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Abstract

This cumulative dissertation aims to develop a comprehensive and efficient strategy to enhance urban
microclimate conditions in cities experiencing heat stress and intense solar radiation, with a focus on
the metropolitan area of Greater Cairo. This study is conducted in three main stages, each addressing
different aspects of urban microclimate management and optimization through the strategic use of trees.
Stage 1 involves developing an efficient urban tree strategy (UTS) aimed at balancing an enhancement
of microclimate conditions with the city’s water scarcity. This stage implements three strategic
components: (1) selecting suitable tree species, (2) utilizing innovative irrigation technologies, and (3)
determining the optimal number and arrangement of trees. When applying the strategy’s
recommendations to a study area within Cairo’s downtown center and when testing different tree
coverage percentages within urban canyons of various aspect ratios and orientations using ENVI-met,
the microclimate conditions are significantly enhanced in certain streets during summertime compared
to wintertime. For example, there are average physiological equivalent temperature (PET) reductions
of -5.18" and -6.36° at 16:00 and 17:00, respectively. Additionally, applying the UTS to the study area
significantly enhances microclimate conditions. Furthermore, through the implementation of irrigation
technologies that are part of the UTS, water demand is reduced to only 15% when trees with larger
canopies are used. Stage 2 focuses on optimizing the use of trees to enhance microclimate conditions
by considering elements of urban morphology, such as the aspect ratio and orientation of canyons, both
of which significantly influence microclimate conditions. In this stage, both sides of each canyon are
considered, as urban shading depends on orientation and aspect ratios. This shading arrangement may
provide sufficient shade on one side of the canyon while the other remains exposed to direct and indirect
radiation. Thus, a comprehensive assessment in necessary to determine the optimal use of trees. Due to
the vast size and diverse urban morphology of Cairo, a total of 144 theoretical cases are simulated using
ENVI-met to represent the majority of urban conditions within the city (Step 1). Following this, the
same tree scenarios used in the theoretical study are applied to an existing urban area in downtown
Cairo, characterized by diverse urban morphologies, to validate the results of the theoretical study (Step
2). After testing all scenarios in both stages, it becomes evident that the addition of trees must account
for different aspect ratios, orientations, and the specific sides of urban canyons. For example, eastern-
oriented roads require more trees than other orientations across all aspect ratios. However, the required
number of trees is greater for the northern side of these streets. This is because, in moderate and deep
canyons, the southern side is partially shaded by buildings for several hours during the day. The results
from applying trees to an existing urban area closely align with the theoretical study’s results, with very
slight differences resulting from irregularities in the study area. These findings demonstrate that for
optimal pedestrian microclimate conditions and tree use, it is important to consider not only the aspect
ratio and orientation of canyons but also which side of the canyon trees are planted. Stage 3 analyzes
and assesses the impact of different urban forms and tree densities on the dynamic physiological
equivalent temperature (DPET) experienced by pedestrians walking further than the average walking
distance (750 m), using ENVI-met. This stage includes five different areas within Greater Cairo, which
is suffering from extreme heat stress. These areas are chosen for their diversity in canyon aspect ratios,
orientations, urban forms, green areas, mixed land uses, and tree densities. Two tree density scenarios
are analyzed: the current density and an increased density scenario, where each area is increased to full



capacity. The results prove that the DPET exhibits different values from the steady physiological
equivalent temperature (SPET) at each point along the walking routes. However, the DPET is closely
related to changes in the SPET. On the one hand, prolonged periods of lower or higher SPET result in
reductions or increases in the DPET. On the other hand, frequent fluctuations in the SPET stabilize the
DPET. Changes in the DPET values are driven more significantly by the microclimate conditions of
individual spaces or canyons than the broader area, and controlling these conditions within a whole
urban canyon is found to control the DPET. Changes in the DPET can reach as high as 10 °C across
different walking routes, and in some cases, increasing the tree density may help lower the DPET by as
much as 6 °C. Overall, this research provides a scientifically validated framework for optimizing urban
greenery to mitigate extreme heat while conserving water. The findings are pivotal for developing
sustainable, climate-resilient urban environments.



Kurzzusammenfassung

Ziel dieser kumulativen Dissertation ist die Entwicklung einer umfassenden und effizienten
Strategie zur Verbesserung der mikroklimatischen Bedingungen in Stddten, die unter Hitzestress
und starker Sonneneinstrahlung leiden. Die Studie wurde in drei Hauptphasen durchgefiihrt, die
jeweils verschiedene Aspekte des stddtischen Mikroklimamanagements und der Optimierung durch
den strategischen Finsatz von Bdumen behandeln. Stufe 1, die Entwicklung einer effizienten
Stadtbaumstrategie (UTS), zielt darauf ab, ein Gleichgewicht zwischen der Verbesserung der
mikroklimatischen Bedingungen und der Beriicksichtigung der Wasserknappheit in der Stadt
herzustellen. Dabei sollen alle strategischen Faktoren beriicksichtigt werden, die fiir die lokalen
Bedingungen geeignet sind, einschlieBlich der Auswahl der Baumarten (Schritt 1), der Nutzung
innovativer Bewasserungstechnologien (Schritt 2) und der Bestimmung der optimalen Anzahl und
Anordnung von Baumen (Schritt 3). Durch die Anwendung der Strategieempfehlungen auf ein
Untersuchungsgebiet im Stadtzentrum von Kairo werden die mikroklimatischen Bedingungen in
bestimmten Stralen wihrend der Sommerzeit im Vergleich zur Winterzeit erheblich verbessert.
Diese Verbesserungen wurden bewertet, indem verschiedene Prozentsitze der Baumbedeckung in
stddtischen StraBenschluchten mit unterschiedlichen Seitenverhéltnissen und Ausrichtungen mit
ENVI-met getestet wurden. So ergibt sich z. B. eine durchschnittliche Verringerung der
physiologischen Aquivalenttemperatur (PET) von -5,18° und -6,36° um 16:00 bzw. 17:00 Uhr. Die
Anwendung der UTS im Untersuchungsgebiet fiihrt zu einer deutlichen Verbesserung des
Mikroklimas. Aulerdem wird durch die Anwendung von Bewisserungstechnologien, die Teil der
UTS sind, der Wasserbedarf auf nur 15 % gesenkt, wenn Bidume mit groeren Baumkronen
verwendet werden.

Phase 2 zielt darauf ab, die Verwendung von Biumen zur Verbesserung des Mikroklimas zu
optimieren, indem Elemente der stidtischen Morphologie beriicksichtigt werden, wie das
Seitenverhiltnis und die Ausrichtung von Stralenschluchten, die beide erheblichen Einfluss auf die
Verdnderung des Mikroklimas haben. In dieser Phase werden beide Seiten jeder Schlucht
beriicksichtigt, da die stidtische Beschattung von der Ausrichtung und den Seitenverhéltnissen
abhdngt. Dadurch kann diese Beschattungsanordnung auf einer Seite der Schlucht ausreichend
Schatten spenden, wéahrend die andere Seite der direkten und indirekten Strahlung ausgesetzt bleibt.
Daher ist eine ausfiihrliche Bewertung der Moglichkeiten erforderlich, um den optimalen Einsatz
an Bdumen zu bestimmen. Aufgrund der betrdchtlichen GroBe und der vielfdltigen urbanen
Morphologie von Kairo werden insgesamt 144 theoretische Félle mit ENVI-met simuliert, um die
Mehrheit der urbanen Bedingungen innerhalb der Stadt darzustellen (Schritt 1). AnschlieSend
werden dieselben Baumszenarien, die in der theoretischen Studie verwendet wurden, auf ein
bestehendes Stadtgebiet im Stadtzentrum von Kairo, das durch unterschiedliche stiddtische
Morphologien gepragt ist, angewandt, um die Ergebnisse der theoretischen Studie zu validieren
(Schritt 2). Nach dem Testen all dieser Szenarien in beiden Phasen wird deutlich, dass bei der
Anpflanzung von Baumen unterschiedliche Seitenverhéltnisse, Ausrichtungen und spezielle Seiten
von StraBenschluchten beriicksichtigt werden miissen. Ostlich ausgerichtete StraBen benédtigen
beispielsweise bei allen Seitenverhdltnissen mehr Béume als andere Ausrichtungen. Die



erforderliche Anzahl von Baumen ist allerdings auf der Nordseite dieser Stralen hoher. Dies liegt
in der Tatsache begriindet, dass in mittelschweren und tiefen Straenschluchten die Siidseite
mehrere Stunden am Tag teilweise von Gebduden beschattet wird. Die Ergebnisse der Anpflanzung
von Baumen in einem bestehenden stadtischen Gebiet entsprechen weitgehend den Ergebnissen der
theoretischen ~ Studie, wobei aufgrund von UnregelmiBigkeiten 1im  bestehenden
Untersuchungsgebiet nur sehr geringe Unterschiede zu verzeichnen sind. Diese Ergebnisse zeigen,
dass es fiir ein optimales Mikroklima fiir FuBBgénger und die Nutzung von Bdumen wichtig ist, nicht
nur das Seitenverhéltnis und die Ausrichtung von Straenschluchten zu berticksichtigen, sondern
auf welcher Seite der Schlucht Bdume gepflanzt werden.

In Phase 3 werden die Effekte verschiedener Stadtformen und Baumdichten auf die dynamische,
physiologische Aquivalenttemperatur (DPET) von FuBgiingern, die weiter als die durchschnittliche
Wegstrecke (750m) gehen, mit ENVI-met analysiert und bewertet. Diese Studie umfasst fiinf
verschiedene Gebiete im Groflraum Kairo, der unter extremem Hitzestress leidet. Die
Untersuchungsgebiete wurden aufgrund ihrer hohen urbanen Vielfalt in Bezug auf das
Seitenverhiltnis der Schluchten, die Ausrichtung, die stiddtischen Formen, die Griinflichen, die
gemischte Landnutzung und die Baumdichte ausgew#hlt. Zwei Baumdichteszenarien werden
analysiert: die derzeitige Baumdichte und ein Szenario mit erhdhter Dichte, bei dem jedes Gebiet
bis zur vollen Kapazitit erweitert wird. Die Ergebnisse zeigen, dass die DPET an jedem Punkt
entlang der Gehstrecken andere Werte aufweist als die konstante physiologische
Aquivalenttemperatur (SPET). Die DPET steht jedoch in engem Zusammenhang mit den
Verdnderungen der SPET. Einerseits fithren ldngere Perioden mit niedrigeren oder héheren SPET-
Werten zu einer Reduzierung oder Erhohung der DPET-Werte. Andererseits stabilisieren haufige
Schwankungen der SPET den DPET-Wert. Anderungen der DPET-Werte werden stérker durch die
mikroklimatischen Bedingungen einzelner Rdume oder StraBenschluchten beeinflusst als durch die
Bedingungen des Gesamtgebiets und es hat sich gezeigt, dass die Kontrolle dieser
mikroklimatischen Bedingungen innerhalb einer ganzen StraBBenschlucht die DPET steuert. Die
Verdnderungen der DPET-Werte konnen auf verschiedenen Wegstrecken bis zu 10 °C erreichen,
und in einigen Féllen kann eine Erh6hung der Baumdichte zu einer Senkung der DPET um bis zu
6 °C beitragen. Zusammenfassend bietet diese Forschungsarbeit einen wissenschaftlich
abgesicherten Rahmen fiir die Optimierung der stidtischen Begriinung, um extreme Hitze
abzumildern und gleichzeitig Wasser zu sparen. Die Ergebnisse sind fiir die Entwicklung und
Gestaltung nachhaltiger, klimavertriglicher stddtischer Umgebungen von entscheidender
Bedeutung.
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Chapter 1

1.Introduction

“We do have a choice: Creating tipping points for climate progress — or careening to
tipping points for climate disaster. This is an all-in moment” said Anténio Guterres the
current secretary-general of the United Nations (Guterres. A, 2024). Furthermore, Ban Ki-
Moon, the eighth secretary-general of the United Nations, once said, “Climate change is
destroying our path to sustainability. Ours is a world of looming challenges and
increasingly limited resources. Sustainable development offers the best chance to adjust
our course” (Ki-Moon, 2012). In a similar vein, the Egyptian pioneer architect Hassan Fathy
(1900-1989) shared “Build your architecture from what is beneath your feet” (Fathy. H,
1973). First and second quotes convey an important message about how much climate
change is affecting us, and the third encourages the use of natural resources in
development to mitigate this impact.

Climate change will substantially affect human and biological systems and likely alter the
boundaries of climate variability beyond historical observations. Frequent heat waves and
escalating temperatures and humidity have exacerbated heat stress. Heat waves and heat
stress have caused widespread economic losses, reductions in crop yields, tree mortality,
and water and energy shortages. Most concerning of all is the impact on human health
and mortality (Ahmadalipour, 2019).

As a global action, the World Bank Group Partnership Fund for the Sustainable
Development Goals (SDG Fund) was established to promote best practices and knowledge
sharing for the implementation of the Sustainable Development Goals (SDGs) under the
2030 Agenda for Sustainable Development (Group, 2019). The 2030 Agenda for
Sustainable Development was initiated by the United Nations in 2015, providing 17 SDGs
to address the world’s most pressing issues in terms of social, environmental, and
economic development (Affairs, n.d.).

SDG 13: Action urges action against climate change by strengthening resilience and
adaptive capacity to climate-related disasters, integrating climate change measures into
policies and planning, and implementing the UN framework convention on climate
change (Mortimer A, 2023).

This cumulative dissertation aims to present detailed research and recommendations
under the umbrella of climate change and heat stress mitigation, thus promoting human
wellbeing by creating better microclimate conditions, contributing to completely
sustainable development, and raising awareness about the importance of heat stress
mitigation and its various benefits.
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This dissertation is structured as follows: Chapter 2 introduces the state of the art relevant
to the three publications that form the framework of this dissertation. In Subchapter 2.4,
the research questions are derived based on the identified knowledge gaps and desiderata.
Chapter 3 summarizes the included studies. Chapter 4 discusses the obtained results and
draws major conclusions through a synoptic integration of the contributions; the research
questions are answered in the framework of this chapter. Chapter 5 explores the
limitations of the included studies and outlines future research that builds on the insights
gained from this work. The original published studies are attached in Part II
(Publications).



Chapter 2

2. The State of the Art, Research Questions, and
Methodology

It is crucial to develop healthy cities and communities, particularly in the context of
climate change. Walking, considered the most widely used transport mode (Sauter, 2008),
is a link between other transport modes, and engaging in pedestrian activities contributes
to fulfilling recreational needs (Vasilikou, 2013). Individuals navigating interconnected
spaces engage in active physical behavior, thus promoting sustainability and well-being.
However, adverse weather conditions can lead to uncomfortable thermal sensations,
potentially altering or diminishing the experiences of people walking outdoors (Vasilikou,
2020). Thus, it is crucial to enhance pedestrian thermal comfort and microclimate
conditions.

2.1. Thermal Comfort

ASHRAE 55 defines thermal comfort (De Dear, 2022) as a mental condition in which
individuals express satisfaction with their thermal environment. To regulate the body’s
metabolic rate and organ function, the body temperature should be maintained at
approximately 36-37 °C (Fang, 2021).

The physiological equivalent temperature (PET) was designed to measure environmental
and personal parameters, including air temperature, air humidity, air velocity, the mean
radiant temperature (Tmrt), clothing insulation, and the level of activity, thus allowing for
predicting thermal comfort (Taleghani, 2015). The assessment and analysis of thermal
comfort can be carried out using two primary approaches. The first, which is assumed to
be close to steady, is based on individuals” instantaneous subjective thermal sensation or
comfort while sitting or standing (Hwang, 2022). In this research, this is named the steady
PET (SPET). The second approach focuses on pedestrians’ thermal comfort while walking.
Thus, both the outdoor thermal environment and human physiological response play
crucial roles as determinants of thermal comfort during the dynamic process of walking
(Hwang, 2022). This is hereafter referred to as dynamic PET (DPET).

2.1.1. Difference between DPET and SPET

Pedestrians are subject to ever-fluctuating variations in microclimate conditions while
walking outdoors. Their sensations may change along the course of a route, often
exhibiting notable shifts in thermal perception. Physiological responses and the
experience of thermal experiences are key factors influencing pedestrian thermal
sensation. The steady thermal comfort model is only applicable to people who stay in
outdoor environments for 10 to 30 min (Hwang, 2022) (Li, 2022) (Huang, 2020).

Thermal comfort indices and insights from earlier studies, derived from thermally
homogenous and stable environments, are inadequate for effectively explaining the
transient thermal perceptions of pedestrians exposed to constantly changing
environmental conditions caused by urban geometry (Lau, 2019) (Katavoutas, 2015).
Traditional environments with stable thermal conditions may sometimes fail to meet
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people’s needs, making dynamic thermal comfort a preferable alternative. An outdoor
summer study examined participants who walked along a specific route, passing through
diverse urban morphologies and experiencing a range of thermal environments that
routine fixed-point observations could not capture (Nakayoshi, 2015). An analysis of
changes in subjective perception and physiological parameters concluded that achieving
thermal equilibrium requires 17-21 min to return to steady-state sedentary levels after
walking (Jia, 2022). For an individual transitioning from a shaded sidewalk to a 200-meter-
long sunny segment, their actual skin temperature approached the value simulated by a
steady-state thermal comfort model after 180 seconds, while their core temperature was
lower than the simulated value. Further suggestions estimated that around 30 min was
required for a person to reach a steady state after leaving a room with thermal comfort to

enter hot conditions (H6ppe, 2002).

2.1.2. Thermal Comfort Parameters

Step changes in microclimatic conditions occur during alternating exposures to cool-
biased and warm-biased environments, primarily characterized by combined variations
in radiation, wind speed, humidity, and air temperature. Furthermore, these step changes
occur at varying frequencies depending on the movement speed, activity demands, and
environmental design. As such, people are subjected to highly dynamic and complex
environments during outdoor activities, which are thought to elicit thermal responses
distinct from those observed in relatively steady environments (Li, 2022). A prior study
identified wind and solar radiation as the primary factors influencing variations in
outdoor thermal comfort over a given period (Vasilikou, 2020). At a university campus in
Hong Kong, a study was conducted from May to July with subtropical weather conditions.
The study’s results indicated that subjective thermal perceptions fluctuated with
alternating exposure to sunlight and shade at different frequencies. Higher alternating
frequencies resulted in reduced thermal dissatisfaction on hot summer days and a reduced
need for shade (Li, 2022). In addition, the metabolic rate was a significant variable that
impacted the DPET. Variations in this component should be given full consideration.
Typically, walking indoors takes 3-5 min to reach new metabolic levels, whereas it takes
9-11 min in a transition space. Moreover, metabolic levels return to normal sedentary
levels within 3-5 min following the cessation of walking, both in indoor and transition
spaces (Zhang Y. L., 2020).

2.2.Urban Cooling Strategies

To achieve efficient urban cooling, two approaches can be utilized. The first includes the
modification of urban morphology and geometry in new communities. This can be
achieved by adjusting the orientation and aspect ratio of urban streets. The second
approach integrates environmental elements into existing urban areas, including features
like vegetation and cooling materials such as trees, greenery, cool-colored surfaces, roof
and vertical gardens, and water bodies (Doick, 2013) (Stewart, 2011) (Ramadan, 2010).

This research specifically focuses on enhancing the microclimate conditions of existing
areas, with a particular focus on vegetation. Shady trees, along with other vegetation
elements such as small trees, bushes, lawns, ground coverage, and climbing plants, help
enhance urban climate conditions by providing shade and facilitating evapotranspiration
in urban areas and streets (Stewart, 2011) (Ramadan, 2010) (Pearlmutter, 2000). The
findings of previous studies have demonstrated that mature trees with sufficient foliage
density could absorb at least 60% of solar radiation (Rowntree, 1991). Additionally, it has
been shown that the temperature beneath trees is 5°C lower than the surrounding
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environment, and the temperature above agricultural land surfaces is 3°C lower than the
surrounding area (Doick, 2013). Furthermore, urban trees can reduce the 2 m air
temperature by 2 °C to 9 °C (Déoux, 2004).

2.2.1. Urban Morphology

Urban morphology, sky view factor (SVF), and shading play significant roles in enhancing
microclimate conditions and mitigating UHI effects (Rodriguez-Algeciras, 2018) (N. E.
Theeuwes, 2014). The shadow-casting effect of buildings reduces the radiant load on
pedestrians, thereby improving thermal comfort, particularly in high-density cities,
despite a reduction in ventilation (Morakinyo T. E, 2017) (Ketterer, 2014). Notably, shallow
canyons are more prone to adverse thermal conditions compared to deeper canyons
(Morakinyo T. E, 2017). Increasing the SVF through urban configuration choices can
reduce the intensity of UHIs (Yola, 2020). Deep urban canyons are effective in reducing
solar radiation during the daytime. Consequently, thermal comfort levels in open spaces
(i.e., high SVF) are generally lower than those in shaded spaces (i.e., low SVF) (Wang Y.
B., 2016). The analysis results thus confirm that thermal comfort is primarily influenced
by solar radiation exposure (Andreou E. 2013). Against this background, it can be
concluded that shading from direct radiation plays a more significant role in enhancing
thermal comfort than the effects of increased radiation absorbance due to urban
reflectance.

The meteorological parameters influencing physiological equivalent temperature (PET)
can be managed and improved through urban morphology (Matzarakis, 2008). In
particular, mean radiant temperature (Tmrt) is a critical factor in regulating the human
energy balance and serves as a metric for assessing thermal comfort (Morakinyo T. E.,
2016). Maintaining Tmrt below 45 °C is an essential target (Rodriguez-Algeciras, 2018).
Conversely, air temperature and specific humidity have proven to be the least modifiable
by urban configurations, indicating limited influence on their values (Abdollahzadeh,
2021) (Ketterer, 2014). Outdoor thermal comfort levels are significantly reliant on the
speed and direction of urban wind flow (De, 2018). Wind speed has been widely reported
to affect urban heating, with a strong negative correlation between wind speed and air
temperature (Memon, 2010). These PET-related meteorological parameters—alongside
urban shading and the SVF—can be optimized using urban morphology and geometry
strategies, such as adjusting street canyon aspect ratios and orientations (Kolokotsa, 2022)
(Jamei, 2020) (Morakinyo T. E., 2016) (Ketterer, 2014).

2.2.1.1. Aspect Ratio Effect

The aspect ratio (AR), or the height-to-width ratio (H/W) of an urban canyon, is a critical
metric commonly used to assess the impact of urban geometry on outdoor environments
(Abdollahzadeh, 2021) (Balany, 2020). The aspect ratio significantly influences daily net
solar radiation gains on road and wall surfaces. Additionally, shadowing effects on
surrounding buildings play a vital role in shaping the radiation environment within urban
street canyons (Takebayashi, 2012). Moreover, enhanced shading due to increased H/W
ratios can substantially reduce PET values (Lan, 2021) (Morakinyo T. E., 2016) (Emmanuel,
2007). A strong association exists between the UHI effect and aspect ratio during
nighttime. For example, a study in Basel, Switzerland, found a linear relationship between
the intensity of the maximum nighttime UHI and the SVF, which is directly influenced by
the aspect ratio (Hamdi, 2008). Moreover, there are variations in air temperature between
higher and lower aspect ratios (Memon, 2010). Air temperatures slightly decrease as
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aspect ratios increase, although radiation fluxes, as expressed by the mean radiant
temperature, are far more influential (de Lieto Vollaro, 2014).

In Osaka, roads with aspect ratios greater than approximately 1.5 (W/H) experience large
daily net solar radiation gains. Roads with aspect ratios between 1.0 and 1.5 (W/H) are
also within the target range for effective urban heat island mitigation measures, with
particular attention needed for the north sides of east-west roads and the centers of north—
south roads (Takebayashi, 2012). In Malaysia, an aspect ratio of 2-0.8 is recommended for
the six asymmetrical aspect ratios of Putrajaya Boulevard. This configuration reduces
surface temperatures by 10 to 14 'C and air temperatures by 4.7 °C, enhancing the
boulevard’s microclimates and mitigating tropical heat islands. For roads oriented
northeast to southwest, aspect ratios of 0.8-2 effectively reduce morning microclimates
and nighttime heat islands; the negative daytime effects, however, outweigh the positive
nighttime effects (Qaid, 2015). On Wall Street, New York City, winter and summer
analyses reveal high daytime air temperatures along the widest street canyon, where the
aspect ratio is 0.33 (Pioppi, 2020). Increasing the aspect ratio by 0.5 can decrease the
maximum mean radiant temperature by an overage of 2.90 “C in the early morning and
late afternoon, thereby lowering the PET (Abdollahzadeh, 2021). In Tokyo, surface
temperature comparisons of east-west- and north—south-oriented streets revealed that the
shading effects of tall buildings in north-south street canyons are less impactful on solar
gains than those in east-west streets. Tall buildings and narrow canyons reduce the SVF
and increase shaded areas on surfaces, thus resulting in lower daytime temperatures but
higher nighttime temperatures within the canyons (Lan, 2021).

2.2.1.2. Street Orientation Effect

Street orientation significantly alters the urban microclimate by affecting the exposure of
canyon surfaces to direct solar radiation. North-south (N-S)-oriented streets are fully
exposed to solar radiation at midday but are mostly shaded in the early morning and late
afternoon. Conversely, east-west (E-W)-oriented streets are fully exposed in the early
morning and late afternoon, resulting in greater overall sunlight exposure
(Abdollahzadeh, 2021) (Aboelata A., 2020) (Balany, 2020) (Andreou E. &., 2012)
(Emmanuel, 2007). North—south-oriented streets are cooler than those with east-west
orientations, with thermal comfort levels increasing with higher H/W ratios (Jamei, 2020).
This is because east-west-oriented canyons remain exposed to sunlight throughout the
day, regardless of their H/W ratio, while north-south-oriented canyons experience
sunlight only during specific times (Jamei, 2020). A study on urban heat island mitigation
measures identified the north side of east-west roads and the center of north—south roads
as key areas requiring intervention (Takebayashi, 2012). An orientation angle between 30°
and 60° with the wind direction, along with a canyon aspect ratio of 2.5, can reduce PET
values by 5 to 9 °C across most of the study area during midafternoon on summer days
(De, 2018). In Sydney (Abdollahzadeh, 2021), north—south-oriented streets were found to
offer superior levels of thermal comfort compared to east-west-oriented streets, with PET
values showing 12.33% of daytime conditions within a comfortable range. Streets oriented
NE-SW provided the highest thermal comfort level, averaging 24.95%, while streets with
a NW-SE orientation were assessed as least favorable.

2.2.1.3. Combined Effect of Aspect Ratio and Street Orientation

Street orientation and canyon aspect ratio profoundly impact the urban microclimate,
directly affecting street-level thermal comfort. In particular, PET values at the street level
are strongly dependent on the aspect ratio and street orientation (Aboelata A., 2020)
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(Lobaccaro G. A., 2019) (De, 2018) (Andreou E., 2013) (Andreou E. &., 2012) (Emmanuel,
2007). Street geometry and orientation determine solar radiation absorbance by street
surfaces, as well as urban canyon airflow (Nastaran Shishegar, 2013). For E-W-oriented
streets, those with W/H ratios greater than two should be fully shaded only during the
hottest and coolest months of the year (Jamei, 2020). Streets with E-W orientations exhibit
the most unfavorable conditions across all H/W ratios (up to 3.0). Increasing H/W ratios
on E-W streets does not significantly enhance PET values (Andreou E., 2013). Mitigating
heat stress along E-W-oriented streets is challenging, as walls provides only limited
shading, even with proportions as high as H/W 4:1. Conversely, N-S-oriented streets with
high aspect ratios—equal to or greater than H/W 2:1—provide a more favorable thermal
environment, characterized by lower PET maxima and shorter periods of intense heat
stress (Jamei, 2020) (Andreou E., 2013). Additionally, thermal stress can be mitigated in
street canyons with a northwest—southeast orientation and an AR of at least 1.5. Such
configurations can help reduce heat stress, increase the frequency of comfortable thermal
conditions, and ensure year-round solar access in midlatitude regions (Ketterer, 2014).

