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Abstract: In hot, arid regions, outdoor spaces suffer from intense heat. This study explores how
vegetation can improve outdoor thermal performance for pedestrians in low-density residential
areas. Specifically, it seeks to identify the best combination of grass and trees for optimal comfort.
Four scenarios were simulated using ENVI-met software, varying the proportions of grass and
three tree types: 50% grass, 50% grass with 25% trees, 50% grass with 50% trees, and 50% grass
with 75% trees. A reference scenario with no vegetation was also investigated. The simulated
outputs encompassed air temperature (Ta), mean radiant temperature (Timt), relative humidity
(RH), and physiologically equivalent temperature (PET). The findings show that scenarios with
a higher percentage of trees exhibited the best reduction in air temperature, ranging from 0.2 k
to 0.92 k. Additionally, the inclusion of trees and grass in the scenarios resulted in a substantial
improvement in thermal performance, with an average reduction of 7.5 degrees in PET. Among
the evaluated scenarios, the one comprising 75% trees and 50% grass exhibits the most noteworthy
enhancement. This study underscores the significance of strategically positioning vegetation to
coincide with prevailing wind patterns, thereby enhancing convective cooling mechanisms and
improving overall thermal comfort levels. These insights offer valuable implications for urban
planning and the development of sustainable design strategies.

Keywords: green adaptation; urban microclimate; ENVI-met; Outdoor Thermal Comfort (OTC); heat
mitigation; physiologically equivalent temperature (PET)

1. Introduction

Global warming-induced temperature increases across diverse regions are projected
to substantially impact outdoor and indoor thermal comfort, posing significant threats to
human health in the coming decades [1]. The effectiveness of climate has attracted the atten-
tion of many urban planners due to the documented increase in atmospheric temperatures
in urban regions, particularly in hot, arid climatic zones [2]. The temperature rise could
be attributed to the manifestation of the Urban Heat Island (UHI) phenomenon, which
impacts numerous urban areas. The UHI phenomenon is distinguished by a pronounced
elevation in air temperature within urban regions compared to the adjacent rural areas. As
cities expand, urban sprawl increases heat trapped by human activities, heat-absorbing
surfaces like asphalt, air pollution, and the loss of green spaces [3].
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In metropolitan regions, pedestrian-induced urban heat islands (UHIs) significantly
influence human well-being and thermal satisfaction. The absence of green spaces primar-
ily contributes to thermal discomfort in urban outdoor environments. Numerous studies
have indicated that urban areas in warm climatic conditions tend to use limited spaces
by substituting heat-absorbing land surfaces with natural cover [4-6]. This phenomenon
occurred because of the substitution of indigenous plants with surfaces that possess the
capacity to assimilate solar radiation and retain heat. The phenomenon can be attributed
to the materials’ thermal and optical characteristics. Specifically, artificial substances like
asphalt pavements and concrete edifices can absorb and retain solar radiation. Unlike their
natural surroundings, they exhibit notable moisture resistance, reducing the likelihood
of evaporative cooling. Recently, more emphasis has been placed on understanding the
relationship between urban features and local climate and devising mitigation and adapta-
tion techniques to enhance urban thermal performance [7,8]. Several studies on the effects
of various urban geometrical thermal mitigation measures on outdoor spaces have been
conducted for hot, arid climate zones [9-12].

The geometrical variables of urban environments explored in the evaluated studies
are divided into two categories (squares and plazas, canyons) [13-16]. The canyon-like
shape of buildings and streets also traps heat in metropolitan regions. Squares and plazas
have geometrical variables such as the aspect ratio and sky view factor (SVF). These
variables are determined by the characteristics of those spaces, which are associated with
the urban pattern’s shape and geometry [17]. The prevailing meteorological conditions
directly influence outdoor thermal comfort, a state of mind expressing satisfaction with the
ambient thermal environment [5,18]. Several studies have employed the physiologically
equivalent temperature (PET) index [19-21]. The PET index combines the influences of air
temperature, humidity, wind speed, and radiation fluxes into a single representative value.
As an empirical heat-balance model calibrated to a physiological response, PET provides
an updated assessment of individuals” outdoor thermal conditions.

Evaluating outdoor thermal comfort is based on the concept of human energy balance.
This concept recognizes the human body’s capacity to thermoregulate and adapt to differ-
ent microclimates. As depicted in Figure 1, the study emphasizes the significance of the
physiological equivalent temperature (PET) and its relation to thermal perception [22]. PET
serves as a valuable tool for evaluating the thermal characteristics of diverse climates [23].
Furthermore, it is widely recognized as an outdoor thermal comfort indicator, investi-
gating the influence of urban geometric attributes on thermal conditions across various
weather conditions [24,25]. The PET index incorporates multiple environmental factors,
including air temperature, relative humidity, wind speed, and solar radiation, to provide a
comprehensive assessment of the outdoor thermal conditions.

Cities striving to enhance urban thermal environmental performance employ various
mitigation strategies to improve thermal conditions within urban areas. Design techniques
incorporating urban geometry considerations, such as sky view factor (SVF), aspect ratio,
and shading scenarios, play a significant role in these efforts. Several well-established
strategies are employed to mitigate urban heat island effects, including solar-reflective cool
roofs, solar-reflective cool pavements, vegetative green roofs [26], and increased street-level
urban vegetation [5,27,28]. Furthermore, different vegetation scenarios can substantially
influence the cooling impact in outdoor urban spaces. Urban vegetation provides shade
for buildings and surfaces, leading to lower urban temperatures through two mechanisms:
enhanced evaporative heat flux and reduced sensible heating. The cooling effect is more
pronounced with higher canopy density, improving human thermal comfort [29]. These
strategies effectively address the challenges of urban heat mitigation and contribute to
creating more thermally comfortable urban environments.
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PET (°C) Thermal Perception Grade of Physiological Stress
=11 Cool Moderate cold stress
13-18 Slightly cool Slight cold stress
18-23 Comfortable No thermal stress
23-29 Slightly warm Slight heat stress
A=t Warm Moderate heat stress

Figure 1. The relationship between the PET index, the perceived thermal sensation, and physiological
heat stress experienced by humans.

