cause of daytime UHI in tropical humid climate can
be solar absorption under sunny conditions.

Therefore, several active and passive urban heat-mitigation strategies have been
implemented by governments to tackle the UHI effect. These strategies include developing
green and blue infrastructures, implementing urban geometry theories, and using high-
albedo materials and sustainable transportation systems [16,26-31]. The main purpose of
these mitigating practices is to achieve a balance between solar heat gain and radiative heat
loss [32].
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Although the literature has extensively investigated heat mitigation strategies, many
researchers have conducted their investigations under specific climatic conditions where
the cooling effect of each strategy varies depending on climatic peculiarities. Therefore,
it is difficult to establish design principles for mitigation strategies applicable in all situa-
tions [32]. Moreover, existing literature reviews still lack an examination of the impact of
climate on the cooling capacity of vegetation and few studies have also compared green
spaces in different climates [33-38].

This study aims to examine the characteristics of UHI and evaluate the effectiveness of
vegetation-based strategies in mitigating its impacts and enhancing outdoor thermal com-
fort in two climates, hot-arid and Mediterranean. These two climates were chosen because
they both experience extreme summer temperatures, intense solar radiation, and periods of
water limitations. These similarities make studying the UHI intensity, its influencing factors,
and vegetation-based mitigation strategies substantially relevant. However, climates differ
significantly in drought intensity, rainfall patterns, and water scarcity, which can greatly
affect the UHI characteristics and the cooling performance of vegetation. Therefore, com-
paring these two climatically similar yet distinct environments enable an assessment of UHI
characteristics. It also allows us to find out whether the effectiveness of vegetation-based
strategies is influenced by climatic severity and water scarcity, providing valuable evidence
for climate-sensitive urban planning in dry and warm regions.

Given the broad and heterogeneous nature of the existing evidence, encompassing
different climatic contexts, spatial scales, research methods, thermal indicators, vegeta-
tion types, and cooling outcomes, a scoping review approach was considered appropriate
to systematically map the available evidence, characterize existing research approaches,
compare findings across the two climatic contexts, and identify knowledge gaps for
future research.

Accordingly, the research seeks to address the following research questions:

1. How do the characteristics, drivers, and impacts of the UHI phenomenon differ
between hot-arid and Mediterranean climates?

2. How effective are existing vegetation-based mitigation strategies in reducing urban
heat and improving outdoor thermal comfort in hot-arid and Mediterranean climates,
and what factors influence their effectiveness?

3. How are studies on UHI and vegetation-based mitigation strategies distributed ge-
ographically and temporally across hot-arid and Mediterranean climates, and what
research methodologies and thermal comfort assessment indices have been employed?

2. Materials and Methods

This review conducted a structured examination of the literature associated with two
main areas of investigation: UHI characteristics and vegetation-based strategies in two
specific climates, hot-arid (Képpen BWh) and Mediterranean (Képpen Csa) (Figure 1). This
scoping review was conducted and reported in accordance with the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses Extension for Scoping Reviews (PRISMA-
ScR). No formal review protocol was prepared or registered. The selected literature was
then analyzed using both quantitative and qualitative synthesis to identify research trends,
methodological approaches, UHI drivers and characteristics, and the effectiveness of
vegetation-based mitigation strategies across both climates (Figure 2). An evidence-based
approach with specific keyword combinations was then applied to ensure transparency,
minimize bias, and identify key knowledge gaps related to UHI variations in both climates.
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Figure 1. Distribution of BWh (hot-arid) and Csa (Mediterranean) climate zones based on the Képpen-—

Geiger climate classification system. The original map was modified by the authors to display and

highlight only the BWh and Csa climate zones relevant to this review.
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Figure 2. Research workflow.

2.1. Search and Selection Criteria

This scoping review has conducted a structured examination of the literatures
associated to UHI and vegetation-based strategies in two specific climates,
including the hot-arid climate (Kppen BWh) and the Mediterranean climate

Vegetation-based strategies

Q2. How effective are vegetation-based
mitigation strategies in reducing UHI and
improving outdoor thermal comfort in hot-arid
and Mediterranean climates, and what factors
influence their effectiveness?

Q3. How are studies on UHI and vegetation-based mitigation strategies distributed geographically and
temporally across hot-arid and Mediterranean climates, and what research methodologies and thermal

PRISMA-ScR framework

Identification > Screening > Inclusion

Quantitative Synthesis

Geographical distribution
Publication trends

Research methodologies
Thermal comfort indices used
Vegetation-based strategies

Qualitative Synthesis

Methods for measuring vegetation-based
mitigation strategies

The role of vegetation in mitigating UHI
Types of urban vegetation strategies
Vegetation-based cooling mechanisms
Factors influence the cooling effect of
vegetation

Public perception

The literature search was conducted across three academic databases, Scopus, Web

of Science, and ProQuest in April 2026, with the final database search completed on

8 April 2026. In addition to database searching, the reference lists of eligible studies were

examined to identify additional relevant sources. The search structure was divided into
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two main research clusters: (1) studies investigating UHI effects (Table 1), and (2) studies
focusing on vegetation-based mitigation strategies (Table 2). For each cluster, structured
keyword (noted in Tables 1 and 2) combinations were developed and combined using
Boolean operators (AND, OR), to enhance and broaden the search.

Table 1. Keyword combinations for UHI effect in hot arid and Mediterranean climates scoping review.

Thematic Blocks TITLE-ABS-KEY

Urban Heat Island & Thermal Comfort

((“urban heat island*” OR UHI OR “heat exposure” OR “surface urban
heat island” OR “outdoor thermal comfort” OR “heat stress”))

Site Locations and Climate Classifications

((arid OR “hot arid" OR "BWh” OR mediterranean OR “Mediterranean

climate” OR “Csa”))
Language (LIMIT-TO (LANGUAGE, “English”))
Period 20102026
Table 2. Keyword combinations for vegetation-based mitigation strategies in hot arid and Mediter-
ranean climates scoping review.
Thematic Blocks TITLE-ABS-KEY

Vegetation-based Mitigation Strategies

((“heat reduction” OR “thermal regulat*” OR “heat mitigation” OR
“green roof*” OR “urban greening” OR tree* OR canopy OR “street
tree*” OR “green infrastructure” OR vegetation OR “shade tree*” OR
shading OR “urban park*” OR “greenspace”))

Site Locations and Climate Classifications

((arid OR “hot arid” OR “BWh” OR mediterranean OR
“Mediterranean climate” OR “Csa”))

Language

(LIMIT-TO (LANGUAGE, “English”))

Period

2010-2026

Studies were eligible for inclusion if they were peer-reviewed research articles pub-
lished in English between 2010 and 2026 and investigated either (1) UHI characteristics,
drivers, or impacts, or (2) vegetation-based urban heat mitigation and outdoor thermal
comfort within hot-arid (BWh) or Mediterranean (Csa) climatic contexts. Studies conducted
outside these climatic classifications, studies unrelated to UHI or vegetation-based heat
mitigation, non-English publications, and publications outside the specified period were
excluded. This approach ensured a transparent, replicable, and comprehensive identifi-
cation of relevant literature addressing both causes of UHI and the role of vegetation in
mitigating its impacts.

The complete electronic search strategies for each database, including the Boolean
combinations and applied limits, are provided in Supplementary Table S1.

2.2. Literature Screening Process

All records identified through the database searches were screened by the first author
(S.A.). Following duplicate removal, titles and abstracts were screened against the eligibility
criteria, after which potentially relevant articles underwent full-text assessment. The
screening and eligibility assessment were conducted by a single reviewer with further
validation by two reviewers. Reference lists of eligible studies were subsequently examined
to identify additional relevant sources.

Figure 3 illustrates the search process based upon UHI and thermal comfort, and
vegetation-based mitigation strategies identified 355 initial records, 232 records, including
156, 103 from Scopus, 113, 64 from Web of Science, and 86, 65 from ProQuest, respectively.
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After removing duplicate records, 207, 149 papers remained for further assessment, respec-
tively. These records were then screened based on their abstracts to evaluate their relevance
to hot-arid and Mediterranean climate contexts. Following this stage, 47, 102 papers were
retained for detailed review, respectively. To ensure eligibility, a full-text screening process
was applied, resulting in 38, 79 papers remaining for qualitative and quantitative synthesis.
Moreover, reference list checking identified an additional 5 studies on UHI characteristics
and 7 studies on vegetation-based mitigation strategies, which were incorporated into
their respective clusters. The final records included were 129 papers, comprising 43 papers
focused on the characteristics of UHI, and 86 addressing vegetation-based mitigation strate-
gies. However, two publications contributed to both research streams and were therefore
counted within each respective category. After accounting for these overlaps, the review
included 127 unique publications.

[

Identification of studies via databases

J |

Identification of studies via other methods

)

UHI Characteristics

Records identified

Records identified
from Citation

Vegetation-Based Strategies UHI Characteristics Vegetation Strategies

5 Records identified Records removed Records identified Records removed from Citation
= from databases (355) before screening: from databases (232) before screening: searching searching
g Scopus (n = 156) > Duplicate Scopus (n=103) Duplicate (n=5) (n=7)
= Web of Science records Web of Science records
$ (n=113) removed (n=64) removed
2 ProQuest (n = 86) (n =148) ProQuest (n = 65) (n=83)
Records Records
Recordi screened excluded* Recordi screened N excluded**
(n=207) (n = 160) (n=149) (n=47)
l l Reports sought for Reports sought for
retrieval retrieval
(n=5) (n=7)
Reports sought for Reports not Reports sought for Reports not
retrieval —» retrieved retrieval —» retrieved l l
o (n=47) (n=0) (n=102) (n=0)
g l l Reports assessed for Reports assessed for
8 eligibility eligibility
S (n=5) (n=7)
2 Reports assessed Reports excluded Reports assessed Reports excluded
for eligibility —» (n=9) for eligibility (n=23)
(n=47) (n=102)
- Study outside BWh and - Study outside BWh and
L Csa climates (n = 4) i Csa climates (n = 9)
- Study not related to - Study not related to
research questions (n = 4) ] e o
Total UHI - Study was a review Total vegetation .;S.,;‘.&; asal
studies included study (n = 1) studies included (n=4)
(n=38) (n=79)
Overlapping Publications
3 (n=2)
S v
2 The total studies included in review (n = 127) <

Figure 3. Scoping literature review flow diagram for UHI characteristics and vegetation-based mitiga-
tion strategies in hot-arid and Mediterranean climates. The PRISMA-ScR flow diagram was modified
by the authors to present separate screening and selection processes for the UHI characteristics
and vegetation-based strategy research clusters, including the corresponding numbers of identified,
screened, excluded, and included studies.

2.3. Data Charting Process

Data from the included sources were charted by the first author (S.A.) using a struc-
tured Microsoft Excel spreadsheet. Information relevant to the review questions was
systematically extracted from each included study and organized according to predefined
categories to facilitate comparison between hot-arid (BWh) and Mediterranean (Csa) cli-
mates. Data charting was conducted by a single reviewer with further validation by other
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2 reviewers. The charted data were subsequently used for quantitative descriptive analysis
and qualitative synthesis.

The charted variables included publication year, study location, Képpen climate
classification, research methodology, thermal comfort indices, vegetation-based mitigation
strategy, cooling effects and outcomes associated with urban parks, street trees, green roofs,
and green walls, and cooling mechanisms.

2.4. Data Synthesis

Both quantitative and qualitative methods were used to synthesis and analyze data
in order to provide a comprehensive comparison of UHI properties and vegetation-based
mitigation strategies between BWh and Csa climates.

The quantitative synthesis investigated the general characteristics and research pat-
terns of the included studies. This approach provides findings, such as the distribution
of the studies by country and climate classification, year of publication, research method-
ologies, thermal comfort indices (such as Physiological Equivalent Temperature (PET),
Predicted Mean Vote (PMV), Universal Thermal Climate Index (UTCI), etc.), and vegetation-
based mitigation strategies investigated. These results were displayed using charts and
tables to highlight research trends and gaps across the two climate regions.

The qualitative synthesis examined the findings reported in each study with greater
details to figure out common themes, similarities, and differences between the two cli-
mate types. This approach addressed the characteristics and causes of the UHI effect, the
efficiency of different vegetation-based mitigation strategies, the role of each cooling mech-
anism associated with each strategy, and the impact of climate and urban morphology on
the cooling capacity of vegetation. This qualitative synthesis also highlighted knowledge
gaps and research opportunities identified across the reviewed literature.

3. Results
3.1. Quantitative Synthesis

The quantitative findings have been divided into five distinct result areas. These
were (1) geographical distribution, (2) publication patterns, (3) research methodologies,
(4) thermal comfort indices used, and (5) vegetation-based strategies. The first four areas
are further divided into two categories: UHI studies and vegetation-based strategy studies.
These areas primarily address the third research question by examining the geographical
and temporal distribution of studies, the research methodologies employed, and the thermal
comfort indices used across both climates. The two categories also contribute to the first and
second research questions, respectively: first, to examine the causes, drivers, and factors
shaping UHI across the two climates studied; and, second, to investigate the effectiveness
of vegetation to mitigate UHI in each climate. Section 3.1.5 identifies the most frequently
used and effective vegetation-based mitigation strategies in both BWh and Csa climates.