2.2.2. Trees and Vegetation

Among the various vegetation strategies used to enhance microclimate conditions,
planting trees is the most effective for lowering urban surface temperatures. A study in
Port Fillip demonstrated that combining green rooftops with urban trees resulted in the
greatest reductions in air temperature. The reduction reached 2.4°C at the pedestrian level
of the street (Bruse, 1999). Similarly, research carried out in Ho Chi Minh City showed that
the PET value was reduced by 6°C in shaded areas compared to only 1°C in unshaded
areas. Among the scenarios analyzed, urban tree planting exhibited the greatest impact on
improving thermal comfort (Huynh, 2012). A study conducted in Dubai suggested
prioritizing only the application of trees, as the outcomes of the urban tree scenario were
almost identical to those involving a combination of all other vegetation elements (Rajabi,
2011). In Balbo, researchers evaluated five greenery planning scenarios across three typical
street canyons in Balbo, concluding that green surfaces yielded the most significant
impact, with PET reductions of 2 °C (Lobaccaro G. &., 2015). In arid regions, trees also
excel in mitigating heat. A study in the Phoenix Metropolitan area revealed their capacity
to lower urban surface and air temperatures by approximately 2°C to 9°C and 1°C to 5°C,
respectively (Upreti, 2017). Further analysis of small residential neighborhoods in the
same area identified an ideal shading scenario: achieving 25% shading coverage in urban
canyons was most effective in enhancing thermal comfort (Middel, 2015).

Case studies from various parts of the world highlight the significant role of vegetation in
urban climate adaptation, with trees emerging as the most effective solution. Notably,
scenarios utilizing only trees scenario have demonstrated outcomes comparable to those
involving a combination of all vegetation elements.

2.2.2.1. Efficient Morphological Characteristics of Trees

Trees contribute significantly to cooling through two primary mechanisms: providing
shade and facilitating evapotranspiration (Stewart, 2011) (Ramadan, 2010) (Pearlmutter,
2000). Among these, shade is particularly crucial, as it distinguishes trees from other
vegetation types that do not offer similar benefits (Lobaccaro G. &., 2015) (Sodoudi, 2014)
(Huynh, 2012) (Rajabi, 2011) (Bruse, 1999). The shading and cooling effects of trees are
influenced by their physical characteristics, including shape, size, density, and leaf
features (Zhang J. G., 2023) (Zhang J. K., 2022) (Rahman M. A., 2018) (Shahidan, 2010).
Each tree species possesses unique attributes that determine its growth, structure,
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physiology, and capacity to cool its surroundings (Monteiro, 2019). Key factors such as
canopy size, density, and leaf properties play a critical role in enhancing the cooling effects
of trees. In particular, tree canopies are integral to creating favorable microclimatic
environments, caused by their cooling effect (Rahman M. A., 2018) (Kong F. Y., 2016).
Vegetation canopy characteristics are crucial for predicting thermal mitigation in urban
areas and selecting the most effective species for urban greening efforts (Kong F. Y., 2016).
Canopy shapes, as well as the arrangement and density of leaves and branches, impact
the level of shading provided. Trees with broad canopies and dense foliage offer more
efficient shading (Monteiro, 2019). Among the various tree parameters, the leaf area index
(LAI) is a key parameter affecting light penetration and the below-canopy microclimate
(Kong L. L., 2017) (Lin, 2010). The leaf area, determined by the crown diameter and LAI,
plays a critical role across all three cooling mechanisms: transpiration, solar radiation
reflection, and shading (Liu Y. L., 2023) (Zhang J. G., 2022) (Monteiro, 2019) (Kong L. L.,
2017) (Kong F. Y., 2016) (Lin, 2010). Thus, it can be concluded that urban trees exert
species-specific effects, primarily dependent on canopy characteristics. However, leaf
traits, the LAI, and the surrounding microclimate also contribute significantly to
mitigating urban heat (Kong F. Y., 2016).

2.2.2.2. Urban Tree Performance Within Different Aspect Ratios and Orientations

Urban trees play a role in mitigating surrounding building mass effects and creating lower
SVF environments, which are cooler both during daytime and nighttime (Wang Y. B.,
2016). Urban morphology and vegetation shading influence the storage of solar radiation
storage during summer days, significantly contributing to UHI mitigation (Wang Y. B.,
2016). Shade provision is particularly important during the summertime, as outdoor
activities between 10:00 and 15:00 in unshaded areas are generally not recommended.
Incorporating canopies and vegetation is necessary to facilitate outdoor activities during
these heat peaks (Rodriguez-Algeciras, 2018). In open-set high-rise urban areas, the
presence of trees could substantially reduce pedestrian-level thermal stress (Lobaccaro G.
A., 2019). Moreover, trees are an effective solution for improving thermal conditions on
streets, particularly those with nonoptimal orientations or low-rise buildings
(Abdollahzadeh, 2021). For example, in a study of streets angled at 30° from the north with
an aspect ratio of 1.0, continuous shaded zones were created by buildings along both
parallel and perpendicular streets, thus eliminating the need for additional vegetation.
However, when the aspect ratio decreased, the increased distance between buildings
created a need for shade-providing trees on the streets, particularly for those in the
perpendicular direction (De, 2018). Trees are especially impactful on E-W streets.
Research has shown that they significantly reduce PET values, particularly for the south-
facing side of the street (Andreou E., 2013). Furthermore, increasing vegetation density in
shallow urban canyons (H/W = 0.5) can realize PET increases of more than 4% compared
to low-density vegetation in similar urban canyons (Abdollahzadeh, 2021).

2.2.3. Urban tree selection and planting considerations

When selecting urban tree types, it is crucial to consider not only their climatic adaptability
but also other factors, such as whether the species are native or adaptive to the region and
the most efficient methods for irrigation.

2.2.3.1. Tree Adaptation to Local Conditions (Water Demand and Tolerance)

Trees should be selected based on their ability to thrive in a city’s local climate and
effectively counteract the UHI effect. Key factors also include the average and maximum
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temperatures of the warmest month, propagation efficiency, and tolerance to drought,
high pH, and saline soil (Zalesny Jr, 2011).

It is important to also consider tree type—evergreen or deciduous—as cooling effects
could be effectively doubled on clear, hot days in comparison to cloudy, cold days.
Furthermore, evergreen trees can produce slight decreases in temperatures in the
wintertime, with weather conditions exerting little influence on their microclimate impact.
However, their ability to block wind and sunlight may have undesirable effects, such as
reducing warming in colder months (Wang Y. B., 2015). Moreover, water demand varies
significantly across species (Elmasry, 2014). Trees requiring low to moderate water
supplies are generally the most suitable for urban environments. As such, water demand
should be a critical factor in selecting the most appropriate species.

2.2.3.2. Efficient Irrigation Technology

Globally, irrigation accounts for the largest level of water consumption (Fereres, 2007).
Environmental experts and policy makers promote the enhancement of water irrigation
efficiency, as this would conserve precious water resources for environmental and urban
use (Ward, 2008). Emerging irrigation techniques and technologies offer promising
solutions to enhance water use efficiency and reduce overall consumption. One such
technique is deficit irrigation (DI), which involves applying water at levels below full crop-
water requirements. Deficit irrigation is a valuable strategy for minimizing water use
during irrigation while maintaining productivity, particularly when full irrigation is not
feasible (Fereres, 2007). A well-designed deficit irrigation regime can optimize water
productivity (WP) across a given area. Another effective method, widely believed to
conserve water, is the drip irrigation system (DP), which can complement deficit irrigation
practices. The drip irrigation allows for precise water delivery to the root zones of plants,
thus minimizing losses to run-off or deep percolation. Compared to traditional flood
irrigation, drip irrigation not only conserves water but also enhances evapotranspiration
and crop yields (Zalesny Jr, 2011) (Ward, 2008).

The use of software in irrigation systems allows for precise calculations of water
requirements based on soil parameters and weather conditions. However, many irrigation
operators lack access to real-time weather data systems and often rely on historical data
to estimate irrigation requirements. Integrating irrigation systems with live weather
forecast websites ensures frequent updates about current weather data, thereby enhancing
daily irrigation efficiency (Nada, 2014). To further enhance water efficiency and
conservation, software can be supplemented with other sources of real-time weather data
and data on site conditions. Automating landscape irrigation scheduling offers
convenience while reducing water use and maintaining high landscape quality (Dukes,
2012). Various types of irrigation controllers can be used to reduce irrigation levels,
including evapotranspiration-based controllers (ETs), soil moisture sensor-based
controllers (SMSs), and rain sensor controllers (RSs).

2.3.Greater Cairo—The Study Area

2.3.1. The Climate of Greater Cairo

Greater Cairo’s metropolitan area lies in a hot, arid desert within a subtropical climatic
zone, classified as having a warm summer climate under the Képpen—-Geiger climate
system (Kottek, M., 2006). This environment is defined by high air temperatures, there is
intense solar radiation, and the prevalence of the urban heat island (UHI) effect. Despite
its limited rainfall, humidity levels often remain high due to the influence of the Nile River
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Valley. Seasonal temperature variations in Cairo are pronounced. During wintertime,
temperatures range from 9°C to 24.8°C, while summertime brings higher averages
between 20.1°C and 34.7°C, with peaks occasionally exceeding 40°C during extreme heat
events (Abou El-Magd, 2016). The summer months, particularly between June and
August, are marked by hot, dry conditions, with an average temperature of 28°C
(Abutaleb K. N., 2015). The high levels of solar radiation not only contribute to thermal
discomfort but also provide opportunities for energy generation via solar power stations
(Panagiotis Kosmopoulos, 2018). These adverse conditions, however, impact the well-
being and thermal comfort of local residents, with occupational heat stress affecting
workers' health, safety, productivity, and social well-being (Nunfam, 2018). Cairo’s
population was approximately 20.5 million in 2012 and is projected to increase by 11.2
million people by 2050. Consequently, this population increase will intensify the demand
for residential housing, resulting in greater city density. Consequently, the UHI effect and
air temperatures are likely to worsen as the city expands, leading to heightened
anthropogenic heat emissions (Fahmy, 2009) (Rizwan, 2008) (Pearlmutter, 2000).

2.3.2. UHI Effects on Greater Cairo

An urban study conducted in 2015 revealed that air temperatures were significantly
higher in downtown Cairo compared to cooler suburban areas (Abutaleb K. N., 2015). This
highlights the UHI phenomenon, which causes above-average increases in surface
temperatures in urban areas of Cairo. These temperature increases range from 0.5 to 3.5°C.
The maximum difference observed was 10°C compared to the surrounding surfaces
(Taheri Shahraiyni H. S.-Z., 2016) (Abutaleb K. N., 2015). Land surface temperature
analyses further indicate these increases reached 7.8°C during summer and 2.1°C during
winter (Abou El-Magd, 2016) (Abou El-Magd, 2016) (Taheri Shahraiyni H. S.-Z., 2016)
(Abutaleb K. N., 2015). These findings confirm the presence of the UHI effect in Cairo,
contributing to significant discomfort, particularly during nighttime hours.

2.3.3. Scarcity of Greenery and Water in Cairo

Cairo experiences high levels of heat stress, thus affecting both quality of life and human
health. Thus, increasing the number of trees and vegetation levels should, thus, be
prioritized; however, Cairo faces challenges such as limited greenery and severe water
scarcity. Currently, more than half of the city’s population has access to less than 0.5 m2
of green space per person—a strikingly low ratio compared to the city's average of 1.7 m2
(Hamdy, 2022). In recent years, Greater Cairo has seen a notable decline in green spaces,
with many trees removed to widen road lanes in an effort to ease traffic congestion. This
has further diminished the already limited greenery levels throughout the city. Figure 1
illustrates neighborhoods such as Heliopolis, EINozha, Nacr City, and Masaken Cheraton,
that witnessed the removal of trees and green spaces to facilitate road expansion and
alleviate traffic.

Water scarcity exacerbates the challenge of restoring greenery in the city. Egypt relies
heavily on external water sources, with 98% of its freshwater originating outside its
borders. The Nile River alone supplies over 95% of the country's water needs, presenting
a significant challenge for decision makers tasked with addressing water policy (El-
Nashar, 2018) (Abdin, 2009).

Egypt’s per capita freshwater availability has drastically declined, dropping from 1893 m3
in 1959 to 875-950 m3 in 2000 and further to 670 m3 in 2017. Projections estimate this figure
will further decrease to 536 m3 by 2025 (El-Sadek, 2010) (Abdin, 2009). This decline is
driven by rapidly increasing water demands resulting from rapid population growth,
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urbanization, rising living standards, and an agricultural policy aimed at expanding
production to sustain the growing population. Domestic water use also reflects this trend,
increasing from 3.1 BCM in 1990 to 5.23 BCM in 2000 (Abdelhaleem, 2015). Compounding
these challenges, in 2011, the Ethiopian government announced the construction of a dam
on the primary water source of the Nile River (El-Nashar, 2018).

2.3.4. City Urban Morphology

The Greater Cairo Metropolitan Area boasts the largest urban area in Africa and ranks as
the eleventh largest city in the world (Taheri Shahraiyni H. S.-Z., 2016). A study found
that Cairo’s land cover was 233.78 km2 in 1973, growing to 557.87 km2 in 2006, more than
doubling in size over this period. The urbanization rate over this period was 9.8 km2 per
year (Mohamed, 2012). This rapid urban expansion occurred on both agricultural and
desert lands (Hassan A. A., 2011), driven by formal and informal rapid growth patterns.
As a result, Cairo’s density and size have experienced massive increases, leading to the
development of diverse urban morphologies and fabrics.

2.4.Research questions and methodology

This cumulative dissertation aims to develop a comprehensive strategy to improve climate
conditions in metropolitan areas experiencing extreme heat stress. The strategy focuses on
optimizing urban morphologies and tree use while tailoring solutions to the unique local
conditions of cities, thus ensuring applicability. The outcomes of the strategy will be
analyzed at various levels of detail to provide a thorough understanding of how to
optimize the use of limited city resources and achieve the best possible results.

This study applies the strategy to Greater Cairo, a city facing extreme heat stress,
significant urban diversity, a severe lack of greenery, and limited water resources. These
challenges make it an ideal case study for testing the strategy and achieving the research
objectives.
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2.4.1. Research questions:

Based on the scientific discussions present, the contributions of this cumulative
dissertation are dedicated to developing a scientific study and addressing the main
research questions (RQs), which represent the scientific gaps this research seeks to fill.
The epistemological focus of this work is articulated through the following research
questions, which are addressed through the publications produced as part of this
dissertation:

RQ1. What is the impact of implementing a comprehensive urban tree strategy that
considers climate conditions and water scarcity on the city of Cairo?

RQ2. How could a detailed analysis and understanding of the different steady PET
cases optimize the use of trees?

RQ3. What is the relationship between dynamic PET and steady PET, and how does
analyzing both optimize the use of trees?

RQ4. How could implementing a comprehensive, complete, and detailed strategy that
considers city conditions enhance climate conditions and optimize the use of resources?

2.4.2. Research Methodology

To answer the research questions and achieve the research objectives, three stages of
research (corresponding to three publications) were conducted in Greater Cairo. While
RQs 1, 2, and 3 are addressed in publications (1), (2), and (3), respectively, and discussed
in Chapters (3.1), (3.2), and (3.3), RQ 4 requires a synthesis of the findings from all three
papers and is addressed in Chapter (4), as shown in Figure 2.

This study is divided into three stages: The first stage involves developing an efficient
urban tree strategy UTS tailored to the local conditions of Greater Cairo, addressing
challenges such as water scarcity and limited greenery. Stage 2 investigates the various
microclimate conditions in greater detail, analyzing how urban tree use can be optimized
within different urban canyons. Stage 3 introduces a temporal dimension to the study by
considering dynamic thermal comfort for pedestrians. This stage compares and evaluates
pedestrian experiences as they move through different urban canyons with varying
different tree densities and shading conditions.

Optimizing an
efficient urban tree
strategy while
considering water

Stage 3—RQ3.
Urban morphologies -

and tree use

Dynamic thermal

scareity optimization comfort analysis to Fill the research gaps,
through static PET | 55timize tree use in answer RQ 4, and
analysis. various urban

achieve the research

morphologies. ..
objectives.

Figure 2. Research stages/methodology.

2.5.Scientific Contributions

The following chapter offers brief summaries of the publications produced as the
framework of this dissertation. In Part II, which includes the article PDFs, each paper is
preceded by an information box summarizing key details. It highlights information on
character counts, review modalities, and the author’s contributions to each publication.
The three articles presented were published between 2023 and 2024, and all are available
as open-access publications.
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Chapter 3

Scientific Contributions

3.1. Optimizing an efficient urban tree strategy to improve microclimate
conditions while considering water scarcity: a case study of Cairo

The first publication proposes a comprehensive green strategy to improve thermal
comfort and mitigate UHI effects within Cairo. This strategy focuses on utilizing the most
effective urban greenery elements, with urban trees identified as the most suitable element
based on findings from previous studies. This study seeks to develop an urban tree
strategy for the entire metropolitan area of Cairo, accounting for Egypt’s limited water
resources. In particular, given that trees consume one of the largest quantities of water
among greenery elements (Elmasry, 2014), significant amounts will be required to irrigate
the large number of trees proposed for planting across the city. This strategy aims to exert
positive impacts that not only support its implementation but also raise public awareness
about the value and application of urban trees. This, in turn, could help curb the ongoing
removal of trees in urban areas.

3.1.1. Urban Tree Strategy Stages
Figure 3 illustrates the three steps involved in the strategy: (1) choosing appropriate tree
species, (2) implementing effective irrigation methods, and (3) determining the optimal
number of trees.

The Efficient Urban Tree Strategy (UTS)

Efficient Tree Species Water Efficiency Optimize Tree Usage

Efficient morphological
characteristics Efficient irrigation
technologies

Efficient number of trees in
relation to urban geometry
and aspect ratio

Trees adapting to local \ J \ J
conditions r \ r \

Efficient number of trees in
relation to the orientation
of the urban canyon

Various alternative
Low/moderate water potential water resources
demand

1 ale |
v

Testing the strategy’s elements

—.

Achieving an efficient urban tree strategy

Figure 3. First publication's methodology.
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3.1.1.1. UTS Step 1: Efficient Tree Species

The tree species(s) selected for the UTS should consume minimal water to align with the

study’s objective, as Cairo faces severe water scarcity and lacks sufficient greenery.

Implementing this strategy across the metropolitan area will require the planting of

millions of trees, thus highlighting the importance of carefully considering tree species.

While the water consumption and cooling effects of a single tree may seem negligible,

their cumulative impact can be substantial when applied across the city. To ensure the

most appropriate species are chosen, all relevant parameters must be considered.

Microclimatic shading and air-cooling efficiency can vary significantly among tree species

(Konarska, 2016) (Rahman M. A. 2015) (Armson, 2013) and are influenced by

morphological characteristics, such as the shape, canopy size and density, and foliage

features (Rahman M. A., 2018) (Georgi, 2010) (Shahidan, 2010). A comparative study of

these characteristics is, thus, essential to determine which tree species will provide optimal

benefits while remaining within the city’s environmental and resource constraints.

Based on insights from previous studies, the selection of tree species for urban planting

should be guided by the following criteria:

¢ Canopy size: Trees with larger canopies are essential and should be categorized as trees

that provide shade.

¢ Tree density: Species with a higher LAI are preferable.

¢ Tree type: Deciduous trees are generally favored over evergreen species.

¢ Adaptability to local conditions: Trees that require excessive water or are intolerant to

salinity and drought should be avoided.

These selection criteria were applied to a database of 114 trees listed in the Plant Guidebook

for Al-Azhar Park and the City of Cairo (Elmasry, 2014). As detailed in the corresponding

publication, minor differences in the crown size, water demand, LAI, and tolerance to

drought and salinity were observed among the tree species evaluated. Ultimately, 21 tree

species were shortlisted (in part II, page 85), conferring the following advantages:

- The diversity in tree sizes allows for planting in various urban morphologies, such as
differing street widths, streetscapes, and urban canyon configurations.

- As 21 species were shortlisted, visual esthetics are enhanced, contributing to the city’s
image while improving biodiversity and creating more naturally vibrant streetscapes.

3.1.1.2. UTS Step 2: Irrigation Technologies

This study aims to evaluate water usage during irrigation, comparing traditional time-
based systems with advanced technologies such as SMSs and RSs. SMSs, in particular,
have been proven to be highly effective, reducing water irrigation use by up to 65%
compared to traditional systems (Haley, 2012).

Minimizing water consumption is crucial, but identifying alternative water sources is
equally essential for irrigation. Given that Egypt cannot solely rely on the Nile River to
meet rising water demands, the country has turned to non-conventional methods, such as
wastewater reuse, to meet future requirements (Zalesny Jr, 2011). Data from the Holding
Company for Water and Wastewater in 2013 indicate that Egypt produces approximately
9.6 mcm of treated wastewater daily, totaling around 3.5 bcm annually (Wahaab, 2011).
This volume represents 6.5% of the Nile’s total water supply. These alternative water
sources are vital to supporting the greening strategy proposed in this study, making its
implementation feasible and sustainable.

Calculating water demand is a crucial step in evaluating the UTS. Water demand is
influenced by three key factors—the plant factor, evapotranspiration, and tree crown
sizes—all of which vary across tree species. Cooling effectiveness for trees highlights the
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importance of large canopies to maximize tree coverage. However, increasing canopy
coverage also markedly increases water demand. This demand can be managed by
sufficiently decreasing total tree coverage and number. Achieving a balance between
desirable tree coverage for thermal comfort and water demand is necessary to avoid
compromising either cooling efficiency or optimal water usage.

3.1.1.3. UTS Step 3: Tree Amounts and Shading Percentage

The impact of tree coverage percentage can vary based on the aspect ratio and orientation
of street canyons (Lin, 2010). In Athens, a study analyzing air temperature patterns under
different tree coverage scenarios found that the outcome variations were primarily caused
by tree coverage percentages and aspect ratios within urban canyons (Shashua-Bar, 2010).
In Phoenix, a study demonstrated that an increase in tree coverage from 0% to 25% could
reduce air temperature by 4.4°C (Middel, 2015). However, a Hong Kong study
recommended a tree coverage of 56% to enhance microclimate conditions most effectively
(Ng, 2012). Notably, a study conducted in Cairo proposed 50% tree coverage as ideal for
enhancing thermal comfort in dense urban areas (Aboelata A., 2019). Against this
background, the tree coverage percentage should vary depending on the type of urban
canyon, aspect ratio, and street orientation. A detailed study is necessary to determine
each urban canyon's optimal tree coverage percentage. This ensures the implementation
of an efficient tree strategy, avoiding issues caused by insufficient or excessive tree
coverage.

using ENVI- > 3: Efficient tree amount —
N 7 N 7 |\ J

Test UTS outputs (UTS validation) ]9[ UTS criteria (steps)
4 ) ( )
Study area (Downtown Cairo) 1: Efficient trees species (modeled
L ) K via Albero—ENVI-met)
/—\ _
Urban model Weather 2: Efficient irrigation technology
(field survey) data > (calculate water demand before
Using Spaces (airport L and after applying strategy) )
— (ENVI-met) station) s N

Vs

) UTS
Complete model for simulation PN

scenarios

J

Simulation using ENVI-met Core (ENVI-met
V4.4.5)

Validation of results compared
to site measurements.

Simulation results using

Leonardo (ENVI-met)

Statistical analysis (mean comparison and
L correlation and regression analysis)

»

Figure 4. Method of testing and validating the UTS criteria.
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3.1.2. Methodology for Testing the Strategy

Figure 4 illustrates the method for testing the efficiency of the UTS. ENVI-met simulations
are conducted to evaluate its impact on the microclimate conditions and assess its
applicability and effectiveness in Cairo. Moreover, a comparison between the ENVI-met
simulation results for the current state of the study area and the outcomes after applying
the UTS criteria was carried out.

3.1.2.1. The study area

The study area was situated in Cairo’s downtown area, where the UHI effect is most
pronounced (Taheri Shahraiyni H. S.-Z., 2016) (Abutaleb K. N., 2015). Figure 5 depicts the
study area location and elements.

Study
BDowntown area

Figure 5. Study area location. A. Location within the downtown area. B. Streets selected for the
study. C. Old and new images of the study area. D. Field survey photos of the existing trees.

3.1.2.2. Different Scenarios

As illustrated in Figure 6, the UTS outcomes (Step 3) will guide the application of four
different scenarios to selected inner streets within the study area. Each scenario is
designed to evaluate different tree coverage percentages: scenario A—0%, scenario B—
20%, scenario C—35%, and scenario D—50%. Each scenario will be evaluated during both
summertime and wintertime, thus additional winter scenarios labeled e, f, g, and h. Due
to the presence of deciduous trees, which lose their leaves in winter, the tree coverage
percentages in winter scenarios will differ from those in the summer scenarios. The
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outcomes of these scenarios will be compared with the baseline for both summer and
winter conditions.

*re e eeevevecene ' 4, .
St e

200 100 50 0 M\ a. 0% Trees (S) 200 oo 50 o M\ b.20% Trees (S) 200 100 50 o M\ c. 35% Trees (S) 200 100 g0 o A\ d.50% Trees (S) 20 100 g0 o M\

20 00 s oA e 0% Trees (W) 200 100 g0 o M\ f. 14% Trees (W) 200 100 s0 o A\ g 25% Trees (W) 200 100 s0 o M h.36% Trees (W)

Existing Tree:
Azadirachta indica Cassia javanica . Xeung: 1ees

Figure 6. All tree scenarios proposed for both summer and winter.

3.1.3. Comparison of PET Results During Summer

A comparison of the summer PET values across all streets reveals that adding trees to
urban canyons generally improves PET values. To gain a more comprehensive
understanding of this effect impact, a more detailed hourly analysis is carried out. This
approach assesses the impact more precisely and provides recommendations for
incorporating trees into various urban canyon configurations.

3.1.3.1. Comparison of Mean PET Values for S1 Scenarios During Summer

The application of varying urban tree coverage percentages to S1 only slightly improved
its mean PET values. As Figure 7 illustrates, the PET values for the baseline scenario
remain within the hot range during peak hours and throughout the day. In addition, the
PET values for this scenario are almost identical to those using 0% tree coverage, with a
maximum difference of -0.37°C, an average difference of -0.04’C, and most differences
being less than -0.1°C. These findings indicate that planting numerous trees with small
crowns would not significantly improve thermal comfort in this urban canyon, thus
aligning with theoretical recommendations for an efficient UTS (Rahman M. A., 2018)
(Smithers, 2018).

Applying 20% tree coverage to S1 slightly increases the PET values, with maximum and
average reductions of -0.83°C and -0.10°C, respectively, during the daytime. Although this
scenario performs better than one without trees, the PET enhancement remains minimal.
Moreover, applying 35% tree coverage to S1 results in more pronounced improvements
in the PET values, reaching maximum and average reductions of -0.69°C and -0.41°C,
respectively, during the daytime. Although this scenario shows greater effectiveness than
a no-tree scenario, the enhancement in the PET values during the daytime also remains
minimal. During nighttime, PET values increase slightly but remain within a comparable
range.
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Applying 50% tree coverage to S1 results in a greater enhancement in PET values, with a
maximum reduction of -1.52°C and an average reduction of -0.79°C during the daytime.
While this leads to slight improvements in thermal comfort, the improvement is not
significant enough to shift the thermal range. Across all scenarios (20%, 35%, and 50%),
the PET values were higher during nighttime compared to the daytime; however, these
increases were considered minor and did not significantly affect the thermal range.

b. S1 - Base Case - A PET Values - Summer (z=1.5m).
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Figure 7. a. S1—mean PET values for S1 scenarios, b. S1—base case APET for summer (01-07-20).

3.1.3.2. Comparison of Mean PET Values for S2 and S3 Scenarios During Summer

The application of varying levels of urban tree coverage to S2 and S3 significantly
improves their mean PET values. As illustrated in Figure 8, the PET values for the baseline
scenario during peak hours and daytime fall within the extreme heat stress zone.
Additionally, the PET values for this case are nearly identical to those for the scenario with
0% tree coverage, with a maximum difference of 0.04°C, an average difference of 0.02°C,
and most differences being less than 0.01°C. These results indicate that planting numerous
trees with very small crowns in both urban street scenarios (52 and S3) does not lead to
any meaningful improvement in thermal comfort, which also aligns with theoretical
recommendations for an efficient UTS (Rahman M. A., 2018) (Smithers, 2018).

Applying 20% tree coverage results in noticeable improvements in PET values, with
daytime reductions reaching maximums of -3°C and -3.16°C in S2 and S3, respectively.
The average daytime reductions are -1.55°C in S2 and -1.89°C in S3, representing a
considerable improvement compared to the 0% tree coverage scenario. During nighttime,
PET values remain within a smaller range, with a maximum reduction of -0.35°C in both
streets. Increasing the tree coverage percentage to 35% further enhances PET values,
achieving maximum reductions of -4.71°C in S2 and -4.51°C in S3 during the daytime. The
average reductions during the daytime are -2.69°C in 52 and -3.18°C in S3, representing
notable enhancements. During the nighttime, PET values show slight additional
reductions, reaching a maximum of -0.55°C in both streets.