In this research, we seek to quantify the optimal percentage of vegetation that can
contribute to thermal comfort in hot, arid climates, especially in low-density built-up
residential districts, by integrating multiple elements of vegetation, including trees and
grasses. ENVI-met has been used as a simulation tool, which predicts the consequences of
large structural changes like alternative building constellations and the interactions between
small structural changes and local climate resulting from the urban pattern form and
geometry [30]. This study has important implications for urban planners and policymakers
seeking to advance sustainable development and mitigate the adverse effects of climate
change and urban heat island effects.

2. Literature Review

Numerous studies have extensively assessed the influence of vegetation and land
covers on the thermal performance of urban environments [31-35]. One of these studies
investigated the effectiveness of trees in mitigating the UHI effect and reducing energy
consumption in built-up areas of Cairo [36]. The findings of this research emphasized
that the density of the built-up area influences the trees’ cooling effect. In high-density
areas, trees demonstrated a notable cooling impact, decreasing the daily air temperature by
approximately 0.2-0.4 k. However, the trees had the opposite effect in low-density areas,
increasing air temperatures of up to 3.0 k. This disparity can be attributed to the interplay
of humidity and evaporation processes. These findings underscore the significance of
considering the urban context and density when implementing vegetation-based strategies
to mitigate the UHI effect and enhance outdoor thermal comfort effectively.

Another investigation explored the impact of modifying land cover on surface and
air templates within micro-scale localized urban areas. Their findings revealed a distinct
temperature distribution, with asphalt exhibiting the highest temperatures, followed by
soil, grass, water, and forest. However, as the number of measurement points increased,
the spatial pattern of hot and cool spots became more evident at the surface level. The
temperature contrast between hot and cool spots decreased with increasing height, showing
a difference of 4.1 °C at 0.1 m and 3.1 °C at 1.5 m [3].

Srivanit and Hokao conducted a separate study that investigated the impact of tree
density and rooftop grass layers on air temperature reduction, particularly during the
peak of summer. Increasing the tree density by 20% leads to an average maximum tem-
perature decrease of 2.27 °C during the summer peak at 15:00. Combining both greening
strategies, i.e., combining trees to existing green areas and introducing rooftop grass layers
on educational buildings, yielded the most significant air temperature reduction, with a
temperature decrease between 0.24 °C to 2.29 °C [37]. Another study by Jim found that
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vegetated roofs exhibited lower maximum and minimum temperatures during the day
compared to non-vegetated roofs [34].

Taleghani et al. examined the influence of street trees, cool pavements, and green
roofs on air temperature and thermal comfort in urban environments [5]. Their findings
indicated that incorporating more street trees and cool pavements significantly reduced air
temperature by 1.5 k. However, these benefits were primarily confined to the pedestrian
level. Conversely, cool and green roofs offered cooling effects higher above but had
minimal impact on ground-level comfort. Interestingly, cool pavements were observed
to increase reflected sunlight reaching unshaded pedestrians, potentially reducing their
thermal comfort.

In areas with existing tree cover and adjacent to roadways, implementing cool pave-
ments significantly decreased the surface air temperatures during the day, with minimal
changes in mean radiant temperature. Consequently, this resulted in a decrease in PET of
1.1 °C, thereby improving thermal comfort. Contrarywise, adding street trees proved to
be the most effective strategy for enhancing the outdoor thermal comfort of pedestrians
in unshaded sites during the afternoon. In contrast, cool pavements demonstrated the
most substantial improvements in afternoon thermal comfort in shaded sites near streets.
Green and cool roofs exhibited the lowest effect on pedestrian thermal comfort as they
primarily influenced the energy balance at the roof level, which is well above the height of
pedestrians [5].

A comprehensive investigation examined how the built geometry and morphology
impact the outdoor thermal environment within a university campus situated in a hot
and humid urban area [38]. The research encompassed two main aspects. Firstly, field
measurements were employed to assess the impact of built geometry on microclimatic
conditions. Secondly, a survey was conducted to evaluate the students’ perceptions of
the outdoor thermal environment in a hot and humid climate. The findings of this study
revealed that various built parameters, including the sky view factor (SVF), building
materials, and green cover, significantly influenced microclimatic conditions and daytime
thermal sensation. Specifically, the presence of vegetation and its shading effect played a
crucial role in reducing air temperatures and PET values during the day, irrespective of
location orientation. Furthermore, internal shading of buildings was found to contribute
to increased pedestrian comfort [39]. This highlights the effectiveness of vegetation in
mitigating the UHI effect and enhancing outdoor thermal comfort.

Fahmy and Sharples conducted a study focusing on the passive thermal comfort
potential of a parallel and linear clustered form of urban trees in Cairo, Egypt [31]. Despite
the high temperatures indicated by the predicted mean vote (PMV) values, reductions in
PMV values were observed within the cluster courtyards, even with low closure ratios that
would typically lead to more significant reductions. It should be noted that these results
were influenced by the simulation of a critical day under Cairo’s hot, arid conditions and
potential software overestimations [40].

Investigating the impact of vegetation cover and urban density on the urban heat
island effect, the findings by Chapman et al. showed that vegetation exhibited greater
effectiveness in reducing nighttime temperatures compared to daytime temperatures [33].
On the other hand, Weng et al. conducted a study examining the relationships between
land surface temperatures (LST), impervious surface fraction, and green vegetation fraction
in Indianapolis, United States. The research revealed a positive correlation between LST
and impervious surface fraction, while a negative correlation was observed between LST
and green vegetation fraction. The study also identified specific relationships between LST
and urban morphology, with each temperature zone associated with a dominant land use
and land cover (LULC) category [35].