3.1.1. Geographical Distribution
e  UHIstudies

The distribution of reviewed studies focusing on the characteristics of UHI was rela-
tively balanced in the number of published articles between the two climates (Figure 4). Of
the 43 included studies, 22 (51.2%) were conducted in hot-arid (BWh) climates, while 18
(41.9%) addressed Mediterranean (Csa) climates. Only three studies (6.9%) investigated
multiple climate types. Figure 5 shows the distribution of reviewed studies by country.
The largest number of studies focused on BWh regions were conducted in Saudi Arabia
and the UAE, with five studies (11.6%) each, followed by three studies (6.9%) in the USA,
two studies (4.6%) in Qatar, and one study (2.3%) each in Kuwait, Iran, Morocco, and
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Algeria. Among these countries, 13 studies were conducted in the Arabian Gulf countries
(Saudi Arabia, UAE, Kuwait, and Qatar), representing 30.2% of the total sample. Moreover,
three additional studies were conducted in several hot-arid cities across the Arab Peninsula
and the Arabian Gulf countries, resulting in an increase in the total number of studies
conducted in this region to 16 studies (37.2%).

Several climates

Climate Classification

10 15 20 25

o
w

Number of Studies

Figure 4. Distribution of reviewed studies focusing on UHI characteristics by climate classification.
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Figure 5. Distribution of reviewed studies focusing on UHI characteristics by country.

On the other hand, Italy and Greece shared the largest number of studies, focused
on the Mediterranean regions, with five studies each (11.6%), followed by Spain with
three studies (6.9%), then Lebanon with two studies (4.6%), and one study each (2.3%) was
conducted in Algeria and Cyprus. Furthermore, one additional study was conducted across
Athens, Madrid, and Rome. The three remaining studies were conducted across several
countries with varying climate conditions. The first study assessed urban outdoor thermal
discomfort across Iran, covering its major cities with diverse climate types [39]. The second
study identified UHI behaviors in 10 dryland cities, including Cairo, Los Angeles, Phoenix,
and Madrid. [40]. The third study investigated thermal stress over major Middle Eastern
cities [41].
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Figure 6 illustrates the geographical distribution of the reviewed studies on a world
map, highlighting the significant interest in studying the behavior of the UHI phenomenon
in major cities across the Middle East and Europe. Large hot-arid cities such as Jeddah
and Riyadh in Saudi Arabia, Dubai in the UAE, Phoenix in the USA, Doha in Qatar, and
Kuwait City in Kuwait have received the most attention in UHI studies, while Rome in
Italy, Athens in Greece, and Beirut in Lebanon achieved the highest number of UHI studies
in Mediterranean regions, as shown in Table S3.

Geographical Distribution of
Urban Heat Island (UHI) Studies

Legend

* 1Study
® © 7 Studies
® @ 3studies
@ @ 4 Studies

@O 50rmore

Figure 6. Geographical distribution of reviewed studies focusing on UHI characteristics across the
BWh (red dots) and Csa (blue dots) climates.

e  Vegetation-based strategies

Unlike the distribution of UHI studies by climate type, the highest records of the
reviewed studies focusing on vegetation-based mitigation strategies were recorded in
Mediterranean climates, totaling 41 studies (47.7%), while 39 studies (45.3%) were con-
ducted in hot-arid climates (Figure 7). Moreover, only three studies (3.5%) compared the
two climates (BWh and Csa), and three studies (3.5%) addressed multiple climates.

Several climates

Csa & BWh

Climate Classification

n

0 10 20 30 40 50
Number of Studies

Figure 7. Distribution of reviewed studies focusing on vegetation strategies by climate classification.

Figure 8 illustrates the distribution of reviewed studies by countries. Italy achieved
the highest number of published studies conducted in the Mediterranea regions, with
fifteen studies (17.4%), followed by Spain with eight studies (9.3%), Greece with six studies
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(7%), Turkey with four studies (4.7%), Australia with three studies (3.5%), Algeria with
two studies (2.3%), and Portugal, France, and Jordan with one study each (1.2%). On the
other hand, the highest number of published articles in the hot-arid regions was fourteen
studies (16.3%) in USA, followed by eight studies (9.3%) in Egypt, then six studies (7%) in
Saudi Arabia, two studies (2.3%) in UAE, Bahrain, and Iran each, and one study (1.2%) in
Algeria, Qatar, Morocco, Iraq, Oman, and Mexico each. Five additional studies (5.8%) were
conducted in several countries, three of which covered multiple climates, while only two
compared those of BWh and Csa.

[
> o

Iran N
UAE N

Qatar W
Irag W

Italy

Number of Studies
S =Y
O N B OO W ON
USA I
Spain I
Egypt I
Saudi Arabia NI

Oman A

Greece N

Several countries Il

Turkey I

Australia I
Algeria N
Bahrain N
France W
Portugal W
Jordan W
Mexico Wl

Morocco W

Country

Several climates B Csa & BWh ®Csa EBWh

Figure 8. Distribution of reviewed studies focusing on vegetation strategies by country.

The geographical distribution of the reviewed studies highlights the significant interest
shown in Europe, Arizona (USA), Egypt, and Saudi Arabia in studying vegetation-based
strategies to mitigate the UHI effect over the past sixteen years (Figure 9). Moreover,
Table S4 illustrates the geographical distribution by city, showing that Phoenix, Arizona,
USA had the highest record of studies with eleven studies (12.6%), followed by Cario,
Egypt with seven studies (6.9%), then Riyadh with five studies (5.7%), Barcelona, Spain
and Catania, Italy with four studies each (4.6%), and Rome, Madrid, Jeddah, and Perth
with three studies each (3.4%).

Geographical Distribution of Stud-
ies on Vegetation-based Urban Heat
Mitigation Strategies

Legend

* 1Study
® ® 2 Studies
® @ 3 studies [}
©® @ 4Studies

@ ® 50rmore

Figure 9. Geographical distribution of reviewed studies focusing on vegetation strategies across the
BWh and Csa climates.
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3.1.2. Publication Patterns
° UHI studies

The findings indicate that relatively few studies examining the characteristics of the
UHI phenomenon in Mediterranean and hot-arid regions were published between 2010
and 2018 (Figure 10). The number of published studies then increased significantly from
2019, reaching a peak of seven studies in both 2022 and 2025, highlighting the growing
concern about the intensification of UHI in both climates. Despite the increased rate of UHI
studies over the past seven years, the number of studies published annually is still small
compared to the huge area covered by the two climates. This indicates that fewer studies
focused on the characteristics and behavior of the UHI phenomenon itself, while a greater
proportion of the reviewed literature focused on mitigation strategies.

Number of Studies
N

3

2

1

0
o - o (42] < n (o] ™~ o] a o i o (32] < n (o]
— i i i i — i i - - o o~ o o o o o
o (@) o o o o (@) o o o o o o o o o (@)
(o] o o~ o~ o o~ o~ (o] o~ (o] o~ o~ o~ (o] o~ o o~

Year

Figure 10. Distribution of reviewed studies focusing in UHI by year of publication (2010-2026). The
solid blue line represents the annual number of published studies, while the dotted blue line indicates
the linear trend over the study period.

e  Vegetation-based strategies

The results demonstrate that there were no published studies on vegetation-based
mitigation strategies published during 2010 and 2011 (Figure 11). The number of published
studies then fluctuated between two and four studies annually in the period from 2012
to 2019. After that, the number of published studies experienced a sharp and sustained
increase, except in 2022, reaching its peak in 2025 with 26 studies. However, the number of
published studies in 2026 declined to 4 studies by April, expecting to reach the same level
as in 2025 by the end of the year.

3.1.3. Research Methodologies
e  UHI studies

Figure 12 illustrates how remote sensing technology dominated 19 studies (44.2%),
with 12 conducted in hot-arid regions, only 4 in Mediterranean regions, and 3 in regions
with several climates. Eight studies (18.6%) employed simulation method, with four studies
conducted in each climate, followed by seven studies (16.3%) that used multiple methods,
including four studies in BWh climates and three studies in Csa climates. Six studies (14%)
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then utilized field measurements, with five studies in Mediterranean regions and only
one study that is based in hot-arid regions. Finally, meteorological data were used less
frequently than other methodological approaches in the reviewed studies, with only three
studies (6.9%) using it.
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Figure 11. Distribution of reviewed studies focusing on vegetation strategies by year of publication
(2010-2026). The solid blue line represents the annual number of published studies, while the dotted
blue line indicates the linear trend over the study period.
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Figure 12. Distribution of reviewed studies focusing on UHI by methodology.

e  Vegetation-based strategies

Unlike the UHI studies, the simulation method is dominant, accounting for 44 out
of 86 studies, representing 51.2% of the total sample (Figure 13). This is attributed to its
ability to test different scenarios without physical interventions and to integrate multiple
factors in one framework, thus providing accurate evaluations of current conditions and
reliable estimations for the future [42,43]. Thirteen studies (15.1%) then used field measure-
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ments, with nine studies on Mediterranean climates and only three on hot-arid climates,
followed by nine studies (10.5%) that employed remote sensing, and eight studies (9.3%)
that integrated multiple methods. Most interestingly, seven studies (8.1%) were conducted
in Mediterranean regions, while none of the articles in hot-arid regions used experiments.
Finally, five studies (5.8%) conducted surveys and used GIS for spatial analysis.
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% Multiple methods
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5 Experimental approach
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EmBWh W Csa Number of Studies

Csa & BWh Several climates

Figure 13. Distribution of reviewed studies focusing on vegetation strategies by methodology.

3.1.4. Thermal Comfort Indices Used

Thermal comfort indices are designed to illustrate exactly how people feel about
factors such as temperature, wind speed, humidity, solar radiation, clothing, and activity
level in measurable values [44]. These indices focused on the adverse impact of climate
on thermal stress for people; therefore, some thermal indices were developed for hot
conditions, whereas others were developed for cold conditions. [45].

° UHI studies

Because the majority of UHI studies relied on remote sensing technology for retrieving
land surface temperature (LST), the thermal comfort measurements were lacking in both
climates. However, 22 of the 43 studies used thermal comfort indices, with the PET index
being the most frequently used in the reviewed studies, with five studies, three on hot-arid
cities and two on Mediterranean cities (Figure 14). Three studies then used UTCI on Csa
climates, three studies used UTFVI on BWh climates, and an additional three studies used
AWBGT in both climates. Two studies utilized PMV on hot-arid regions and another
two studies employed MOCI on Mediterranean regions. Finally, four additional indices,
including WBGT, UTIR, ASV, and COMFA, were used only once each.

e  Vegetation-based strategies

Regarding studies focusing on vegetation-based mitigation strategies, three thermal
comfort indices dominated 38 studies, with 15 used PET, 13 used UTCI, and 8 used PMV
across both climates (Figure 15). This is attributed to their suitability for evaluating different
thermal microclimates, their broader classification range of thermal sensation and stress
than other indices, and their calculations being easy using the available simulation software
such as ENVI-met [45]. Moreover, the assessment of these indices does not only rely on air
temperature and humidity measurements, as other simple indices do, but also includes
other factors, including wind speed and direction, mean radiant temperature (MRT), the
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thermal insulation of clothing, and human activity [46]. The remaining indices were used
only once, except the HI index, which was used twice in all reviewed studies. However, not
all studies measured thermal comfort, some because the research objective did not include
thermal comfort [33,38,47-70], while the methodology of others did not enable authors to
calculate thermal sensation, such as remote sensing, survey, and field observation [37,71-83].
Some articles also used multiple indices to increase the accuracy of the results [84-90].
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Figure 14. Distribution of thermal comfort indices in UHI studies.

PET: Physiological Equivalent Temperature

16 UTCI: Universal Thermal Climate Index
14
] PMV: Predicted Mean Vote
= 12
3 10 WBGT: Wet Bulb Globe Temperature
V)
(Y,
8 8 MOCI: Mediterranean Outdoor Comfort
g 6 Index
€ .
2 4 UTIR: Universal Thermal Index for
2 Recreation
0 o u HI: Heat Index
SO R DO SR
AP\ S
AR X FS &R Humidex: Humidex
& N

Tw: Wet-bulb Temperature

Thermal Comfort Indices

. THI: Temperature-Humidity Index
Several climates MCsa & BWh ®Csa EBWh

Figure 15. Distribution of thermal comfort indices in vegetation studies.

3.1.5. Vegetation-Based Strategies

There were 13 vegetation-based strategies identified across the reviewed studies to
mitigate the UHI effect. These strategies were grouped according to their primary focus
and are described in Table 3.

https://doi.org/10.3390/land 15102008


https://doi.org/10.3390/land15102008

Land 2026, 15, 2008

15 of 49

Table 3. Vegetation-based strategies used across the reviewed studies.