The application of 50% tree coverage resulted in substantial improvements in the PET
values, achieving maximum reductions of -6.36°C in S2 and 6.49°C in S3 during the
daytime. The average reductions during the daytime are -3.95°C in S2 and -4.66°C in S3.
These are marked enhancements, particularly during peak hours, where average
reductions are -3.56°C in S2 and -4.41°C in S3. The PET values are higher during the
nighttime and reach a maximum of -0.7°C in both streets.

The overall impact of applying different tree coverage percentages is substantial,
markedly improving thermal comfort and shifting the thermal comfort zone in S2 at 11:00,
12:00, 16:00, and 17:00 and in S3 at 11:00, 12:00, and 17:00. These PET reductions effectively
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A 50% Trees
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transition the thermal comfort zone from extreme heat stress to strong heat stress. Figure
9 illustrates the effects of tree coverage at 13:00 and 15:00.

a. S2 - PET Values - Summer (z=1.5m).
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Figure 8. a. S2—mean PET values for 52 scenarios, b. S2—base case APET, c. 53 —mean PET
values for S3 scenarios, d. S3—base case APET for summer (01-07-20).

3.1.3.3. Comparison of PET Values During Winter

A comparison of the PET values across all streets in the wintertime demonstrates that
adding trees to the urban canyons does not significantly reduce PET values. This impact
usually goes unnoticed due to the cooler microclimate conditions during winter, as
simulations were conducted on January 1st, which is considered the middle of winter.

Generally, the absence of trees in urban canyons during the winter does not negatively
affect human thermal comfort. Similarly, the inclusion of different tree species—whether
evergreen or deciduous—does not significantly alter the microclimate conditions during

this season.
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Figure 9. PET reduction values for each scenario compared to the base case (on the left at 13:00,
and on the right at 15:00 on 01-07-20) Z = 1.5m.
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3.1.4. Comparing Summer PET Parameter Results for S2 and S3

To identify the key factors contributing to the enhancement in the microclimate conditions
in S2 and S3, a detailed analysis should be conducted by examining all thermal comfort
parameters for both streets. Measurements should be taken at a central point in each street
(R2, and R3), allowing for consistent comparison. Parameters such as air temperature
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Figure 10. Comparison between PET, WS, TA, TMRT, and H for R2 and R3.
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(TA), wind speed (WS), TMRT, and specific humidity (H) should be analyzed to determine
which factors are most influenced by the presence of trees and how these changes
contribute to meaningful improvements in PET values. As shown in Figure 10, a
comparison of results for both R2 and R3 reveals that adding trees significantly impacts
WS and TMRT. These changes can be attributed to the shading provided by trees, which
reduces the TMRT, and their physical obstruction of the wind, which decreases wind
speed. However, no substantial changes are observed in the air temperature and humidity
of either street before or after the addition of trees.

3.1.4.1. The Impact of Adding Trees on Air Temperature and Humidity

The addition of trees results in minimal improvements in air temperature, with a
maximum reduction of -0.124°C at 17:00 in R3 and -0.113°C at 16:00 in R2. However, this
slight change is not considered a significant factor contributing to the observed
enhancements in

PET values. Similarly, the impact on specific humidity was negligible, with maximum
reductions of 0.09% at 10:00, 11:00, and 12:00 in R2 and 0.17% during the same hours in
R3.

3.1.4.2. The Impact of Adding Trees on Wind Speed

As shown in Figure 11, the addition of trees to all streets causes significant reductions in
wind speed. This effect is due to the vertical obstruction created by trees planted along
both sides of the street. The extent of this impact varies between streets, as wind speed is
influenced by the various street orientations. While S1 is oriented toward the north, S2
and S3 are oriented toward the

. . m/s a. Wind Speed Values - Base Case
east. Figure 1la compares wind
speed values for the baseline 33
scenario at the receptor points 3 m*w—*‘#
within each street (R1, R2, and R3). 25 m1
As shown in the figure, Sl 5
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wind speeds due to its northern
orientation, which aligns with 1 R3
Cairo’s prevailing wind direction. 05
In S1, wind speeds range from 3.25 o i
m/s to 2.86 m/s, remaining within ,‘;_@ & 6_@ q}._QQ '\9,_00 0,@ x";& Nio._o“ &_00 q,G‘QQ (9._00 Q._QQ hours
the comfort range of 1 m/s to 5 m/s
(Guo, 2015). Conversely, S2 and S3, °C b. Tmrt Values - Base Case
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Figure 11. a. Wind speed values. b. Tmrt values for the base
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for R1, R2, and R3.



26| Scientific Contributions

during the day —more than double the maximum wind speeds recorded in S2 and S3. By
comparison, the reductions in wind speeds are much smaller in S2 and S3, reaching -0.05
m/s to -0.2 m/s in R2 and -0.07 m/s to -0.09 m/s in R3.

The addition of trees to both S2 and S3 has a negligible impact on their PET due to the
already extremely low wind speeds in both streets. As a result, further reductions in wind
speed do not significantly influence their PET values. Instead, other factors may play a
more critical role in enhancing the PET values in S1 and S2, as shown in Figure 10.
Conversely, the wind speed reduction in S1 is quite significant, with wind speed reduced
to nearly half its original value. However, the improvements in the PET values in S1
remain quite limited. This indicates that while planting trees in S1 significantly reduces
wind speed, it does not result in marked improvements in PET values.

3.1.4.3. The Impact of Adding Trees on TMRT

Figure 11.b demonstrates the obvious influence on the TMRT values for R2 and R3. The
changes observed in the TMRT stand out as the most significant compared to the other
measured parameters shown in Figure 10. This highlights the critical role of tree shading
in urban areas, which effectively reduces total radiant temperature, including solar
radiation, at the pedestrian level within urban canyons. In S2, the addition of trees led to
notable reductions in TMRT at R2, with maximum decreases of -21.3°C at 15:00, -15.4°C at
16:00, and -29.9°C at 17:00. Similarly, in S3, the maximum TMRT reductions at R3 were
recorded as -17.0°C at 17:00 and -21.6°C at 14:00. As illustrated in Figure 10, the PET and
TMRT charts closely mirror each other, with nearly identical reduction values for both
streets. This correlation indicates that the substantial improvement in PET is directly
driven by the significant reductions in TMRT. In contrast, the minor TMRT reductions in
S1 correspond to a negligible enhancement in PET, further emphasizing the strong
relationship between these two parameters. Figure 11b illustrates the TMRT values for all
streets under the base case scenario. During the daytime, when solar radiation is present,
TMRT values in S1 are considerably lower than in S2 and S3 due to differences in street
orientation. The addition of trees plays a critical role in shielding the street canyon at the
pedestrian level from intense solar radiation. In S2 and S3, where TMRT values are much
higher, the introduction of trees significantly reduces TMRT, resulting in substantial
improvements in PET for both streets. In contrast, S1’s northern orientation naturally
limits solar exposure, and its TMRT values are already lower. As a result, the addition of
trees does not further reduce TMRT, leading to only minor enhancements in PET.

3.1.5. Correlation Between PET and TMRT

A strong relationship exists between TMRT reduction and PET enhancement within urban
canyons,  particularly at the 2
pedestrian level. To analyze this
relationship, a statistical analysis was -5 20
conducted  using  SPSS.  The
correlation study examines the
results of the 50% tree coverage
scenario in R3. Before calculating the

Delta PET

Correlation between the two ¥ = 0.488x - 0.0208
variables, the Kolmogorov— : R?=0.9879 10
Smirnov (K-S) test is conducted on -12

Delta Tmrt
all input data to ensure data follow a

normal distribution. The test results Figure 12. Correlation between APET and ATMRT.
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informed the choice of the appropriate correlation method. As data were not normally
distributed, Spearman correlation was applied. Figure 12 reveals a strong positive
correlation in the study, with a correlation coefficient of r=0.898, indicating a significant
relationship between ATMRT and APET. Regression analysis yields an R? value of 0.9879
and a significant F-value of <0.001, confirming that the study results are reliable and
statistically significant. The co-efficiency value can be calculated as Y=0.488x-0.0208. These
findings statistically validate the strong relationship between ATMRT and APET, further
emphasizing the direct association between shading and PET enhancement.

3.1.6. Comparison of Water Demand

Different scenarios necessitate varying numbers of trees and tree coverage percentages.
While the 20% and 35% tree coverage scenarios require fewer trees compared to the
existing baseline scenario, both scenarios demand increased water for irrigation due to
their higher coverage percentages. The primary advantage of these scenarios is the
reduced maintenance requirements, as fewer trees are needed overall. Table 1 presents the
irrigation required for each scenario relative to the baseline. The percentage changes are
calculated based on variations in canopy coverage, which is the primary determinant of
water demand. To avoid increased water demand while maintaining thermal comfort
improvements, the recommended urban tree strategy should prioritize the lowest feasible
tree coverage percentage. Additionally, the irrigation and planting technologies proposed
in Step (2) should be implemented to further reduce water demand.

Table 1. Water demand increases/decreases relative to the baseline scenario.

Scenario Tree Number of Water demand Water demand decrease based
coverage trees increase on irrigation and planting
% (+)/decrease (-) technology criteria -65%
Base Case 9% 195 0 0
0% 0% 0 9% -9%
20% 20% 102 +11% +3.85%
35% 35% 174 +26% +9.1%

50% 50% 256 +41% +14.35%
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3.2.Optimization of Microclimate Conditions Considering Urban Morphologies and
Urban Trees Using ENVI-met: A Case Study of Cairo City

The second publication aimed to optimize the integration of various urban morphologies,
characterized by differing aspect ratios and orientations, and urban tree densities—low
and high—to identify any significant correlations and optimize the microclimate
conditions for the case study area. The research objectives extended beyond addressing
knowledge gaps about how different urban canyons respond to extreme microclimate
conditions. It also explored methods for integrating urban canyons with varying tree
densities and assessing the performance of these trees within various configurations.
Unlike previous studies, which predominantly focused on enhancing the entire canyon,
this study specifically emphasized the sides of canyons. These areas are particularly
important as they accommodate pedestrian activities, such as walking, sitting, and
standing, while central portions are reserved for vehicles. The research findings aim to
assist urban designers and landscape architects in making informed decisions about the
most appropriate decisions in terms of aspect ratios, street orientations, and tree densities
from an urban climate perspective in the context of project development in Greater Cairo.

3.2.1. Materials and methods

To achieve the research objectives, a study was conducted to analyze and test the
characteristics of urban morphology with and without varying tree densities. This analysis
was conducted over two stages (Figure 13): Stage (1) involved creating a theoretical model
representing common urban canyons in Cairo city along different orientations. This model
was initially tested without trees and then with different tree densities. Stage (2) applied
the outcomes of the theoretical model to an existing case study in downtown Cairo,
focusing on areas with similar aspect ratios and orientations. To gain an in-depth
understanding of the relationship between urban canyons and tree densities, both stages
analyzed both sides of the urban canyon. This approach is critical for understanding how
each side (where pedestrians walk) responds to climate conditions. It also explored how
changes in aspect ratio, orientation, and tree density affect thermal comfort and UHI
effects at the pedestrian level. By studying both sides of the street, the research yielded
more accurate and detailed results. For instance, one side may be shaded by buildings,
while the other is fully exposed to direct solar radiation (Elbardisy, 2021). This disparity
influences the optimization of tree placement, aligning with water efficiency strategies.
Such considerations are particularly important for water scarcity in Egypt (Osman, 2016).

3.2.1.1. Stage (1): Theoretical Model

In Stage (1), a theoretical model representing varying aspect ratios and orientations was
developed. These urban characteristics are highly common in Cairo (Step (a)). Tree
scenarios were then applied to the base case (Step (b)) to evaluate their effects. This
analysis was conducted by comparing the results from both steps.

3.2.1.2. Stage (1): Step (a) Theoretical Model (Base Case)

The evaluated range of aspect ratios varied between very shallow and very deep, with six
aspect ratios developed (H/W: 3:1, 2:1, 1:1.5, 1:1, 0.5:1, and 0.25:1), covering the majority of
urban canyon configurations within the city. Six aspect ratios were developed and
oriented in four directions, spaced 45 degrees apart. These orientations represented the
primary directions: north-south, east-west, northeast-southwest, and northwest—
southeast. Consequently, the theoretical model’s base case included 24 scenarios.
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Figure 13. Second publication methodology.

Figure 14 shows the theoretical model’s baseline scenario, including a shading analysis for
the various aspect ratios and different orientations. To comprehensively understand how
each urban canyon responds and performs, both sides of each canyon were analyzed and
compared using receptors (i.e., measuring points), as shown in Figure 14A; hence, the total

number of base cases increased to 48.
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Figure 14. The theoretical model’s urban geometry. (A) Plan showing the measured canyons
and receptors’ locations. (B) A 3D view. (C) Shading analysis. (D) AR cross-sections.

3.2.1.3. Stage (1): Step (b) Tree Scenarios

Tree scenarios were developed and incorporated into baseline scenarios to compare the
results of scenarios with trees to those without, enabling an understanding of the trees’
effects on each street and side. Two tree scenarios were created to represent two tree
densities: low density (*20%) and high density (=50%). After adding the tree scenarios to
the base case, the total number of cases increased to 144 (48 base cases; 96 tree scenario
cases). This number was sufficient for comparing diverse urban configurations with
different aspect ratios and orientations, as well as for integrating different tree scenarios.
The tree scenarios were applied to all urban canyons, accounting for different aspect ratios
and orientations. Measurements were conducted on both sides for all tree scenarios to
ensure a comprehensive analysis. The performances of both canyon sides in each scenario
were compared to gain deeper insights into the interaction between urban canyons and
urban trees. These findings provide critical guidance for urban designers and landscape
architects, thus enabling informed decision making when developing areas in Cairo.

3.2.1.4. Stage (2): Existing Case Study Area

This part aims to evaluate an existing urban area and compare its findings with those
derived from the theoretical model. This comparison corroborates the theoretical model’s
results, which are based on highly symmetrical and uniform conditions. In contrast,
however, real-world urban areas, particularly in historic city zones, often exhibit
irregularities. By comparing the outcomes of both theoretical and existing case studies, the
research can assess the tolerance and accuracy of the findings. These insights will then
serve as the foundation for the research recommendations.
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3.2.1.5. Study Area’s Location and Urban Characteristics

The selected study area is located in Khedival Cairo, within the city’s downtown area. This
area features streets with varying widths due to its hierarchical road network, resulting in
a range of aspect ratios and orientations. These urban variations make it an ideal case
study for representing the majority of scenarios represented in the theoretical study.
Additionally, the area experiences the impact of the UHI effect due to its central location.
Figure 15 illustrates the selected study area’s location and its urban characteristics.

As depicted in Figure 15B, the study area encompasses diverse urban morphologies,
offering a variety of scenarios for comparison with the theoretical model. The streets
within the area ranged from 10 m for local pedestrian streets to 40 m for major roads
(Rameses St., S1). Building heights also vary, resulting in aspect ratios ranging from 0.5:1
to 2:1. Furthermore, the streets exhibit four primary orientations—N-S, E-W, NE-SW, and
NW-SE)—as shown in Figure 15C. These orientations align with those in the theoretical
model. This variety within the study area allowed for comprehensive representation and
validation of the theoretical cases, making it highly relevant to this research and integral
to achieving the study’s objectives. Figure 15D showing the selected streets for the study.

Study area

B 40m street

30m street X
24mstreet
20m street

T 1 10msweet
XX No. of floors

P

¥ 'ﬂ’ﬁ,?n 3 e & | o IJ: —‘f 1 K 0_2"_»? 2 5 i B " o B h "7' |
Figure 15. Existing study area. (A) study area location; (B) different street widths and building

heights; (C) different street orientations; (D) selected streets and location of the receptors.

3.2.1.6. Study Area Tree Scenarios

The same tree scenarios used in the theoretical model were applied to the study area.
These included three scenarios: no trees (0%), low tree density (20%), and high tree density
(50%). Consistently applying these scenarios enabled a direct comparison of the impact of
trees across different canyons in both the theoretical model and the case study.
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3.2.2. Theoretical Model’s Results

The results are presented in two stages: The first stage examines the performance of
different canyons by comparing the PET values for each side, considering the varying
aspect ratios and orientations. The second stage evaluates the impact of trees on each side
of the street canyons. The purpose of the first stage is to analyze how changes in aspect
ratios, orientations, and canyon side influence thermal comfort and PET values before the
addition of trees. This analysis also helps to identify which canyons require trees to
enhance thermal comfort and which ones perform adequately without them.

3.2.2.1. Stage (1): Results for the 0% Tree Scenario

By comparing the PET values for each side of all urban canyons, as shown in Figure
16,variations in the PET values were observed across different aspect ratios, orientations,
and canyon sides. The worst PET values were recorded on the (a) sides of the eastern
streets, where PET values exceeded 50 °C for all aspect ratios over many daytime hours.
The highest PET value of 58 °C (R2a) occurred at 15:00. On the (b) sides of the eastern
canyons, the PET values were slightly lower than on the (a) sides; however, both sides
remained under extreme heat stress. The reduction in PET values due to aspect ratio
changes was minimal (approximately 2-3 “C) and limited to only moderate to deep urban
canyons on the (b) side (e.g., R4b, R6b, and R8b). The aspect ratio had a more pronounced
effect in reducing PET values for other orientations. This was achieved via sufficient urban
shading, particularly in moderate and deep canyons. In northern-oriented canyons
(Figure 16, left side a,b), on the (a) sides, increasing the aspect ratio reduced the PET by
approximately 5 °C. This reduction persisted for varying durations—4 hours in Rla, 7
hours in R3a and R5a, 6 hours in R7a, and 3 hours in R9a for 3 hours—compared to R11a,
the shallowest urban canyon. On the (b) sides, the impact of the aspect ratio was less
pronounced, with smaller PET reductions and shorter durations. For northwester-
oriented canyons (Figure 16, right side), the impact of aspect ratios was substantial on both
sides. Urban shading was especially effective, maintaining PET values below 50 °C in all
cases. Increasing the aspect ratio reduced the PET by 5 “C or more, with a longer duration
of PET reduction—4 hours in R9a,b, 6 hours in R7a,b, 7 hours in R5a,b, 8 hours in R3a,b,
and 3 hours in Rlajb—compared to Rllab, the shallowest canyon. Notable PET
improvements were also observed along northeast-oriented canyons, with both sides
benefiting from increased aspect ratios. This effect was particularly pronounced during
afternoon hours, where average PET reductions of 5 °C were observed. Specifically, PET
values decreased in R2a,b for 8 hours, R4a,b for 9 hours, R6a,b for 7 hours, R8a,b for 7
hours, and R10a,b for 4 hours and 2 hours compared to the shallowest canyon (R12a,b). In
summary, the influence of urban aspect ratios is particularly significant for northern,
northeast, and northwest orientations. This is most apparent on side (a) of northern streets
and side (b) of northeast and northwest street canyons.

Figure 17 illustrates the A PET between the two sides of each street canyon across varying
aspect ratios and orientations, highlighting the significant difference for eastern roads,
where the maximum PET variations between side (a) and side (b) reached 14 °C in deep
and moderate canyons. This significant difference within the same canyon is attributed to
the combined influence of aspect ratio and orientation, which reduces the PET on side (b)
more effectively than that of side (a) for most of the day. For northern-, northeast-, and
northwest-oriented canyons, the differences in PET varied between morning and
afternoon hours due to the Sun’s changing angle throughout the day.
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Figure 16. PET values for all aspect ratios of the northern and eastern canyons (Left column), and
the northwest and northeast canyons (Right column) on both sides at Z=1.5m.

Northeast-oriented streets experience their most significant improvements in the
morning, while northern-oriented canyons experience significant enhancements in the
afternoon. Northwest-oriented canyons showed a consistent enhancement across both
morning and afternoon. Shallow canyons, such as R11 and R12, exhibited minimal
differences between sides across all orientations, indicating that aspect ratio had little
effect. Conversely, in moderate and deep canyons, the impact of aspect ratio was
substantial, with significant variations between canyons with N, NE, and NW

orientations, depending on the time of day.
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Figure 17. APET for both sides of each canyon (a-b sides) for different aspect ratios and
orientations at Z=1.5m.
This concludes the analysis of how the different sides of urban canyons with varying
aspect ratios and orientations perform without the addition of trees. These findings offer
valuable insights into the expected performance of trees when incorporated into each side,
considering the varying aspect ratios and orientations.

3.2.2.2. Stage (2): Results of the Tree Scenarios

In Stage (2), the impact of adding different tree percentages was evaluated by comparing
PET values for each tree scenario across different road sides, aspect ratios, and
orientations. The two tree densities (20% and 50%) were applied to analyze the
relationship between tree coverage and the thermal performance of various street canyon
sides. As shown in Figure 18, tree performance varied significantly based on aspect ratio,
orientation, and street side. Trees had the greatest impact in two cases: (1) across all aspect
ratios in eastern canyons and (2) across all orientations in shallow urban canyons. Figure
18 displays two distinct charts: M-shaped and A-shaped. M- shaped charts (b, d, f, h, L j,
k, and 1) indicate significant tree performance. These charts depict PET reductions
reaching the maximum for most of the day, except during noon hours. This consistent
reduction resulted in an M-shaped pattern, with maximum APET reductions reaching up
to 17 °C and average reductions reaching 12-15 °C. These reductions lasted, on average,
for 8-10 hours, covering nearly the entire daytime period, signifying a significant
improvement in thermal comfort. However, the A-shaped charts observed in moderate
and deep northern canyons reflect limited PET enhancements. Here, maximum APET
values reached 13 °C but only for about 3 hours in a few cases, while average APET
reductions ranged between 4 and 7 °C for most of the daytime. The results in Figure 18
also show that increasing the tree percentage from 20% to 50% was particularly effect on
both sides of shallow canyons and on side (a) in moderate and deep eastern canyons.
However, higher tree densities in deep and moderate northern-oriented canyons did not
lead to any significant improvements. In Figure 19, northwest- and northeast-oriented
canyons showed comparable tree performances, with significant improvements in
shallow canyons for both orientations on both sides, as seen in canyons R9, R10, R11, and
R12. For moderate and deep aspect ratios, tree performance for both orientations was
nearly identical and closely aligned with the performance observed in the northern
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canyons. In addition, the maximum APET reduction reached an average of 12-14 °C, and
the average reduction reached 4-7 “C. Tree performance on both sides of the canyons was
nearly identical, with side (b) showing a slight advantage. Increasing tree density from
20% to 50% had a significant impact on PET reductions in shallow canyons for both
orientations, with APET differences reaching up to 10°C during certain hours. In contrast,
for moderate and deep canyons, increasing tree density resulted in only minor reductions
in PET, averaging just 2-3 °C between the 20% and 50% tree scenarios.
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Figure 18. APET with the 20% and 50% tree scenarios in comparison with the 0% tree scenario for
northern and eastern canyons on both sides (a and b) at Z=1.5m.
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Figure 19. APET with the 20% and 50% tree scenarios in comparison with the 0% tree scenario for
the northeast and northwest canyons on both sides (a and b) at Z=1.5m.

Figures 20 and 21 provide a detailed comparison of both sides of various street canyons
with different orientations and aspect ratios, analyzed using two distinct approaches.
The first approach compared the average APET during the peak daytime hours (from
11:00 to 16:00), as shown in Figure 20.

The second approach analyzed the number of hours during which PET was reduced by
8°C or more Figure 21. Such a reduction is significant, as it can improve thermal comfort
by almost two thermal zones (Lobaccaro G. A., 2019). Both comparisons (Figures 20 and
21) illustrate the substantial impact of high tree densities in shallow streets and eastern
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Figure 20. Comparing the average APET during the peak daytime period (from 11:00 to 16:00) on
both sides for all aspect ratios and orientations at Z=1.5m.

canyons on both sides. The comparisons also highlight the gradual improvement in tree
performance across moderate to deep canyons with varying aspect ratios and orientations.
However, the effectiveness of trees decreased as the aspect ratio (H/W) increased. For deep
and moderate canyons with northern, northeast, and northwest orientations, increasing
tree density from 20% to 50% resulted in minimal PET reductions, with some cases
showing no notable difference.

Max APET hours

N (0.25
NE (0.25
NE (0.25

e Avg. APET (Peak) 20%  mmmmmmmm Avg. A PET (Peak) 50% . Mov. Avg. (Avg. A PET (Peak) 50%)

Figure 21. Comparing the number of hours the PET was reduced by 8 “C or more on both sides
for all aspect ratios and orientations at Z=1.5m

The relationship between the aspect ratio and the tree scenario performance for different
orientations on both canyon sides was statically analyzed. Before calculating the
correlation between variables, the Kolmogorov-Smirnov (KS) test confirmed that all input
data for aspect ratios and average A PET (during peak hours) across all orientations and
both sides were normally distributed, with the exception of the A PET values for the 50%
tree scenario for the north orientation on side (b) and the 50% tree scenario for the east
orientation on side (b). For these exceptions, Spearman correlation was applied, while
Pearson’s correlation was used for all other cases. The results revealed a very strong
negative correlation between an increase in the aspect ratio and the A PET during peak for
all tree coverage percentages, orientations, and sides. However, the strength of the
correlation varied across orientations and sides. For example, the correlation for eastern
roads was weaker (-0.849, -0.849, -0.878, and -0.802) compared to most other orientations,
which typically ranged from -0.971 to -0.900. Similarly, side (b) on NE-oriented canyons
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and side (a) on NW-oriented canyons showed less significant correlations, resembling the
results for the eastern orientation. These findings align with the measured PET reductions,
indicating that tree performance in these orientations is less dependent on urban canyon
shading due to the limited natural shading. Additionally, other factors, such as wind
speed, do not provide any benefit. Thus, the presence of trees is crucial to mitigate heat
and enhance thermal comfort in these canyons. The mean values further underscore the
differences between eastern-oriented canyons and other orientations, thus supporting the
PET reduction and correlation results. The correlation outcomes could potentially show
more significant trends if shallow aspect ratios (0.5 and 0.25) were excluded, as their
results were identical for the eastern orientation, whereby aspect ratio impact diminishes.
Linear scatter plots and regression analyses of the aspect ratio and APET for reductions
of 8 "C or more for how many hours for both tree scenarios (20% and 50%) demonstrated
a clear negative linear relationship. However, this relationship varied depending on the
street’s aspect ratio, orientation, canyon side, and tree density. The 50% tree scenario
consistently showed a stronger relationship than the 20% tree scenario across all
orientations. Northern, northwest, and northwest orientations exhibited higher R2 values
(= 0.8) for the 50% tree scenario, indicating a strong correlation between APET and aspect
ratio. In contrast, eastern canyons exhibited lower R2 values, with R2 < 0.72 for side (a)
and R2 <0.77 for side (b).

3.2.3. Case Study Results

To validate the findings of the theoretical study, the same tree scenarios were applied to
the case study area in downtown Cairo. As shown in Figure 22, the results closely align
with those of the theoretical model. The impact of trees was particularly significant in
shallow canyons and eastern canyons. In charts (f) and (i) of Figure 22, the eastern canyons
exhibited substantial PET reductions on both sides, with maximum reductions of
approximately 18°C and average reductions of 13-14°C sustained during most daytime
hours. The 50% tree scenario consistently outperformed the 20% scenario, with average
reductions of 4 to 5 °C greater. In contrast, reductions in northern, northeast, and
northwest orientations were more limited, rarely exceeding 10 “C PET reductions for brief
periods in some canyons. Average PET reductions in these orientations ranged between 4
and 7 °C, closely mirroring the theoretical model’s results. A slight improvement was
noted in specific streets, such as S1 (northeast) and S12 (northwest), where PET reductions
slightly exceeded those of the theoretical model, though they remained well below the
significant improvements observed in eastern-oriented canyons. Figure 23 compares the
average APET during peak hours (11:00-16:00) on both sides across various aspect ratios
and orientations, while Figure 24 offers a detailed comparison of the total hours with PET
reductions of 7 hours or more. Both analyses prove that tree impact varied significantly,
with the most pronounced effect observed in shallow and eastern-oriented canyons on
both sides.

The overall linear patterns of each chart (Figures 23 and 24) closely resemble those of the
theoretical model analysis, as shown in Figures 20 and 21, validating the theoretical
model’s results. However, slight differences were observed in the case study results. These
variations are expected due to the irregularities of the study area, including variations in
aspect ratios and building heights within each urban canyon. Unlike the theoretical model,
the real-world study area lacks uniformity. Despite these differences, the overall results
align well between the theoretical model and the existing study area, thus reinforcing the
validity of the findings.
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Figure 22. APET with the 20% and 50% tree scenarios in comparison with the 0% tree scenario for
all canyons on both sides (a and b) at Z=1.5m.

A review of the theoretical and case study results clearly demonstrates the significant
value trees have as well as their importance in different urban canyons. The extent of their
impact, however, varies based on the orientation, aspect ratio, and specific canyon side.