Examining the impact of vegetation on external thermal comfort in hot, arid regions,
focusing on the Algerian Sahara as a case study, Dohssi et al. analyzed various environmen-
tal factors such as air temperature, humidity, radiation, and surface temperature. Thermal
comfort indices were also considered, including predicted mean vote (PMV) and PET.
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Their findings emphasized the significant role played by vegetation in enhancing thermal
comfort within urban environments situated in hot, arid climates. The presence of plants
and trees was found to moderate microclimate conditions, leading to improved thermal
sensations and physiological responses for individuals in outdoor spaces [41].

Louafi et al. investigated the influence of vegetation cover on thermal and visual
comfort in hot, dry urban environments. Their analysis of microclimate variables and
comfort indices revealed that dense vegetation significantly optimized conditions and
enhanced pedestrian thermal and visual comfort in challenging settings. Greenery was
found to reduce air temperatures, increase humidity, and provide shading, improving
overall outdoor comfort experiences [42].

3. Case Study

Aswan is located in the southern region of Egypt (Figure 2), characterized by a hot,
arid climate and extreme temperature variations. During summer, daytime temperatures
in Aswan City can exceed 45 °C, while in winter, they can drop below 15 °C. The relative
humidity in this region follows distinct seasonal patterns. The lowest relative humidity
values, around 12%, are typically observed in July and August. Conversely, the highest
relative humidity values, reaching 36% and 34%, are recorded in December and January,
respectively [43]. EL-Khazzan residential district in Aswan was selected as the research site
based on its suitability for the study. Figure 3 depicts the location of EL-Khazzan in the far
south of Aswan, approximately 9 km from the airport.
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Figure 2. Egyptian climatic region showing the location of Aswan City.

This region is characterized by a hot and dry desert climate, which makes it an ideal
candidate for investigating the influences of vegetation types on thermal comfort in such
environments. The total area of the residential district encompasses 33,800 m?2, with 13% of
the area being built up, as indicated by the land use ratio presented in Table 1. The district
consists of one-story residential buildings constructed with a structural system comprising
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bearing walls. Each residential block has a standard area of 130 m?. Figure 4 illustrates that
the aspect ratio of the district is 1/2, including streets that are 10 m wide and a height of
5 m for buildings. Notably, each residential block is accompanied by a green yard, which
adds to the overall vegetation cover in the area. Despite being a low-density built-up area,
EL-Khazzan serves as a valuable case study for investigating the influence of different
vegetation types on outdoor thermal comfort in low-density areas.

@) (b)

Figure 3. (a) Aerial view of Aswan City showing the location of the studied area; (b) Detailed map
showing El-Khazan residential district.

Table 1. Land use ratio for EL-Khazzan case study.

Usage Area Percentage (%)
Built up area 4420 13
Streets and pedestrian area 29,380 87

Total areas 33,800 100
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Building height 5 m

Street width 10 m

(b)
Figure 4. Aspect ratio for street in the studied residential area, (a) street model; (b) conceptual section
showing the street width and building height.

4. Methodology

This study used a coupling method to comprehensively evaluate the effectiveness of
various greening scenarios on the thermal performance of a residential district microclimate.
Figure 5 presents the main phases to achieve the study aim: (1) The on-site measurements
were conducted to capture the current microclimate conditions at the pedestrian level in
the residential district. The collected data were obtained to gain insights into microclimate
thermal performance. Recently, it was used to validate the simulated study model. (2) ENVI-
met 5.5.1 software simulated the current case and other proposed mitigation scenarios.
These scenarios included the addition of trees, grass, and a combination of both.

Comparison between observed
and simulated Air temperature
output data

from LEONARDO Input Temperature (Tmrt)

microclimatic
data 50% Grass & 75% Tree * physiologically equivalent

temperature (PET)

Select the Best scenario
that improves outdoor
thermal performance.

|

|

|

|

| Four scenarios Compared
|

|

| withoutGreening
|

|
I
I
I
with Reference Case :
|
I
|

Approved the model
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1= e _y » A Envi-met s = Output data for -
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Figure 5. Flowchart for the overall research design.
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4.1. ENVI-Met Microclimate Model

The ENVI-met version 5.1.1 software was utilized to simulate a microscale environ-
ment for the case study. The input parameters employed in the ENVI-met modeling process
are presented in Table 2. This study employed full-forcing weather data boundaries ob-
tained from the Aswan University weather station for the investigated date. It implements
a 24-h forcing of air temperature (Ta) and relative humidity (RH). The provided maximum
and minimum Ta values were 44.4 °C and 30.17 °C, respectively, while the maximum
and minimum RH values were 34.4% and 15.7%, respectively. The grid dimension for
the simulation was set at 100 m x 100 m, allowing for a detailed analysis of the study
area. The core domain size was defined as 300 m x 300 m, and the vertical and horizontal
grid sizes are 3 m, which indicates that the simulation can capture fine-scale variations
in temperature. The fact that the highest building in the domain is 5 m suggests that the
simulation is focused on a relatively flat urban area with low-rise buildings.

Table 2. Input parameters for ENVI-met modeling.

Parameter

Value

Grid dimension

100 x 100 x 30 Grids
dx =3.00 m, dy = 3.00 m, Base dz = 3.00 m.

Core XY domain size

x =300, y = 300

Soil profile for all grids

Sandy soil for the neighborhood boundary, Loamy soil and pavement
around the buildings, and asphalt for streets.