Strategy

Description

Greenspaces

Evaluation of the impact of increasing greenspace coverage on UHI
mitigation at the city scale

Nature-based solutions (NBS)

Assessment of integrated nature-based strategies that combine vegetation
with other strategies, such as permeable pavements, high albedo coatings,
cool roofs, and recitative materials

Urban parks

Evaluation of the cooling performance of urban parks with different scales,
small, medium, and large, and their impact of the surrounding areas

Trees

Evaluation of the cooling effects of urban trees, with particular focus on
shading mechanism

Trees + Grass

Comparison of the individual and combined cooling effects of trees and
grass, particularly shading and evapotranspiration mechanisms

Street trees

Investigation of the impact of street tree placement, arrangement, spacing,
and canopy density on urban microclimate and thermal comfort

Green roofs

Evaluation of the cooling performance of green roof systems, including
extensive and intensive roofs. At both building pedestrian levels

Green walls

Assessment of the cooling effectiveness of vertical greening systems,
including green walls, green facades, and living walls

Green roofs and walls

Evaluating the combined application of green roofs and walls to improve
cooling performance

Vegetation types

Comparison of the cooling performance of different landscaping
approaches, such as xeriscaping, mesic, and oasis landscaping, and plant
species, such as Acacia vs palm trees

Green courtyard

Assessment of the cooling effects of vegetated inner courtyards on
microclimate and thermal comfort

Irrigation

Investigation of the additional cooling benefits provided by irrigation.
Although irrigation is not a vegetation-based strategy itself, it is included
in this review as a supporting strategy because it can maintain vegetation
health and water availability, thereby sustaining evapotranspiration and

the cooling performance of urban vegetation, particularly under
water-limited conditions.

Several strategies

Evaluation of integrating multiple vegetation-based strategies to assess
their combined effectiveness in mitigating UHI effects

Studies conducted in Mediterranean regions concentrated primarily on the cooling
performance of urban parks with ten studies (11.6%), green roofs with six studies (7%),
green walls and greenspaces with five studies each (5.8%), and trees and NBS with four
studies each (4.7%) (Figure 16). A remarkable lack of application of diverse strategies,
including street trees, vegetation types, and multiple strategies, was observed in Mediter-
ranean climates, while no studies conducted the trees + grass strategy. In contrast, studies
in hot-arid regions concentrated primarily on the influence of shading in mitigating UHI
effects and enhancing outdoor thermal comfort with fifteen studies (17.4%) distributed
across three strategies, (trees, trees + grass, and street trees), followed by urban parks and
greenspaces with six studies each (7%), vegetation types with five studies (5.8%), and mixed
strategies with four studies (4.7%). There was a noticeable shortage also in examining
strategies, including green roofs, green roofs and walls, and irrigation, in hot-arid climates,
while no studies were conducted for the NBS, green walls, and green courtyard strategies.
Table S2 shows more details about each study investigating vegetation cooling strategies.
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Figure 16. Distribution of vegetation-based mitigation strategies across the reviewed studies. Studies
investigating multiple vegetation-based mitigation strategies are categorized under ‘several strate-
gies’; therefore, the individual strategy counts in this figure should not be interpreted as the total
number of studies providing evidence for each strategy in subsequent cooling-performance analyses.

3.2. Qualitative Synthesis
3.2.1. Methods for Measuring UHI Effect and Its Mitigation Strategies in Both Climates

According to previous studies, there are three methods to investigate urban heat
islands and the cooling effects of greenspaces in cities (Figure 17).

Ground-Based
Observations

Methods to Study
UHI & Cooling

Effects of
Greenspaces

Figure 17. A diagram illustrating the three methods used in this research. Source: Authors.

. Ground-based observation

First, field measurement tools, the oldest method for assessing both CUHI effects,
were used by Luck Howard in London in 1820 [22]. There are two common types of
field measurements: installed weather stations and transect measurements [28]. Installed
weather stations assess local climate factors such as air, LST, humidity, wind speed and
direction, and total radiations, while transect measurements evaluate spatio-temporal
variations in the city climate [46].

Moreover, on-site measurements are used to evaluate temperatures between urban
and adjacent rural areas or between different urban forms and to study the effect of the
built environment on thermal comfort at the micro or local scale [46]. This method features
high accuracy and reliability, offering an excellent spatial resolution in measuring thermal
heat differences between green and non-green areas compared to the other two methods.
However, its spatial and temporal coverage is limited, making its application at the city
level extremely difficult [91]. Moreover, it requires a substantial amount of equipment and
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sometimes highly experienced labor for installation, maintenance, and monitoring, which
costs time and money [25].

Nineteen articles employed field measurements across the reviewed studies in both
UHI and vegetation-based strategies. [92,93] are examples that used weather stations and
portable instruments, such as high-precision air temperature and humidity sensors, an
anemometer for wind speeds, and a thermal imager to identify heat sources in both climates.
On the other hand, Giannaros et al. [94] in a Mediterranean city and Saputra and Lai [95]
in a hot-arid city used mobile measurements mounted on a vehicle equipped with air
temperature, humidity, and wind speed sensors. These measurements assessed the impact
of land use and land cover on climatic variables to measure fine-scale spatial variability.
Some studied, furthermore, combined fixed weather stations and mobile sensors [96,97].

In addition, metrological data, another type of ground-based observation, is commonly
used to measure CUHI effects, using long-time records from existing observation stations
in urban and rural areas. This approach enables researchers to evaluate CUHI intensity and
thermal comfort over long-term observation periods. However, only three articles applied
this method across the reviewed studies, all of which were conducted in Mediterranean
climates [98-100].

Moreover, survey-based methods are conducted to assess individuals’ perceptions,
thermal sensation, and adaptive behaviors in outdoor urban environments. Data collection
was gathered through interviews or structured questionnaires [82]. Some studies combined
survey and GIS-based analysis, enabling researchers to integrate spatial evaluation with
subjective public awareness to provide a comprehensive assessment of the effectiveness of
urban cooling strategies. Three studies conducted this approach in BWh climates [71,74,101]
and three in Csa climate [76,82,102].

Experimental approaches, moreover, contribute to assessing the effectiveness of CUHI
and SUHI mitigation strategies or to examining the impact of environmental parameters
on urban environments. Even though this approach provides precise results, it takes
a long time to collect them from a specific environmental condition, thus reducing its
application and generalizability to other urban contexts. Therefore, only seven studies,
all were conducted in Mediterranean regions, applied this method, and most of them
investigated green roof and wall strategies [48,51,54,55,65,68,103].

o  Thermal remote sensing technology

Second, thermal remote sensing technology is widely used to monitor urbanization
through platforms such as Landsat, MODIS, ASTER, Sentinel-1 SAR, and Sentinel-2. This
method facilitates comparative studies of investigating SUHI effects between cities, by
extracting data from satellite images [2]. Previous studies have proven that remote sensing
is an effective method to measure SUHI phenomenon and the cooling effect of greenspaces
with the same accuracy as in situ measurement by assessing the differences in LST between
greenspaces and their surroundings rather than air temperature [104]. This system provides
broad spatial coverage, enabling an entire city to be mapped in a single image while also
supporting analyses across a range of spatial scales [91]. However, its effectiveness is limited
to clear and cloudless conditions [2]. Furthermore, vertical measurements, which represent
a huge area of urban surface, cannot be provided through remote sensing images [25].

Landsat was the most frequently used satellite platform in reviewed studies in both
climates. This is attributed to its long historical records and free accessibility, making
it suitable for analyzing long-term spatial and temporal changes in cities. Studies used
Landsat to derive LST values [101,105-109], monitor LULC changes [73,110-112], evaluate
vegetation and building indices (NDVI, NDBI) [81,113-116], and assess SUHI dynamics
over time [117,118]. Similarly, MODIS was the second most used platform, due to its high
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temporal resolution, making it more valuable for analyzing diurnal [119,120], seasonal [121],
and long-term variations [122] in SUHI intensity.

Moreover, ASTER was one of the least-used platforms among the reviewed studies,
due to its spatial coverage being lower than MODIS and Landsat, respectively. However,
ASTER provides a higher spatial resolution compared to other platforms, making it more
suitable for a detailed analysis at the neighborhood and site scale [80]. In addition, both the
Sentinel-1 SAR, and Sentinel-2 platforms were integrated with other platforms, particularly
Landsat and MODIS, to improve the interpretation of SUHI patterns and enhance land-
cover classification [83,120].

e  Numerical models and computer simulations

Third, we have numerical models and computer simulations such as ENVI-met, WRF,
and Rhino with the Grasshopper plug-in. Computational models are gradually used in
urban climate studies because on-site experiments are difficult to control, and physical
scale models are complex and costly [123]. High advance developments in computational
capacity have increased their ability to evaluate heat mitigation strategies and assess
climate change impacts in a scalable and cost-effective manner [123]. This approach
allows researchers to test different scenarios without physical interventions, facilitating the
implementation of climate best practices. Furthermore, it enables specialists to integrate
multiple factors such as climate, vegetation, landscape composition, surface material, and
anthropogenic heat in one framework, allowing for the accurate assessment of existing
conditions and robust projections for the future [124,125]. Nevertheless, it needs field or
remote sensing data for verification; otherwise, the results may be unreliable [18,43]. It
also requires high-quality input data describing the climatic conditions, vegetation, urban
geometry, and surface characteristics, leading to more accurate results between prediction
and observation [126].

ENVI-met, a 3D modelling software based on Computational Fluid Dynamics (CFD)
for urban microclimate studies, was the most widely used software in the reviewed studies.
This software was used to assess the current conditions [127], test proposed scenarios [124],
and predict future strategies [128]. Moreover, ENVI-met simulations can be carried out
on multiple scales in urban settings, from the regional scale to microscale, including a
single building and its surroundings [62,126,129]. Several green infrastructure strategies
were investigated in both climates through ENVI-met, including NBS [130,131], urban
parks [132,133], street trees [35,134], green roofs [70,135], green walls [53,69], different
vegetation types [136], and inner green courtyard [86]. Moreover, some studies employed an
integrated methodology combining ENVI-met and other simulation programs such as HAP
and EnergyPlus, to evaluate outdoor thermal comfort and indoor energy savings [126,129].

The Weather Research and Forecasting (WRF) models are numerical-based models
used to investigate UHI patterns and mitigation strategies at the regional scales [50,61].
However, their mesoscale resolution limits the simulation of street-level microclimates;
therefore, they are usually coupled with microclimate models for detailed pedestrian-level
assessments [88]. Moreover, Rhino with the Grasshopper plug-in enables researchers to
simulate complex urban forms, evaluating multiple design scenarios effectively [84].

A numerical, physics-based simulation is another type of simulation in which fun-
damental physical equations are solved numerically to simulate how the urban settings
respond under different mitigation or adaptation scenarios. This approach is more suitable
with city-scale studies. For example, Song and Wang [58] examined the impact of green
infrastructure strategies on the urban boundary layer, using an integrated methodology
combining a Single-Layer Urban Canopy Model (SLUCM) with a Single-Column Model
(SUM). The model was then validated using field measurements, showing good agree-
ments with the simulation results. Moreover, Meili et al. [38] used the Urban Tethys-Chloris
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(UT&C) model to separately evaluate the cooling mechanisms of trees, including shad-
ing and evapotranspiration. The model allows researchers to activate or deactivate each
mechanism individually to assess its impact on reducing urban temperatures.

3.2.2. UHI Characteristics in Hot-Arid Climates

According to the Koppen—Geider climate classification, the hot-arid climate experi-
ences intense summer heat, high evaporation, very low rainfall (less than 250 mm), and
relatively moderate winters [46]. Urban areas in temperate climates generally experience
both CUHI and SUHI effects during the day and night [59]. Conversely, hot-arid cities
can experience nighttime CUHI and SUHI effects and daytime canopy urban cool island
(CUCI) and surface urban cool island (SUCI) effects [40,97,110]. These daytime cooling
phenomena is mainly attributed to the presence of green cover and, to some extent, built
structures in hot-arid cities compared to surroundings located on bare sandy or rocky
surfaces, where shading and evapotranspiration processes contribute to reducing both the
daytime CUCI and SUCI [97,110]. Nevertheless, rural deserts cool rapidly after sunset,
while urban surfaces and anthropogenic activities release heat at night, exacerbating the
CUHI and SUHI effect. Examples of hot-arid cities experiencing daytime CUCI and/or
SUCI and nighttime CUHI and/or SUHI include Jeddah [110] and Riyadh [137] in Saudi
Arabia; Dubai, Sharjah, and Ajman [117], in UAE; Kuwait City [121], in Kuwait; Doha [97],
in Qatar; and Morocco [119].

Rapid urban expansion and the significant loss of vegetation led to a decrease in
cooling capacity in hot-arid regions. For example, in Yazd, Iran, the built-up areas increased
by up to 29.6% and vegetation cover decreased by approximately 67% during the past four
decades [111]. These changes led to a decrease in cooling capacity of approximately 26%
and a decline in mitigating the SUHI effect by more than 50%. Another study examined
the long-term changes in LST and urban heat risks across 21 Middle Eastern cities between
2003 and 2019 [41]. They found that rapid urban expansion has significantly contributed to
the increase in hot-spot areas. In Phoenix, Arizona, moreover, urbanization contributed to
an increase in the average intensity of CUHI by approximately 5 °C during the summer,
with extreme cases reaching 11 °C [127].

In the Arabian Gulf countries, variables, including land use land cover (LULC), urban
morphology, vegetation cover, and coastal ventilation, greatly influenced thermal environ-
ments [105]. For example, industrial activities and bare areas recorded the highest LST
value, while vegetated areas had the lowest LST in these regions [105,110,112,117,118,121,137].
Greenspaces, furthermore, reduced LST by approximately 7 °C compared to the surround-
ing bare or built-up areas. Similarly, air temperature exhibited a similar pattern, with
environments being cooler in vegetated sites and hotter in paved sites [114,115,118].