Eastern-oriented canyons require a high density of trees on both sides, with the northern
side benefiting the most. This finding aligns with previous studies (Jamei, 2020)
(Rodriguez-Algeciras, 2018) (Andreou E., 2013). Northern, northeast, and northwest

canyons generally performed better than eastern canyons. While adding trees to western
canyons provided slight improvements, the impact was less significant compared to
eastern canyons, which is consistent with findings from other research (Jamei, 2020)
(Lobaccaro G. A., 2019). For some moderate to deep canyons in northern, northeast, and




40| Scientific Contributions

T T T R R — Mir - S T S o it R o R e e e K N P R -~ s P ke iodica e 0 ~

' 1} Wl 1l 1 W N 1

" 5: N 1] NStreet |, EStreet || EStreet |; NEStreet ;, NEStreet ,, NW i NW |

: h . 3 " 5

I Street | (b)side :: (a) side :: (b) side :: (a) side :: (b) side :: Street (a) :: Street (b) :
14.5 ; 1

1 (a) side |: :: ' : : : : : : : : side : : side :

125: h H—: ot 1 1 1 1 1

- h ] (29 (G Lo 1 1 [ 1

10.5) h I 2l ! Y 1 ¥ il |

i :I A 11 =11 ) ] ] 1 1

1 i )] S0l 11 7 F ), [ (M N ) 1

8.5: :I Gl T E %7 — J e a1l 71 :

— 1] 2] o L% 1 1 11 1

65: e " 4 5% 1L T I 1 R | |

i et ol F sl i K 1 LE S 1

45, Uy e | 1 g N B At 1

1 : % | | ¥ I [ iy ey nfltl S 1

25« NUTA YU I BT AN R R B ASE B B - A VAN Sk S A\ 7

Figure 23. Comparing the average APET for the peak daytime hours (from 11:00 to 16:00) on both
sides for all aspect ratios and orientations at Z=1.5m.

northwest areas, the presence of tall buildings helps maintain cooler conditions by
blocking direct sunlight from reaching the streets, thus contributing to thermal comfort.
These canyons also experience the benefit of cooling from the presence of strong winds.
Adding trees to moderate and deep canyons in these orientations may have a limited on
thermal comfort and could potentially obstruct wind and airflow. However, strategically
planting trees on side (b) could have an overall beneficial impact. Trees on side (b) provide
afternoon shade, thereby enhancing natural cooling without significantly disrupting
wind. In contrast, shallow canyons across all orientations and aspect ratios fail to provide
sufficient shading on either side, thus highlighting the importance of high tree densities
in these canyons to enhance thermal comfort. This is due to the fact that the canyon effect
is entirely absent in these areas— particularly on the northern side of the eastern canyon
(side a). In deep canyons with northern, northwest, and northeast orientations, applying
low tree densities on side (b) could still provide effective shading and cooling. However,
a high density is necessary on both sides of eastern and shallow canyons to achieve
significant thermal comfort improvements. A comparison of the theoretical study with the
real-world case study highlights the influence of urban forms. The uniformity and
regularity of the theoretical model produce slightly different results compared to the
irregular urban canyons of existing areas. While the key findings remain mostly
consistent, discrepancies arise due to differences in urban conditions at specific
measurement points.
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Figure 24. Comparing the number of hours the PET reduced by 7 °C or more on both sides for
all aspect ratios and orientations at Z=1.5m.
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Publication (3) focused on assessing dynamic thermal comfort (DPET) across various
urban forms and tree densities. The study examined walking routes in diverse urban areas
with varying tree densities, aiming to evaluate different urban configurations
(characterized by aspect ratios and orientations) and tree canopy coverage levels. Using
the microclimate simulations software ENVI-met V5.6.1, the study measured DPET in
each route and conducted dynamic thermal comfort analysis under different tree

3.3.Pedestrian Dynamic Thermal Comfort Analysis for Optimizing Tree Use
in Various Urban Morphologies: Case Study of Cairo City

scenarios. This study was conducted in two steps, as presented in Figure 25.
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3.3.1. Step (1): Study Area Selection and Analysis

Cairo was chosen due to its diverse urban morphologies, and its significant heat stress,
making it well suited to the study’s objectives. Thus, this diversity allowed for a clear
understanding of the impacts on pedestrians while walking, particularly the effects of tree
density under different scenarios and the changes observed as tree densities increased.

3.3.1.1. Urban Analysis of Study Areas

As shown in Figure 26, five study areas were selected: Bulaq Ad Daqrur (commonly
known as Bulaq), Khedival Cairo (Downtown), Mohandisen, New Cairo, and Mivida.
These specific areas were chosen for their distinct urban morphologies and varying tree
densities. The selected study areas also differed in terms of location. Three of them—
Bulag, Downtown, and Mohandisen —are situated very near the center of Cairo, within a
4- 5 km range, while the remaining two areas—New Cairo and Mivida—are suburban
areas located approximately 17-29 km away from the city center. Table 2 shows the local
climate zones and the main urban characteristics of each study area. The selected study
areas had similar sizes, as they varied between 18 and 22.9 hectares, and changes in the
solid-to-void ratio were obvious. These ratios varied significantly across the study areas,
ranging from 75% solid in Bulaq to 61% and 59% in Mohandisen and Downtown,
respectively, down to a low of 29% in New Cairo and a very low 13% in Mivida. In
addition, green spaces also showed significant variation. Bulaq and Khedival Cairo had
0%, while Mohandisen featured a very limited green area of 3%. In contrast, New Cairo
had moderate greenery levels at 12%, while Mivida boasted the highest greenery at 23%.
The floor area ratio (FAR) also varied across the study areas, reflecting differences in
footprint percentage and building heights. FAR values ranged from a high of 5.2 in Bulaq
to moderate values of 4.58 in Downtown and 4.31 in Mohandisen, dropping to a low of
1.15 in New Cairo and a very low 0.39 in Mivida. Building heights varied significantly in
each area. Mohandisen featured the tallest buildings, ranging from 28 m to 40 m. Medium
building heights, ranging from 22 m to 27 m, were observed in Bulaq and Downtown. The
shortest buildings, ranging between 9 m and 12 m, were located in New Cairo and Mivida.
Access to public transportation differed widely across the study areas. Downtown had the
most facilities, including a metro station and a bus stop. Bulaq and Mohandisen each had
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Figure 26. Selected study areas, Cairo weather station, and site measurement location.
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two bus stops, while New Cairo had one. Mivida, in contrast, had no public transportation
facilities due to its car-centric, gated-community design, where walking was primarily
limited to internal circulation between community amenities. These urban analyses
revealed significant differences among the study areas, underscoring the variety and
diversity of the selected locations.

Table 2. Selected urban areas characteristics.

Study Area Bulaq Ad Khedival Cairo Mohandisen New Cairo Mivida
Daqrur
Local Climate LCZ2 LCZ2 LCZ1 LCZ5 LCZ6
Zone (LCZ)*
Compacted Compacted Compacted high Open midrise Open low rise
midrise midrise rise.
Urban Informal area City center Business center Suburban Gated
Classification community community
Aspectratio Deep Moderate Moderate Open canyons Shallow
canyons
Mixed uses Low mixed High mixed High mixed uses, Low mixed uses, = No mixed uses,
and uses, transit-  uses, transit- transit- and car- car-oriented car-oriented
car/transit oriented oriented oriented
Density Very high Moderate Moderate Low Very low

*Local climate zones (LCZs) were classified as explained in (Abougendia, 2023), (Elmarakby, E., 2020).

3.3.1.2. Tree Scenarios

The study areas demonstrated not only diverse urban morphologies but also significant
variation in terms of tree density. As shown in Figure 27, existing tree coverage
percentages varied widely among the study areas. Tree coverage was very low in Bulaq
(2.1%), Downtown (6.2%), and Mohandisen (7.8%), reflecting the scarcity of open spaces.
In contrast, tree coverage was moderate in New Cairo (9.4%) and high in Mivida (13%).
To assess the impacts of trees in each area, this study evaluated both the current tree
coverage and scenarios with increased tree densities. The proposed increases, illustrated
on the right side of Figure 27, were tested to analyze how higher tree densities influence
DPET for pedestrians in different urban morphologies. Tree density was strategically
increased to ensure a balanced distribution and adequate spacing of trees along roads and
in parks. This resulted in varying tree coverage percentages across the study areas, as
shown in Figure 27. These adjustments aimed to optimize the use of trees, consistent with
findings from previous research (Abdelmejeed A. Y., 2023) (Elbardisy, 2021).

3.3.1.3. Walking Routes

This study focused on the dynamic thermal comfort of pedestrians, making the selection
of walking routes in each scenario a critical aspect. Since the study results emphasized the
DPET values of the routes and locations, the design of each route—considering aspect
ratios, orientations, and tree densities —was central to the research. In each study area, two
routes were carefully selected to ensure comprehensive coverage of the study area. These
were non-overlapping and connected key urban features, such as transportation stations,
retail areas, amenities, parks, etc. (Hwang, 2022).
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Figure 28 shows the proposed routes in each study area, which were designed to traverse
diverse urban elements. In Bulaq, the routes incorporated various aspect ratios and
orientations. Route (A) started at the bus stop, passed through a wide eastern canyon (H:
W 1:0.75), and then moved through a narrow northern canyon (H: W 3:1) before reaching
a residential destination. Route (B) began at the second bus stop, traversed a narrow
eastern canyon (H: W 3:1), and continued to another residential destination via a narrow
northern canyon (H: W 1:2.5).

Similarly, in Downtown, two routes were designed to traverse diverse urban canyons and
destinations. Route (A) started at the metro station and then passed through a wide
eastern canyon (H: W 1:1.25), a moderate northern canyon (H: W 1:1), and a moderate
eastern canyon (H: W 1:1.25) before reaching a retail destination. Route (B) began at an
urban park next to a bus stop and then passed through a moderate eastern canyon (H: W
1:1), a moderate northern canyon (H: W 1:1.3), and a moderate eastern canyon (H: W 1:1.5)
before reaching a coffee shop area.

In Mohandisen, the routes included urban parks and varied canyon configurations. Route
(A) started at a bus stop, moved through a moderate eastern canyon (H: W 1:1) and a
northern canyon, passing by an urban park with dense vegetation, and then moved
through an eastern canyon (H: W 1:1) before reaching a residential destination. Route (B)
began at the same bus station, moved through a shallow northeastern canyon (H: W 1:3.5)
for most of its length, and ended in a moderate northwestern canyon (H: W 1:1). In New
Cairo and Mivida, the routes passed different urban contexts, including very shallow
roads (H: W 1:3) and urban parks, as shown in Figure 28.

The routes were intentionally designed to be longer than the typical walking distance of
500 m (Vasilikou, 2020), as the study aimed to address the primary research gap
concerning long-distance pedestrian routes (Hwang, 2022). The route lengths in Bulag,
Downtown, Mohandisen, New Cairo, and Mivida were A=697 m and B=704 m, A=712 m
and B=651 m, A=727 m and B=722 m, A=839 m and B=771 m, and A=747 m and B=758 m,
respectively. In total, this study examined 20 unique routes with varied morphologies and
urban tree densities. This variation provided more detailed results, enriching the research
findings and offering comprehensive insights into pedestrian thermal comfort.

3.3.2. Step (2): Data Input, Model Set-Up, and Measuring Points

The simulations for each study area and tree scenario were conducted using ENVI-met
V5.6.1 (Winter 2023). The model incorporated all necessary data, including the existing
urban configurations (materials and soil) commonly found in Cairo and meteorological
input. The simulation's geographical location was 30.02 latitude and 31.22 longitude,
selected from the ENVI-met application “Spaces” database for Greater Cairo.

3.3.2.1. Simulation Outputs

Output data were processed using the ENVI-met “"Bio-met” tool to calculate the DPET
and SPET values of each route in each study area under the different tree scenarios. The
results were extracted for five key daytime hours: 9:00, 11:00, 13:00, 15:00, and 17:00. These
hours were chosen to represent times when pedestrians are most likely to engage in
activities or travel between destinations. The parameters for analysis comprised dynamic
thermal comfort (DPET), steady thermal comfort (SPET), dynamic skin temperature (T
Skin), and average core temperature (T Core). Data were exported for all selected routes
in each study area for both tree scenarios for the five selected hours. This approach
ensured coverage of pedestrian thermal comfort throughout the daytime while capturing
key variations during common travel times.
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3.3.3. DPET Results

After validating the results, the results analysis was divided into two stages. In the first
stage, the DPET, SPET, T Skin, and avg. TCore values were evaluated for each route in all
study areas before and after increasing tree density. This analysis examined the effects of
urban morphology, urban trees, and contributing factors, such as the SPET and T Skin, on
the DPET values. In the second stage, three levels of comparisons were conducted. Each
route’s DPET values were compared before and after adding trees to assess the effects of
increased tree density. Thermal classification percentages were also analyzed under both
tree scenarios to evaluate the shifts in comfort levels. In the second case, the routes within
each study area were compared to understand localized variations in dynamic thermal
comfort. In the third case, selected routes from different study areas were compared to
assess how urban morphology, tree density, and other variables influenced dynamic
thermal comfort across varying contexts. These comprehensive comparisons provided an
in-depth understanding of how multiple factors—urban form, tree density, and thermal
conditions —affect dynamic thermal comfort for pedestrians.

In Bulaq (Bulaq Ad Daqrur), as shown in Figure 29, at 11:00, the tight canyons on route B
contributed to a total reduction of 5 °C. In contrast, route A showed an initial increase of
4.5 °C along the eastern road over a very short distance, followed by a decrease on the
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Figure 29. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore)
results for Bulaq routes (A and B) in both tree scenarios (current and proposed) at Z=1.5m. Y
axis = °C and X axis = seconds while walking each route.
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northern road, where the DPET nearly returned to its starting value. This clearly showed
the impact of the wide eastern canyon. Adding more trees did not change the performance
of route B but mitigated the wide eastern canyon’s effect on route A, reducing the
temperature increase to 1.5 °C instead of 5 °C.

At 13:00, when the shade from the buildings was minimal, the DPET on route A increased
by 5 °C along the eastern route and then dropped slightly by 3 °C by the end of the
northern road. Route B showed minor and irregular reduction within 1 °C from start to
finish. Increasing tree density significantly lowered DPET values. On routes A and B, trees
reduced DPET by 3.5 °C and 7 °C, respectively.

At 15:00, the tight canyons on route B resulted in a significant DPET reduction of 6 °C by
the end of the walk. Route A experienced an increase of 5°C due to the wide eastern
canyon, followed by a reduction in the tight northern canyon, bringing this value back to
its starting value (40 °C). Adding trees to both routes mitigated these effects. On route A,
the increase in the eastern canyon was limited to just 1 °C, while route B maintained its
consistent reduction pattern, achieving an overall decrease in DPET of 8 °C. At both hours
(13:00 and 15:00), small fluctuations in skin temperature were observed on route A. These
fluctuations were attributed to the strong heat stress in the wide eastern road, which
caused an initial rise in skin temperature. However, as the route transitioned to the tight
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Z=1.5m.Y axis = °C and X axis = seconds while walking each route.



49| Scientific Contributions

northern canyon with improved urban shading, skin temperature gradually decreased
until the end of the walk.

The results for Downtown (Khedival Cairo) are shown in Figure 30. At 11:00, regular
DPET increase occurred. Route A started at DPET = 36 °C, peaked at 42.5 °C, and ended
at DPET =41 °C, reflecting a total increase of 5 °C. Route B exhibited a more pronounced
increase, particularly along the eastern roads, with a total rise of 6.5 °C. Increasing tree
density helped stabilize DPET values for the duration of the walk, maintaining them
within the range of 34 °C to 36 °C, which corresponded closely to the range of skin
temperature

At 13:00, the results showed contrasting performance. Route A performed well, with only
a 2.5 °Cincrease throughout the walk. However, route B, despite starting at a lower DPET
value, experienced a significant rise of 7.5°C due to the eastern canyons, ending at 43 °C.
Increasing tree density effectively reduced these values for both routes. On route A, the
values remained consistent until the end of the walk; on route B, the increase was
dramatically reduced to just 3°C—a 60% improvement.

At 15:00, a similar trend was observed. Route A showed a slight DPET increase of 3 °C,
reflecting the effective cooling performance of the northern road. Route B experienced an
increase of 7 °C by the end of the walk, with regular increases along eastern roads and
steady values along the northern road. Notably, route B began with a DPET value 3.5 °C
lower than that of route A’s starting point but ended 1 °C higher, highlighting the
influence of canyon orientation on thermal conditions. Increasing tree density resulted in
similar performances, and both routes maintained good DPET values. Route A maintained
values within 36 °C to 37.5 °C, while route B showed a slight increase of just 1.5 °C,
representing a significant improvement in thermal comfort.

The results for Mohandisen, as shown in Figure 31, highlight the thermal performance of
both routes under different conditions. At 11:00, both routes started with very high DPET
values. Route A decreased by 2.5 °C initially but then increased again, ending with the
same value. Route B increased sharply, reaching 52.5 °C at the end of the shallow
northeastern canyon, before decreasing to 48.5°C in the moderate northwestern canyon by
the end of the walk. Increasing tree density helped mitigate the massive increase and
extreme heat stress values along both routes. On route A, trees reduced the high starting
value by 3.0 °C, resulting in an ending value of 42.5 °C. On route B, trees helped limit the
maximum DPET value to 49.0 °C at the end of the shallow northeastern canyon, a 3.5 °C
improvement compared to the lower tree density scenario. The route started at DPET =
46.0 °C and ended with a slightly reduced value of 45.0 °C. T Skin fluctuations were
observed on both routes at 11:00, caused by extreme heat stress and a lack of shading,
leading to an increase of 1.5 °C in skin temperature.

At 13:00, a similar DPET pattern was observed, but with higher values overall. Route A
fluctuated slightly (within 2 °C) due to the moderate canyons and urban park in the
middle of the route. The walk ended with the same value as the starting point. Route B
started with a very high DPET value of 50.5 °C. This value peaked at 54.0 °C at the end of
the shallow northeastern canyon before decreasing to match the starting value by the
route’s end. Increasing tree density was particularly important at this hour, as building
shade was nearly completely absent. On route A, trees reduced the DPET values by 3 °C
at the end of the route. On route B, trees maintained DPET wvalues below 50.0 °C
throughout the route, with a 1.5 °C reduction at the end.

At 15:00, urban shading significantly reduced DPET values on both routes. Routes A and
B exhibited slight, regular DPET increases of 7 °C by the end. Adding trees enhanced the
thermal performance further, as the combination of tree shading and building shading
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Figure 31. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore) results
for Mohandisen routes (A and B) in both tree scenarios (current and proposed) at Z=1.5 m. Y axis
=°C and X axis = seconds while walking each route.

limited DPET increases to 3.0-4.0 °C on both routes. This result highlights the critical role
of combining urban and tree shading for moderate canyons during peak hours (15:00).

In New Cairo, as shown in Figure 32, the existing green open spaces (12%) and tree
coverage (9.4%) in the current configuration helped keep DPET values relatively low.
However, due to the limited urban shading caused by lower building heights and plot
setbacks, trees played a crucial role in enhancing pedestrian thermal comfort.

At 11:00, both routes exhibited regular DPET increases, reaching 9.0 °C by the end of the
walk. Increasing tree density reduced these increases to only 4.5 °C, which remained
below skin temperature levels. At 13:00, similar thermal conditions were observed, with
starting DPET values of 35.0 °C on both routes. Regular increases followed, peaking at
43.0 °C by the end of the walks, an increase of 8.0 °C. With increased tree density, the
increase in value was significantly reduced to only 3.5 °C by the end of both routes.

At 15:00, the same trend persisted, with regular gradual increases of 9.0 °C on routes A
and B. Increasing tree density further mitigated these increases, limiting the DPET rise to
only 2.5 °C at the end of both routes.

The results for New Cairo emphasized the importance of trees in both scenarios (low and
high tree density). In open urban forms where urban shading is nearly absent, tree shading
proved to be an effective solution for enhancing microclimate conditions. This case also
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Figure 32. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore) results
for New Cairo routes (A and B) in both tree scenarios (current and proposed) at Z=1.5 m. Y axis =
°C and X axis = seconds while walking each route.

demonstrated that surface materials had a limited impact; walking inside a park or on a
sidewalk produced similar thermal performance under the same tree coverage.

In Mivida, as shown in Figure 33, similar DPET patterns were observed. Given the absence
of shading from the short buildings, tree cover percentage played a critical role in
determining DPET values. The low-rise buildings (villas with G+2) and large plot setbacks
inside positioned all structures away from sidewalks and walking trails, leaving trees as
the primary shading element.

At 11:00, route A started with a lower DPET value (32.5 °C) compared to route B (37.5 °C).
However, route A exhibited a larger DPET increase, and both routes ended at the same
value (39.5 °C). The smaller DPET increase on route B was attributed to a higher density
of trees along this section of the route in the current scenario.
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Figure 33. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore) results
for Mivida routes (A and B) in both tree scenarios (current and proposed) at Z=1.5 m. Y axis = °C

and X axis = seconds while walking each route.

Increasing tree density on both routes (particularly in parks) helped them maintain lower
DPET values, especially route A, with starting and ending values remaining within the
range of skin temperature. On route B, the added tree density maintained more consistent
DPET values, ranging from 37.0 °C to 38.0 °C.

At 13:00, DPET increased by 8.5 °C by the end of route A and by 6.5 °C by the end of route
B. Increasing the tree density, particularly in parks, cooled route A by 2.0 °C to 3.0 °C more
compared to route B, maintaining their values below 40.0 °C throughout the entire walk
on both routes.

At 15:00, route B was cooler than route A due to the combined shading effects of trees and
buildings. Route A started with DPET = 37.0 °C and increased to 39.0 °C by the end of the
route. Route B started with DPET =34.0 °C but increased to 41.0 °C by the end of the route.
Increasing tree density reversed this trend. Route A became 2.0 °C cooler than route B by
the end of the route, despite starting with a value 1 °C higher than route B.
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Table 3. Main DPET value classifications (every 50 seconds) on all routes in all scenarios at critical
hours (13:00 and 15:00).
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In the Mohandisen study, the maximum core and skin temperatures were recorded under
the current scenario. The average core temperature on route B reached 37.4 °C, reflecting
the severe climate conditions on this route at 13:00. Similarly, the second-highest average
core temperature was recorded on route A under the same conditions and at same time.
The DPET value varied significantly across routes and tree scenarios. Table 3 presents the
DPET classifications at critical hours (13:00 and 15:00), recorded every 50 seconds from the
start to the end of each route. Routes A and B in Mohandisen and route B in Bulaq were
identified as critical routes, frequently falling under the worst condition category (red
range) throughout the walk under the current scenarios. Tree scenarios significantly
altered DPET classifications, particularly in Bulaq cases, where notable improvements
were observed. Other routes were more often classified in better condition (blue range)
under increased tree density scenarios.
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3.3.3.1. Impact of Trees

The impact of trees varied across different areas, with significant effects in some areas and
minor effects in others. Increasing tree density proved particularly important in wide
canyons, especially those oriented to the east. These findings align with those from other
studies (Abdelmejeed A. G., 2024) (Abdelmejeed A. Y., 2023) (Abdollahzadeh, 2021) (De,
2018). Comprehensive comparisons were conducted across all routes before and after
increasing tree density to evaluate how the impact of the trees varied among the various
routes in different areas. A second-by-second classification analysis was applied to each
route to assess how trees influenced thermal comfort zones for pedestrians while walking.
The analysis quantified the duration of each walk within each thermal comfort category.
The thermal comfort zones were based on the following grades of physiological stress
(PET) and categorized as follows: 23-29 °C, slight heat stress (slightly warm); 29-35 °C,
moderate heat stress (warm); 3541 °C, strong heat stress (hot); and above 41 °C, extreme
heat stress (very hot) (Ballinas, 2022). The value used for internal heat production was 80
W, and heat transfer from clothing was set at 0.9 clo (Heaviside, 2017). As shown in Figure
34, routes in specific study areas experienced extreme heat stress, particularly during the
peak hours (11:00, 13:00, and 15:00). In Mohandisen, over 90% of both routes were under
extreme heat stress, reflecting the harsh thermal conditions in this area. In contrast,
Downtown and Bulaq showed better performance, with routes having a balance between
strong and moderate heat stress zones during peak hours. In New Cairo and Mivida, the
thermal conditions were significantly better. Most routes fell within the moderate heat
stress zone, with a very small percentage experiencing extreme heat stress. Across all tree
scenarios, notable changes in thermal classifications were observed, including the
emergence of new zones, such as slightly warm. Most classifications fell within the warm
zone, with a very limited presence of extreme heat stress, appearing only on route B in
Mohandisen due to the presence of a large shallow canyon. The impact of increasing tree
density was particularly substantial in New Cairo and Mivida, as most routes fell within
warm-to-hot categories. Similar improvements were observed in Downtown and Bulag,
with minor variations in Bulaq attributed to the wide canyon at the start of the walk.

The performance of trees was influenced by urban form. In Bulag, DPET values were
enhanced even without the presence of trees when pedestrians walked through deep
northern canyons (Abdelmejeed A. Y., 2023) (Sanusi, 2016). However, the significance of
trees became evident in shallow canyons with limited shading (Hassan A. T., 2018) (Wei,
2018) (Liu B. Y., 2016). Notably, in areas like New Cairo and Mivida, which already had
adequate tree coverage percentages, increasing tree density further enhanced dynamic
thermal comfort (Ochiai, 2015). Thus, these findings highlight that while adding trees can
confer substantial improvements, optimizing their use requires careful consideration of
urban forms and characteristics (Abdelmejeed A. G., 2024) (Abdelmejeed A. Y., 2023).
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56 |Scientific Contributions

3.3.3.2. DPET Changes between Routes

The DPET results for routes A and B under both tree scenarios were compared to analyze
the influence of urban forms and trees on thermal comfort. In figure 35, Bulaq's current
scenario, route B exhibited significantly higher values at 13:00 and 15:00. Due to the better
canyon aspect ratio, this difference decreased significantly to only 1.5 °C. Then, Both
routes performed similarly on the northern road. On average, route B demonstrated
superior performance with DPET values 3 °C lower than route A. In Bulaq’s tree scenario,
a similar pattern emerged, with slightly improved DPET values across the same time
intervals. In Downtown, route A initially had higher DPET values, averaging 3.5 °C for all
hours. However, the improved canyon orientation helped mitigate this discrepancy
during peak hours (13:00 and 15:00), ultimately rendering route A superior to route B by
an average of 1 °C in the latter part of the walk. In the tree scenario, tree cover influenced
DPET increases, narrowing the temperature range. At the starting point, route A was only
1 °C, while at the end of the route, DPET values were consistently lower than 1 °C across
most hours. In Mohandisen, the harsher climate conditions along route B led to massively
increased DPET values, reaching an average of 8 to 9 °C at three time points (9:00, 11:00,
and 13:00). A modest increase in tree cover offered minimal improvement, with only a 2
°C reduction in DPET. These results indicate the need for a more substantial increase in
tree cover to achieve meaningful thermal comfort. In New Cairo, routes A and B exhibited
minor DPET differences, ranging between 1 °C and -1 °C. Route A initially recorded higher
values, while route B became consistently higher during most hours. In the proposed tree
scenario, route B remained cooler throughout the walk, whereas route A exhibited a DPET
increase of up to 2.5 °C during the first half of the walk before decreasing to a 1 °C
difference by the end. In Mivida, similar patterns were observed. Route A, which passed
through green parks, initially had higher values due to the limited tree cover in the current
scenario. On average, it exceeded route B by 2 °C, although this disparity dropped to zero
at the end of the walk at 11:00. In the tree scenario, the trend reversed, indicating that
thermal comfort is heavily influenced by local microclimatic conditions within a canyon
or specific space. The findings underscore that pedestrian thermal comfort is not dictated
solely by the broader study area but is shaped by localized canyon factors.