Floor albedo

Albedo values as follows: sandy soil 0.31, loamy soil 0.1, pavement 0.5,
asphalt 0.12

Material emissivity

Emissivity values as follows: sandy soil 0.85, loamy soil 0.9, pavement

0.92, asphalt 0.95
Thickness of wall materials (m) 0.02 Cement plaster, 0.25 Brick wall, and 0.02 Cement plaster
Fagade albedo 0.2

Roof materials

Reinforced concretes
thickness = 0.3 m.

Simulation date 24 h on 13 August
Metabolic rate for persons (met) 1.48
Clothes (clo) 0.9
Start wind speed (m/s) 2
Start wind direction 315°
Initial specific humidity of atmosphere (g/kg) 8

4.2. Field Investigation and Model Validation

To validate the accuracy of the ENVI-met model, the simulated air temperature and
relative humidity values were compared to real data collected on-site through monitoring
equipment. On-site measurement data were collected in the EL-Khazzan study area at a
specific location designated as a reference point (P). For the measurements, Onset-Hobo-
MX1104 data loggers (Onset Computer Corporation, Bourne, MA, USA) were installed
at a height of 1.5 m, as depicted in Figure 6. It demonstrates high accuracy in measuring
temperature (—20 °C to 70 °C), relative humidity (0% to 100%), and light intensity (0 lux
to 167,731 lux) [44]. The measurements were taken continuously for 24 h on 13 August,
characterized by hot and sunny weather conditions. The 13th of August was chosen as it
reflects the general weather patterns and conditions commonly experienced during the
summer season in the city. Using data loggers was instrumental in ensuring precise and
dependable measurements of microclimate variables. The simulation was created using
the ENVI-met 5.1.1 software to model the current situation. Real local data for 13 August
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Air temperature °C

50.000

45.000

40.000

35.000

30.000

25.000

2023, obtained from the Aswan University weather station, were entered into the ENVI-met
software as input data to generate the simulation.

Figure 6. (a) On-site measurement at a specific point (P), (b) Onset-Hobo -MX1104 device.

Figure 7a,b illustrates the comparison between simulated and observed air tempera-
tures and relative humidity, revealing a notable similarity pattern. The variation between
simulated and observed air temperatures ranged from 1.2 to 3.2 °C, indicating a successful
alignment between the simulated and monitored models in terms of air temperature. Simi-
larly, the variation between simulated and observed relative humidity ranged from 0.04 to
4.24%. The strong correlation observed between ENVI-met and monitored climatic data

further supports the model’s accuracy in representing and simulating air temperature and
relative humidity variations.

Relative humidity (%)

BoR NN @ Wb
o v 5 o S & S & o
8 888888 8 8

0:00 6:00 12:00 18:00
6:00 12:00 18:00

Time Time

—=—Observed —+—Simulated —8—Observed —#— Simulated

@) (b)

Figure 7. Comparison between observed and simulated (a) Air temperature and (b) relative humidity
for point “P” at 1.5 m.

To ensure the reliability and accuracy of the ENVI-met model, a thorough validation
process was conducted using the root mean square error (RMSE) metric. The RMSE values
for air temperature and relative humidity were 2.44% and 2.24%, respectively, falling
within the tolerance criteria set by the American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE) with a +20% threshold for RMSE [45,46]. Additionally,
the coefficient of correlation (R2) recorded at 0.84 and 0.86 for air temperature and relative
humidity, respectively, as depicted in Figure 8a,b, further corroborates the successful
validation of the ENVI-met model regarding air temperature and relative humidity.
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Figure 8. Quantifying agreement between measured and simulated (a) air temperatures and (b) rela-
tive humidity on 13 August.
4.3. The Criteria to Design the Proposed Scenarios
Three distinct types of trees have been used in this study due to their previous efficacy
in mitigating thermal heat within hot, arid regions, based on the study conducted by Fahmy
etal. [47]. A new method was used to utilize the measurements of LAI, Albedo, and canopy
geometrical parameters of three common Egyptian urban trees for numerical modeling.
The results showed that trees with denser foliage and higher radiation reflectivity exhibited
increased evapotranspiration, incident radiation reflection, absorption, and shading effects.
Table 3 explains the specifications of these trees, including Cassia leptophylla, Cassia nodosa,
and Ficus nitida.
Table 3. Specification of investigated trees.
Specification Name of Tree
Cassia leptophylla Cassia nodosa Ficus nitida
Total
tree height 12m 5m 3m
Maximum LAD height 9m 4m 2m
Foliage height 8 m 3m 2m
LAI 3.185 3.499 3.986
Albedo 0.085 0.085 0.09

It has been observed that the Ficus nitida species is most effective when applied to the
boundary of the urban site. This is due to the species’ ability to provide shading and reduce
solar radiation exposure to the surrounding environment. Ficus nitida is not necessarily the
smallest of the three-tree species mentioned. However, it is still effective when applied to
the boundary of an urban site due to its ability to provide ventilation and shade on site. On
the other hand, Cassia leptophylla and Cassia nodosa are most effective when applied in the
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urban form core. The vegetation percentage is a crucial criterion for improving outdoor
thermal comfort. In Figure 9, the criteria for the distribution of trees according to their type
and specifications are illustrated. All the proposed scenarios were simulated and compared
to the reference case output data to explore the most effective vegetation percentage for
improving thermal comfort in the El Khazan residential district.

Cassia leptophylla

Cassia Nodosa

Figure 9. The distribution of the urban trees by their types for the scenario adding 50% grass and
75% trees.