Furthermore, coastal cities in Arabian Gulf countries exhibited a lower daytime LST
than inland desert cities due to the cooling effect of Arabian Gulf breezes [117]. Moreover,
in Doha, Qatar, Ferwati et al. [97] indicated that the distance to the coast and traffic volume
were the dominant drivers of urban heat along streets, with temperature variations of
approximately 1-2 °C observed between the inland and the coast. In addition, Elhacham
and Alpert [122] investigated the impact of rapid coastal urbanization on LST in Dubai,
UAE, and demonstrated that inland urban expansion, particularly along the coastline,
intensified SUHI, reaching up to 3.4 °C, while artificial islands exhibited a localized cooling
effect from the surrounding sea surface.

Furthermore, hot-arid cities may experience strong seasonal variability and intense
thermal discomfort. For example, in Biskara, Algeria, the LST exceeded 45 °C during the
summer, while dropping below 20 °C in winter [115]. Moreover, Al-Ruzouq et al. [117]
found an increase in LST by approximately 17% during summer nights between 2000 and
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2022, while there was no significant change in daytime LST. In Kuwait, furthermore, the
highest temperatures occurred in summer, while the lowest temperatures were recorded
in winter and fall [121]. Moreover, Hedquist and Brazel [127] found that the highest
levels of heat stress occur in summer, and unshaded areas cause significant discomfort. In
winter, however, shaded built-up areas exhibit lower temperatures and become slightly less
comfortable during the day, while, at night, the heat released from impermeable surfaces
improves thermal comfort.

Table S5 shows further details regarding the reviewed studies focusing on UHI charac-
teristics conducted in hot-arid climates.

3.2.3. UHI Characteristics in Mediterranean Climates

The Mediterranean climate is characterized by hot, dry summers and mild, wet
winters, with pronounced seasonal precipitation variations, a hallmark of temperate coastal
regions [138]. Unlike the hot-arid climate, the Mediterranean climate is considered a type of
temperate climate, so it experiences CUHI and SUHI effects during the day and night [59].
Urbanization is the primary cause of both CUHI and SUHI phenomena in Mediterranean
regions. In Annaba, Algeria, for example, Sayad et al. [92] demonstrated that the primary
causes of CUHI are impermeable surfaces, urban geometry, and anthropogenic heat sources,
increasing the intensity of CUHI by up to 6.9 °C. Moreover, across three Mediterranean
cities, including Athens, Madrid, and Rome, Polydoros [109] indicated that increasing the
urban density from low to medium leads to an approximately 20% increase in SUHI, and,
from medium to high levels, an approximately 10% increase. Furthermore, medium-sized
Mediterranean cities may experience a pronounced CUHI and SUHI like larger cities, due
to the massive urban expansion and a lack of vegetation [120].

Several variables, including LULC, distance from water bodies, altitude, vegetation,
and urban density, greatly influenced urban thermal environments in Csa climates [113].
The highest LST values are recorded in industrial areas, dense urban fabric, transportation
infrastructures, and construction sites, while forest areas and greenspaces achieved the
lowest [109,113]. Another study found that the urban temperature variations reached up
to 10 °C between similar residential areas with a different urban form and varying land
cover types [106]. The study also found that dense vegetation and a compact urban fabric
can significantly reduce the SUHI intensity. Furthermore, shading by trees reduced solar
radiation by 50 to 90%, significantly improving outdoor thermal comfort even under similar
air temperatures [96,102].

According to the reviewed studies, Mediterranean regions experienced variations in
both CUHI intensity and thermal comfort levels between day and night. For example,
Falasca et al. [98] concluded that 26% of daytime thermal comfort values in urban areas of
Rome, Italy, exceeded the comfort threshold, while only 0.1% of nighttime values showed
heat discomfort. Another study demonstrated that the intensity of CUHI reached 1.6 °C at
night and 3 °C during the day, exceeding 5-6 °C under extreme conditions [99]. However,
in the coastal city of Thessaloniki, Greece, Giannaros and Melas [139] revealed that the
nighttime CUHI intensity was considerably stronger than during the day, particularly in
summer, reaching approximately 3 °C.

In terms of heat wave events, Salata et al. [125] indicated that heatwave events can
intensify MRT by up to 40 °C in exposed areas. Another study demonstrated that the
interaction between the heatwave and CUHI intensified the nighttime heat stress, increas-
ing the air temperature by up to 31.6 °C and raising CUHI by approximately 9 °C at
night [100]. The study also found that the frequency, duration, and intensity of heatwaves
have significantly increased in the Mediterranean region.
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Table S6 shows further details regarding the reviewed studies focusing on UHI charac-
teristics conducted in Mediterranean climates.

3.2.4. Factors Influencing UHI in Both Climates

Numerous mitigation strategies are widely implemented, include urban design, green
and blue infrastructure, and high-albedo materials [140-142].

e  Urban Geometry

Globally, urban geometry with its elements, including surface texture, building con-
figuration, Sky View Factor (SVF), and the aspect ratio (H/W) and orientation of street
canyons, greatly influences the UHI effect in urban areas [101,107,127,143]. Adapting urban
planning and design to suit climatic conditions is therefore crucial, as urban regulation
in cold and temperate climates—characterized by a low-rise urban fabric and wide street
patterns—have been widely implemented in hot-arid regions. However, the compact
urban fabric highly recommended in hot-arid regions may contribute to decreased air
temperature, LST, and solar radiation, and enhance outdoor thermal comfort. For example,
in the hot-arid city of Makkah, Saudi Arabia, Mohamed et al. [107] found that the LST
of the compact urban fabric was about 1.8 °C lower than that of the deformed iron-grid
fabric. Moreover, the climate-responsive strategies, including a compact fabric, courtyards,
and deep canyons, reduced the air temperature and MRT in hot-arid regions [128,144]. In
contrast, Polydoros et al. [109] concluded that the intensity of SUHI may be exacerbated
with the dense and compact urban fabric in Mediterranean cities during summer.

Sustainable urban geometry strategies play a crucial role in improving outdoor thermal
comfort in both climates. For example, multistorey buildings in arid regions, deep canyons,
and arcades in dry Mediterranean regions enhance shading effectiveness, contributing
to a reduced SUHI effect [40]. In the hot-arid city of Jeddah, Saudi Arabia, the LST in
lower-density areas was about 4 °C higher than in traditional high-density areas [110].
Moreover, the cooling effect of sustainable urban design in Dubai was higher than that of
unsustainable designs in Sharjah, under similar climatic conditions [101].

In addition, SVF is an important factor in mitigating the effect of UHI. For example
in a Mediterranean city, Speak and Salbitano [145] indicated that UTCI was reduced by
1 °C with each 12.5% reduction in the SVFE. Similarly, in a hot-arid city, Salameh et al. [144]
concluded that a lower SVF provides more shaded areas, therefore significantly reducing
urban temperatures. Moreover, Hedquist and Brazel [127] stated that high built-up density
areas with low SVF and deep urban canyons in Phoenix, Arizona, provide adequate
shade during the day, reducing the CUHI effect. However, at night, these areas become
about 2 °C warmer than their surroundings due to the amount of heat that is released by
impervious surfaces.

The aspect ratio of a street canyon is another important factor influencing the UHI
effect and thermal comfort. A high aspect ratio, with north-south or intermediate orien-
tations (NW-SE) or (NE-SW), reduces the intensity of both CUHI and SUHI, due to the
amount of shade they provide [40,127].

° Green Infrastructure

Green infrastructure enhances urban life by mitigating the impact of urban heat,
supporting surface runoff management, improving public health and well-being, reducing
energy consumption, bolstering ecological and environmental benefits, and boosting visual
quality and economic value [146-148]. Urban green infrastructure consists of four types
of green spaces: public parks and gardens, street trees, private greenspaces, and green
roofs and walls [149]. Vegetation reduces air temperature directly by converting water
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from its liquid state into vapor, and indirectly by blocking solar radiation, thus providing
adequate shade.

In arid climates, variations in vegetation cover affect the spatial distribution of SUHI,
with more vegetation showing a lower LST and reduced heat risk, and vice versa [41].
Furthermore, greenspaces can reduce LST in summer and winter by approximately 3.9 °C
and 13.5 °C, respectively [110]. Similarly, in Mediterranean climates, greenspaces strongly
contribute to lowering the air temperature, particularly at night [94]. Moreover, Dialesandro
et al. [40] found that the cooling effect of vegetation in the hot-arid city of Phoenix was
10 °C stronger than that in the Mediterranean city of Madrid. However, water scarcity
remains a major challenge in hot-arid climates.

Furthermore, the correlation between the Normalized Difference Vegetation Index
(NDVI) and LST is negative in both climates [112,150]. In Dubai, for example, the cooling
effect of the vegetation cover was significant due to green initiatives the city has launched
since 2013 to address the SUHI phenomenon [112]. In Annaba, Algeria, urban trees are the
most effective mitigation strategy in a city with a Mediterranean climate [92]. Furthermore,
an increase of 0.1 in the NDVI value contributes to a reduction in the average air temperature
of 2 °C in hot-arid climates, and of 1.6 °C in Mediterranean climates [150]. Moreover, Speak
and Salbitano [145] concluded that every 25% increase in tree canopy leads to a 1 °C
decrease in UTCI in Mediterranean regions, thus improving outdoor thermal comfort.

. Blue Infrastructure

In the Mediterranean city of Beirut, Lebanon, Fahed et al. [151] reported that the
addition of water features (fountains and sprays) in a dense residential area reduced
the air temperature and PET by approximately 7 and 4.3 °C, respectively, and increased
humidity by up to 3.5 g/kg. Moreover, in Beirut, water bodies reduced the sensible load by
approximately 4%, but they increased humidity, thus increasing the latent load by about
13-29% [126]. Another study conducted in Rome, Italy, a Mediterranean climate, indicated
that overhead water mist systems significantly reduced air temperature and PET by about
5.5 and 4.2 °C, respectively, and increased humidity by about 3.7%, thus considerably
improving outdoor thermal comfort [152].

Conversely, in hot-arid climates, greenspaces that contain water features are 3 °C cooler
than those that contain only vegetation [89]. Moreover, in Doha, Qatar, air temperature
increased by approximately 1-2 °C with increasing distance from the coast to the inland
areas [97].

° Reflective Materials

Applying high-albedo materials on the ground can reduce the PET by approximately
15 °C in the Mediterranean city of Algiers [131]. However, increasing albedo on a building
facade may increase heat due to radiation reflection, particularly in narrow street canyons.
Furthermore, in a dense district with a Mediterranean climate, Fahed et al. [151] reported
that cool materials can reduce air temperature, MRT, and PET by approximately 2.5, 20,
and 3.9 °C, respectively. However, using high-albedo materials on walls and ground may
increase heat stress and cooling demand due to radiation reflection, particularly with a low
SVF [126,131,153].

On the other hand, in hot-arid environments, Habibi and Kahe [64] revealed that
the use of 80% permeable pavement reduced air temperature by approximately 1.18 °C.
Moreover, applying cool materials on roofs, facades, and pavements reduced the air
temperature by up to 2.3 °C in the hot-arid city of Doha, Qatar [128]. However, the
study also found that the combined cool material strategy increased MRT and PET by
approximately 28.8 and 7.7 °C, respectively, significantly exacerbating thermal discomfort.
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e  Combination of multiple strategies

Combined mitigation strategies can help to significantly improve outdoor thermal
comfort more than individual interventions in a hot-arid climate [124]. Similarly, Vurro
etal. [129] evaluated combined mitigation strategies in a Mediterranean climate, and found
that vegetation achieved the highest heat stress reduction, while cool materials resulted
in the greatest reduction in cooling demands. Moreover, Salata et al. [125] indicated that
integrated multiple mitigation strategies reduced the average MOCI value by —2.5, and
decreased the health risk by approximately 60%.

In addition, urban morphology contributed to reducing air temperature and improving
thermal comfort more than vegetation alone in hot arid climates [144], while, in Mediter-
ranean climates, urban trees were the most effective mitigation measures, reducing air
temperature by up to 1.9 °C [92].

3.2.5. The Role of Green Infrastructure in Mitigating Urban Heat in Both Climates
e  The Effectiveness of Vegetation-Based Strategies to Mitigate UHI

Urban green infrastructures have a positive impact in heat mitigating, CO, isolation,
air quality, water reserving, and economic development, while grey infrastructures do the
opposite [154]. For example, the average surface temperature of shrubs and grass was
approximately 16 °C cooler than that of paved surfaces and dry bare soil in Mediterranean
climates [87,155]. Moreover, the air temperature above the shrubs and grass was 5.5 and
3.8 °C lower, respectively, than the actual air temperature, whereas the air temperature
above the paved surfaces and bare soil was 12.5 and 10.8 °C higher, respectively [155].

Similarly in hot-arid climates, Song and Wang [58], for example, concluded that
urban green infrastructure can reduce the boundary layer temperature, particularly during
daytime due to shading and the evapotranspiration process. Moreover, Mohammed
et al. [61] indicated that large-scale greening across Dubai can reduce the daytime air
temperature by up to 1.7 °C and the nighttime air temperature by up to 2.4 °C during the
summer, with significant reductions in sensible heat flux due to the evapotranspiration
process. The study, however, demonstrated that increasing green infrastructure increases
humidity levels, thus reducing outdoor thermal comfort.