3.3.3.3. DPET Changes between Different Study Areas

The analysis of changes between the hotter routes in each study area focused on
comparing the DPET values of routes A in Bulaq, B in Mohandisen, A in New Cairo, and
B in Mivida with route B in Downtown, as illustrated in Figure 36. At 9:00, all study areas,
except Mohandisen, exhibited a similar DPET range of 33 °C to 37 °C for the majority of
walks. Bulaq exhibited higher values, but route B in Mohandisen showed a marked
increase in DPET values, reaching up to 10 °C. The addition of trees mitigated these effects,
keeping the DPET range between 29 °C and 32 °C by the end of each walk across all routes,
with the exception of route B in Mohandisen. At 11:00, similar performances were
observed, with all routes maintaining DPET values around 39.5 °C. However, initial DPET
values varied across routes, with route B in Mohandisen continuing to show significantly
higher DPET values, recording a much higher average of 50 °C under the current
scenario—10 °C higher than route B in Downtown. The addition of trees improved DPET
values for most routes, with a good reduction by the end of each walk for all routes. Route
B in Mohandisen only showed a slight improvement, with the DPET decreasing to around
47 °C. At 13:00, similar patterns were observed. Route B in Mohandisen continued to
exhibit a significant DEPT difference of 10 °C, while route A in Bulaq showed minor
fluctuations, with changes of approximately 3.0 °C. Increasing tree density effectively
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Figure 35. A DPET in each study area. A represents (A-B) in the current situation, and B
represents (A -B) in the proposed situation at Z=1.5m. X axis represents ADPET (°C), and Y axis
represents the duration of the walk (seconds).

reduced this range to 1 °C, thus slightly improving conditions by 1 °C on route B in
Mohandisen. At 15:00 and 17:00, better shading provided by surrounding buildings led to
a substantial decrease in DPET differences along route B in Mohandisen. During these
hours, the DPET values across all routes fell within a similar range. These findings
underscore the significant influence of local microclimatic conditions within urban
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canyons on DPET, highlighting that thermal comfort differences between different urban
canyons can reach as high as 10 °C, even when situated within the same overall urban
context.
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Figure 36. DPET values along hot routes in each study area for current and proposed scenarios
per hour at Z=1.5m. X axis represents DPET (°C), and Y axis represents the duration of the walk.



Chapter 4

4 . Discussion of the results and conclusion

In the following chapter, the results included in the publications are discussed and
connected to the state of the art, research goals, and research questions through synoptic
integration. The four research questions are addressed, highlighting the contributions to
the relevant research areas. The main conclusions and insights gained are connected, with
cross-links elaborated upon.

RQ1. What is the impact of implementing a comprehensive urban tree strategy that
considers climate conditions and water scarcity on the city of Cairo?

According to the results of publication 1, the recommended tree coverage percentage to
be applied should not be the same for all streets; instead, it should vary. Additionally, the
tree model should be independently designed for each street such that it matches its
geometry, orientation, and other conditions, which aligns with the findings of previous
studies (Aboelata A., 2019) (Morakinyo T. E., 2017). The recommended tree model should
consider tree seasonality and tree variety for biodiversity, as well as contribute to a
visually appealing image for the city. Nothing, however, would be required to enhance
the microclimate condition, as all winter results show that applying different tree coverage
percentages to different street canyons would not significantly impact thermal comfort.
To decrease water demand while maintaining enhanced microclimate conditions, it is
recommended to limit tree usage and apply irrigation technologies. The tree coverage
percentages that enhance microclimate conditions for all three streets, while also
considering water demand, are 0% for S1, 35% for S2, and 50% for S3. As trees did not
provide any significant enhancements in S1, the improvements in S2 with 35% tree
coverage were very similar to those achieved with 50% coverage. However, in 53, 50% tree
coverage produced greater enhancements compared to 35% tree coverage, attributed to
the wider aspect ratio in S3. The recommended ratio of deciduous trees depends on the
intended design purpose and not on the requirements of thermal comfort and UHI
mitigation. This recommendation is based on the abovementioned tree coverage
percentages.

According to the recommended model, although the total number of trees is reduced
(with 146 large trees added to replace the 195 smaller existing trees), the total water
demand increases by 58.18% compared to the current situation. This is because water
demand is influenced by the crown size of the trees rather than their quantity. Based on
the recommendations of the efficient UTS, irrigation methods and technologies should
help absorb this increase in water demand. Applying such methods and technologies to
the current situation should reduce at least 65% of the total water consumption (Haley,
2012). Specifically, their application would reduce the increase in water demand from
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+65.48% to +22.92% in both S2 and S3 while saving 7.3% in S1 and increasing the tree
coverage percentage. This approach would achieve significant PET enhancements while
limiting water demand. Urban shading is a critical factor that should be prioritized, as it
consistently influences the effects of urban trees and impacts the application of the
strategy. Therefore, the UTS should be carefully considered in relation to urban shading
when implementing the strategy in various locations throughout the city.

RQ2. How a detailed analysis and understanding of the different steady PET cases
could optimize the use of trees?

According to the findings presented in publication 2, the theoretical study and case study
results indicate that trees play a significant role in enhancing urban canyons. The extent
of their impact varies based on the orientation, aspect ratio, and side of the canyon. Eastern
canyons require a high density of trees on both sides but particularly on the northern side,
which is consistent with previous studies (Jamei, 2020), (Rodriguez-Algeciras, 2018),
(Andreou E. , 2013). Northern, northeast, and northwest canyons showed better
performance in microclimate enhancement than eastern canyons. Although adding trees
to northern canyons led to slight improvements, these effects were not as significant as
those observed when adding trees to eastern canyons, which aligns with the findings of
other studies(Jamei, 2020), (Lobaccaro G. A., 2019). In various northern, northeast, and
northwest canyons, the presence of tall buildings (moderate to deep canyons) helps
maintain cooler conditions by blocking sunlight from shining directly on the streets.
Additionally, these canyons experience strong winds, which further contribute to a
cooling effect. Adding trees to moderate and deep canyons in these orientations may not
significantly affect thermal comfort and could potentially block some of the wind.
However, it can be beneficial to add trees to one side of the canyons, specifically side (b).
Trees on side (b) may provide afternoon shade, thus cooling the canyons without blocking
the wind. Shallow canyons across all orientations and aspect ratios do not provide enough
shading on either side. Consequently, a high density of trees is necessary to enhance
thermal comfort in these canyons, as the canyon effect completely disappears, particularly
on the northern side of eastern canyons (side a). In deep canyons with northern, northwest,
and northeast orientations, applying a low density of trees on one side (side b) may also
be advantageous. However, a high tree density is necessary on both sides of eastern and
shallow canyons. Comparing the results of the theoretical study with those of the existing
case study reveals that uniform and regular urban canyons yield slightly different
outcomes compared to the irregular canyons found in existing urban areas. While the
main results are generally consistent, slight differences arise due to varying urban
conditions at the measurement points. Any alteration to the aspect ratios, orientations, or
other urban elements can influence the outcomes, albeit not significantly. It is not feasible
to obtain the exact values from a uniform and regular theoretical model. The slight
variations in the results were observed when altering the street widths and building
heights while maintaining the same aspect ratios and orientation.

The results demonstrate the significant impact of tree placement on microclimate
performance, with variations depending on the aspect ratio, orientation, and the side of
the canyon on which trees were planted. In shallow canyons, a high tree density reduced
the PET by 12 °C, while the PET reduction reached 14 °C in deep canyons with an eastern
orientation when compared to those with a northern orientation. Additionally, PET
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reductions were 6 to 7 °C greater when a high density of trees was added to the northern
side of eastern-oriented canyons compared to the southern side. Based on these results,
the addition of trees to urban canyons should account for urban morphology
characteristics, such as aspect ratio, orientation, and specific placement (canyon sides).
Alterations to any of these factors necessitate a wholly different approach. This guidance
is of paramount importance for cities grappling with heat stress and water scarcity, as is
the case in Cairo. The findings of this study are applicable to a broad range of urban
scenarios within Cairo and should be considered by stakeholders, city planners, and
municipal authorities. By playing a part in design guidelines and city management, these
results provide a detailed approach for optimizing tree placement to enhance
microclimate conditions for pedestrians, whether in developing new communities or
upgrading existing areas.

RQ3. What is the relation between the Dynamic PET and the Steady PET and how
analyzing both optimizing the use of trees?

According to the results presented in publication 3, the parameters currently used to
measure thermal comfort, such as steady/static thermal comfort (SPET), are insufficient
for representing actual pedestrian thermal comfort while walking, as they do not consider
changes and dynamic variations in the thermal environment (Hwang, 2022). This study
aimed to enhance the dynamic thermal comfort (DPET) of pedestrians walking through
different urban forms with different aspect ratios, orientations, and building and tree
densities, using consistent climate data across all cases. After assessing five different study
areas in Cairo City under two tree scenarios (the current tree density and a proposed
increase), the results indicated that the DPET values differed from the SPET values at each
point along the routes. However, the DPET was closely related to changes in the SPET.
The main findings of this study are summarized as follows:

e Since the DPET was impacted by the SPET, maintaining a consistently lower or
higher SPET reduced or increased the DPET.

e Frequent equivalent fluctuations in the SPET stabilized the DPET.

e Variations in DPET values were more strongly driven by the microclimate
conditions of a space or canyon than the conditions of the overall area, and
controlling the microclimate conditions of an entire urban canyon controlled the
DPET.

e Differences in the DPET between canyons could reach up to 10 °C, and in some
cases, increasing the tree density could lower the DPET by as much as 6 °C.

e The DPET was more affected by urban shading (from buildings or trees) and wind
than by changing paving materials or adding grass surfaces.

RQ4. How implementing a comprehensive complete and detailed strategy that
considers the city conditions could enhance the climate conditions and optimize the use
of resources?

According to the combined results of publications 1 to 3, the research begins by
developing a comprehensive framework (strategy) for urban trees to enhance thermal
comfort while considering limited water resources and the city's lack of greenery. This
framework optimizes the number of trees, the selection of species, and irrigation
techniques. The research focuses on a detailed static thermal comfort analysis of 144
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theoretical cases, each representing different aspect ratios, orientations, and sides of each
canyon. These scenarios are then applied to an existing urban area with similar urban
morphologies, thus providing a second layer of tree use optimization. In the final stage, a
detailed dynamic thermal comfort analysis is conducted to gain a comprehensive
understanding of how trees can be optimized under varying urban conditions, that is,
different aspect ratios and orientations, for both steady and dynamic thermal comfort. The
overall results and recommendations from these three publications address the final
research question and provide a complete framework for optimizing tree use from
multiple perspectives and considerations.



Chapter 5

5.Research Limitations and Future Research

In this chapter, the limitations and shortcomings of the three publications are discussed,
along with potential future research directions that could add significant important value.
This chapter also explores further details that may provide valuable outcomes.

5.1. Research Limitations

Publication 1 highlighted an wurban tree strategy (UTS). Although the strategy
recommendations can be applied and generalized to the city of Cairo, the recommended
canyon tree coverage percentage cannot be generalized, as urban canyons with varying
aspect ratios and/or orientations produce completely different results. The methodology
used to determine tree coverage percentages in this research can be generalized and
applied consistently across Cairo, using the same inputs, scenarios, and analyses.

Another limitation of this study is that it was only applied to one existing area in
downtown Cairo, which was adequate to measure the efficiency of the study; however,
application across diverse situations would provide more comprehensive results and a
stronger assessment of the strategy’s effectiveness. Additionally, the lack of current
information regarding the required level of irrigation for trees prevented a full comparison
and assessment of irrigation consumption, as the trees were irrigated manually. In
addition, the field survey was somewhat challenging due to security restrictions.

Publication 2 addressed the various shortcomings of publication number 1 by including
many case studies—up to 144—but it still did not cover all scenarios. However, the
research methodology could be applied to different urban contexts in Cairo, particularly
in cases where urban canyons are not fully defined, which is not covered in this research.
This approach would help to achieve the same target of optimizing tree usage. Linking
the study’s results with field measurements could further improve its applicability.

Publication 3 examined various urban forms and tree varieties, testing them using the
simulation software ENVI-met. The findings could also be enhanced by linking them to
real-world experiments, such as investigating the experiences of people walking along
these routes. In addition, a greater number of diverse urban routes could be studied,
including waterfront promenades, large-scale park walkways, or walkways inside large
parking areas.

In conclusion, conducting a detailed simulation study enables the exploration of
numerous scenarios with limited research resources, thus providing a trusted tool to study
various cases under different situations. It is crucial, however, to link the simulation study
findings with real-world field studies and gather feedback on people’s experiences. Both
studies could then be compared to validate the findings at scale.
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5.2. Future research

In general, the field of Urban Climate is highly dynamic and evolving. This cumulative
research could be extended through various future studies, starting with further
developing the Urban Tree Strategy (UTS) by incorporating more variables, such as
economic aspects that could influence the strategy. Additionally, including social
dimensions—such as how community organizations could implement this strategy and
raise awareness—might also help decision-makers and relevant authorities in taking
action to prevent tree cutting. This would promote an urban tree strategy aimed at
enhancing thermal comfort, mitigating the UHI effect, and expanding greenery across the
city to an acceptable level. Future studies could enhance the strategy by conducting in-
depth research on tree species, supported by field measurements across different tree
species and considering tree ages. This approach would help estimate the time required
for trees to achieve optimal performance.

Publication 2, as mentioned in the study’s limitations, could explore areas without defined
urban canyons, such as promenades, parks, open spaces, and nature trails. These
additional cases could be analyzed using both simulation software and field
measurements or questionnaires to add depth to the study and allow for comparing
outcomes.

Publication 3 covers a range of variables. The study’s outcomes could support design
decisions, such as positioning bus stops in relation to surrounding land use and walking
conditions, as well as the distribution of retail and commercial spaces along routes.
Additionally, the distribution and frequency of urban parks could be defined not only by
the urban scenario but also by considering thermal comfort.
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Abstract

This study aims to develop an efficient urban tree strategy (UTS) to enhance the microclimate conditions of cities that suf-
fer from heat stress and strong solar radiation, such as the metropolitan area of Greater Cairo. Cairo recently lost its limited
greenery to enhance traffic. The proposed UTS aims to achieve a balance between enhancing microclimate conditions
and considering the city’s water scarcity. It seeks to consider all strategic factors suitable for local conditions, including
the selection of tree species (Step 1), the utilization of new technologies for irrigation (Step 2), and the optimization of
the usage of an efficient number of trees (Step 3). When applying the strategy’s recommendations to a study area within
Cairo’'s downtown center and when testing different tree coverage percentages within urban canyons of various aspect
ratios and orientations using ENVI-met, the microclimate conditions are significantly enhanced in certain streets during
summertime compared to wintertime. Applying the UTS not only enhances thermal comfort but also helps to create a
better comfort zone during certain hours. In one street, for example, there are average physiological equivalent tem-
perature (PET) reductions of — 5.18° and — 6.36° at 16:00 and 17:00, respectively, which also changes the thermal comfort
zone from extreme heat stress to very heat stress. The results show a strong positive correlation between thermal comfort
enhancement and a reduction in the total mean radiant temperature (TMRT), verifying that shading plays a primary role
in enhancing the microclimate conditions of urban canyons. Applying the UTS to the study area significantly enhances
the microclimate conditions. Furthermore, through the implementation of irrigation technologies that are part of the
UTS, water demand is reduced to only 15% when trees with larger canopies are used. Additionally, when the tree cover-
age percentage reaches 35 to 50% in some streets, it results in a significant enhancement in the PET.

Keywords Urban heat island (UHI) - Outdoor thermal comfort - Urban tree effect - Recommended tree species - Urban
tree strategy (UTS) - Greenery effect - ENVI-met Greenery simulation - Urban cooling strategies

Abbreviations

UTS Urban tree strategy

PET Physiological equivalent temperature
TMRT Total mean radiant temperature

WS Wind speed

LAI Leaf area index

WP Water productivity
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SMS  Soil moisture sensor-based controller
DI Deficit irrigation

UHI Urban heat island

EPW  Energy plus weather format

TA Air temperature

DP Drip irrigation

H Specific humidity

LAD  Leaf area density

ET Evapotranspiration-based controller
RS Rain sensor controller

1 Research background
1.1 The climate of Greater Cairo

The metropolitan area of Greater Cairo is located in a hot, arid area, which means that the air temperature is high, there
is a large amount of solar radiation, and an urban heat island (UHI) appears. Cairo has a hot and dry climate with limited
rainfall and frequently high humidity, influenced by the presence of the Nile River Valley. The mean air temperature in
Cairo ranges from 9 to 24.8 °C during winter and 20.1 °C to 34.7 °C during summer, sometimes surpassing 40 °C during
heat stress events in summer [1]. During the summer, between June and August, the climate is hot and dry, with a maxi-
mum average temperature of 28 °C [2]. The city is exposed to large amounts of solar radiation, which can be converted
to energy at solar power stations [3]. The city of Cairo experiences a hot and arid climate, characterized by high levels of
solar radiation. This significantly impacts the thermal comfort and health of its inhabitants, as well as the social impacts
of occupational heat stress on workers’ health, safety, productivity, and social well-being [4]. According to statistics from
2012, the metropolitan area of Cairo has a population of approximately 20.5 million [5]. By 2050, the city is estimated
to grow substantially, with an expected increase in population of 11.2 million people [5]. Subsequently, this increase
in population will have a direct effect on the demand for residential housing, making the city even denser. Both the air
temperature and UHI effect will rise due to the increase in city size and population density, and this will, in turn, lead to
arise in anthropogenic heat [6-8].

1.2 UHI effects on greater Cairo

According to an urban study conducted in 2015, higher air temperatures were found in downtown Cairo, while lower
air temperatures were found in suburban areas [2]. This illustrates the UHI phenomenon. The UHI phenomenon results
in an above-average rise in the surface temperature of urban areas in Cairo, ranging from 0.5 to 3.5 °C. The maximum
difference observed was 10 °C compared to the surrounding surfaces [2, 9]. The density of the UHI reached 7.8 °C during
summer and 2.1 °C during winter [1]. Remote sensing and land surface temperature (LST) analyses assert that there is a
strong presence of the UHI phenomenon in Cairo [1, 2, 9]. It is, therefore, evident that the UHI effect takes place in Cairo
and leads to discomfort, particularly during nighttime.

1.3 Scarcity of water and greenery in Cairo

Cairo suffers from high levels of heat stress, which directly affects quality of life and human health. Urban cooling strate-
gies, such as increasing the number of trees and the amount of vegetation, should, therefore, be implemented; however,
the opposite is occurring: the city is losing its limited greenery and suffering from water scarcity.

Cairo has minimal green areas and open spaces. More than half of the city’s population has less than 0.5 m? of green
space per person, which is a staggering ratio that is considerably below the city’s average of 1.7 m?[10]. During the last
four years, Greater Cairo has lost many of its green areas, and many trees have been removed to widen road lanes in an
attempt to improve traffic congestion. This has led to a significant reduction in the amount of greenery in the city, which
was already quite low. Figure 1 illustrates an example in which trees and green spaces have been removed to widen roads
during the renovation of Al-Hegaz Square in the district of Heliopolis [11].
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Water resources in Egypt are limited to the Nile River, rainfall, flash floods, deep groundwater in deserts and the Sinai
Peninsula, and the potential desalination of sea as well as brackish water [12, 13]. Egypt receives approximately 98% of
its freshwater resources from outside its national borders. The main challenge for water policy and decision makers in
the country is the fact that the Nile River supplies over 95% of the country’s water needs [12, 14].

Egypt’s per capita freshwater availability declined from 1893 m3in 1959 to 875-950 m3 in 2000 and 670 m?in 2017.
It is estimated to decline even further to 536 m3 by 2025 [12, 15]. The ever-increasing water demands are dictated by a
rapidly growing population, increased urbanization, higher standards of living, and an agricultural policy that focuses
on expanding production to feed the growing population. Domestic water use grew from 3.1 BCM in 1990 to 5.23 BCM
in 2000 [16]. In addition, in 2011, the Ethiopian government announced the construction of a water dam on the main
water source of the Nile River in Ethiopia [14].

1.4 Urban cooling strategies

There are two primary methods by which urban cooling strategies can enhance thermal comfort and mitigate the impact
of urban heat islands (UHIs). The first approach involves modifying the urban layout of new communities by adjusting
the orientation and aspect ratio of urban streets. The second approach entails incorporating an environmental layer
into already established urban regions, which includes the addition of vegetation and cooling materials, such as trees,
greenery, cool colors, roof gardens, vertical gardens, and bodies of water [6, 17-19]. This research is specifically centered
around improving the microclimate conditions of existing areas, with a particular focus on vegetation.

Shady trees as well as other elements of vegetation, such as small trees, bushes, lawns, ground coverage, and climbing
plants, help improve urban climate conditions by offering shade and evapotranspiration in urban areas and streets [6,
18, 19]. Vegetation also improves air quality by producing oxygen and removing carbon dioxide from the atmosphere.
It also provides health benefits to the population by protecting them from shortwave radiation and reducing heat stress
and energy demand for air conditioning [2, 20-22]. Previous study outcomes proved that mature trees with good foli-
age density absorb at least 60% of solar radiation [23]. The temperature within trees is 5 °C lower than the surrounding
temperature, and the temperature above the agricultural land surface is 3 °C lower than the surrounding temperature
[17]. Moreover, urban trees reduce the 2 m air temperature by up to 2 °Cto 9 °C [24].

2 Literature review of cooling performance and irrigation efficiency of trees

Among all the vegetation elements that are used to improve microclimate conditions, planting trees yields the best
results in reducing the surface temperature of urban areas. The results of many studies that have investigated the role
of vegetation in urban areas, conducted in various cities, demonstrate that the role of urban trees is crucial.

In Port Fillip, a study revealed that the maximum reduction in air temperature occurred when green rooftops were
combined with urban trees. The reduction reached 2.4 °C at the pedestrian level of the street [25]. A study conducted in
Ho Chi Minh City revealed that the difference in the PET value reached 6 °C in shaded areas and 1 °Ciin unshaded areas
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Fig. 1 Al-Hegaz Square before and after renovation. Both maps were exported from “Google Earth Pro”. The image on the left was exported

in October 2018 and the one on the right in May 2022. no editing applied, and the difference between the colors of both satellite images is
due to the conditions of each photo in Google Earth
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between the urban tree scenario and the base case scenario. Compared to other scenarios, the urban tree scenario had
the best effect on improving the thermal comfort value [26]. In a study conducted in Dubai, the recommended scenario
was to only apply trees, given that the results of the urban tree scenario were almost identical to the scenarios involving
all other vegetation elements. This means that trees play a major and dominant role in improving the surface tempera-
ture of urban areas [27]. In Tehran, a study revealed that the maximum mitigation results occurred in the combined
scenario and reached 1.5°C on average, providing similar results to the urban tree scenario [28]. When five greenery
planning scenarios were applied on three typical street canyons in Balbo, trees with green surfaces exhibited the best
effect, reducing the PET by 2 °C. While the PET increased by 7 °C for low-rise compact urban areas, it increased by 5 °C
for medium-rise compact urban areas and 4 °C for high-rise urban areas [29]. A study in the Phoenix Metropolitan area
focused on the regional cooling effect of trees in arid environments. The simulation results demonstrated the capacity of
urban trees to reduce urban surface and air temperatures by approximately 2 °C to 9 °Cand 1 °Cto 5 °C, respectively [30].
Another study conducted in the same city used several trees and greenery scenarios for small residential neighborhoods
located within the city’s downtown center. The study found that the ideal scenario occurred when using a tree shading
percentage of 25% in urban canyons [31].

Based on previous case studies that were conducted worldwide, vegetation plays a significant role in urban climate
adaptation, with trees being the most effective. A tree-only scenario is equivalent to a scenario that uses all vegetation
elements (including trees).

2.1 Efficient morphological characteristics of trees

The performance of trees in urban areas includes providing shade and evapotranspiration [6, 18, 19]. Shade is more
important than evapotranspiration for trees because it sets them apart from other types of vegetation that do not provide
shade [25-29]. Numerous studies have shown that the physical characteristics of tree species, such as their shape, size,
density, and leaf features, affect their shading and cooling effects [32-35]. Different tree species have inherent traits that
determine their growth, form, physiology, and ability to cool their surroundings [36]. The cooling effects of trees depend
on the size and density of their canopy, as well as the properties of their leaves. The tree canopy plays a significant role
in creating a microclimatic environment, mainly due to its cooling effect [32, 37].

The characteristics of the vegetation canopy are important in predicting thermal mitigation in urban areas and in help-
ing select the best species for urban greening [37]. The overall shape of the canopy and the arrangement and density of
the leaves and branches of trees influence the amount of shade that they provide. Trees that have a wide canopy and a
high density of leaves and branches produce more effective shading [36]. Among the parameters of different tree species,
the leaf area index (LAl) is considered a central parameter affecting light penetration and below-canopy microclimate
[38, 39].In 2013, urban researchers reported that maximum air temperature reduction occurred under the canopies of
trees with a high LAI [32]. The leaf area (based on crown diameter and LAl) is important in relation to all three cooling
mechanisms considered (transpiration, reflection of solar radiation, and shading) [36-411. Species with higher canopy
density might be preferred over asphalt surfaces, but low-water-using species with lower canopy density might be cho-
sen over grass surfaces [31]. It can be concluded that the cooling effect of urban trees is species-specific and depends
mainly on the tree canopy, although the leaf characteristics, LAl, and local microclimate also play an important role [37].

2.2 Trees adapting to local conditions (low water demand and salt and drought tolerance)

The selection process of efficient trees should consider the tree species’ ability to grow in the local climate conditions of
the city to counteract the UHI effect. There is a need to plant large tree species that can tolerate drought and are able to
grow in the arid and dry climate of Cairo. In examining the suitability of trees to adapt to the country’s climatic condi-
tions, the average and maximum temperatures of the warmest month should be considered, as well as the ease of tree
propagation. Adaptations to drought, high pH, and saline soil are also important [42].

When selecting a tree, the type of tree (evergreen or deciduous) should also be considered, as the cooling effects of trees
are twice as high on clear and hot days compared to cloudy and cold days. Additionally, evergreen trees slightly lower the air
temperature in winter, and weather conditions do not significantly affect the trees’impact on the microclimate [43]. Evergreen
trees will, therefore, not have a significant impact during winter but may cause negative effects by blocking the wind and the
desirable warming by the sun. As water demand varies from one tree species to another [44, 45], trees that demand a low to
moderate water supply are most suitable for this study. Implementing the strategy citywide will result in significant savings
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in water supply due to the small amount of water saved by each tree. Therefore, when choosing the most appropriate tree
species, it is crucial to consider water demand as an important factor.

2.3 Efficientirrigation technology

Irrigation is the single largest water consumption process in the world [46]. There is a widespread belief among environmental
and water policy makers that if irrigators can use water more efficiently, more water could be saved for environmental and
urban use [47]. Many emerging irrigation techniques and technologies can enhance irrigation efficiency and reduce water
consumption. An example of such a technique is the use of deficit irrigation (DI). This is defined as the application of water
below full crop-water requirements and is an important tool in reducing water use during irrigation [46]. A well-designed
DI regime can optimize water productivity (WP) over an area when full irrigation is not possible. In many horticultural crops,
regular DI has been shown to improve not only WP but also the operator’s net income [48]. Another successful technique
that has recently become popular is the drip irrigation system (DP), which can also be applied as a part of the Dl and is widely
believed to conserve water. The DP allows for the precise application of water into the root zones of plants with little loss to
run-off or deep percolation. It produces higher evapotranspiration than flood irrigation while also producing higher crop
yields. Raising the subsidy on DPs encourages the expansion of drip acreage and total acreage in production [42, 47].

An additional technique to enhance the performance of the DI and DP involves the use of software, which can be pro-
grammed and used to compute the exact amount of water, soil parameters, and weather conditions required. Having a
day-to-day weather data system is often not available to those who operate irrigation systems and who, therefore, end up
using historical data to analyze weather condition requirements. Linking an irrigation system to day-to-day weather forecast
websites will ensure that it constantly updates with new weather data and can enhance the daily generation of irrigation [48].
Increasing the scheduling efficiency of an automated irrigation system allows for the conservation of water resources while
maintaining landscape quality [49]. To increase water efficiency and savings, it is better to provide software with another
source of daily data on weather and site conditions. This could be performed via the automation of landscape irrigation
scheduling to improve convenience and minimize irrigation application while maintaining high landscape quality [50]. The
different types of irrigation controllers that can help reduce the amount of irrigation include the following:

- Evapotranspiration-based controllers (ETs).
- Soil moisture sensor-based controllers (SMSs).
- Rain sensor controllers (RSs).

2.4 Research gaps, objectives, and questions

This research aims to provide a comprehensive green strategy that improves thermal comfort and mitigates the UHI
effects in the urban areas of Cairo. It intends to do so by using the most suitable elements of urban greenery. According
to the results of other studies, urban trees should serve as the most suitable element. This study seeks to provide an
urban tree strategy for the whole metropolitan city of Cairo. The strategy should consider the limited water availability
in Egypt, particularly because trees are one of the largest water consumers of greenery elements [44, 45], and large
amounts of water will be required to irrigate the large number of trees proposed to be planted all over the city. This
aided in generating the research question: “What is the impact of implementing a comprehensive urban tree strategy
that considers climate conditions and water scarcity on the city of Cairo?". The strategy should have a significant positive
impact that not only motivates its application but also raises awareness regarding the use and application of trees once
applied, thereby helping to reduce the current removal of trees from Cairo’s urban areas.