In this regard, thermal performance was evaluated using key indicators such as
air temperature (T), relative humidity (RH), and mean radiant temperature (Tmt). The
data were collected from four specific points within each simulated scenario, and the
thermal condition was investigated throughout the district. Then, the extracted output
data were compared to the reference case. Vegetation scenarios are designed to leverage
the cooling and shading benefits of trees and the reflective properties of grasses to reduce
heat buildup and improve thermal comfort. These scenarios could be divided into four
different vegetation percentages, as shown in Table 4. Furthermore, the proposed scenarios
were gradually designed to include 25% to 75% tree percentages, with the grass percentage
assumed to be 50% of the total district outdoor area. In this regard, Sc-A exhibited 50%
grass without trees. Sc-B is 50% grass and 25% trees. Sc-C is 50% grass with 50% trees.
Finally, Sc-D is 50% grass and 75% trees.

Table 4. Design of reference case without greening and mitigation scenarios.

Name

Description

Grass
Percentage (%)

Two-Dimensional Site Plan for Three-Dimensional Site Plan for
Trees Simulated Scenarios Simulated Scenarios
Percentage (%)

Reference
scenario

0%

0%
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Table 4. Cont.

Description . . . . . .
Name Two-Dimensional Site Plan for Three-Dimensional Site Plan for

Grass Trees Simulated Scenarios Simulated Scenarios

Percentage (%) Percentage (%)
[+ “

mutl W BinIY B
L U '“

SC-A 500/0 00/0
.-...-...-..|-|.|-|. L
g v e T £|
"I. Tl

Sc-B 50% 25% e ®® ® ® & &8 ® © ﬁ
|'I]'I]'l|
:Iii'l'I!l'jﬂ |

Sc-C 50% 50%
Sc-D 50% 75%
5. Results

This research illustrates the specific locations of the four points: R1, R2, R3, and R4.
These points are situated in various locations and are exposed to varying degrees of shading
and different materials for covering land at each location, as shown in Table 5. R1 is located
adjacent to a residential block on pavement and is shaded by the adjacent building; R2 is
situated on the street (with a land cover of asphalt material). Leptophylla trees also shade
this point. R3 is also located in a setback area for a residential block but on pavement
rather than grass-covered land. A Cassia nodosa tree also shades this point. R4 is located
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on grass-covered land in the buffer zone, characterized by a wide free space without any
obstructions. Leptophylla trees shade this point.

Table 5. Location and description of measurement points.
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5.1. Air Temperature

The observed improvements in air temperature in all mitigation scenarios, particularly
those involving trees, were relatively minimal. A consistent performance was observed
across all measured points (R1, R2, R3, and R4). Figure 10 presents the temperature
differences, expressed in degrees, between the vegetation and reference scenarios over 24 h.

The outcomes of four vegetation scenarios are compared with a reference scenario.
From 8:00 a.m. to 7:00 p.m., Sc-A, which included the addition of 50% grass, resulted in
a reduction ranging from 0.02 k to 0.275 k; in Sc-B, where 25% trees and 50% grass were
added, a reduction ranging from 0.12 k to 0.67 k was recorded. Sc-C, which included 50%
trees, reduced from 0.13 k to 0.78 k. Lastly, Sc-D with 75% trees exhibited the best reduction,
ranging from 0.2 k to 0.92 k. On the other hand, from 8:00 p.m. to 05:00 a.m., during the
night, Sc-A reduced air temperature by 0.2 k. However, at Sc-B, it should be noted that one
measurement point, R1, located beside a building, exhibited an increase from 8:00 a.m. to
3:00 p.m., which increased by an average of 0.45 k. However, it exhibited a larger reduction
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of 0.5 k compared to reference scenarios. This discrepancy can be attributed to the surface
radiation and the moisture generated by the limited presence of trees in contrast to Sc-C
and Sc-D, where the inclusion of 50% grass and 75% trees led to an air temperature increase
during the night, ranging from 0.2 k to 0.6 k. The presence of trees can disrupt natural
airflow patterns.
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Figure 10. Air temperature (Ta) differences at R1, R2, R3, and R4 between the reference scenario and
mitigation scenarios A, B, C, and D.

During the day, trees can create shade and induce evaporative cooling by transpiring
water through their leaves, which can have a cooling effect. However, during the night,
the disrupted airflow caused by the trees can impede air exchange between the immediate
vicinity and the surrounding cooler air, leading to a stagnant air mass that can increase
temperatures. While these reductions positively impact air temperature, they are relatively
modest in magnitude.

5.2. Relative Humidity

The observed rise in relative humidity (RH) across all mitigation scenarios was rel-
atively modest. Consistent performance was evident across all measured points (R1, R2,
R3, and R4). Figure 11 illustrates the RH differences between the vegetation and reference
scenarios over 24 h. Comparing the outcomes of four vegetation scenarios with a reference
scenario, it is noted that from 7:00 a.m. to 7:00 p.m., Sc-A demonstrated an average RH
increase ranging from 0.018% to 0.263%. Sc-B exhibited an RH increase ranging from
0.33% to 0.95% during daylight hours. Sc-C demonstrated an RH increase from 0.35% to
1.2%, while Sc-D exhibited the highest RH increase from 0.4% to 1.5%. During the night,
specifically from 8:00 p.m. to 05:00 a.m., Sc-A witnessed a consistent 0.1% increase in RH
across all measured points. Sc-C and Sc-D increased RH during nighttime hours, ranging
from 0.1% to 0.7%.



Sustainability 2024, 16, 3995

15 of 23

Relative humidity reduction %

Relative humidity reduction %

0.25

-0.25
-0.5

-0.75

-1.25
-15
-1.75

0.5

0.25

-0.25

-0.5

-0.75

6:00

mSC-A

mSCA

R2

R1

0.5

IR RE L LIS LLLEE
. .
12:00 I Ill:ml I I I I

|
o
o
G

-05

Relative humidity reduction %

Time
TIME

sC-C SC-D

MSCA mSCB mSCC mSCD

R3 R4
mSCA mSCB mSCC mSCD
0.5

- 0.25

o N | I1I:m| [ LLk K I
L

ul:a(,l s;onl 1 |I:nn| I I I le:o(i I I pe

-0.25

Relative humidity reduction %

TIME

TIME

SCB sCC SCD

Figure 11. The differences in Relative humidity (RH) at R1, R2, R3, and R4 between Reference scenario
and mitigation scenarios A, B, C, and D.