Moreover, Khan et al. [50] demonstrated that expanding greenspaces across the
Mediterranean city of Athens can reduce the maximum air temperature by approximately
1 °C during the day and 1.9 °C during the night. Another city-scale study in a Mediter-
ranean climate revealed that greenspaces were 3—4 °C cooler than built-up areas, mainly
due to the evapotranspiration process [52].

In addition, urban green infrastructure influences several parameters, including air
temperature, relative humidity, LST, solar radiation, MRT, and thermal indices. For example,
Addas [72] demonstrated that urban green infrastructure reduced local air temperature by
up to 4.8 °C, in the hot-arid Saudi environments. Likewise, in the Mediterranean Italian
environments, vegetation can reduce air temperature by up to 1.6 °C on the street and
3.5 °C inside greenspaces [156]. In addition, green infrastructure in Mediterranean climates
significantly reduced air temperature, MRT, PET by approximately 2.1, 30, and 14.3 °C,
respectively [151].

Combined multiple vegetation-based strategies achieved a greater cooling effect than
individual ones. For example, in San Benedetto del Tronto, Italy, a Mediterranean city;,
Brownlee et al. [157] found that the implementation of integrated green infrastructure
strategies, including vegetation optimization, rain garden systems, pavement de-sealing,
and building-integrated greenery, reduced UTCI by approximately 1.17 °C at the neighbor-
hood scale. Moreover, in Csa climates, trees and hedges can reduce PET by approximately
16.8 °C, while green roofs reduce it by approximately 14.7 °C at the building scale [131].
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Another study in a Mediterranean climate reported that NBS significantly improve outdoor
thermal comfort, with deciduous trees providing a great cooling effect, particularly in
parking lots [130].

3.2.6. Types of Urban Vegetation Strategies
e  Urban parks

> Small to medium urban parks

Small- and medium-sized urban parks can reduce air temperature and extend their
cooling effect to surrounding urban areas in both climates. For example, in Mediter-
ranean regions, pocket parks reduced the air temperature by approximately 0.5-3 °C,
with a stronger cooling effect in parks characterized by more diversity in the vertical
canopy [158-162]. Moreover, the cooling effect of small urban parks could extend up
to 50-100 m outside their boundaries depending on the park size and tree canopy den-
sity [158,160,161]. Similarly, in hot-arid regions, Hussein [69] revealed that densely veg-
etated pocket parks reduced the air temperature by up to 7 °C between 12 and 3 pm.
However, the cooling effect considerably decreased after 3 pm, due to the heat trapped
underneath trees.

In addition to lowering the air temperature, small parks can significantly reduce LST.
The reduction in LST in Mediterranean climates ranged from 4 to 20 °C [87,159]. Moreover,
Delgado-Capel et al. [81] demostrarted that small, dispersed greenspaces had the lowest
LST values in Csa climates, followed by medium-sized greenspaces, while the linear green
corridors recorded the highest values. Likewise, in BWh climates, small greenspaces
containing trees, grass, water bodies, and green walls could reduce LST by approximately
6.83 °C [89].

Small greenspaces with well-shaded areas can significantly reduce MRT and thermal
indices. For example, pocket parks in Mediterranean cities reduced MRT and UTCI by
about 3.7 and 3 °C, respectively, thus significantly increasing the comfortable hours to
75% of the simulated time from 10 am to 6 pm [84,159]. In hot-arid cities, moreover,
adding a new small park could reduce MRT and PET by approximately 6-14 and 2 °C,
respectively [89,128]. However, small parks slightly increased the relative humidity levels
in both climates [128,160].

In addition, greening small open spaces in the compact urban fabric provides a
significant cooling impact in outdoor thermal comfort, particularly in Mediterranean
climates. For example, vegetated inner courtyards could reduce the air temperature, MRT,
and PET by approximately 6.5, 15, and 3-6.5 °C, respectively, thus greatly improving
outdoor thermal comfort [86,163].

e  Large urban parks

Large urban parks have a higher cooling effect compared to small and medium urban
parks, particularly in Mediterranean regions. For example, large parks reduced the air
temperature, MRT, LST, and PET by approximately 1-3, 4.8, 4, and 3.9 °C, respectively, at
a distance of 600 m from the park [42,159]. Moreover, Grace et al. [59] indicated that all
park sizes, from small to large, reduced LST by approximately 10-15 °C compared to urban
surroundings. Table S7 shows more details about each study investigating urban parks.

Figure 18a,b illustrates variations in the cooling performance of urban parks across
both climatic contexts. The mean air-temperature reduction was approximately 4.4 °C
in BWh climates, with a maximum of 7 °C, compared with approximately 2 °C in Csa
climates, where reductions generally reached up to 3 °C, with one higher observation of
6.5 °C identified as an outlier. A similar difference was observed for MRT, with a mean
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reduction of approximately 10.2 °C in BWh regions and 7.8 °C in Csa regions, while the
maximum reported reductions reached 14 °C and 15 °C, respectively.
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Figure 18. Cooling effects of urban parks across BWh and Csa climate types: (a) air temperature
reduction and (b) mean radiant temperature (MRT) reduction. (The x symbol represents the mean,
the horizontal line within each box represents the median, the box represents the interquartile
range (Q1-Q3), the whiskers indicate the minimum and maximum non-outlier values. and the dot
represents an outlier).

However, these differences should not be interpreted as evidence that urban parks
are intrinsically more effective in BWh climates. The reported values were derived from
heterogeneous studies with different park characteristics, vegetation configurations, irriga-
tion regimes, climatic conditions, measurement periods, and methodological approaches.
Importantly, all reviewed studies reporting park-cooling performance in BWh climates
employed simulation methods using ENVI-met, whereas the studies conducted in Csa
climates included a combination of simulation and field measurements. This methodologi-
cal difference may partly contribute to the observed variation between the two climates,
as simulated vegetation performance depends on prescribed model parameters and as-
sumptions, and may not fully represent actual irrigation practices, water availability, and
associated evapotranspirative constraints under hot-arid conditions. This is particularly rel-
evant in BWh environments, where natural water availability is limited and irrigation can
substantially influence evapotranspirative cooling. Therefore, the comparatively greater
cooling reductions reported in the BWh studies may reflect differences in methodological
approaches, modelling assumptions, irrigation conditions, and park characteristics rather
than climatic classification alone.

° Street trees

Urban streets are highly exposed to solar radiation and are commonly paved with
asphalt and concrete, which contributes to an increased ambient air temperature. Street
trees, however, contribute significantly to reducing heat stress by blocking a large amount
of solar radiation and cooling the ambient air temperature by evapotranspiration [164].
For instance, Lopez-Cabeza et al. [35] compared the cooling effect of street trees in the
two climates, and found that, in the Mediterranean city, the compact and asymmetrical
canyon with vegetation recorded the greatest reduction in UTCI due to shading and
evapotranspiration. In contrast, in hot-arid cities, open configurations without vegetation
were optimal, as vegetation increases humidity in a city suffering from high humidity levels.
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Moreover, in hot-arid regions, street trees had a limited impact on reducing the air tem-
perature, ranging from 0.4 to 0.8 °C [88,165,166]. However, a small increase in tree canopies
from 2 to 4% along pedestrians could reduce LST by 10 °C, MRT by 10-15 °C, PET by
2°C, and UTClI by 2.5 °C, achieving great improvements in thermal comfort [63,88,128,165].
Furthermore, street trees may increase the relative humidity by 10-20% [63].

Furthermore, the distribution of trees is as critical as the quantity of tress in enhancing
outdoor thermal comfort in both climates. For example, in a hot-arid environment Bin-
abid [134] concluded that trees that 5 m tall, densely spaced, and arranged in multiple rows
reduced PET by approximately 17 °C at the street level. Another study found that clustered
side trees cool more strongly than isolated trees [165]. In addition, Aboelata [166] found
that the 50% tree scenario with an E-W orientation was the best for improving outdoor
thermal comfort, reducing PET by about 5 °C, while the N-S-oriented street with the same
percentage of tree cover was the worst, reducing PET by only about 2.7 °C.

On the other hand, a simulation study investigated the impact of a different spatial
distribution of urban vegetation on reducing both CUHI and SUHI effects in a Mediter-
ranean environment [159]. The results concluded that street trees reduced air temperature
by up to 0.8 °C, MRT by up to 10.5 °C, and LST by up to 4.2 °C, achieving the greatest
cooling effect compared to an urban forest and a medium urban park. This is primarily
because shading was distributed throughout the district rather than placed in one area.
Table S8 shows more details about each study focused on street tree strategies.

Figure 19a,b illustrates the effectiveness of street trees in reducing urban tempera-
tures in both climatic contexts, although contrasting patterns were observed. The mean
air-temperature reduction was approximately 1.8 °C in BWh climates, compared with
approximately 1.3 °C in Csa climates. However, the median reduction was lower in BWh
climates (approximately 0.6 °C) than in Csa climates (approximately 1.3 °C), indicating
that the BWh mean was influenced by a relatively high cooling observation of 6 °C. The
BWh reductions ranged from 0.1 to 6.0 °C, with the highest value represented as an out-
lier in Figure 19a. In contrast, Csa climates exhibited a narrower range of approximately
0.8-1.7 °C. These findings indicate a greater variability in the reported cooling performance
of street trees in BWh climates, although comparisons should be interpreted cautiously due
to the limited number of observations and differences in study conditions.

A different pattern was observed for MRT, where the cooling effect of street trees in
hot-arid regions was stronger than in Mediterranean regions. In BWh climates, the median
MRT reduction was approximately 14.5 °C, reaching up to 16 °C, while, in Csa climates, it
was only around 9.5 °C, reaching up to 10.5 °C.

e  Green roofs and green walls

Moving forward, due to the shortage of available land to implement green infrastruc-
tures in modern cities, green roofs, living walls, and vegetated facades are other possibilities
to maximize vegetative coverage [31]. Conventional rooftop surfaces are commonly cov-
ered with low albedo materials, which absorb and release large amounts of heat, thus
exacerbating both CUHI and SUHI effects. In contrast, green roofs absorb less heat com-
pared to conventional ones and contribute to cooling the ambient air temperature through
evapotranspiration and LST through shading [32].

Furthermore, green roofs have a limited impact on reducing air temperature at the
pedestrian level in both climates. For example, in hot-arid regions, the air temperature
reduction from green roofs ranged from 0.2 to 0.5 °C at the pedestrian level [58,62,64,69,128].
Similarly, in Mediterranean regions, green roofs provide a moderate cooling of between
0.2 and 0.5 °C at the pedestrian level [47,135]. However, the cooling effect of green roofs
decreases with height, as buildings taller than 40 m showed a negligible impact at the
pedestrian level.
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Figure 19. Cooling effects of street trees across BWh and Csa climate types: (a) air temperature
reduction and (b) mean radiant temperature (MRT) reduction. (The x symbol represents the mean,
the horizontal line within each box represents the median, the box represents the interquartile
range (Q1-Q3), the whiskers indicate the minimum and maximum non-outlier values. and the dot
represents an outlier).

In contrast, the reduction in roof surface temperature was significant in Mediterranean
regions [49,54,57,68], while no study investigated hot-arid regions. Green roofs, moreover,
could considerably reduce the cooling load in both climates [49,62,70].

In addition, green roofs outperform other roof-based strategies in mitigating CUHI
in both climates. For example, in hot-arid climates, green roofs reduced air temperature
and MRT by 1.6 and 3.6 °C at the canopy layer, outperforming other roof strategies, such
as white, pond, cool, and dark roofs [58,167]. Likewise, in Mediterranean climates, Zinzi
and Agnoli [33] demonstrated that green roofs can reduce heat transfer through thermal
insulation from the soil layer, along with evapotranspiration from vegetation. This creates a
balance between different seasons by reducing the need of cooling in summer and heating
in winter, while the cool roofs increase the heating demand in winter.

On the other hand, green walls contribute to mitigating CUHI and SUHI in both
climates. In Mediterranean climates, the cooling effect of green facades increases with
increasing vegetation density [48]. However, the cooling effect of green walls at the
pedestrian level was limited, with an air temperature reduction of approximately 0.5 to
0.6 °C, depending on the facade orientation and the season [47,65]. For example, southern
and western green facades achieved the highest reduction in outer surface temperature,
leading to a reduction in indoor air temperature [53,55,65]. Furthermore, the living walls
maintained the wall surface temperatures during winter months, while non-vegetated
walls dropped below freezing temperatures, thus acting as a thermal buffer [55].

Similarly, in the hot-arid climates, green walls have a limited cooling effect, with a
reduction in air temperature of about 0.5 °C at the pedestrian level [64,67,69]. However, Al
Hashim et al. [67] mentioned that green walls in narrow alleyways significantly reduced air-
flow, which may exacerbate thermal discomfort. Moreover, the impact of living walls was
not restricted to reducing air temperature; they also reduced cooling demands, CO, emis-
sions, and energy consumption by approximately 25%, 14.7%, and 53.4%, respectively [64].
They can also contribute to increasing biodiversity (providing habitats). Table S9 shows
more details about each study focusing on green roofs and walls strategies.