3 Research methodology
To improve microclimate conditions and consider the scarcity of water, a comprehensive examination should be con-
ducted on all aspects of the strategy. Figure 2 illustrates the three steps involved in the strategy: (1) choosing appropri-

ate tree species, (2) implementing effective irrigation methods, and (3) determining the optimal number of trees to be
planted in urban areas.
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3.1 UTS step 1: efficient tree species

The tree species(s) selected for the UTS should require the consumption of less water to achieve the target of the
study, which is primarily because the city is suffering from water scarcity and lacking greenery. To provide and imple-
ment a strategy for the metropolitan city of Cairo, millions of trees need to be planted. The selection of tree species
should, therefore, be carefully carried out, as the very small effect and consumption of one single tree will have an
even larger impact when applied all over the city. All parameters of the tree should be considered when selecting
suitable tree species. As in previous studies conducted in different cities, the daily average difference between street
air temperatures with and without tree shading varies. While it was 0.1 °C in Indiana, United States, it increased to
0.9 °Ciin Melbourne, Australia; 1 °Cin Munich, Germany; and up to 2.8 °Cin southeastern Brazil [51-54]. Microclimatic
shading and air-cooling methods vary among tree species [55-57] and depend on the morphological characteristics
of the tree, including shape, canopy size, canopy density, and tree leaf features [32, 33, 58]. A comparative study
should, therefore, be conducted on the main characteristics and parameters of trees when deciding which tree spe-
cies should be selected. This study should compare the main elements that can provide better performances with
regard to enhancing the microclimate conditions within the limited availability of resources.

3.1.1 Step 1 outcomes: recommended efficient urban tree species

Based on previous studies and recommendations, the ideal tree species should be selected based on the following
criteria:

+The size of the tree canopy (bigger canopies are indispensable and should be classified as shading trees).

- Tree density (trees with a higher LAl are preferred).

« Tree type (deciduous trees are preferred).

« The adaptability of the tree to location conditions (trees with high water demand; salt and drought intolerance must
be excluded).

The Efficient Urban Tree Strategy (UTS)

Step (1) Step (2) Step (3)
L Efficient Tree Species Water Efficiency Optimize Tree Usage
)
Efficient morphological e Efficient number of trees
characteristics Efficient irrigation

in relation to urban

technologies geometry and aspect ratio

Trees adapting to local

conditions -
Efficient number of trees
Various alternative in relation to the
Low/moderate water potential water resources orientation of the urban
demand canyon
| ale ]
v

Testing the strategy’s elements

Achieving an efficient urban tree strategy

Fig.2 Research methodology
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The selection criteria were applied to 114 trees listed in the planting database for Cairo, titled “Plant Guidebook for
Al-Azhar Park and the City of Cairo” [44]. Table 1 shows the 21 trees that were selected from the 114 trees based on the
selection criteria of the research study.

As shown in Table 1, there were slight variations in crown size, water demand, LAI, and tolerance to drought and salinity
among the chosen trees. While we could have chosen fewer trees, based solely on their characteristics, to include in the
table for the intended strategy, we opted to include the aforementioned tree species for two reasons:

- The different tree sizes will be useful when dealing with different street widths, different types of streetscapes, and
the available planting areas inside the urban canyons.

- With the 21 shortlisted tree species, a wide range of visual variety and biodiversity can be offered, which is very
important for enhancing the city’s image and streetscape.

To maximize the benefits from the selected trees, three main categories should be applied, as shown in Table 1. Cat-
egory A is for trees with the best properties, category B is for those with good properties, and category C is for those
possessing fewer good properties than category B. These three categories should be used as a guide when applying an
efficient tree strategy to any urban area in Cairo. However, while category A must be used in all urban areas, categories
B and C can sometimes be added to category A to provide more variety and biodiversity to urban areas.

3.2 UTS step 2: irrigation technologies

The study seeks to quantify the use of water during irrigation and compare the use of traditional time-based irriga-
tion systems with new technologies such as SMS and RS. SMSs provide significant savings in the amounts of irrigation
required, reducing the required amount by 65% compared to homes utilizing traditional irrigation systems [61].

3.2.1 Different water resources for irrigation

Reducing water consumption is very important, and finding different water resources is also a significant factor for
irrigation. As it is not possible for Egypt to meet the increase in water demand by relying solely on the Nile, it has been
developing non-conventional wastewater reuse strategies to meet future demands [42]. Based on the released data from
the Holding Company for Water and Wastewater in 2013, Egypt produced approximately 9.6 mcm of treated wastewater
per day, which is approximately 3.5 bcm of treated wastewater per year [62]. This amount equates to 6.5% of the total
volume of the Nile’s water. These different water resources will support the greening strategy of this study and make its
application possible. Assessing the current availability of various water resources and minimizing water consumption
make the greening strategy achievable.

3.2.2 Water demand for tree irrigation

One of the main objectives of this study is to consider water demand and water efficiency. Calculating water demand is
the main factor needed in assessing the UTS. Equation 1 can be used to calculate irrigation water demand for isolated
trees, which are widely spaced without other plant material under or around them. Water demand depends on three
items: the plant factor, evapotranspiration, and the crown size of the tree, all of which vary among different tree spe-
cies. The cooling criteria for all trees indicate that having large tree canopies is necessary to increase the percentage of
tree coverage. This, in turn, directly leads to an increase in the amount of water needed. To reduce water demand, it is
important to minimize both the percentage of tree coverage and the number of trees as much as possible. Therefore,
there should be a balance between the required tree coverage percentage and the required water demand to avoid
compromising either an improvement in thermal comfort or a decrease in water demand.
Equation 1 can be used to calculate water demand for isolated trees [63]:

Gallons = ETo X PF X (R X R x 3.14) x 0.623 (1)

e ETo represents inches of historical average, or real-time evapotranspiration, for the period of interest.
o PF represents the plant factor for the established landscape trees (0.5 for all trees).
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e Rdenotes the radius of the tree canopy in ft., which can be calculated as follows: canopy diameter in ft.+ 2 (use widest
crown spread as the diameter).

o RXxRX3.14 represents the area of the circle created by the tree’s canopy projection over the soil.

e 0.623is the factor used to convert inches of water into gallons.

3.3 UTS step 3: tree amounts and shading percentage

The effect of the tree coverage percentage varies and depends on the street canyon’s aspect ratio and orientation [39]. In
a study conducted in Athens, the analysis of air temperature patterns for different tree coverage scenarios indicates that
the variability in results is mainly due to the effects of tree percentages and the level of aspect ratio [64]. A study carried
out in Phoenix showed that an increase in the percentage of tree coverage from 0 to 25% reduces the air temperature
by 4.4 °C[31]. A study conducted in Hong Kong, however, recommends 56% tree coverage to achieve the best enhance-
ment of microclimate conditions [65]. Moreover, a study dealing with the effects of tree coverage on deep street canyons
within Cairo’s downtown center recommends coverage percentages of 22% for northern-western streets and 54% for
northern-eastern streets [66]. However, another study conducted in Cairo suggests 50% tree coverage for highly dense
urban areas [67]. From all relevant studies within and outside Cairo, it can be concluded that the tree coverage percent-
age should not be the same for different types of urban canyons with different aspect ratios and street orientations. A
detailed study should be conducted to test the ideal tree coverage percentage for each canyon to avoid implementing
a tree strategy that will not be efficient given a shortage, or excess, in tree coverage percentages.

3.4 Testing the strategy

After studying the three steps, selecting suitable tree species and irrigation technologies, and optimizing tree amounts,
the strategy should be tested to examine its efficiency. The outputs of each step should be tested in a study area located
in downtown Cairo. This test should validate the strategy’s efficiency and measure the impact of applying the strategy to
the study area as an example before generalizing the strategy’s outputs/recommendations and applying them through-
out the entire city of Cairo.

4 Method of testing the strategy

As shown in Figure 3, the efficient UTS will be tested using ENVI-met simulations to examine the strategy’s impact on
the microclimate conditions and ensure that, in alignment with the other studies conducted around the world, the
performance of the strategy will also be useful in Cairo.

To test the strategy performance, a comparative study should be carried out between the results of the ENVI-met
simulation on the current situation of the study area and the results after the application of the UTS criteria. The results
should be statistically analyzed to measure the differences and relationships between the various factors.

4.1 The study area

The study area should be located in Cairo’s downtown center to observe the effects of the UHI, as they appear most
clearly in the central part of the city [2, 9]. The comparative study should be applied using the microclimate simulation
tool ENVI-met, which is the most extensively evaluated microclimate model available, with capabilities to accurately
simulate an outdoor microclimate for any given location [68]. Using simulation software will also be useful in assessing
different scenarios and comparing their results to the results of the current situation.

4.1.1 Study area location and urban characteristics

The study area is situated in the heart of Cairo, specifically in the downtown district or Khedival Cairo. The total area of
the site is 150,000 square meters. According to Fig. 4A, it is bordered by 26th of July Street to the north, Kasr AINil Street
to the south, Sherif Basha Street to the west, and Opera Square to the east.

The urban form of the study area follows a grid pattern, oriented in the north direction, as shown in Fig. 4B. The aspect
ratios of the urban canyons and spaces vary. Table 2 shows the selected street canyons’ aspect ratios and the elements
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Fig. 3 Method of testing and validating the UTS criteria

of their built environment, such as the building heights, width of roads, tree coverage percentages, and the materials of
the street canyon. All urban geometry information is based on the GIS database by the General Organization for Physical
Planning (GOPP—Cairo), which was updated through a field survey conducted in September 2021.

4.1.2 Existing trees

As shown in Fig. 4D, some trees already existed within the study area. Fortunately, and as observed during the field sur-
vey, these existing trees represent the opposite of what the UTS proposes for selecting tree species; they have very small
crown sizes (from 1 to 4 m), are randomly distributed, comprise only one tree species (Ficus benjamina—Evergreen), and
require manual immersion irrigation. All these differences provide a good opportunity to compare the current situation
with the proposed UTS scenarios and, in turn, measure the effectiveness of all criteria and steps of the UTS.

4.2 Different scenarios

Based on the outcomes of the UTS (Step 3), four different scenarios will be applied on selected inner streets of the study
areq, as illustrated in Fig. 5. Tree coverage percentages should be different for streets with different aspect ratios and
orientations [69]. According to two external studies that were conducted and applied in Cairo’s downtown center, tree
coverage percentages should be between 20 and 50% [66, 67]. Each of the four scenarios will test a different tree coverage
percentage. While scenario A will test 0% tree coverage, scenario B will test 20%, scenario C will test 35%, and scenario
D will test 50%. All scenarios will be tested during the summer and winter (and, thus, there will be scenarios e, f,g,and h
for winter scenarios). For winter scenarios and due to having deciduous trees that lose their leaves during winter, the tree
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Fig.4 A Study area location in Cairo’s downtown district (indicated by the pink zone). B Selected inner streets for the study (S1, S2, and S3)
and buildings heights (m). C and D Images of the study area’s buildings and existing trees from a field survey

percentage in each scenario will not match the same percentage in summer, as clarified in Table 3. As demonstrated in
Fig. 5, the results will be compared to the results of the base case scenario during both summer and winter. All informa-
tion and percentages of the different scenarios are presented in Table 3. For the recommended tree species, three trees
from the recommended list will be modeled and used for all scenarios, as shown in Table 3.

4.3 Model setup and data input

4.3.1 Model setup, geometry, soil, and materials

The model geometry and the selected soil and materials represent the current situation of the study area based on the
available data and the field survey and do not change for any of the scenarios. To measure the effect of only applying
trees, the study area model was built using the model geometry, soil, and materials outlined in Table 4.

4.3.2 Trees and vegetation

This study specifically focuses on the role of urban trees; thus, the modeling of vegetation only focuses on trees. To

accurately represent and model different tree scenarios, such as crown size, height, shape, and seasonality, custom tree
models need to be developed. These models should meet the criteria and recommendations outlined in Step 1 and
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Fig.5 All scenario plans for trees during summer and winter

allow for the measurement of the effects of different tree types in each scenario compared to existing trees in the base
case. The ENVI-met application “Albero” is a useful tool for modeling these required tree models and designing their
geometries and properties, including crown size, tree height, root size, tree seasonality by month, tree shape, and leaf
area density (LAD) of each tree layer [68]. After the trees have been modeled, Albero is able to offer trees with varying
crown sizes that can be applied to a specific situation. Albero can also assign an LAD value and determine appropriate
heights for the trees. These factors are extremely valuable when integrating small trees into the current conditions of
the study area. Additionally, the utilization of tree seasonality aids in elucidating the disparities in performance between
deciduous trees during summer and winter. All of these factors will contribute to an efficient and detailed method of
measuring tree performance. The distinctions between the different tree scenarios will be evaluated proficiently. While
tree modeling and tree variety are based on the existing trees, the proposed trees are based on the efficient UTS, as
shown in Table 3 above. Figure 6 shows the differently modeled trees (7 m, 5 m, and 3 m) for the proposed trees scenarios
and the current base case scenario.

4.3.3 Meteorological data input

We utilized the recorded data from Cairo Airport on both July 1st, as a representation of summer, and January 1st, as a
representation of winter in 2020, [70-72] and employed simple forcing instead of full forcing due to irregular results that
did not align with the measured data from Cairo Airport.

4.3.4 Simulation configuration

The simulation setup took two days to prepare: one in the summer on July 1st and one in the winter on January 1st. The
simulation started at 1:00 am and lasted for 24 h. We used simple forcing for the measured data from Cairo Airport. Data
output was collected every hour and converted using the ENVI-met “Bio-met” program to calculate the PET values for
each hour and scenario. The main factor of comparison was the different mean PET values. We compared them across all
scenarios to evaluate the impact of each scenario and determine the ideal urban tree model that represents an efficient
UTS. We calculated the mean PET values for all cells on each street and compared them to the mean values of the other
streets. In addition, we also measured other parameters, such as air temperature (TA), wind speed (WS), humidity (H),
and total mean radiant temperature (TMRT). As illustrated in Fig. 7, these parameters were measured at a given point
located at the center of each street, away from the shade of tree canopies (R1, R2, and R3). Comparing such detailed
results would greatly help in increasing our understanding of the effect of the UTS, after understanding its general effect,
by comparing the mean PET values of each street.
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Table 3 Tree data for each

: Scenario Tree species No. of trees Avg. crown size Overall tree
scenario coverage
(%)
Base case—summer Ficus benjamina 187 1—4m 9
Cassia javanica 5 6.5m
Phoenix dactalfera 3 5m
Total 195
Base case—winter Ficus benjamina 187 1—4m 8.2
Cassia javanica 5 0*
Phoenix dactalfera 3 5m
Total 195
0% trees—summer—winter N/A 0 N/A 0
b. 20% trees—summer Vachellia nilotica 34 75m 20
Azadirachta indica 34 8m
Cassia javanica 34 7m
Total 102
f. 20% trees—winter Vachellia nilotica 34 75m 14
Azadirachta indica 34 8m
Cassia javanica 34 0*
Total 102
c. 35% trees—summer Vachellia nilotica 58 75m 35
Azadirachta indica 60 8m
Cassia javanica 06 7m
Total 178
g. 35% trees—winter Vachellia nilotica 58 7.5m 25
Azadirachta indica 60 8m
Cassia javanica 06 0*
Total 178
d. 50% trees—summer Vachellia nilotica 86 75m 50
Azadirachta indica 85 8m
Cassia javanica 85 7m
Total 256
h. 50% trees—winter Vachellia nilotica 86 75m 36
Azadirachta indica 85 8m
Cassia javanica 85 0*
Total 256

Deciduous trees have zero crowns during winter

4.4 Validation of results

The simulation was performed for all cases based on the model setup and the meteorological data of Cairo’s Airport.
Before reading and analyzing the outputs and results, it is important to examine the validation results by compar-
ing the values of the results to the measured data. Additionally, the root-mean-square index (RMSE) and the index
of agreement (d) are calculated for all results to ensure that the results obtained from the simulation are valid. Air
temperature and relative humidity, measured on the 1st of July 2020, are compared to the output results of the
simulation to assess whether the results are in line with the measured data, and for better validation, the ENVI-met
results are not only compared to airport station measured data but also to data measured in Fatimid Cairo on the
same day but in a previous study (1 km away from the study area) conducted in 2013 [73]. As shown in Fig. 8, by apply-
ing ENVI-met simple forcing using the measured data, the results for summer air temperature and relative humidity
show significant matching, the RMSE for air temperature was 1.45 for the airport data and 2.11 for the site data, with
an index of agreement d of 0.94 for the airport data and 0.87 for the site data, and the RH% RMSE was 7.15 for the
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Table 4 Model setup, geometry, soil, and materials

Model information (base case, 0%, 20%, 35%, and 50%) for models in summer and winter

Model location

Area size (Grids)

Grid resolution (m)

Orientation (from North)

Split lower grid box into 5 sub cells
Telescoping applied

Maximum model height*

Nesting grids**

DEM

Soil

Building materials

30.02 latitude and 31.22 longitude

X=166,Y=140,Z=21
X=3,Y=3,Z=3

0

Yes

The telescoping factor is 20%, and telescoping should start after 42 m in height

88 m
Not applied

Not applied, as the site is flat

Asphalt for roads, concrete for sidewalks, green turf for green areas, and sand

under buildings

Default wall—moderate insulation

"The model’s height is more than double the height of the tallest building, as recommended by the software [68]
“Nesting grids were not applied; however, 5 cells from the boundary sides of the model were kept empty, as recommended by the software

developers [68]
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Fig.6 Modeled trees using Albero, a the 7 m tree, b the 5 m tree, and ¢ the 3 m tree
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airport data and 6.91 for the site data, with a d of 0.89 for the airport data and d of 0.90 for the site data. Addition-
ally, as depicted in Fig. 8, the ENVI-met results for the same point in the model closely align with the measured data.
Similarly, when the validation process is performed during winter, the results closely match the measured data, with
an air temperature RMSE of 1.27 and d of 0.93, and an RH% RMSE of 6.37 and d of 0.94. Additionally, these results
demonstrate that employing a simpler forcing method yields more accurate outcomes compared to the full forcing
method, which was applied at the beginning using EPW files of Cairo and showed mismatching results, as shown in
Appendix (1). This indicates that all results accurately represent the current situation, with minor discrepancies aris-
ing from changes in the surrounding urban context, as the differences in the results are very similar or even better
than some ENVI-met simulation studies applied in Cairo [67, 74, 75]. Hence, the simulation output can be utilized to
evaluate the impact and influence of various tree scenarios during both summer and winter.

5 Results
5.1 Comparison of PET (mean values of each street)

To understand the different impacts of each tree scenario in relation to the base case scenario, a comparison of the mean
PET values between each street (S1, 52, and S3) and each scenario was performed. The PET value is a good measure to
use when comparing the impact of each scenario, as it represents the physiological equivalent temperature felt by peo-
ple inside the urban canyon. All measured data are selected at a height of 1.5 m, which is the average height of street
pedestrians. The PET values are classified under many ranges to represent outdoor thermal comfort. Temperatures of
less than 4 °C are considered within a very cold range, between 4 and 18 °C are within a cold range, between 18 and
23° are within a thermal comfort range, between 23 and 41° are within a hot range, and above 41 °C are within a very
hot range [76]. Table 5 presents a more detailed PET classification from another study for a subtropical climate (a similar
climate zone to Cairo) [77].

5.1.1 Comparison of PET results during summer

By comparing the summer PET values of all the streets, it is clear that the addition of trees to urban canyons has a positive
impact on enhancing PET values in general. This impact, however, varies from one street to another and from daytime to
nighttime. To further understand this impact, a more detailed comparison is conducted per hour to measure this impact
and generate recommendations regarding the application of trees to different urban canyons.

5.1.1.1 Comparison of mean PET values for S1 scenarios during summer Applying different percentages of urban trees to
S1 slightly enhances its mean PET values. As shown in Fig. 9, the PET values indicate that the base case results during
peak hours and during the day are in the hot range. The PET values of the base case scenario are extremely similar to
those of the 0% tree coverage scenario. The maximum difference between both scenarios is — 0.37 °C, the average dif-
ference is — 0.04 °C, and most differences are less than — 0.1 °C. Therefore, the application of numerous trees with small
crowns will not enhance the thermal comfort of this urban canyon, in any way, aligning with the theoretical recommen-
dations of the efficient UTS [32, 78].

Applying 20% tree coverage to S1 slightly increases the PET values, which reach a maximum of — 0.83 °C and an aver-
age of — 0.10 °C during the daytime. Although this scenario yields better results than the one that does not apply any
trees, it achieves only a slight enhancement in the PET values during the daytime.

When applying 35% tree coverage to S1, the enhancement in the PET values increases, reaching a maximum of
—0.69 °C and an average of — 0.41 °C during the daytime. While this scenario also yields better results than the one that
does not apply any trees, it achieves only a slight enhancement in the PET values during the daytime as well. The values
are higher during nighttime but still fall within the same range.

Applying 50% tree coverage to S1 increases the enhancement in the PET values, reaching a maximum of — 1.52 °Cand
an average of — 0.79 °C during daytime. This is very similar to the 35% tree coverage scenario and is still considered only
a slight enhancement during the daytime. The PET values are higher during nighttime but fall within the same range.

The overall impact of applying different tree coverage percentages to S1 is not significant at all. Although it slightly
enhances thermal comfort, this minor enhancement does not lead to any noticeable improvement, such as changing
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Table 5 PET detailed classification for a subtropical climate
Range* 13-18 18.1-23 23.1-29 29.1-35 35.1-41 41.1<
Thermal perception Slightly Cool Comfortable Slightly Warm Warm Hot Very Hot
Grade of physiological stress  Slight cold stress No thermal stress Slight heat stress Moderate Strong heat stress Extreme heat stress
heat
stress
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Fig.9 aS1:mean PET values a. S1 - PET Values - Summer (z=1.5m).
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the thermal range. The PET values were higher during nighttime across all scenarios (20%, 35%, and 50%); however,
the increase was very minor and still fell within the same thermal range.

Applying different percentages of urban trees to S2 and S3 significantly enhances their mean PET values. As shown in
Fig. 10, the PET values indicate that the base case results during peak hours and daytime are in the extreme heat stress
zone. The PET values of the base case are extremely similar to those of the 0% tree coverage scenario. The maximum
difference between both scenarios is 0.04 °C, the average difference is 0.02 °C, and most differences are less than 0.01 °C.
This means that the application of many trees with very small crowns to both these urban streets (52 and S3) will not
enhance their thermal comfort, in any way, aligning with theoretical recommendations of the efficient UTS [32, 78].

When applying 20% tree coverage, the enhancement in the PET values noticeably increases, reaching a maximum
of —3°Cin S2 and — 3.16 °C in S3 during the daytime. The average increase during the daytime is — 1.55 °Cin S2 and
—1.89°Cin S3, which is higher than the results of the scenario that uses 0% tree coverage, which is considered a good
enhancement. The PET values are higher during the nighttime and lie within a smaller range, reaching a maximum of
—0.35°Cin both streets. When applying 35% tree coverage, the enhancement in the PET values increases and reaches a
maximum of —4.71 °Cin S2 and — 4.51 °Cin S3 during the daytime. The average increase during the daytime is — 2.69 °C
in S2 and — 3.18 °Cin S3, which is considered a very good enhancement. The PET values are slightly higher during the
nighttime and reach a maximum of — 0.55 °C in both streets.

When applying 50% tree coverage, the enhancement in the PET value significantly increases and reaches a maximum
of — 6.36 °Ciin S2 and 6.49 °C in S3 during the daytime. The average increase during the daytime is — 3.95 °Cin S2 and
—4.66 °Cin S3, which is considered a significant enhancement, as the average enhancement during peak hours is — 3.56 °C
in S2 and — 4.41 °Ciin S3.The PET values are higher during the nighttime and reach a maximum of — 0.7 °Ciin both streets.

The overall impact of applying different tree coverage percentages is clearly significant and strongly enhances thermal
comfort, helping change the thermal comfort zone in S2 at 11:00, 12:00, 16:00, and 17:00 and in S3 at 11:00, 12:00, and
17:00. PET reduction helps change the thermal comfort zone from extreme heat stress to strong heat stress. Figure 11
illustrate the effects of trees at 13:00 and 15:00.
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Fig. 11 PET reduction values for each scenario compared to the base case (on the right at 13:00, and on the left at 15:00 on 01-07-20)
Z=15m

5.1.2 Comparison of PET values during winter

By comparing the PET values of all the streets during winter, it is clear that the addition of trees to the urban canyons
does not have an impact on enhancing their PET reduction values. Such an impact is usually not recognized due to the
cold microclimate conditions of winter, as all the simulation scenarios were carried out on the 1st of January, which is
considered the middle of winter. In general, the absence of trees in urban canyons will not have a negative impact on
human thermal comfort. The application of different tree species (whether evergreen or deciduous) will not change the
microclimate conditions that occur during winter.

5.1.2.1 Comparison of PET values for S1 (winter scenarios) As shown in Fig. 12A, the maximum reduction in the PET
reached 0.58 °C and 0.55 °C at 11 am and 12 pm only and in the 50% tree coverage scenario. This reduction equates
to only 9% of the reduction value for the same tree scenario in the summer. During some hours, the addition of trees
increases the PET. For example, the maximum reduction in the PET is 0.43 °C at 10 am in the 20% tree coverage scenario.
The average reduction in the PET during peak hours is 0.02 °C in the 20% tree coverage scenario, 0.045 °C in the 35%
scenario, and 0.07 °C in the 50% scenario.

5.1.2.2 Comparison of PET values for S2 and S3 (winter scenarios) As shown in Fig. 12B and C, the maximum reduction in
the PET for S2 ranged between 0.32 and 0.42 °C between 10 am and 1 pm in the 50% tree coverage scenario. This reduc-
tion equates to only 6.8% of the reduction value for the same tree scenario for S2 in the summer. For S3, the maximum
reductions in PET are 0.58 °C and 0.55 °C at 11 am and 2 pm, respectively, in the 50% tree coverage scenario.

This reduction equates to only 6.5% of the reduction value for the same tree scenario for S3 in the summer. The average
reduction in the PET for S2 during peak hours is 0.07 °C in the 20% tree coverage scenario, 0.13 °C in the 35% scenario,
and 0.19 °Ciin the 50% scenario. For S3, the average reduction in the PET value during peak hours is 0.10 °C for the 20%
tree coverage scenario, 0.15 °C for the 35% scenario, and 0.21 °C for the 50% scenario.

5.2 Comparing PET parameter results for all receptors

To understand the main factors contributing to the enhancement in the microclimate conditions in S2 and S3, a detailed
investigation should be conducted by studying all thermal comfort parameters of both streets. All parameters should
be measured at the same point, located in the middle of each street (indicated as R2 and R3 in Fig. 7). Measuring and
comparing all parameters, including air temperature (TA), wind speed (WS), TMRT, and specific humidity (H), will help to
clarify which parameter is enhanced by the addition of trees, consequently leading to an enhancement in the PET. Fig-
ure 13 demonstrates that when comparing the results of each factor for both R2 and R3, significant changes are found to
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occur in WS and TMRT upon the addition of trees. Changes in these two specific factors explain why the shading provided
by trees reduces the TMRT and their physical blocking of the wind reduces wind speed. No major changes take place,
however, in the air temperature and humidity of both streets before and after the addition of trees.

5.2.1 The impact of adding trees on air temperature and humidity

The addition of trees leads to a very slight enhancement in air temperature, which reaches a maximum of — 0.124 °C at
17:00in R3and —0.113 °C at 16:00 in R2. This slight enhancement is not considered to be the reason behind the observed
significant enhancements in the PET values. Similarly, the results for specific humidity showed very minor enhancements
when trees were added to both streets, in which humidity was reduced by a maximum of 0.09% at 10:00, 11:00, and 12:00
in R2 and reached a maximum reduction of 0.17% during the same hours in R3.

5.2.2 The impact of adding trees on wind speed

As shown in Fig. 13, the addition of trees to all streets leads to significant changes in wind speed. The wind speed is
reduced due to the vertical blocking of the trees planted on both sides of the street. This impact, however, varies from
one street to another, as the wind speed is different within each street due to the different orientations of the streets.
While S1 is oriented toward the north, S2 and S3 are oriented toward the east. Figure 14.a illustrates a comparison
between wind speed figures for the base case scenario at the receptor points of each street (R1, R2, and R3). As shown
in the figure, the wind speed is significantly different and high in S1 given that its northern orientation matches Cairo’s
main wind direction. The wind speed in S1 ranges between a maximum of 3.25 m/s and a minimum of 2.86 m/s, which
lies within the comfort limit of 1 m/s to 5 m/s [79]. In S2 and S3, which have an eastern orientation that goes against
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Cairo’s wind direction, wind speed values are between 0.29 m/s and 0.19 m/s in R2 and 0.74 m/s and 0.92 m/s in R3. These
are considered very minor values in comparison to those of S1. Although the addition of trees reduces wind speed in
all streets, the large difference in wind speed between S1 and the other two streets indicates that their impact varies
from one street to the other. In S1, the addition of trees reduces the wind speed in R1 by — 1.7 m/s to — 1.8 m/s during
the day, which is more than double the maximum wind speed figures of the other streets. In S2 and S3, the addition of
trees reduces the wind speed by -0.05 m/s to — 0.2 m/s in R2 and — 0.07 m/s to -0.09 m/s in R3.