5.3. Mean Radiant Temperature (T+)

Figure 12 shows a comparison between Tmrt Performance at four points. The data
collected from R1, during the daytime, indicated that the reference scenario without any
green elements resulted in the highest Tmrt values, reaching a maximum of 83.3 °C at
3:00 p.m. Conversely, mitigation scenarios Sc-A, Sc-B, Sc-C, and Sc-D showed noticeable
improvements mainly during the morning hours 7:00 a.m. to 12:00 p.m. and evening hours
4:00 p.m. to 7:00 p.m. Sc-A resulted in an average Tmrt reduction of 8.5 degrees. Sc-B
exhibited an average reduction of 15.6 degrees. Similarly, Sc-C, with 50% trees and 50%
grass, showed an average reduction of 16 degrees, resembling the performance of Sc-B.
However, Sc-D exhibited the most significant improvement, with an average reduction
of 17.4 degrees. During nighttime, scenarios involving trees showed a slight increase of
0.6 °C in Tmrt compared to the reference case at 5:00 a.m., while Sc-A demonstrated the
best results with an average Tmrt reduction of 1.9 °C. However, an observable increase
was noted during specific hours, 1:00 p.m. to 4:00 p.m. in Sc-B, Sc-C, and Sc-D, where trees
were present, possibly due to inadequate shading from the trees during these hours. The
most pronounced reduction in Tmrt occurred at 5:00 p.m., with Sc-B and Sc-C exhibiting a
reduction of 32 degrees and Sc-D recording a reduction of 34 degrees.

The simulated data were collected from R2, and the results indicate no observed
improvement in Sc-A compared to the reference case. Sc-B and Sc-C exhibit closely aligned
results. The most significant improvements were observed from 7:00 a.m. to 6:00 p.m. The
average reduction in Tmrt was 16 degrees, while Sc-D demonstrated an average reduction
of 18.7 degrees. In the nighttime period from 7:00 p.m. to 6:00 a.m., Tmrt performance
in tree scenarios Sc-B, Sc-C, and Sc-D recorded an increase ranging from 5 to 7 degrees,
whereas Sc-A showed no increase in Tmrt performance compared to the reference scenario.
Further analysis revealed that the most substantial improvement in thermal performance
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Figure 12. Comparison between Tp,rt Performance (Mean radiant temperature) at R1, R2, R3, and R4
for Reference scenario and mitigation scenarios A, B, C, and D.

According to the simulated data collected from R3, Sc-A shows only a slight improve-
ment compared to the reference scenario. The average reduction Tmrt during daylight
hours from 7:00 a.m. to 6:00 p.m. is 3.4 °C. Sc-B, there is an average Tmrt reduction of
15.4 degrees from 1:00 p.m. to 4:00 p.m., and there is a significant increase of 17 degrees
in Tmrt compared to Sc-C and Sc-D. Sc-C and Sc-D showed better results, an average
Tmrt reduction of 19 °C and 20 °C degrees from 7:00 a.m. to 7:00 p.m., with minimal
reductions observed during the two-hour period from 1:00 p.m. to 2:00 p.m. During
the nighttime, Sc-A exhibits the best mitigation of thermal performance, while scenarios
involving trees have the opposite effect, increasing Tmrt at night. The most significant
improvement in thermal performance is observed at 9:00 a.m. with a reduction ranging
from 23 to 24 degrees, followed by 10:00 a.m. with a reduction of 22 degrees.

The simulated data were collected from R4; during daylight hours from 8:00 a.m.
to 6:00 p.m., Sc-A exhibits improvement with an average reduction of 3.4 degrees. Sc-
B and Sc-C yield closely aligned results, demonstrating notable improvements in Tmrt
reduction of 15.5 degrees for Sc-B and 16 for Sc-c. In Sc-D, Tmrt performance shows a
more substantial average reduction of 18.2 degrees. However, scenarios Sc-B and Sc-C
experience a significant increase during specific two-hour periods, 9:00 a.m. and 10:00 a.m.,
where Tmrt increases by more than 20 degrees. Sc-D showcases smoother performance
throughout all hours. During the nighttime period from 7:00 p.m. to 6:00 a.m., Sc-A in the
grass scenario exhibits the best thermal performance at day night hours, with nearly all the
reduction observed amounting to 0.5 degrees Celsius compared to the reference scenario.
Conversely, tree scenarios result in the opposite effect, increasing Tmrt by 2 to 3 degrees.
At 8:00 a.m., the best thermal performance is observed, with a reduction of 22 degrees.
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5.4. Evaluating of Physiologically Equivalent Temperature (PET)

The climatic conditions obtained were inputted into the ENVI-met BioMET package
to evaluate the thermal performance of the investigated proposed scenarios. This software
was utilized to calculate the hourly PET values, which were subsequently employed to
assess the appropriate outdoor thermal conditions. Figure 13 shows a comparison between
PET performance at four points. The data collected from R1, situated on a pavement
tile near a residential building, yielded interesting findings regarding the influence of
various scenarios on PET values. During the daytime, the findings indicated that the
reference scenario without any green elements resulted in the highest PET values, reaching
a maximum of 59.9 °C at 15:00. Conversely, mitigation scenarios Sc-A, Sc-B, Sc-C, and
Sc-D showed noticeable improvements, mainly during the morning hours 7:00 to 12:00
and evening hours 16:00 to 19:00. Sc-A, which involved adding 50% grass, resulted in an
average PET reduction of 2.5 degrees. Sc-B, combining 25% grass and 25% trees, exhibited
an average reduction of 6.4 degrees.
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Figure 13. Comparison between PET Performance at R1, R2, R3, and R4 for the Reference case and
mitigation scenarios A, B, C, and D. (The dashed polygons delineate periods exhibiting enhanced
thermal performance, while shadowed areas represent variations between the investigated scenarios
and the reference scenario).