Figure 20a,b shows great variations in the cooling performance of green roofs and
walls between the two climates. Green roofs and walls provided a limited reduction in
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air temperature in both climates, averaging approximately 0.5 and 0.3 °C in Csa and BWh
climates, respectively. However, greater differences were observed in surface-temperature
reductions. BWh climates exhibited a higher median surface-temperature reduction of
approximately 13.5 °C, with values ranging from 8.7 to 18 °C. In contrast, Csa climates
exhibited a lower median reduction of approximately 5.8 °C, although the results showed
greater variability, including an extreme observation of approximately 37 °C. Overall, these
findings indicate that green roofs and walls produced a modest air temperature reduction
in both climates. However, their effects on surface temperature were substantially greater,
particularly in hot-arid environments.
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Figure 20. Cooling effects of green roofs and walls across BWh and Csa climate types: (a) air
temperature reduction and (b) surface temperature reduction. (The x symbol represents the mean,
the horizontal line within each box represents the median, the box represents the interquartile
range (Q1-Q3), the whiskers indicate the minimum and maximum non-outlier values. and the dot
represents an outlier).

3.2.7. Vegetation-Based Cooling Mechanisms

Vegetation contributes to cool urban areas through different mechanisms: providing
shading and evapotranspiration [16,31]. In this review, the cooling effects of shading and
evapotranspiration were categorized based on the findings reported in the original studies
and the predominant cooling mechanism associated with each vegetation-based strategy.
Studies examining trees and street trees were primarily considered under shading, as their
cooling performance is largely associated with the interception of solar radiation by tree
canopies, although evapotranspiration also contributes to their overall cooling effects. In
contrast, studies investigating grass and low-growing shrubs were generally considered
under evapotranspiration, as these vegetation types provide relatively limited shading and
their cooling effects are more closely associated with evapotranspiration. Furthermore,
studies that explicitly distinguished between these mechanisms were classified according
to their reported results. For example, Meili et al. [38] employed the Urban Tethys-Chloris
(UT&C) model to independently evaluate shading and evapotranspiration by activating
and deactivating each mechanism. Nevertheless, since both processes often operate simul-
taneously, the cooling reductions presented in Figures 21 and 22 should be interpreted as
effects primarily associated with each mechanism rather than their exclusively isolated
contributions, except where the original studies explicitly separated them.
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Figure 21. Cooling effects of shading across BWh and Csa climate types: (a) air temperature reduction
and (b) LST reduction. (The x symbol represents the mean, the horizontal line within each box
represents the median, the box represents the interquartile range (Q1-Q3), and the whiskers indicate
the minimum and maximum non-outlier values).
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Figure 22. Cooling effects of evapotranspiration across BWh and Csa climate types: (a) air temperature
reduction and (b) LST reduction. (The x symbol represents the mean, the horizontal line within each
box represents the median, the box represents the interquartile range (Q1-Q3), and the whiskers
indicate the minimum and maximum non-outlier values).

e  Shading effect

Trees are the most efficient means of enhancing outdoor thermal comfort in all climatic
classifications [168]. Compared to shrubs and turfs, trees are more effective in cooling
impact due to shading and evapotranspiration [36,103] and are capable of blocking 70-90%
of shortwave radiation [31]. For example, a simulation study compared the cooling effect of
various green infrastructure types between Los Angeles, a Mediterranean city, and Phoenix,
a hot-arid city [36]. This found that, in Los Angeles, trees were the most effective strategy
reducing heat stress by 18.48%, due to the substantial shade they provided. In Phoenix,
however, the cooling capacity of vegetation was significantly smaller, as the extreme heat
conditions reduced the vegetation evapotranspiration process.
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The air temperature reduction caused by shading from trees in Mediterranean re-
gions reached up to 2.5 °C [130], while, in hot-arid regions, it ranged between 0.5 and
5 °C [95,169-171]. Furthermore, tree shade significantly contributed to reducing LST by
approximately 11 to 20 °C in Csa climates [85,155], but only by approximately 7 °C in
BWh climates [172]. Moreover, the cooling effect of tree shade is significantly higher than
that of building shade because trees produce evapotranspiration in addition to providing
shade [172].

Shade, moreover, may greatly influence MRT and thermal indices in both climates,
thus significantly improving outdoor thermal comfort. For example, in Mediterranean
environments, grass areas exposed to solar radiation remain very hot, while shaded areas
by trees are significantly cooler, resulting in a reduction in MRT by 20 °C, PMV by 0.75 units,
and UTCI by up to 17 °C [59,130,132,156,173]. In addition, Grilo et al. [160] concluded
that a park, even a small one, with a dense tree canopy produces a stronger cooling effect
compared to other vegetation types, extending its cooling to 60 m outside the park edges.
Likewise, in hot-arid environments, tree shade reduced the average daytime MRT by about
17.4 °C, daytime PET by 3-7.5 °C, and daytime PMV by 2.5 units [167,171,174]. However,
they may trap longwave radiation at night [58,174].

Figure 21a,b demonstrates the effectiveness of shading in the two climates. The mean
air-temperature reduction associated with shading was approximately 2.3 °C in BWh
climates and 1.6 °C in Csa climates. However, the BWh results showed substantially greater
variability, with reductions ranging from approximately 0.4 to 5.0 °C, whereas the Csa
values ranged from approximately 0.2 to 2.5 °C. A significant variation was observed in
LST reduction. Csa climates exhibited considerably higher reductions, with an average
of approximately 18 °C and values ranging from 15 to 21 °C, whereas BWh climates had
an average reduction of approximately 8.5 °C, with values only ranging from 7 to 10 °C.
Although MRT is particularly relevant for evaluating the impact of shading on outdoor
thermal comfort, it was not included in this comparison because only a limited number of
the reviewed shading studies reported this parameter. This provides insufficient data for a
meaningful comparison between the two climates.

e  Evapotranspiration

Impermeable surfaces in urban areas gain sensible heat due to the absence of water,
thereby increasing the surrounding air temperature, while green infrastructure does the
opposite [28,31]. For example, two studies conducted in Dubai, a hot-arid BWh city, and
Athens, a Mediterranean Csa city, indicated that expanding green infrastructure across the
city could significantly reduce the sensible heat flux and substantially increase the latent
heat flux through an evapotranspiration process [50,61]. However, Abu Ali et al. [175]
concluded that grass alone provided limited cooling benefits in hot-arid environments due
to the low evapotranspiration rates in such harsh climates.

The evapotranspiration process could reduce the ambient air temperature in hot-arid
climates by approximately 2-5 °C [38,169]. Moreover, Ed-dahmany et al. [119] demon-
strated that irrigated vegetation in inland arid cities contributed to making urban areas
cooler than the surrounding sandy or barren areas. For example, in the arid city of Las
Vegas, drought-tolerant trees, such as Bur Oak, have a limited cooling effect, while high-
transpiration species, such as Cherry, provide a significantly better cooling effect, particu-
larly during the day, but require three times the amount of water [88]. On the other hand,
in Mediterranean climates, Cascone and Vitaliano [51] indicated that the biochar-based
model reduced LST by approximately 9.8 °C and increased water retention by 30-35%. The
study also found a strong relationship between the water retention capacity and cooling
efficiency, highlighting the crucial role of evapotranspiration in mitigating SUHI.
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Figure 22a,b illustrates clear variations in the cooling effect of evapotranspiration
between BWh and Csa climates. The evapotranspiration process reduced the average air
temperature by approximately 2.8 °C in Csa climates, compared with around 2.4 °C in BWh
climates. However, the variability was considerably greater in BWh climates, with values
ranging from 0.1 to 5.8 °C, whereas it was less pronounced in the Csa climates, ranging
from 1.9 to 3.8 °C. Regarding LST reduction, Csa climates exhibited higher reductions,
with a median of approximately 12.8 °C, reaching up to 16 °C. In contrast, BWh climates
had a median LST reduction of approximately 4.8 °C, reaching up to 6.5 °C, mainly due
to the limited availability of water for irrigation. Overall, the results demonstrate that
evapotranspiration produced a higher reduction in air temperature and a lower reduction
in LST compared to shading in both climates.

Graphical comparisons were developed for vegetation-based strategies where suffi-
cient and comparable quantitative data were available, such as urban parks, street trees,
and green roof and wall strategies. In addition, trees, trees + grass, and some greenspace
strategies are represented within the figures examining shading and evapotranspiration
processes. However, similar figures were not developed for some other strategies. Studies
examining green spaces, vegetation types, and combinations of several strategies often
differed substantially in their research objectives and spatial scales, making it difficult to
meaningfully combine their findings within a single comparative figure. For nature-based
solutions (NBSs), green courtyards, and irrigation, the limited number of studies, together
with variations in the reported thermal parameters, methodological approaches, and as-
sessment conditions, prevented meaningful graphical comparisons. Therefore, findings
for these strategies were presented through descriptive synthesis rather than additional
quantitative figures.

3.2.8. Factors Influencing the Cooling Effect of Green Infrastructure to Reduce Air and
Land Surface Temperature

The scale, geometry, time, urban context, and macroscale climate are crucial factors
that influence the cooling capacity of greenspaces [176-180]. Furthermore, Maghrabi
et al. [74] stated that the cooling intensity of green infrastructure in hot-arid climates varies
depending on size, geometry, density, and connectivity.

° Scale

In terms of scale, Zegerek and Ortacesme [158] stated that, in a Mediterranean climate,
the size of greenspaces plays a crucial role in increasing the cooling effect, with larger
parks producing a greater cooling effect than smaller ones. Moreover, in the Mediterranean
city of Perth, Australia, large-scale parks cool the air temperature by 1-2 °C, while the
air temperature at the other small and medium scales was nearly identical to adjacent
streets [59]. However, small, dispersed urban greenspaces can reduce LST more than large-
and medium-sized greenspaces during heat waves in Mediterranean regions [81].

In addition, the effect of size is not limited to reducing heat stress within the park
but can expand its ability to alleviate urban temperature beyond its edges depending on
its size due to wind flow and thermal exchange [181]. For example, the cooling effect
of small and medium parks in Mediterranean cities extends beyond their edges by 10 to
100 m depending on the size [158,161], while, in large parks, the cooling effect extends
600 m outside the park [42]. However, Grace et al. [59] demonstrated that the cooling effect
beyond urban parks boundaries, regardless of their scale, dropped sharply to less than 1 °C
and disappeared quickly with distance.
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° Geometry

Just like scale, park geometry manipulates thermal reduction. For example, regular
greenspaces can produce a stronger cooling effect than irregular spaces due to their lower
perimeter-to-area ratio, reducing heat transfer, particularly in Mediterranean climates [158].
Similarly, in a hot-arid climate, Ojaghlou and Khahzand [133] simulated five greenspace
configurations varying in their shapes, square and rectangular, and orientation, N-S and
E-W. The study found that the rectangular garden with a pavilion that was located at the
end of the east-west axis achieved the best thermal performance, reducing MRT and PET
by approximately 13 and 4-5 °C, respectively.

. Time

As with size and shape, time is a significant factor that can influence Park Cool Island
(PCI). In hot-arid regions, for instance, the maximum surface cooling intensity, based on an
LST reduction, reached 8.4 °C in summer, with a cooling extent of 172.5 m, compared with
only 2.1 °C in winter, with an extent of 127.5 m. [75]. However, the highest cooling effect of
street trees in hot-arid climates were recorded in the afternoon hours in moderate seasons,
while, in summer, the cooling effect was limited due to extreme heat conditions [134]. On
the other hand, in Mediterranean regions, Sendra-Arranz [66] demonstrated that green
walls can reduce the surface temperature of a building facade by approximately 20 °C in
summer and 8 °C in winter.

In addition to the seasonal variation, there is also a diurnal variation between daytime
and nighttime. In hot-arid climates, for example, greenspaces reduce LST by 4.17 °C
during the day and 2.33 °C at night [80]. The study also showed that the cooling effect
of greenspaces extends to their surroundings, reducing daytime and nighttime LST by
up to 3.12 and 1.61 °C, respectively. Moreover, Garcia-Haro et al. [83] examined the local
surface cooling effects of urban parks in Mexicali, Mexico, and reported an average daytime
surface cool-island intensity of approximately 0.81 °C, with a mean cooling extent of 120 m.
At night, the average cooling intensity decreased to approximately 0.43 °C, with a mean
cooling extent of 48 m. Furthermore, the maximum cooling effect of urban trees was
during the early morning and late afternoon, while the minimum cooling effect was around
midday [38]. On the other hand, in Mediterranean regions, the southern facade of green
walls achieved the strongest cooling effect during midday, while, in the afternoon, the
cooling effect was strongest in the western fagade [66].

e  Greenspace Composition

The richness and variety of vegetation are additional factors for mitigating SUHI
effects. In Mediterranean regions, the cooling performance of greenspaces was strongly
affected by plant height, connectivity, and proximity to water features. For example,
Nguyen et al. [78] reported that, in golf courses, the LST of trees taller than 10 m was
about 2 and 6 °C lower than low vegetation and turf, respectively. Moreover, the cooling
effect of shrubs outperformed that of grass by 1.2 °C and climbing plants by 3 °C [103,155].
Similarly, in hot-arid regions, a 10% increase in trees could reduce LST by approximately
2.4 °C, while, in grass, only by up to 1.4 °C and, in shrubs, by up to 1.2 °C [79].