The impact of adding trees on the wind speed of both S2 and S3 cannot, therefore, be considered the main factor
affecting their PET, as the wind speed of both streets is already extremely low. A reduction in wind speed will, thus,
not impact their PET values. This is due to other factors that significantly enhance the PET values in both streets, as
shown in Fig. 10. In contrast, the wind speed reduction in S1 is quite significant, being reduced to almost half of its
original figure. According to Fig. 9, the enhancement in the PET in S1 is very limited. It can, therefore, be claimed that
the addition of trees to S1 does not enhance the PET and significantly reduces wind speed.

5.2.3 The impact of adding trees on TMRT

Figure 13 shows how the addition of trees clearly changes the TMRT figures for R2 and R3. The changes in the TMRT charts
are significant in comparison to the other measured parameters outlined in Fig. 13. This means that the addition of trees
to urban areas, with the additional shading they provide, significantly reduces the total radiant temperature (including
solar radiation) of the urban canyon at the pedestrian level. After the addition of trees to S2, the maximum reductions
in TMRT at R2 reached — 21.3 °C, — 15.4 °C, and — 29.9 °C at 15:00, 16:00, and 17:00, respectively. After the addition of
trees to S3, the maximum reductions in TMRT at R3 reached — 17.0 °Cand — 21.6 °C at 17:00 and 14:00, respectively. As
illustrated in Fig. 13, the PET and TMRT charts look very similar, and their reduction values are almost the same for both
streets. This means that the significant enhancement in the PET is directly related to the major reduction in TMRT. In
S1, the TMRT reduction is minor, and the PET enhancement is not significant, further demonstrating the relationship
between PET and TMRT.

Figure 14b shows the TMRT values of all the streets for the base case scenario. As displayed, during the daytime (i.e.,
during solar radiation), the TMRT values are much lower in S1 than in S2 and S3 due to the different street orientations. The
addition of trees helps protect the street canyon at the pedestrian level from such high levels of radiation. Accordingly,
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Fig. 15 Correlation between 2
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and because the TMRT values in S2 and S3 are much higher, adding trees significantly reduces the TMRT, which leads
to significant enhancements in the PET for both streets. In contrast, and because TMRT values are lower in S1 (given its
northern orientation), the added trees are not able to further enhance the TMRT as the urban canyon is already protected
from solar radiation and shaded by buildings; thus, the enhancements in the PET values are minor.

5.3 Correlation between PET and TMRT

Itis clear that there is a strong relationship between TMRT reduction and PET enhancement within urban canyons and
at the pedestrian level. To demonstrate this relationship, an SPSS statistical analysis is conducted the examine the cor-
relation between the reduction in TMRT and the enhancement in PET. The correlation study is applied to the results of
the 50% tree coverage scenario in R3. Before calculating the correlation between both mentioned variables, the Kol-
mogorov-Smirnov (K-S) test is applied to all input data to check if the data are normally distributed. This (K-S) is because
the test results guide the selection of the method for calculating the correlation. After applying Spearman correlation,
since the data were not normally distributed in the K-S test, and as shown in Fig. 15, the results of this correlation study
reveal a strong positive correlation, and the degree of association (correlation coefficient) is r=0.898, indicating a strong
relationship between ATMRT and APET. When testing the regression, the R2 value is 0.9879, and the significant F value
is<0.001, indicating that the results of the study are reliable and statistically significant, and the co-efficiency value is
Y =0.488x—-0.0208. This statistically demonstrates the strong relationship between ATMRT and APET and proves the direct
relationship between shading and PET enhancement. It is also a clear indication to focus on increasing overall shading
(through various elements, including buildings, trees, and shading structures) to further enhance the PET.

5.4 Comparison of water demand

As shown in Table 3, different scenarios require different numbers of trees and tree coverage percentages. Although the
20% and 35% tree coverage scenarios require a smaller number of trees in comparison to the existing trees in the base
case, both scenarios require larger amounts of water for irrigation, as they have high coverage percentages, as calcu-
lated in Eg. 1. The only advantage in these scenarios is that the required amount of maintenance is less given the fewer
number of trees. Table 6 illustrates the percentages of irrigation required for each scenario in comparison to the base
case scenario. The green-highlighted column in Table 6 shows the increased or decreased percentage of water demand
for each scenario compared to the base case (the current situation). This percentage is calculated based on the increase
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and decrease in the canopy percentage, which is the primary factor controlling the water demand. The recommended
urban tree model should consider using the lowest percentage of tree coverage possible to avoid an increase in water
demand without compromising enhancements in thermal comfort. In addition, the irrigation and planting technologies
recommended in Step (2) should be applied to reduce the water demand.

6 Discussion

The results of this study indicate that the application of trees has a positive impact on various types of street canyons
in the study area. Enhancements from the addition of trees are greater when the street orientation, aspect ratio of the
street, and season change. The results also show that it is not just about adding trees to the urban canyon; tree species
and their properties should also be carefully considered, as such factors can lead to significant variations in performance.

The application of trees to S1 (northern/southern orientation and an aspect ratio of 1:1.2) shows slight improvements
in the microclimate conditions during the summer and winter. Although the addition of trees to S2 and S3 (east/west
orientation, aspect ratios of 1:1 and 1:1.25) leads to significant enhancements in microclimate conditions, such enhance-
ments only occur during the summertime. During the wintertime, the application of different tree coverage percentages
exhibits no impact, and the maximum enhancement in their microclimate conditions then only equates to 9% of their
mean enhancement values during the summertime. The type of tree that is applied, whether evergreen or deciduous,
would not change the impact during winter. The enhancements that occur during the summer in S1 are very minor, and
increasing the tree coverage percentage of this street would not lead to any significant enhancements. It would also
result in the loss of various resources (water, trees, and maintenance). In addition, it significantly reduces the wind speed
and slightly increases the relative humidity due to evapotranspiration. For S2 and S3, using trees and increasing tree
percentages significantly enhances the microclimate conditions. During some hours, they not only help to enhance the
PET values but also change the thermal comfort zone. During winter for S2 and S3, the results show no enhancements
across all scenarios, which is in line with recommendations from reference [43] regarding the use of trees during winter.

The overall results of this study align with the results of other studies. The maximum PET reduction of 6.5°C is quite similar
to the PET reduction values between 1 and 6 °C for case studies conducted in Ho Chi Minh and Spain [26, 29]. The slight
enhancements in air temperature are also similar to case studies conducted in Dubai, Tehran, and Phoenix [27, 28, 31]. Addi-
tionally, the overall results and improvements in the PET values are similar to those of the two prior case studies conducted in
downtown Cairo (although this study presents more promising microclimate enhancements during some hours) [66, 67]. The
minor differences between the enhancement values of the different case studies are due to the different street orientations
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and aspect ratios within each study. Moreover, the results demonstrate the strong relationship between shading and micro-
climate enhancement, as shown by the strong correlation between TMRT reduction values and PET enhancement values.

7 Conclusion

According to the results of all scenarios, the recommended tree coverage percentage to be applied should not be the
same for all streets; it should vary. Additionally, the tree model should be independently designed for each street such
that matches its geometry, orientation, and other conditions, which aligns with findings of previous studies [66, 67, 69].
The recommended tree model should consider tree seasonality and tree variety for biodiversity, as well as contribute to
a visually appealing image for the city. Nothing, however, would be required to enhance the microclimate condition, as
all winter results show that applying different tree coverage percentages to different street canyons would not have a
significant impact on thermal comfort. For water demand, it is recommended that the use of trees be reduced. The ideal
way to reduce water demand is to minimize the use of trees without compromising enhancements in the microclimate
conditions, in addition to applying irrigation technologies.

7.1 Recommended tree percentages and tree species for each street

The recommended tree coverage percentages for all three streets that enhance microclimate conditions while also con-
sidering water demand are 0% for S1, 35% for S2, and 50% for S3. As trees did not provide any significant enhancement
in S1, the enhancement by the 35% tree coverage was very similar to the enhancement by the 50% tree coverage in S2.
In S3, the enhancement by the 50% tree coverage was higher than the enhancement by the 35% tree coverage, which
is due to the wider aspect ratio in S3. The recommended ratio of deciduous trees relies on the suggested motivation of
the design itself and not on the requirements of thermal comfort and UHI. Based on the abovementioned tree coverage
percentages, Table 6 demonstrates the total number of trees and the total tree coverage percentages recommended for
each street. The table also states the selected seasonal tree species ratio for each street and calculates water demand,
comparing it to the current condition of the case study.

According to the recommended model, and as shown in Table 7, although the total number of trees is lower than the
existing number of trees (146 large trees are added instead of the 195 small existing trees that are removed), the total
water demand increases by 58.18% in comparison to the current situation. This is because water demand depends on
the crown size of the trees and not their numbers, as shown in Eq. 1. Based on the recommendations of the efficient UTS,
irrigation methods and technologies should help absorb this increase in water demand. Applying such methods and
technologies to the current situation should reduce at least 65% of the total water consumption [61]. Their application
would also help reduce water demand for irrigation, reducing the increase in water demand from +65.48% in both S2 and
S3t0+22.92%, in addition to saving 7.3% in S1, while increasing the tree coverage percentage and reaching significant
PET enhancements with very limited water demand increase.

Although the results of this study can be applied and generalized to the city of Cairo, the recommended tree cover-
age percentage cannot be generalized, as different urban canyons, with varied aspect ratios and/or orientations, lead to
completely different results. The methodology used to determine the tree percentages in this research can be generalized
and applied in the same way (with the same inputs, scenarios, and analyses) in any location in Cairo. A limitation of this
study is that it was only applied to one existing area in downtown Cairo, which was adequate to measure the efficiency
of the study; however, application in diverse situations would provide more comprehensive results and a stronger assess-
ment of the strategy’s effectiveness. Additionally, the lack of current information regarding the required level of irrigation
for trees prevented a full comparison and assessment of irrigation consumption, as the trees were irrigated manually. In
addition, the field survey was somewhat challenging due to security restrictions.

Urban shading is a critical factor that should be prioritized, as it consistently influences the effects of urban trees and
impacts the application of the strategy. Therefore, the UTS should be carefully considered in relation to urban shading
when implementing the strategy in various locations throughout the city.
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Appendix 1

Validating the results of the model using the full forcing ENVI-met method, the resulting values in R4 (using the full forc-
ing method) do not match the measured values. As shown in Fig. 16, air temperature was always higher with ENVI-met
in comparison to the measured air temperature. The difference in temperatures was obvious and significant, reaching
8 Cin 5 h and more than 10 'C in 10 h. The results for air temperatures with ENVI-met were, therefore, completely dif-
ferent than the air temperatures that were measured in reality. Regarding the relative humidity figures, the simulation
results demonstrate completely different figures than the measured results, showing a difference of — 40% in five hours
less than the measured results. During some hours, the difference was approximately + 10% in 3 h. This means that the
results of relative humidity do not represent the relative humidity of the study area. The differences in these two sets of
figures show that the simulation results are not only valid but also that the irregularity of the results itself indicates the
same. By conducting a results analysis on the air temperature charts, one finds that a great decrease in air temperature
occurs from 43 °C at 15:00 to 33 °C at 16:00, which then increases again to 41 °C at 18:00. These significant increases
and decreases are inexplicable and do not reflect real-world conditions. Upon analyzing the relative humidity charts, it
becomes evident that the figures lack any discernible pattern, fluctuating consistently every hour. For example, at 5:00am,
it is 60%, which decreases to 30% at 6:00am, and then increases to 55% at 7:00 am. This does not reflect real-world condi-
tions. These results are, therefore, not valid and do not represent the real-world meteorological conditions of the study
area. A step back should, thus, be taken to revise the simulation setup, with which new validation results can be achieved.
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Abstract: This research aims to optimize the use of trees to enhance microclimate conditions, which
has become necessary because of climate change and its impacts, especially for cities suffering from
extreme heat stress, such as Cairo. It considers elements of urban morphology, such as the aspect
ratio and orientation of canyons, which play an important role in changing microclimate conditions.
It also considers both sides of each canyon because the urban shading is based on the orientation
and the aspect ratio, which can provide good shade on one side of the canyon but leave the other
side exposed to direct and indirect radiation, to ensure a complete assessment of how the use of
trees can be optimized. As Cairo city is very large and has a variety of urban morphologies, a total
of 144 theoretical cases have been tested for Cairo city using ENVI-met to cover the majority of the
urban cases within the city (Stage 1). Then, the same tree scenarios used in the theoretical study
are applied to an existing urban area in downtown Cairo with many urban morphology varieties to
validate the results of the theoretical study (Stage 2). After testing all cases in both stages, it became
very clear that the addition of trees cannot be the same for the different aspect ratios, orientations,
and sides of the different canyons. For example, eastern roads should have more trees than other
orientations for all aspect ratios, but the required number of trees is greater for the northern side than
the southern side, as the southern side is partially shaded for a few hours of the day by buildings in
moderate and deep canyons. Northern streets require a very limited number of trees, even in shallow
canyons, on both sides. The correlation between the number of trees on each side for the different
orientations and aspect ratios shows a strong negative relationship, but the correlation values change
between the different sides and orientations. The results of applying trees to an existing urban area
show almost the same results as the theoretical study’s results, with very slight differences occurring
because of the irregularity of the existing study area. This proves that when adding trees, not only
the aspect ratio and orientation but also the side of each canyon should be considered to ensure that
pedestrians, in all cases, have better microclimate conditions and that the use of trees is optimized.

Keywords: urban heat island (UHI); outdoor thermal comfort; urban trees; urban shading; street
canyon aspect ratio and orientation; greenery effect; ENVI-met greenery simulation; urban cooling
strategies

1. Introduction
1.1. Heat Stress and UHI Appearance and Causes

Cities grow over many decades with different urban fabrics and morphologies, and
they continue to evolve in various shapes to meet their populations’ growing needs. Because
of rapid expansion and increases in population density, cities absorb more heat and suffer
from heat stress and the effects of urban heat islands (UHIs), which disturb human health [1].
Cities’ centers have been observed to be hotter than their suburbs. This is due to urban

Land 2023, 12, 2145. https:/ /doi.org/10.3390/land12122145

https://www.mdpi.com/journal /land

110



Land 2023, 12, 2145

20f32

areas absorbing and trapping longwave radiation, which supports UHIs [2]. In one study,
the air and surface temperatures in city centers were higher than those in suburban areas
by 5.0 to 5.5 C° [3]. In another study conducted in downtown Cairo, an increase of 0.5
to 3.5 C° in the surface temperature was observed and reached 10 C° as the maximum
difference in comparison to the suburbs [4,5]. The urban climate is an important issue
pertaining to local and global climates, and it is influenced by several urban design factors,
such as urban morphology and density, properties of urban surfaces, and different types of
vegetation cover [6]. The process of trapping longwave radiation mainly controls UHIs.
When buildings are taller and streets are narrower, urban canyons absorb less longwave
radiation; however, they trap the absorbed heat [2]. Distance from the city center, surface
albedo, aspect ratio, and vegetation density are major predictors of the UHI response. In one
study, it was found that every 500 m increase in the distance from the city center reduced
the interurban heat island by 0.13 C°. Increasing the surface albedo by 0.01 decreased the
UHI by 0.18 C°, whereas increasing the vegetation density ratio by 0.10 yielded a 0.17 C°
reduction in the UHI. A 10% increase in the aspect ratio increased the UHI by 0.17 C° [7].

1.2. Urban Morphology Relating to Urban Shading and PET Parameters

Urban morphology, sky view factor (SVF), and shading are the major factors that have
a significant role in enhancing microclimate conditions and reducing UHI effects [2,8]. The
shadow-cast effect produced by buildings helps reduce pedestrian radiant load and, conse-
quently, improves thermal comfort, especially in high-density cities, although ventilation
is reduced [9,10]. Shallow canyons are susceptible to worse thermal conditions than their
deeper counterparts with similar aspect ratio values [9]. Asymmetrical streets are better
than low, symmetrical streets at enhancing wind flow and blocking solar radiation [11].
Increasing the SVF in the selection of an urban configuration reduces UHI intensity [12].
Deep urban canyons can reduce the amount of direct solar radiation during the daytime.
Therefore, the level of thermal comfort in an open space (i.e., high SVF) is lower than
that in a shaded space (i.e., low SVF) [13]. The results of the analysis prove that thermal
comfort is mainly affected by exposure to solar radiation [14]. In conclusion, shading
from direct radiation is more important than the increase in absorbed radiation due to
urban reflectance.

The physiological equivalent temperature (PET) meteorological parameters (air tem-
perature, wind speed, radiant temperature, and humidity) [15] can be controlled and
enhanced using urban morphology. The mean radiant temperature (TMRT) is a key meteo-
rological parameter governing human energy balance and is used to evaluate the thermal
comfort of humans [16]. The target is to keep the TMRT below 45 C° [8]. Air temperature
and specific humidity have emerged as the least effective, suggesting that urban configura-
tions can alter their values only to a limited extent [10,17]. The outdoor thermal comfort
level significantly depends on the speed and direction of the urban wind flow [18]. Wind
speed has been widely reported to have an influence on urban heating, and there is a strong
negative correlation between wind speed and air temperature [19]. All of these PET meteo-
rological parameters, along with urban shading and SVF, can be optimized using urban
morphology and urban geometry elements, such as by adjusting the street canyon aspect
ratio and orientation, in addition to using different densities of vegetation [10,16,20,21].

1.2.1. Aspect Ratio Effect

The aspect ratio (AR), or a canyon’s height-to-width ratio (H/W), is an important
parameter that is usually used to investigate the influence of urban geometry on an outdoor
environment, especially temperature and building energy demand [17,22]. The aspect ratio
is the dominant factor for daily net solar radiation gains on road and wall surfaces. The
effects of shadows on surrounding buildings are also important factors for the radiation
environment in urban street canyons [23], as the enhancement of shade due to increased
H/W ratios is capable of producing significant reductions in the PET [16,24]. There is a
strong relationship between UHIs and the aspect ratio during the night, as the effect of the
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street canyon on UHI intensity is significant. According to one study conducted in the city
of Basel, Switzerland, the intensity of the maximum nighttime UHI has a linear relationship
with the SVF, which is controlled by the aspect ratio [25]. In addition, the lowest daytime
mean radiant temperatures result from the high aspect ratios of streets. Air temperatures
decrease slightly with an increase in aspect ratios, but the radiation fluxes expressed by the
mean radiant temperature are, by far, more decisive [26].

In Osaka, the daily net solar radiation gains are large for roads in which the aspect ratio
is greater than approximately 1.5 (H/W). Roads in which the aspect ratio is between 1.0 and
1.5 (H/W) are also in the target range for effective urban heat island mitigation measures,
and particular attention is needed for the north sides of east-west roads and the centers
of north-south roads [23]. In Malaysia, for the six asymmetrical aspect ratios of Putrajaya
Boulevard, an aspect ratio of 2-0.8, which reduces the temperature of surfaces by 10 to
14 C° and the air by 4.7 C°, is recommended for enhancing the boulevard’s microclimates
and mitigating tropical heat islands. In the northeast to southwest direction, aspect ratios
of 0.8-2 reduce the morning microclimate and night heat islands, yet the negative effects
during the day are greater than the positive effects during the nighttime [11]. Along Wall
Street, New York City, the outcomes of winter and summer analyses show high values of
daytime air temperatures along the widest street canyon (aspect ratio = 0.33) [27]. In the
center of Camagitiey, Cuba, aspect ratios higher than one are advisable, as they contribute
to improving the thermal conditions of courtyards in the summer. When the aspect ratio of
a courtyard is H/W = 0.5, no variations in the TMRT are obtained when using different
orientations because most of the courtyards have surfaces that are exposed to direct solar
radiation during the critical period of the day (11:00 h and 14:00 h), and particular subzones
of the courtyard that are adjacent to the surrounding facades are more comfortable than
the central subzone, increasing the aspect ratio from 0.5 to 3 and reducing the TMRT by
15.7 C° [8]. An increase of 0.5 in the aspect ratio’s values can decrease the maximum mean
radiant temperature by 2.90 C° on average in the early morning and late afternoon and,
consequently, decrease the PET [17]. Regarding the impact of the AR on UHISs, streets
featuring a lower aspect ratio have a high frequency of heat stress in the daytime but low
PET in the nighttime [10]. Comparing both east-west- and north-south-oriented streets
against surface temperature measurements in Tokyo, it was found that the shading effect of
a tall building in north—south street canyons had less of an impact on solar gains than that
in east-west streets. Tall buildings and narrow canyons reduce the SVF and increase the
amount of shaded area on the surface, resulting in lower temperatures in canyons during
the daytime but higher temperatures at night [24].

1.2.2. Street Orientation Effect

Street orientation is considered to play an influential role in altering the microclimate
in urban areas, and it influences the exposure of canyon surfaces to direct solar radia-
tion. A north—south (N-S) street orientation will be fully exposed to solar radiation at
midday but mostly shaded in the early morning and late afternoon. This is contrary to
an east-west (E-W) street orientation, which is fully exposed in the early morning and
late afternoon [17,22,28,29]. North—south-oriented streets are cooler than those with an
east-west orientation, and the comfort level in these areas increases along with their H/W
ratio [20], because east-west-oriented canyons are exposed to sunlight throughout the day
regardless of their H/W ratio, whereas north—south-oriented canyons are only exposed to
sunlight during certain times of the day [20]. One study conducted on urban heat island
mitigation measures found that the top priorities are the north side of east-west roads
and the center of north-south roads [23]. The NW-SE orientation shows a slightly lower
PET level than N-S and E-W orientations [30]. It has been found that an orientation angle
between 30° and 60° with wind direction and a canyon aspect ratio of 2.5 can reduce
the PET value by 5 to 9 C° throughout most of the study area during midafternoon on a
summer day [18].
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In a study conducted in Sydney [17], it was concluded that streets situated on the
north—south axis offer a superior level of thermal comfort than east-west-oriented streets.
The PET values presented a comfortable range of 12.33% during the daytime; streets on the
NE-SW axis provided the highest level of thermal comfort, on average at 24.95%, and the
worst option was evaluated as the NW-SE orientation. As the duration of solar exposure
and the average mean radiant temperature (TMRT) increase, mainly because the wind
velocity decreases, outdoor users face a lack of thermal satisfaction.

1.2.3. Combined Effect of Aspect Ratio and Street Orientation

The orientation and canyon aspect ratio have a profound influence on the urban
microclimate that directly impacts street-level thermal comfort, as PETs at the street level
strongly depend on the aspect ratio and street orientation [14,18,28-30]. Street geometry
and orientation influence the amount of solar radiation received by street surfaces, as well
as the airflow in urban canyons [6]. For E-W orientations, streets with an H/W greater
than two should be fully shadowed only during the hottest and coolest months of the
year [20]. Streets on the E-W axis present the worst conditions for all H/W ratios (up to 3.0).
An increase in the H/W ratio on an E-W street does not improve PET levels [14]. It is
difficult to mitigate the heat stress along an E-W-oriented street. The walls provide only a
limited amount of shading, even for proportions with an H/W ratio of 4:1. In comparison,
an N-S orientation combined with a high aspect ratio, equal to or greater than an H/W
ratio of 2:1, provides a much better thermal environment with lower PET maxima and
shorter periods of high stress [14,20]. Thermal stress can be reduced in a street canyon
with a northwest—southeast orientation combined with an aspect ratio of at least 1.5, and
these street configurations can reduce heat stress, increase the frequency of comfortable
thermal conditions, and enable solar access throughout the year in the midlatitudes [10].
An orientation angle of 30-60° in the wind direction and a canyon aspect ratio of 2.5 can
reduce PETs by 5-9 C° during the midafternoon on a summer day [20].

1.2.4. Urban Trees

The effectiveness of trees in enhancing daytime thermal comfort decreases as urban
density increases and vice versa at night [9,22]. Urban trees can reduce the effects of the
surrounding building mass and help create a low-SVF environment that is cooler during
both daytime and nighttime [13]. It has been demonstrated that urban morphology and
urban vegetation shading affect solar radiation storage during the day in the summer, and
urban shading significantly contributes to UHI mitigation [13]. Significant temperature
differences between vegetated and non-vegetated areas have been observed, which can be
explained by both the shading and evapotranspiration effects of trees [31]. As a rule, on
summer days, outdoor activities in unshaded areas are not recommended between 10:00 h
and 15:00 h. Therefore, the provision of shade, using canopies and vegetation, is necessary if
outdoor activities are to occur during this time of day [8]. In open-set high-rise urban areas,
the presence of trees could produce a relevant reduction in thermal stress at the pedestrian
level [30]. Trees can be considered as a solution to improve the thermal condition of streets,
especially in streets designed along nonoptimal orientations with low-rise buildings [17].
In a previous study, an area that was at an angle of 30° from the north with an aspect
ratio of 1.0 was found to not require any plantings, as a continuous shaded zone was
created by the buildings along both streets in the parallax and perpendicular directions.
However, decreasing the aspect ratio creates a need for shade-providing trees for the
streets in the perpendicular direction, as the distance between the buildings increases [18].
A study [14] demonstrated that trees have a much more considerable effect on E-W streets.
The reduction in PET values is very significant, especially for the side of the street facing
south. Increasing 10% of the urban vegetation can reduce Ta and MRT throughout the entire
day and nighttime by up to 0.8 C° [16]. PET has been found to be approximately 10 C°
lower under trees than in green areas (38 C°) and at least 25 C° lower than in enclosed areas
(48 C°) [10]. Increasing the density of vegetation in shallow urban canyons (H/W = 0.5)
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increased PET enhancement by more than 4% compared with low-density vegetation in
the same urban canyon [17].

1.3. Cairo City: The Case Study
1.3.1. Cairo City’s Climate

Cairo is in a subtropical climatic region with a dry climate. During summer (June
to August), it is hot and dry with a maximum mean temperature of 28 C° [5]. Cairo
city receives an enormous amount of solar radiation, which causes the city to experience
massive heat stress.

1.3.2. City Urban Morphology

The Greater Cairo Metropolitan Area boasts the largest urban area in Africa and
ranks as the 11th largest city in the world [4]. A study found that Cairo’s land cover was
233.78 km? in 1973, growing to 557.87 km? in 2006, which means that it has more than
doubled in size, and the rate of urbanization is 9.8 km? per year [32]. Figure 1 shows its
rapid urban growth over 22 years on both agricultural and desert land [33]. A total area
of 187.32 km? of agricultural lands has been lost because of this urban expansion [32].
The New Urban Community Authority considers 25% of Cairo to be informal, but some
research considers 50% or 66.6% of Cairo to be informal [34]. This formal and informal
rapid growth has increased the city’s density and size, in addition to creating different
urban morphologies and fabrics (i.e., different aspect ratios, from very shallow to shallow,
moderate, deep, and very deep) as shown in Figure 2, which react in different ways to the
meteorological parameters, creating different microclimate conditions inside the different
urban canyons.

(Urbanto (Urbanto
Cultivated Cultivated

il
semi-urban 1990 Bage%s - Semi-urban

2006

Figure 1. Greater Cairo’s urban growth between 1984 and 2006 [33].
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Figure 2. Examples of different urban canyon aspect ratios in Cairo city.

1.4. Research Gap and Target

This research aimed to optimize the integration of many different urban morphologies
(with varying aspect ratios and orientations) and urban trees (low and high densities) to
understand the correlation between them and maximize the enhancement of the microcli-
mate conditions for the case study (i.e., Cairo city). The objectives of this research were not
only to fill the gaps in the understanding of different urban canyons and how they respond
to harsh microclimate conditions but also how to integrate various urban canyons with
different densities of urban trees, as well as how these trees would perform inside different
urban canyons. In addition, as previous studies mostly focused on the enhancement of the
whole canyon, in this study, the main focus is on the sides of different canyons, as they
are quite important because canyon sides are the places where people walk, sit, and stand,
while the rest of the canyon is mainly for vehicles. The findings of this research should
help urban designers and landscape architects choose an aspect ratio, street orientation,
and tree density from an urban climate point of view while developing urban projects in
Greater Cairo.