Similarly, Sc-C, with 50% trees and 50% grass, showed an average reduction of 6.8 de-
grees, resembling the performance of Sc-B. These two scenarios demonstrated minimal
differences, indicating similar thermal performance. However, Sc-D, incorporating 75%
trees and 50% grass, exhibited the most significant improvement with an average PET
reduction of 7.5 degrees. This combination proved most effective in mitigating heat stress
and enhancing thermal comfort during daylight hours. During nighttime, scenarios involv-
ing trees showed a slight increase of 0.4 °C in PET compared to the reference case, while
Sc-A demonstrated the best results with an average PET reduction of 1.2 °C. These findings
suggest that including trees during the nighttime did not provide the same level of thermal
improvement as grass alone. However, an observable temperature increase was noted
during specific hours, 13:00 to 16:00, in Sc-B, Sc-C, and Sc-D, where trees were present, pos-
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sibly due to inadequate shading from the trees during these hours. The most pronounced
reduction in PET occurred at 6:00, with Sc-B and Sc-C exhibiting a reduction of 14.9 degrees
and Sc-D recording a reduction of 15.7 degrees. This highlights the effectiveness of these
scenarios in mitigating heat stress and enhancing thermal comfort, particularly during the
later hours of the day.

The simulated data were collected from R2, situated on asphalt, and shaded by a
leptophylla tree in Sc-B, Sc-C, and Sc-D. The results indicate no observed improvement in
Sc-A compared to the reference case. Sc-B and Sc-C exhibit closely aligned results. The
most significant improvements were observed from 7:00 to 18:00. During this period, the
average reduction in PET was 4.3 degrees, while Sc-D demonstrated an average reduction
of 5.5 degrees. In the nighttime period, PET performance in tree scenarios Sc-B, Sc-C, and
Sc-D increased from 1.4 to 2.8 degrees, whereas the reference Sc-A showed no increase
in PET performance. Further analysis revealed that the most substantial improvement in
thermal performance occurred from 8:00 to 10:00, reducing 9.0 degrees.

The simulated data collected from R3, situated on pavement tiles between two resi-
dential buildings and shaded by a Nodosa tree in scenarios Sc-B, Sc-C, and Sc-D, reveal
the following findings: Sc-A shows only a slight improvement compared to the reference
scenario. The average reduction in physiological equivalent temperature (PET) from 7:00
to 18:00 during daylight hours is 0.63 °C. In Sc-B, from 7:00 to 12:00 and from 17:00 to 19:0,
there is an average PET reduction of 4.4 degrees; from 13:00 to 16:00, PET significantly
increased by 2 to 3 degrees. Sc-c and Sc-D exhibit similar improvements in PET reduction,
with Sc-D showing slightly better results. Both scenarios demonstrate an average PET
reduction of 5 degrees from 7:00 to 19:00, with minimal reductions of 0.8 °C observed
during the two hours from 13:00 to 14:00. During the nighttime, Sc-A exhibits the best
mitigation of thermal performance, while scenarios involving trees have the opposite effect,
increasing PET at night. The most significant improvement in thermal performance is
observed at 8:00, with a reduction of 9 degrees, followed by 10:00, with a reduction of
10 degrees. At 18:00, the reduction is 8 degrees.

The simulated data were collected from R4, situated on grass, and shaded by no-
dosa trees in scenarios Sc-B, Sc-C, and Sc-D. From 8:00 to 18:00, Sc-A exhibits minimal
improvement with an average reduction of 1.1 degrees in PET. Scenarios Sc-B and Sc-C
yield closely aligned results, demonstrating notable improvements during daylight hours
with an average PET reduction of 5 degrees. In Sc-D, PET performance shows a more
substantial average reduction of 6 degrees. However, scenarios Sc-B and Sc-C experience a
significant increase in PET during specific two-hour periods, specifically at 9:00 and 10:00,
where PET increases by more than 10 degrees. Sc-D showcases smoother performance
throughout all hours, likely due to the distribution and increased presence of trees at R4.
During the nighttime period from 19:00 to 6:00, Sc-A in the grass scenario exhibits the best
thermal performance, with nearly all the reductions observed amounting to a 2 degree
Celsius reduction compared to the reference scenario. Conversely, tree scenarios result in
the opposite effect, increasing PET by 2 to 3 degrees. At 8:00, the best thermal performance
is observed, with a reduction of 10 degrees in PET.

Table 6 presents the thermal distribution map of PET for both the reference and
mitigation scenarios. The PET output data were acquired from LEONARDO for the
whole district at four different hours: 11:00 a.m., 1:00 p.m., 3:00 p.m., and 5:00 p.m. The
results demonstrate a substantial improvement in thermal performance for the vegetation
scenarios. However, during the night hour, 5:00 p.m., the PET values tend to increase
compared to the Reference scenario; this could be attributed to several factors, such as
reduced wind flow and increased RH because of adding trees. Furthermore, the grass
scenario shows an increase in PET during daytime hours, which could be attributed to
the lower shading effect of grass compared to trees, but a reduction during the night hour
(5:00 p.m.), possibly due to the cooling effect of grass through evapotranspiration.
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Table 6. Thermal distribution map of PET.
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The thermal distribution maps indicated that certain areas, particularly those directly
adjacent to building facades, experienced an increase in PET. This could be attributed
to the absorption and re-emission of heat by building materials, resulting in localized
heat islands. The presence of trees or grass in these areas could help mitigate the heat
buildup. The presence of trees or grass in these areas could help mitigate the heat buildup.
The maps also revealed that areas facing the direction of the wind exhibited improved
PET performance. The wind flow can promote convective cooling, dissipating heat and
reducing PET values. This suggests that the strategic placement of trees and grass to
align with prevailing wind patterns can enhance overall thermal comfort. Noting that
the extent of thermal improvement varies depending on the percentage of trees in the
mitigation scenarios, the presence of trees provided effective shading, reducing the overall
heat exposure and resulting in lower PET values.