The spatial distribution, diversity, and density of vegetation play a significant role
in influencing CUHI effects and outdoor thermal comfort. In Mediterranean climates,
for example, a park with fewer trees but greater vegetation diversity may reduce air
temperature more than a park with higher numbers of trees but a poorly arranged canopy
cover [161]. Likewise, a configuration characterized by taller and denser trees in hot-arid
climates can significantly improve outdoor thermal comfort by reducing air temperature,
MRT, UTCI, and PET by up to 3.2, 64.7,17.95, and 17 °C, respectively [134,182]. Furthermore,
Atwa et al. [183] indicated that double rows of trees and an equal interval between them
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reduced air temperature by approximately 1 °C and MRT by approximately 21 °C. In
addition, the density of the vegetation cover is a significant factor in reducing MRT through
blocking solar radiation in hot-arid environments. For example, in Phoenix, a hot-arid city,
a tree in a front-yard reduced MRT by approximately 5.3 °C, while two trees reduced it by
approximately 10.6 °C [184].

Moreover, Garcia-Haro et al. [83] found a strong relationship between vegetation cover
and the cooling intensity and extent in hot-arid climates. For example, a 10% increase in
vegetation cover increased surface cooling intensity (LST reduction) by up to approximately
0.11 °C and extended the cooling distance by approximately 3—6 m. In addition, Ain [75]
investigated the cooling effects of four urban parks with different sizes in the hot-arid
city of Riyadh, Saudi Arabia. The study demonstrated that the highest cooling intensity
and distance was recorded in two medium-sized parks, reducing LST by 8.4 C with a
distance of 300 m, mainly due to its dense vegetation cover. However, the largest park
at 32 ha exhibited a weaker cooling effect compared to the smallest one with an area of
5 ha. Moreover, the study concluded that the cooling intensity was primarily influenced by
vegetation cover, whereas the cooling extent was significantly affected by wind direction.

Vegetation type was another important variable influencing the cooling capacity of
vegetation, particularly in hot-arid environments due to water scarcity. For example, Mid-
del et al. [136] investigated three categories of landscape design: mesic, characterized
by high water demands vegetation and grass irrigated mainly by sprinkler; oasis, which
combines drip-irrigated plants with limited sprinkler irrigated grass; and xeric, dominated
by drought-tolerant native species requiring minimal irrigation. The study found that
mesic landscapes have the greatest cooling effect, followed by oasis and then xeric. How-
ever, xeric landscapes require less irrigation water, which is consistent with arid regions.
Moreover, Chow and Brazel [56] compared traditional landscaping, xeriscaping, and im-
pervious surfaces. The results revealed that the surface temperature of xeriscaping was
approximately 5-15 °C lower than impervious surfaces and approximately 5-10 °C higher
than traditional vegetated areas (trees, shrubs, and grass—lawn), indicating a trade-off
between water-efficient plants and the maximum cooling effect.

Plant selection was also a critical factor in improving urban thermal conditions while
taking water scarcity in hot-arid regions into consideration. For example, Abedrabboh
etal. [46] indicated that increasing the cover percentage of Ziziphus spina-christi (Sidra), a na-
tive tree in Qatar, from 0.48 to 3.14% on sidewalks reduced MRT and PET by approximately
14.6 and 2 °C, respectively. Moreover, the cooling effect of Delonix regia outperformed
Prosopis cineraria (Ghaf), a native tree in Abu Dhabi, UAE [175]. This is because Delonix
regia has a larger canopy, thus providing greater shade. Furthermore, in Oman, Al Hashim
et al. [67] concluded that acacia trees significantly outperformed palm trees; this is because
the crown of acacia is wider and closer to pedestrians compared to palms. However,
Bencheikh and Rchid [93] concluded that dense palm groves provide a strong oasis cool-
ing effect, reducing daytime air temperature by approximately 4.5 °C and nighttime air
temperature by approximately 10 °C.

Similarly, in Mediterranean environments, a simulation study assessed three NBS
scenarios, combining trees, shrubs, herbaceous species, climbers, and grass, integrated
with reflection pavements in an existing parking area [185]. The plant selection strategy
was based on ecological criteria, including drought resistance, climate suitability, low
maintenance, and biodiversity support. The results showed that the most vegetated
scenario reduced UTCI and MRT by approximately 5.4 and 17.3 °C, respectively.

° Urban Context and Climate

Studies have shown that the local climate and surrounding characteristics have a great
influence on minimizing or maximizing extended PCI to their urban surroundings [31].
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For example, Cheng et al. [37] found that urban-tree cooling efficiency varied significantly
across climatic regions. However, their cooling-efficiency metric was based on the change
in land surface temperature relative to the change in tree-cover percentage, rather than
absolute air-temperature reduction. Their results showed a mean cooling efficiency of
0.4541 in arid cities compared with 0.2317 in temperate cities. The study also identified
climate-dependent relationships between meteorological variables and tree-cooling effi-
ciency, including differences in the effects of air temperature, humidity, and wind speed.

Regarding urban context, the best cooling performance of vegetation is in low-density
areas in Mediterranean climates. [156]. Moreover, Lopez-Ordonez et al. [186] investigated
the influence of the interactions between tree cover and urban form on heat stress by testing
two urban models, including linear blocks and towers, in Mediterranean residential areas.
The study concluded that trees reduced MRT by approximately 5.3 and 8.8 °C in linear
blocks and towers, respectively, highlighting how urban context can significantly influence
the cooling effectiveness of green infrastructure.

e  Irrigation

Irrigation has been shown to greatly reduce the average daytime air temperature.
Irrigation cools cities by increasing the latent heat flux through the evaporation process and
decreasing sensible heat. For example, Chakraborty et al. [90] found stronger irrigation-
induced cooling and moistening in arid urban clusters than in other climatic zones, partly
because evapotranspiration in arid regions is more sensitive to soil moisture and irrigation.
Similarly, Ed-dahmany et al. [119] demonstrated the importance of water availability in
regulating vegetation cooling in arid and semi-arid environments. Their findings showed
that hydrological stress can limit stomatal conductance and transpiration, thereby reducing
the evaporative cooling capacity of vegetation. Conversely, irrigated urban green spaces
can enhance evapotranspiration and surface cooling. In Dakhla, for example, irrigated
parks and lawns contributed to a daytime urban heat sink of approximately 0.7 °C through
enhanced evaporative cooling and shading. The study also found that approximately
80% of the variation in daytime urban-vegetation surface-temperature differences were
explained by vegetation transpiration. However, irrigation also increases humidity, and its
effects on heat stress vary depending on the thermal stress indicator considered.

Moreover, greater irrigation does not necessarily result in proportionally greater
cooling. Wei et al. [60] found that excessive irrigation was not required for effective
heat mitigation by urban trees in arid environments, with optimized irrigation strategies
potentially reducing water use by 30-50% compared with conventional practices. Their
findings further indicated that shading from low-height trees with expansive crowns can
provide substantial cooling with relatively low irrigation requirements, highlighting the
importance of balancing cooling performance with water conservation in hot-arid cities.

On the other hand, the influence of irrigation may differ under Mediterranean climatic
conditions. Garcia de Cezar et al. [103], in an experimental street canyon in Montpellier,
found that increasing irrigation from a deficit to well-watered conditions produced a
moderate short-term reduction in air temperature and only marginally increased the
relative humidity. More intensive irrigation also did not significantly improve UTCI, with
shading and radiative effects of vegetation and canyon morphology having a greater
influence on thermal comfort compared to irrigation.

3.2.9. Public Perception

Public perception is a vital factor to ensure an effective implementation of UHI mit-
igation strategies [187]. Nevertheless, there is insufficient attention in the urban climate
literature about public awareness and perceptions of UHI mitigation and implementation

https://doi.org/10.3390/land 15102008


https://doi.org/10.3390/land15102008

Land 2026, 15, 2008

35 of 49

strategies. City governance and policy measures are responsible of the effectiveness of
urban cooling strategies [188].

A survey was conducted in three hot-arid Saudi cities, indicated that 40% of partici-
pants expressed dissatisfaction with the condition of green infrastructure and the services
it provides [71]. However, the results revealed a high awareness among respondents of
the role of green infrastructures in regulating microclimate. Furthermore, around 86% of
participants supported innovative approaches for enhancing urban greenspaces such as
green roofs, green facades, rain gardens, vegetation corridors under electric cables, etc.
Another survey in Jeddah, Saudi Arabia, demonstrated that most of participants acknowl-
edged the important role of greenspaces in mitigating heat stress, with 92% confirming that
greenspaces help control the local climate, 89% demonstrating their great role in reducing
the air temperature, and 88% recognizing their effectiveness in mitigating UHI effects [74].
Moreover, a questionnaire was distributed in the hot-arid city of Dubai by Twarat [101]
and revealed that approximately 81% of respondents recognized that increasing vegetation
cover in conjunction with implementing sustainable urban design significantly improves
outdoor thermal comfort.

Similarly, on the Greek island of Crete, with a Mediterranean climate, Tsitoura
et al. [102] concluded that, according to participants’ responses, sun exposure was the
most important factor affecting thermal comfort by approximately 59%, followed by noise
by approximately 25% and then temperature by approximately 17%. Furthermore, shaded
areas by trees achieved the highest level of comfort satisfaction, particularly during hot
seasons. Another survey was conducted in the Mediterranean city of Florence, Italy, by
Speak and Salbitano [76], demonstrating that 98% preferred staying and spending more
time in shaded areas during hot seasons. Moreover, a questionnaire conducted in the
Mediterranean city of Barcelona investigated whether urban greenspaces can be used as
cooling refuges for the elderly during hot seasons [82]. The survey included 291 older adults
aged 65 and over. The results revealed that around 54% of respondents use greenspaces for
cooling shelters, with 67.5% of them spending between 1-3 h in parks. Regarding the pre-
ferred characteristics of cooling greenspaces, approximately 80% of participants prioritized
shaded areas by tree canopies, while about 65% preferred dense vegetation areas.

4. Discussion
4.1. UHI Studies

The results showed that urbanization is the primary driver of both CUHI and SUHI
phenomena in both climates. Factors such as a lack of vegetation, unsuitable urban ge-
ometry, vast expanses of impermeable surfaces, and massive anthropogenic activities
significantly contributed to cities being warmer than their surrounding rural areas. For ex-
ample, industrial areas recorded the highest LST values, while greenspaces had the lowest
LST values in both climates. Furthermore, other variables, including LULC and distance
from water bodies (seas or rivers) considerably influenced urban thermal environments in
both climates.

However, the characteristics of CUHI and SUHI phenomena may behave differently
between the two climates. For example, hot-arid regions may experience daytime CUCI
and SUCI effects and nighttime CUHI and SUHI effects. This is because the built structures
and greenspaces in hot-arid cities provide shade and evapotranspiration, thus making
cities cooler than the surrounding desert areas, particularly during the day. Moreover,
impermeable surfaces in urban areas release the heat they gained during the day more
slowly than natural surfaces in rural areas, exacerbating both phenomena at night. In
contrast, Mediterranean cities typically experience daytime and nighttime CUHI and SUHI
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effects, due to their lower vegetation cover and higher heat sources, such as impermeable
surfaces and anthropogenic activities, compared to the surrounding rural areas.

In addition, hot-arid regions experienced a strong seasonal variability, with summers
characterized by extreme heat stress, while winters and falls were more moderate. On
the other hand, Mediterranean regions experienced diurnal variations in the intensity of
CUHI, with nighttime temperatures being lower than daytime temperatures, particularly
in summer.

Climate-adapted urban planning and design play a crucial role in mitigating CUHI and
SUHI effects and improving outdoor thermal comfort. For example, a compact urban fabric
was the optimal geometry in hot-arid cities, as it reduced urban temperatures by blocking a
great amount of incoming solar radiation. On the other hand, deep canyons and arcades
were well-suited to Mediterranean cities, where they improved shading effectiveness.
Moreover, a low SVF and a high aspect ratio contributed to providing adequate shade, thus
reducing heat stress, particularly during the day in both climates.

Green infrastructure, furthermore, has proven its effectiveness in reducing CUHI and
SUHI effects and improving outdoor thermal comfort, with a stronger cooling effect in
hot-arid environments. Nevertheless, the cooling effect resulting from urban geometry
strategies was higher than that of vegetation alone in hot-arid climates, due to the scarcity
of water. In contrast, vegetation, particularly urban trees, was the most effective mitigation
strategy in Mediterranean climates.

Moreover, blue infrastructure and cool materials have shown a significant impact on
reducing CUHI and SUHI effects and enhancing outdoor thermal comfort in both climates.
However, water bodies increase humidity, so this strategy may pose a problem rather than
a solution in cities already experiencing high humidity levels. Furthermore, integrated
multiple strategies contribute significantly to mitigating the CUHI effect and improving
outdoor thermal comfort compared to individual strategies in both climates.

4.2. Vegetation-Based Strategy Studies

Studies have shown that expanding greenspaces across cities resulted in a modest
decrease in air temperature in both climates. However, other parameters, such as LST, MRT,
solar radiation, and thermal indices, were significantly reduced, thus greatly improving out-
door thermal comfort. Conversely, greenspaces increased the relative humidity, potentially
exacerbating thermal discomfort, particularly in cities with high humidity levels.

Vegetation is distinguished by its cooling mechanisms, shading and evapotranspi-
ration. The cooling effect of shading was greatly higher than that of evapotranspiration
during the day in both climates. However, tree shade may trap some heat radiation at
night, thus reducing outdoor thermal comfort. On the other hand, grass provides a modest
cooling effect both day and night. Overall, the air temperature reduction was slightly
higher due to evapotranspiration, while the reduction in LST and MRT was much higher
due to shading in both climates.