6. Discussion

This study primarily examines the microclimate scale without directly assessing the
impact of the investigated trees on the UHI effect in Aswan City. Nonetheless, the findings
suggest that strategically planting trees has the potential to mitigate the UHI effect. Apart
from providing shading, trees contribute to temperature reduction through processes such
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as transpiration and evapotranspiration, which cool the surrounding air and surfaces.
To maximize the benefits of each tree species within the urban form, previous studies
recommend strategically planting each tree in its most suitable position [36,48]. Ficus nitida,
with its dense foliage and broad canopy;, is advised to be planted in boundary positions.
On the other hand, Cassia leptophylla and Cassia nodosa, with their compact growth habits,
are suggested for planting in positions within the urban core.

The simulation results confirm that low-density built-up areas covered by trees ex-
perience lower average air temperatures during daytime in the summer compared to
unshaded areas, with a reduction of approximately 0.9 K. Outdoor thermal efficiency could
be improved gradually by increasing tree cover percentages. These findings align with
previous studies reporting a decrease in average ambient air temperature ranging from
0.9 to 2 K in areas with vegetative canopy [48-56]. However, the investigation reveals an
inverse thermal performance across all the scenarios during nighttime, consistent with
prior research [36,49,52,57]. This phenomenon can be attributed to the characteristics of
evergreen trees, which hinder vertical heat transfer and limit heat exchange between the
areas below and above the tree canopy during nocturnal hours. As a result, elevated air
temperatures (Ta) are observed during the nighttime.

Interestingly, Ficus nitida exhibits the least favorable performance among the investi-
gated tree species during nighttime. In hot, arid regions like Aswan, Ficus nitida has the
potential to contribute to heat-trapping during nighttime due to its ability to retain heat
absorbed during the daytime. The dense foliage and thermal properties of Ficus nitida
create a microclimate that traps heat close to the ground, leading to elevated nighttime
temperatures. This effect is particularly prominent in arid environments where moisture
in the air is limited, exacerbating the heat-trapping phenomenon associated with Ficus
nitida [58]. These findings underscore the importance of considering not only the daytime
thermal benefits but also the nocturnal thermal behavior of tree species when selecting
appropriate vegetation for urban areas.

In terms of Tmrt and PET values, the present study found that all investigated vegeta-
tion scenarios contribute to a significant improvement within low-density built-up areas.
However, Aboelata and Sodoudi found limited effectiveness of trees in lowering air temper-
ature in low-density urban areas of Cairo [36]. This discrepancy may stem from the higher
temperatures and lower humidity levels in Aswan City compared to Cairo, as previously
noted in other studies [26,59].

7. Conclusions

This study demonstrates the impact of different vegetation scenarios on thermal
comfort and heat stress mitigation within a hot, arid residential urban microclimate. It
provides a detailed comparison of different vegetation scenarios (Sc-A, Sc-B, Sc-C, and
Sc-D) with a reference scenario regarding their impact on air temperature and thermal
performance. For example, Sc-A, which included the addition of 50% grass, resulted in
a reduction ranging from 0.02 k to 0.275 k from 8:00 to 19:00. Sc-B, where 25% trees and
50% grass were added, recorded a reduction ranging from 0.12 k to 0.67 k. Sc-C, which
included 50% trees, reduced from 0.13 k to 0.78 k. Lastly, Sc-D with 75% trees exhibited the
best reduction, ranging from 0.2 k to 0.92 k.

Moreover, the results show that scenarios with a higher percentage of trees exhibited
the best PET reduction, indicating effective heat stress mitigation and thermal comfort
enhancement during daylight hours. The most significant reduction in PET, with a decrease
of 15.7 degrees, was observed in the afternoon. Additionally, PET reductions of up to
10 °C were recorded during the morning hours compared to the non-vegetated base case.
Trees exhibited a stronger cooling effect than grass, with the 75/50 tree/grass scenario
lowering PET by an average of 7.5 °C during daylight hours, while the 50% grass scenario
resulted in a reduction of only 2.5 °C. The strategic placement of trees and grass aligned
with prevailing wind patterns can enhance overall thermal comfort.
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However, including trees during nighttime did not provide the same level of thermal
improvement as grasses alone. Based on the analysis’s findings, it is evident that the
greening scenarios had varying effects on thermal performance during both daytime and
nighttime. Including trees during the nighttime did not provide the same level of thermal
improvement as grasses alone, with an observable temperature increase noted during
specific hours. However, during the daytime, scenarios involving trees showed noticeable
improvements, particularly during specific hours.

Spatial analysis reveals localized variations, with peripheral areas exhibiting greater
mitigation than central zones shielded from breezes. This highlights the need for optimized
vegetation planning tailored to neighborhood layouts. Although air temperature reductions
were more modest (<1 °C), the study confirms urban greenery’s passive cooling potential.

The results highlight urban greenery’s potential to minimize heat stress passively but
suggest the need for careful vegetative planning tailored to local climate and morphology.
Further work optimizing species selection, density, configuration, and interactions with the
built environment can help translate these improvements into effective, site-specific design
guidance for enhancing resilient outdoor thermal comfort.
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