The differences in cooling performance reported between BWh and Csa climates
should not be attributed to climatic classification alone. The reviewed studies varied in veg-
etation type and configuration, irrigation and water availability, urban morphology, spatial
scale, and methodological approach, all of which may influence the reported cooling effects.
These factors should therefore be considered when interpreting cross-climate comparisons.

Three types of green infrastructure, including urban parks, street trees, and green roofs
and walls, were extensively investigated in the reviewed studies. Urban parks showed a
significant cooling effect in both environments with the cooling ability varying based on size
and tree canopy density. For instance, large, well-shaded parks provided a better cooling
performance than small, open parks in both climates. Moreover, the cooling effect of urban
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parks extended beyond their boundaries, reaching tens of meters into the surrounding
urban areas. Overall, urban parks produced a greater cooling effect in hot-arid regions
compared to those located in Mediterranean regions.

In addition, street trees provided substantial cooling effects in both climates, with
stronger effects in hot-arid climates. This is primarily because of their ability to block a large
amount of solar radiation. Moreover, most studies addressing this strategy were conducted
in hot-arid regions, mainly because drought-resistant trees can provide substantial shade
while requiring relatively low levels of irrigation. In contrast, planting grass over large
areas requires large quantities of water, often difficult to provide in such a climate. Overall,
street trees, like urban parks, had a limited impact on reducing air temperature in both
climates. However, their influence on reducing other parameters, such as LST, MRT, and
thermal indices, was much higher, achieving substantial improvements in thermal comfort.

Just like parks and street trees, green roofs and walls strategies contributed to a slight
reduction in air temperature at the rooftop and pedestrian levels in both climates. However,
their impacts on surface temperature were significantly higher, particularly in BWh climates.
They can reduce the demand for cooling in summer and heating in winter, thus achieving
a balance between different seasons, especially in Csa climates. Regarding living walls,
the vegetation density and facade orientation were important variables influencing their
cooling capacity.

Moreover, the scale and geometry of a park may affect its cooling performance, as
larger parks with regular shapes produced a stronger cooling effect than smaller parks with
irregular shapes in both climates. However, the landscape composition had a substantially
greater impact on the cooling capacity of greenspaces in both climates. Plant height,
greenspaces connectivity, and the distribution, density, and diversity of vegetation were
among the most important factors in minimizing or maximizing the cooling performance
of green infrastructure in both climates.

In addition, vegetation type, plant selection, and irrigation management are important
factors in balancing the urban cooling performance with water conservation, particularly in
hot-arid regions. While irrigation can enhance evapotranspirative cooling by increasing the
latent heat flux and reducing the sensible heat flux, greater water use does not necessarily
result in proportionally greater cooling. The contribution of irrigation to cooling may
also vary according to climatic conditions, vegetation characteristics, soil moisture, and
the relative roles of evapotranspiration and shading. Therefore, climate-sensitive plant
selection and efficient irrigation management are essential for maximizing thermal benefits
while minimizing water demand, particularly in water-scarce environments.

Furthermore, the cooling intensity of vegetation varied with seasons, being signif-
icantly higher in summer than in winter in both climates. Moreover, both climates ex-
perienced diurnal variations, with the cooling effect from vegetation being more intense
during the day than at night. In addition to the cooling intensity, the cooling distance was
affected by time, extending further in summer and during the day compared to in winter
and at night.

Moreover, the cooling efficiency of urban trees varied depending on the local climate.
For example, their cooling effect in hot-arid environments was almost twice that of Mediter-
ranean environments. This is because the higher air temperature and lower humidity
contributed to the increased efficiency of urban trees. Wind speed and direction can also
influence the cooling capacity of trees, particularly in Mediterranean Csa climates. Further-
more, the urban context had a great impact on the cooling performance of vegetation in
both climates.

Public perceptions play an important role in understanding the effectiveness and accep-
tance of vegetation-based cooling strategies. Surveys conducted in hot-arid cities focused
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on residents’ satisfaction with the current conditions of greenspaces, public awareness of
green infrastructure’s role in regulating microclimates, and the community willingness to
support greenery innovations with clear implications for governments and policymakers.
However, surveys conducted in Mediterranean regions concentrated more on public prefer-
ences of landscape configurations in greenspaces, helping urban designers and landscape
architects create greenspaces tailored to local communities.

4.3. Methods for Measuring UHI Effect and Vegetation-Based Mitigation Strategies in
Both Climates

The reviewed studies widely utilized individual methodological approaches, includ-
ing thermal remote sensing, on-site measurements, and numerical simulation, across both
climates. Remote sensing was the most frequently employed approach in studies focused
on SUHI characteristics, particularly in BWh regions. On the other hand, numerical simu-
lations accounted for half of the reviewed studies focusing on vegetation-based cooling
strategies. ENVI-met software, moreover, has predominantly been used across both cli-
mates, due to its high capacity to test current conditions, proposed scenarios, and future
strategies in a multi-scale manner. Despite the increasing use of remote sensing and simula-
tion techniques across the reviewed studies, on-site measurements remain widely used,
particularly in Mediterranean regions.

Moreover, the limited number of studies integrating multiple approaches has resulted
in a significant methodological gap. This is because each method has its own strengths
and limitations in studying UHI patterns and evaluating the cooling effect of vegetation.
Combining multiple methods can provide a broader understanding of the assessment by
leveraging the strengths of each approach.

4.4. Research Gaps and Future Directions

Although vegetation-based strategies have been widely examined for their effective-
ness in mitigating UHI, several research gaps remain.

1.  Greater focus on outdoor thermal comfort:

Many of the reviewed studies focused primarily on assessing cooling performance
using air temperature and LST, while insufficient attention has been given to MRT and
outdoor thermal indices in both climates. These parameters are important for accurately
assessing how people feel in outdoor spaces. Future studies should therefore place greater
emphasis on using MRT and outdoor thermal indices to evaluate the influence of vegetation
on pedestrian-level heat exposure.

2. Water availability and irrigation requirements:

The relationship between the cooling efficiency of vegetation and water availability is
another significant gap, particularly in hot-arid environments. Issues, such as irrigation
demands, drought tolerance, water-use efficiency, and the trade-offs between cooling
benefits and water consumption remain insufficiently investigated in both climates. Future
research should assess vegetation strategies according to their cooling capacity and water
requirements, particularly in hot-arid regions.

3. Interactions between vegetation and urban morphology:

Although the urban morphology plays an important role in shaping urban thermal
conditions, relatively few of the reviewed studies examined how the urban form interacts
with vegetation-based mitigation strategies. Some studies considered morphological char-
acteristics or Local Climate Zones (LCZs); however, evidence specifically addressing how
vegetation cooling effectiveness varies across different LCZs and urban morphological con-
figurations remained limited. Further research should integrate vegetation characteristics
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with LCZ classifications and morphological parameters, such as the building density, street
geometry, and sky view factor, to better understand how the urban form influences the cool-
ing performance of vegetation-based strategies across hot-arid and Mediterranean climates.

4.  Integration of field measurements, remote sensing, and simulation:

Methodological limitations also are another crucial research gap. Reviewed studies
extensively employed individual methods in both climates. Remote sensing is valuable for
investigating city-scale heat patterns, while field measurements and numerical simulations
are more beneficial for the neighborhood, street, and pedestrian scales. Nevertheless, the
inadequate combination of these methods limits the connection between city-scale urban
heat patterns with the cooling effect of vegetation at the pedestrian scale. Future studies
should adopt integrated approaches combining the three methods to provide a broader
and multi-scale understanding of vegetation-based mitigation strategies.

5. Public perception and community acceptance:

In addition to these environmental and methodological gaps, the social aspects of
vegetation-based strategies remain relatively undiscovered. Reviewed studies, in both
climates, have widely focused on the cooling intensity and distance of vegetation, with less
consideration given to how communities, in all their diversity, interact with these strategies.
Knowing that residents’ perceptions, preferences, and acceptance can significantly influence
the successful implementation and long-term maintenance of green interventions, future
studies should therefore integrate the public perceptions and social equity considerations
of vegetation-based strategies to guarantee that green interventions are publicly supported
and accessible to local communities, especially those experiencing heat exposure.

6.  Urbanization, climate change, and future extreme heat:

The combined effects of rapid urbanization and climate change represent another
important area for future research. Continued urban growth and the expansion of impervi-
ous surfaces are expected to intensify urban heat, while climate change is increasing the
frequency, intensity, and duration of extreme heat events. However, limited attention has
been given to whether current vegetation-based mitigation strategies will maintain their
cooling effectiveness under future urban and climatic conditions. Future studies should
therefore assess the vegetation cooling performance under projected urban growth and
climate change scenarios, considering the changes in temperature, extreme heat, urban
density, water availability, and vegetation performance. Such research is essential for
developing climate-responsive vegetation strategies that remain effective and resilient as
cities continue to grow and experience increasingly severe heat conditions.

4.5. Limitations of the Review

This scoping review has several limitations. First, the search was restricted to peer-
reviewed English-language studies published between 2010 and 2026 and indexed in Sco-
pus, Web of Science, and ProQuest, which may have excluded relevant evidence available
in other languages, databases, or grey literature. Second, the review focused specifically on
BWh and Csa climatic classifications; therefore, the findings may not be directly generaliz-
able to other climatic contexts. Third, the study selection and data charting were conducted
by a single reviewer, which may have increased the potential for selection or extraction
errors, although the charted data and review process were subsequently reviewed and
validated by the other authors. Fourth, although the search strategy employed multiple
combinations of terms related to UHI and vegetation-based mitigation, the predefined
search terms may not have captured all relevant studies. In particular, terms such as “Local
Climate Zone” and “LCZ” were not explicitly included in the search strategy, and some
studies focusing primarily on urban morphology or LCZ classifications may therefore have
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been missed, although a small number of studies addressing these interactions were identi-
fied through the applied search terms. Finally, no formal critical appraisal of the included
sources was undertaken; consequently, the findings should be interpreted as a mapping
and synthesis of the available evidence rather than an assessment of its methodological
quality or certainty.

5. Conclusions

This systematic review provides a thorough synthesis of research on UHI characteris-
tics and the efficiency of vegetation-based mitigation strategies in hot-arid and Mediter-
ranean climates. The results indicate that the characteristics of UHI vary depending on
climatic conditions, urban morphology, LULC, and surrounding environments. For ex-
ample, hot-arid regions may experience daytime CUCI and SUCI effects and nighttime
CUHI and SUHI effects, while Mediterranean regions generally exhibit CUHI and SUHI
effects during both day and night. These variations highlight the important role of climatic
context on shaping UHI; therefore, greater attention to climatic context may contribute to
the development of appropriate mitigation strategies.

The reviewed evidence indicates that vegetation can contribute to reducing urban
temperatures and improving outdoor thermal comfort through shading and evapotranspi-
ration mechanisms. The shade provided by trees was particularly important in reducing
pedestrian heat exposure, while the latent heat flux resulting from evapotranspiration
contributed to additional cooling, particularly at night. However, the cooling capacity of
vegetation varied according to vegetation type, configuration, density, spatial distribution,
local climate, water availability, and urban context. As a result, it is challenging to develop
a universal applicable solution for vegetation-based strategies with consistent cooling
performance across different climates and urban contexts.

This review also identified great methodological diversity in the evaluation of UHI
and vegetation cooling strategies. Although field measurements, remote sensing, and
numerical simulations were extensively adopted across both climates, the integrations
between them remain relatively limited. Moreover, greater focus has been placed on
climatic factors than thermal sensation parameters. Therefore, future research should focus
more on integrating multiple methodological approaches and spatial scales, increasing the
assessment of pedestrian-level thermal comfort and public perceptions, and investigating
the interactions between landscape configurations, urban morphology, climatic conditions,
and water availability.

Overall, this review indicates that vegetation represents a vital element of urban heat
mitigation in both BWh and Csa climates. However, its effectiveness is highly dependent
on context. Understanding these climatic and spatial differences is critical for moving
toward evidence-based vegetation strategies rather than generalized greening recommen-
dations. This review provides a foundation for urban planners, landscape architects, urban
designers, and policymakers to develop more thermally comfortable and sustainable urban
environments, particularly in hot-arid and Mediterranean climates as we move into an era
of ever-changing climates with even greater numbers of urban citizens than before.
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searches. Table S2. Reviewed studies focusing on vegetation-based mitigation strategies; Table S3.
The distribution of UHI studies by country, city, and climate classification; Table S4. The distribution
of studies focusing on vegetation strategies by country, city, and climate classification; Table S5. More
details on studies focusing on UHI characteristics conducted in hot-arid climates; Table S6. More
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Abbreviations

The following abbreviations are used in this manuscript:

UHI Urban Heat Island

ucI Urban Cool Island

BWh Hot-Arid Desert Climate (Koppen climate classification)
Csa Mediterranean Climate (Képpen climate classification)
PET Physiological Equivalent Temperature

UTCI Universal Thermal Climate Index

PMV Predicted Mean Vote

NBS Nature-Based Solutions

NDVI Normalized Difference Vegetation Index

NDBI Normalized Difference Built-up Index

LULC Land Use/Land Cover

LST Land Surface Temperature
MRT Mean Radiant Temperature
SVF Sky View Factor

PCI Park Cool Island

MODIS Moderate Resolution Imaging Spectroradiometer
ASTER  Advanced Spaceborne Thermal Emission and Reflection Radiometer
WRF Weather Research and Forecasting
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