2. Materials and Methods

To achieve the research target, a study analyzing and testing the urban morphology’s
characteristics with and without different tree densities was conducted. The method of
testing and analyzing the relationship was performed in two stages, as shown in Figure 3.
Stage one was the creation of a theoretical model representing the different common urban
canyons in Cairo city along different orientations. This model was tested first without trees
and then with different tree densities. Stage two involved testing the theoretical model’s
outcomes when applied to an existing case study in downtown Cairo with similar aspect
ratios and orientations. For a better understanding of the relationship and to go further in
depth regarding the details of the urban canyons, this study conducted both stages on both
sides of the urban canyon; this will help to understand how both sides of an urban canyon
(i.e., where people are walking) react to climate conditions and how changing the aspect
ratio and orientation, as well as adding different tree densities, will impact the thermal
comfort and the UHI effects at the pedestrian level on each side. Studying both sides of
a street provides more accurate and detailed results because in some canyons, one side
is shaded by buildings but the other is totally exposed to direct sun radiation [35], which
affects the control and optimization of the number of added trees; this is in line with water
efficiency approaches, which is quite important in Egypt’s case, as it suffers from water
scarcity [36].
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(Stage 1) Theoretical model

Figure 3. Research methodology.

2.1. Stage (1): Theoretical Model

In Stage One, a theoretical model was developed representing the different aspect
ratios and orientations that are very common in Cairo city (Step a). Then, tree scenarios
were applied to the base case (Step b) to understand the effects of the trees after comparing

the results of both steps.

2.1.1. Stage (1): Step (a) Theoretical Model (Base Case)

The range of aspect ratios that were evaluated varied between very shallow and very
deep, and six aspect ratios were developed and evaluated (3:1, 2:1, 1:1.5, 1:1, 0.5:1, and
0.25:1), which covers the majority of the various urban canyons in Cairo city. The six
aspect ratios developed were oriented to four different orientations every 45 degrees, and
the different orientations represented the main orientations (i.e., north—south, east-west,
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northeast—southwest, and northwest-southeast); that is, the total number of cases in the
theoretical model base case was 24. Figure 4 shows the base case of the theoretical model,
and Figure 5 shows the shading analysis for the different aspect ratios and orientations. As
the aim was to understand how each urban canyon reacts and performs, each side of an
urban canyon was analyzed and compared to fully comprehend each urban canyon using
receptors (i.e., measuring points), as shown in Figure 4A; hence, the total number of cases
in the base case was 48.
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H=3/W=1 H=2/W=1 H=1.5/W=1 H=1/W=1 H=0.5/W=1 H=0.25/W=1

Figure 4. The theoretical model’s urban geometry: (A) theoretical model’s plan showing the measured
canyons and receptors’ locations; (B) 3D view of the theoretical model with trees; (C) full day shading
analysis for both orientations; (D) AR cross-sections.
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Figure 5. Shading distribution for each AR per hour from morning to sunset: (A) north orientation;
(B) northeast orientation. Created using SketchUp after aligning the model to the original location of

Cairo city.
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2.1.2. Stage (1): Step (b) Tree Scenarios

The tree scenarios were developed and added to the base case to compare the tree
results to the base case results without trees to understand the effect of the trees on every
street on each side. Two tree scenarios were developed that represented two tree densities
(low tree density ~ 20%; high tree density ~ 50%), as shown in Figure 6. The total
number of cases after adding the tree scenarios, in addition to the base case scenarios, was
144 (base cases = 48; tree scenario cases = 96), as shown in Table 1, which is sufficient for
comparing various urban cases with different aspect ratios and orientations, as well as
for the integration of different tree scenarios. The tree scenarios were applied to all urban
canyons with different aspect ratios and orientations, and both street canyon sides were
measured for all the tree scenarios.
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Figure 6. Tree density scenarios: 0%; low density (20%); high density (50%).
Table 1. All scenarios for the theoretical model.
Urban Canyon Side . . . . . Tree Tree Tree Total Number
Canyon (ay orb) Aspect Ratio Orientation 1 Orientation 2 Scenario 1 Scenario 2 Scenario 3 of Cases
Rla 3to1l North-South NE-SW 0% 20% 50% 6
Rl Rlb 3to1 North-South NE-SW 0% 20% 50% 6
R2a 3to1l East-West NW-SE 0% 20% 50% 6
R2 R2b 3to1 East-West NW-SE 0% 20% 50% 6
- R3a 1to2 North-South NE-SW 0% 20% 50% 6
R3b 1to2 North-South NE-SW 0% 20% 50% 6
Réa 1to2 East-West NW-SE 0% 20% 50% 6
R4 Rdb 1to2 East-West NW-SE 0% 20% 50% 6
R R5a 15t01 North-South NE-SW 0% 20% 50% 6
5 R5b 15t01 North-South NE-SW 0% 20% 50% 6
R6a 15to1 East-West NW-SE 0% 20% 50% 6
R6 R6b 15t01 East-West NW-SE 0% 20% 50% 6
R7a 1tol North-South NE-SW 0% 20% 50% 6
R7 R7b Ttol North-South NE-SW 0% 20% 50% 6
R8a 1tol East-West NW-SE 0% 20% 50% 6
R8 R8b Ttol East-West NW-SE 0% 20% 50% 6
R9 R9a 05to1 North-South NE-SW 0% 20% 50% 6
R9b 05t01 North-South NE-SW 0% 20% 50% 6
R10a 05to1 East-West NW-SE 0% 20% 50% 6
R10 R10b 05t01 East-West NW-SE 0% 20% 50% 6
R11 Rlla 0.25t01 North-South NE-SW 0% 20% 50% 6
R11b 0.25t0 1 North-South NE-SW 0% 20% 50% 6
R12a 0.25t01 East-West NW-SE 0% 20% 50% 6
e R12b 025t01 East-West NW-SE 0% 20% 50% 6
Total number of cases 144

2.1.3. Result Measurement

The results for both sides of a canyon in each scenario were compared to better compre-
hend the performance and the relationship between different urban canyons and trees. This
comparison provides extensive information to aid urban planners and landscape architects
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in making decisions during the development of urban areas in Cairo city, particularly after
implementing the findings in an existing urban area (Stage 2) in downtown Cairo.

2.2. Stage (2): Existing Case Study

The purpose of this section is to assess an existing urban area and compare its findings
with those of the theoretical model. This will help validate the results of the theoretical
model, which is highly symmetrical and uniform; however, in reality, urban areas, especially
in old city zones, are not that uniform. Thus, comparing the results of both theoretical and
existing case studies will provide insight into the tolerance and accuracy of the findings.
This evidence can then be used to apply the research recommendations.

2.2.1. Study Area Location and Urban Characteristics

The selected study area should be located in the center of Cairo city so that it will be
under the influence of the UHI and represent the urban density of the city downtown [4,5].
The selected study area, located in Khedival Cairo, in the city’s downtown area, has
varying street widths due to its hierarchical road systems, resulting in different aspect
ratios and orientations. These urban varieties make the case study suitable for studying
and representing the majority of urban cases in the theoretical study. Figure 7 illustrates
the selected study area’s location and urban characteristics.

Figure 7. Existing urban case study: (A) location of the study area; (B) different street widths and
building heights; (C) different street orientations; (D) streets selected for this study and location of
the receptors for each street on both canyon sides.

As depicted in Figure 7B and Table 2, the study area contains numerous urban varieties
that offer many different cases for comparison with the theoretical model. This study
encompassed streets with different widths from 10 m for local pedestrian streets to 40 m
for major roads within the study area (Rameses St., S1), with different building heights
per street, leading to many aspect ratios ranging from 0.5:1 to 2:1, as shown in Table 2.
In addition, the study area’s streets have four urban orientations, as shown in Figure 7C
and Table 2, providing urban canyons with various orientations (N-S, E-W, NE-SW, and
NW-SE), covering all orientations in the theoretical model. This large variety within the
study area aided in representing and validating the theoretical cases. Table 3 displays
the number of theoretical study cases that were covered in the study area, with 12 cases
from the theoretical model being covered, representing approximately 75% of the total
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number of cases after excluding those with very deep and very shallow aspect ratios,
which are uncommon in Cairo city. This demonstrates that the study area represented the
urban varieties found in the theoretical model well. Furthermore, it was well suited to
this research and significantly contributed to the achievement of this study’s objectives.

Figure 7D and Table 2 provide information on the streets selected for this study.

Table 2. Selected urban canyons in the study area and their aspect ratios and orientations.

Abbreviation in . . Aspect Ratio . .

Figure 7D Street Name Avg. Width (m) Avg. Height (m) (H/W) Orientation ~ No. of Cases
S1 Rameses St. 40 20 05to1 NE & 6
S2 Sayed Anbar St. 20 21 1.05t0 1 NW X 6
S3 Souq Al-Tawfikiya St. 12 17 142to1 NW X 3
S4 Al-Boursa Al-Kadyima St. 12 24 2to1 NE 3
S5 Al-Boursa Al-Kadyima St. 12 18 15to1 NE & 3
S6 Mohamed Bek Al-Alfy St. 19 18 095to1 E— 6
S6’ Waked St. 20 19 095to1 E— 6
S7 Zakriya Ahmed St. 9 16 18to1 Nt 3
S8 Saraya Al-Azbakiya St. 10 19 19to1 E— 3
S9 26 July St. 29 18 0.6to1 E— 6
S10 Emad Al-Din St. 19 17 09to1 N+t 6
S11 Bostan Al-Dekkah St. 24 14 06to1l N1 6
S12 Suliman Al-Halabi St. 20 14 07to1 NW X 6

Total number of cases 63
Table 3. Cases of the theoretical model covered in the study area (highlighted in green).
N Street NE Street E Street NW Street

1to3 1to3 1to3 1to3

1to2 S7 1to2 S4 1to2 S8 1to2
1to1.5 1to15 S5 1to 1.5 1to15 S3

1to1 s10 1to1 1to1 56 and 1to1 s2
1t00.5 S11 1t00.5 S1 1t00.5 S9 1t00.5 S12
1t00.25 1t00.25 1t00.25 1t00.25

2.2.2. Study Area Tree Scenarios

The tree scenarios that were applied to the study area were the same as those in the
theoretical model. In total, three different tree scenarios were applied: no trees at 0%, a low
density of trees at 20%, and a high density of trees at 50%, as shown in Figure 8. Applying
the same tree scenarios as in the theoretical model allowed for a comparison of the impact
of the trees in different canyons between the theoretical model and the case study. Because
of the presence of both wide and narrow streets in the study area, certain streets (S3, 54,
S5, 57, and S8) only had a single row of trees located in the middle of the street. This is
because the width of these streets is 10 m, making it impossible to accommodate two rows
of trees. Conversely, in streets that are exceptionally wide, such as S1, three rows of trees
were planted to achieve 50% tree coverage.

Figure 8. Tree scenarios for this study: (A) 0%; (B) 20%; (C) 50%.
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2.3. Data Input, Model Setup, and Measuring Points

The software used to run the simulations for the different cases in the theoretical model
and the study area was ENVI-met V5.1, 2022. All required information for the model was
provided, representing existing urban configurations (material, soil) of common materials
in Cairo, as well as meteorological data.

2.3.1. Model Setup and Geometry

The model’s location was 30.02 latitude and 31.22 longitude. These coordinates were
obtained from the ENVI-met V5.1 2022 database by selecting the location of Greater Cairo
from the ENVI-met application “Spaces”. As shown in Table 4, for both the theoretical
and case study models, the study area’s model was created using the following model
geometry: materials, soil, and trees.

Table 4. Model setup and geometry for both the theoretical model and the case study.

Modeling Information Theoretical Model Case Study Model
Area size X=165Y=140,Z=30 X=212,Y=151,Z=22
Grid resolution X=3,Y=3,Z2=3 X=3,Y=3,2=3
Orientation Model (1) = 0, Model (2) = —45 0
Split lower grid box into 5 sub cells Yes Yes
. . Telescoping factor of 20%, starting at a Not applied, as the maximum buildin
Telescoping applied Pne 63 m height i o height is not very tall i
Maximum model height * 198 m 66 m
Nesting grids ** 5 Grids, sandy soil 5 Grids, sandy soil
DEM Not applied, as the site is flat Not applied, as the site is flat
Soil Asphalt for roads, concrete for sidewalks, Asphalt for roads, concrete for sidewalks,
and sand under buildings and sand under buildings
Buildings materials Default wall—moderate insulation Default wall—moderate insulation
Tree model and size Latin name: Acer Platanoides *** Latin name: Acer Platanoides ***
Height = 15 m; crown width =7 m Height = 15 m; crown width =7 m

* The model’s height is more than double the height of the tallest building, as reccommended by the software [37].
** Nesting grids were added, in addition to 5 cells from the boundary sides of the model being kept empty, as
recommended by the software developers [37]. *** Acer Platanoides was selected from the ENVI-met database,
as it met the required criteria of having a large canopy, high LAD, and good canopy height, matching the
recommendations in [38,39].

2.3.2. Simulation Configuration

The simulation configuration was conducted for a representative summer day (i.e.,
hottest day of July: 28 July 2022). The air temperature, relative humidity, and wind
speed were added to ENVI-met for each hour of the simulated day, and climate data were
imported from the Cairo Airport weather station [40,41]. The starting time of the simulation
was 1:00 a.m., and the total duration of the simulation was 24 h. ENVI-met simple forcing
was used for the metrological data. Output data were extracted every hour and converted
using the ENVI-met “’Bio-met” to calculate the PET values at each receptor for each hour in
all scenarios. The different PET values were the main factors in the comparison. They were
compared among all scenarios to assess the effect of each scenario. In addition, other main
parameters were measured, such as wind speed (WS) and total mean radiant temperature
(TMRT). As Figure 9 illustrates, the PET and its parameters were measured at one given
point located at the center of each street’s side and centralized between trees to avoid the
direct shade of the tree canopies. The receptors were located on both sides of each selected
street, exactly in the middle, and for the tree scenarios, they were shifted to be exactly in the
middle between trees, helping to ensure that the results would not be affected by the direct
shade of the trees and that the results that are compared represent the indirect impact of
the tree scenarios.
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. Trees o Receptor

Figure 9. Locations of the receptors (i.e., measuring points) in the middle of each canyon and
centralized between trees.

2.4. Validation of the Results

After comparing the meteorological data measured in Cairo city on the 28th of July [40,41]
with the ENVI-met outputs for the potential air temperature and relative humidity for both
the theoretical models and the case study model at an empty point located in the center of
each model, it was found that there was a good match between the measured data and the
output data, as shown in Figure 10a,c. Also, the root mean square error (RMSE) and the index
of agreement (d) were calculated for the measured and simulated air temperature and relative
humidity, and as shown in Figure 10b,d, the RMSE ranged between 1.04 and 0.662 for the air
temperature and between 9.06 and 5.5 for the relative humidity. The index of agreement ranged
between 0.977 and 0.993 for air temperature and between 0.903 and 0.974 for relative humidity.
This means that all models accurately represented the weather conditions in Cairo city, and
the results for the different scenarios and different urban cases are reliable and represent how
these canyons would perform in real-life situations.
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TA RMSE= 0.662
d=0.993
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Figure 10. Results of the validation: (a,c) comparison between the measured and simulated air
temperature and relative humidity; (b) TA RMSE and index of agreement for each model; (d) RH%
RMSE and index of agreement for each model.
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3. Results

The results are divided into three parts. The first part concerns the theoretical model’s
results (Stage 1), which present the results of the different aspect ratios with different
orientations with and without applying the tree scenarios. The second part presents the
results of the existing study area (Stage 2) and how the different canyons perform with
and without trees. The final part is a comparison between both parts to gain a better
understanding of the results and validate the results of the theoretical model. The APET,
ATMRT, and AWind speed were the major parameters in the comparison, as recommended
in many studies, because they have the greatest impact on thermal comfort and they change
significantly between different types of canyons, both with and without trees [16-18].

3.1. Theoretical Model Results

The results are presented in two stages, with the first stage explaining how the different
canyons performed by comparing the PET values of each side of the different street canyons
with various aspect ratios and orientations, and the second stage comparing the trees’
impact on each side of the street canyons. The purpose of the first stage is to understand
how changing the aspect ratio, orientation, and side of the canyon affect thermal comfort
and changing PET values before adding trees, as well as to understand which canyons do
not need trees and which require the addition of trees.

3.1.1. Stage One: Results for the 0% Tree Scenario

By comparing the PET values for each side of all the urban canyons, as shown in
Figure 11 for the northern and eastern canyons and Figure 12 for the northwestern and
northeastern canyons, it was found that the PET values varied between the different aspect
ratios, orientations, and canyon sides. The worst PET values were measured on the (a)
sides of the eastern streets, as shown in Figure 11c,d, where the PET values reached more
than 50 C° for all aspect ratios over many hours during the daytime, in addition to reaching
the highest PET value of 58 C° (R2a) at 15:00. On the (b) sides of the eastern canyons, the
PET values were slightly lower than those on the (a) sides; however, with different aspect
ratios, both sides were under extreme heat stress, and the effect of the different aspect ratios
in reducing the PET values was very limited, by around 2-3 C°, and only in moderate to
deep urban canyons on the (b) side (i.e., R4b, R6b, and R8b). For other orientations, the
aspect ratio played an important role in reducing PET values by providing good urban
shading, which is increased in moderate and deep canyons. As shown in Figure 11a,b, in
the northern canyons, on the (a) street sides, an increase in the aspect ratio reduced the PET
by approximately 5 C° in R1a for 4 h, in R3a and R5a for 7 h, in R7a for 6 h, and in R9a for
3 h compared with R11a, which is the shallowest urban canyon. On the (b) side, the impact
of the aspect ratio was less than that on the (a) side, as the decrease in PET was lower, both
in terms of the value and reduction in the number of hours. As shown in Figure 12a—d, the
performance of the different aspect ratios on both sides of the canyon is very good, and the
urban shading is very effective, especially for the northwest orientation’s (a and b) sides, as
the PET in all cases did not exceed 50 C° and decreased by 5 C° or more with an increase in
the aspect ratio. Moreover, the number of hours with a reduced PET increased in R9a,b
for 4 h, in R7a,b for 6 h, in R5a,b for 7 h, in R3a,b for 8 h, and in Rla,b for 3 h compared
with R11a,b, which is the shallowest canyon. Similar PET enhancements occurred along the
northeast orientation on both canyon sides with an increase in the aspect ratio, especially
during the afternoon hours, when PET values decreased on average by 5 C° in R2a,b for 8 h,
in R4a,b for 9 h, in Réa,b for 7 h, in R8a,b for 7 h, and in R10a,b for 4 h and 2 h compared
with the shallowest canyon (R12a,b). In conclusion, the effect of the urban aspect ratio
appears clearly in the northern, northeast, and northwest orientations, especially on side
(a) for the northern streets and side (b) for the northeast and northwest street canyons.
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Figure 11. PET values for all aspect ratios of the northern and eastern canyons on both sides at
Z=15m.

and R8, with the same reduction range of 7 h as in R4 and R6, and for 5 h in R8.

To better understand the differences in the PETs on each canyon side for the different
orientations and aspect ratios, a detailed study of the main PET parameters (total mean
radiant temperature (TMRT) and wind speed) [17] was applied to each side of the different
street canyons.
As shown in Figure 13, the TMRT values and the charts’ shapes are quite similar to
those of the PET charts, which signifies that the PET reduction was mainly driven by the
decrease in the TMRT [10]. The highest TMRT values with a limited TMRT reduction via a
change in the aspect ratio were measured for the eastern canyons. The reduction on the (a)
sides was limited in R2 to 10 C° for 3 h only, and it was slightly better on side (b) for R4, R6,
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Figure 12. PET values for all aspect ratios of the northwest and northeast canyons on both sides at
Z=15m.

The reduction in the TMRT values was significant in the northern canyons on side
(b), northwest canyons on side (b), and northeast canyons on side (b) during the afternoon
hours. The reduction exceeded 10 C° for many hours (more than 5 h) in the moderate
and deep canyons, and the TMRT reduction decreased gradually as the canyons became
shallower. In the northern canyons on side (a), northwest canyons on side (a), and northeast
canyons on side (a), the main TMRT reduction took place during the morning to noon
hours. The TMRT values decreased by more than 10 C° for many hours, up to 5 h for deep
canyons, and the reduction and number of reduction hours gradually decreased with a
decrease in the aspect ratio from deep to shallow.
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Figure 13. TMRT values for all aspect ratios of the northern, eastern, northeast, and northwest
canyons on both sides at Z = 1.5 m.

Studying the wind speed values is crucial for gaining a better understanding of the
performance of each canyon orientation, as it helps in the investigation and comprehension
of the reasons behind the varying PET values and aids in further research on different
orientations, aspect ratios, and canyon sides. As shown in Figure 14, the wind speed
changed significantly among the different orientations and changed slightly between the
different aspect ratios and canyon sides of the same orientation. A significant change in
the wind speed primarily occurred between the northern and eastern streets; as shown in
Figure 14a,b, the drop in the wind speed was significant, as the values decreased from a
range of 3.5 to 2 m/s in the northern streets to a range of 0.6 to 0.2 m/s in the eastern streets
for the different aspect ratios and street sides. This large drop clarifies an additional reason
for the high PET values in the eastern roads in general. In the northwest and northeast
roads, on side (a), the wind speed for all aspect ratios were within the range of 1-2 m/s,
which implies that the wind speed for this orientation is within a middle range, which did
not significantly differ with a change in any of their orientations (NW or NE). However, on
the (b) side of the northeast and northwest orientations, the difference in the range of wind
speed increased from 1 to 2.8 m/s, and the highest value was measured for the northeast
orientations.
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Figure 14. Wind speed values for all aspect ratios of all orientations on both sides at Z = 1.5 m.

By measuring the TMRT and wind speed for the different aspect ratios and orientations
on both canyon sides, the reason behind the difference in the PET values is elaborated:
the urban shading based on the sun’s path and angle in relation to the aspect ratio is not
significant along the eastern roads on both sides; however, it is very significant in the
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northern, northwest, and northeast on side (b) during the afternoon hours. It has a good
impact on the northern, northeast, and northwest canyons on side (a) during the morning to
noon hours. Also, the wind speed is very low or almost non-noticeable on the eastern roads.
However, it is strong on northern roads and moderate in the northeast and northwest
canyons.

Figure 15 shows the APET between each side of each street canyon with different
aspect ratios and orientations, and it clarifies the significant change that occurred for the
eastern roads between side (a) and side (b), as the maximum PET difference reached 14 C°
in the deep and moderate canyons. This significant difference within the same canyon
is because of the effect of the aspect ratio and orientation, which reduces the PET on the
(b) side much more than that of the (a) side for most of the daytime. The differences in
the northern, northeast, and northwest canyons vary between the morning and afternoon
hours; thus, the aspect ratio plays an important role that varies during the day because
of the sun’s path, which changes its angle during the daytime. The main enhancement
in the morning hours was measured in the northeast roads, and the main enhancement
in the afternoon hours was measured in the northern canyons. The northwest canyons
showed a balanced enhancement between the morning and afternoon hours. Shallow
canyons, such as R11 and R12, in all orientations showed a very minor change between
sides. This signifies that the effect of the aspect ratio was not considered in the shallow
canyons; however, in the moderate and deep canyons, the difference between the canyon
sides was significant in the N, NE, and NW and varied based on the orientations.

1% (a) Northern Streets sides' A PET
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Figure 15. APET for both sides of each canyon (a side-b side) for the different aspect ratios and
orientations at Z = 1.5 m.
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This concludes how the different sides of the aspect ratios and orientations perform
without adding trees. This provides a clear understanding and some insight into the
expected performance of trees when they are added to different sides with various aspect
ratios and orientations.

3.1.2. Stage Two: Results of the Tree Scenarios

In this stage, the effect of adding different tree percentages was measured by compar-
ing the PET values in each tree scenario for each side of the road for different aspect ratios
and orientations. As clarified, the two tree densities (20% and 50%) were tested on different
sides of various street canyons to understand the relationship between trees and different
sides of various street canyons.

As shown in Figure 16, tree performance varied based on aspect ratio, orientation, and
street side. Trees reduced PET values significantly in two cases. The first case involved all
aspect ratios of the eastern canyons, and the second case involved shallow urban canyons in
all other orientations. In Figure 16, there are two shapes of charts: M-like shape and A-like
shape. The M-like shape represents a significant performance of the trees in charts (b, d, f, h,
i,j, k, and I). These charts depict the PET reduction reaching a maximum, which remained
for most of the daytime, except during the noon hours. This led to an M-like shape for PET
reduction, which occurred for most of the time. In these canyons, the APET reached up
to 17 C° as the maximum and an average of 12-15 C°, and this average reduction lasted,
on average, for 8-10 h, which is almost the entire daytime period and a significant PET
reduction. However, in the northern orientation in the moderate and deep canyons, all of
the charts showed an A-like shape, which represents a limited enhancement of the PET
compared to other cases because the APET reached 13 C° as the maximum for only 3 h in
very few cases, and the average APET reached between 4 and 7 C° for most of the daytime.
The results in Figure 16 also show that increasing the tree percentage from 20% to 50% in
shallow canyons is very promising for both sides of shallow canyons and on side (a) in
moderate and deep eastern canyons. However, increasing the tree density in deep and
moderate northern canyons did not lead to any significant enhancements.

In Figure 17, the northwest and northeast canyons showed equal tree performance,
with a significant enhancement in the shallow canyons for both orientations on both sides,
as shown in canyons R9, R10, R11, and R12. For the moderate and deep aspect ratios,
the tree performance of the canyons in both orientations was almost the same and very
similar to the performance of the trees in the moderate and deep canyons of the northern
orientation. In addition, the maximum APET reduction reached an average of 12-14 C°,
and the average reduction reached 4-7 C°. The performance of the trees on both sides of
the canyons was almost the same, with a slight enhancement on side (b). Increasing the
density of the trees from 20% to 50% played an important role in reducing the PET values
in both orientations in the shallow canyons, as the APET between the 20% and 50% tree
scenarios reached 10 C° in some hours in the shallow canyons. In the moderate and deep
canyons, increasing the tree percentage led to minor PET reductions, with an average of
2-3 C° only between the 20% and 50% tree scenarios.

Figure 18 shows the APET for the 20% and 50% tree scenarios compared to the 0% tree
scenario for all aspect ratios and orientations at 12:00 and 15:00. At noon (12:00), the 20%
tree performance in all orientations was almost the same; also, the 50% tree performance in
all orientations was almost the same. This is due to the sun’s location at this hour, which is
almost perpendicular to the urban canyons, and the role of the aspect ratio almost vanishes.
The 50% tree enhancement of the PET values is significant compared with the enhancement
produced by the 20% tree scenario at that hour due to the provision of more shading to the
urban canyons, and the only difference was in the deepest canyon (H:W = 3:1) because a
slight appearance of urban shading occurred for all orientations, reducing the significance
of the high-density tree scenario’s enhancement slightly.
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Figure 16. APET with the 20% and 50% tree scenarios in comparison with the 0% tree scenario for

northern and eastern canyons on both sides (a and b) at Z = 1.5 m.

130



Land 2023, 12, 2145 22 of 32

20 (a) NorthWest Orientation - APET - R1 (b) NorthEast Orientation - APET - R2 (c) NorthWest Orientation - APET - R3

15

10

@@@@d’@

Db‘wa'

IO e

A

20 (d) NorthEast Orientation - APET - R4 (e)NorthWest Orientation - APET - R5 (f) NorthEast Orientation - APET - R6

20 (g) NorthWest Orientation - APET = R7 (h) NorthEast Orientation - APET - R8 (i)NorthWest Orientation - APET - R9

15

10

LSS PSP

Q’Q’bhﬁ:‘bb',\"

(I)NorthEast Orientation - APET - R12

20 (i) NorthEast Orientation - APET - R10 (k)NorthWest Orientation - APET - R11

LSS S

RS R SRR S,

(3 Q@W&&&@&‘b@d B2

w=@==R12a - 20%Trees A === R12a - 50% Trees A ==@==R12b - 20%Trees A ==g==R12b - 50% Trees A

Figure 17. APET with the 20% and 50% tree scenarios in comparison with the 0% tree scenario for the
northeast and northwest canyons on both sides (a and b) at Z=1.5m.
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Figure 18. APET at Z = 1.5 m for the 20% and 50% tree scenarios compared to the 0% tree scenario for
all aspect ratios and orientations at 12:00 (a,c,e,g) and 15:00 (b,d,£h).

In the same figure, in the afternoon (15:00), when tree shading is mixed with urban
canyon shading, the actual importance of the trees appears in some canyons and disappears
in other canyons. In the shallow canyons, the dark green category, which represents
a reduction of 12 to 14 C°, appears clearly in most of the shallow canyons for the 50%
tree scenario, and this changed gradually from dark green to orange, which represents
a reduction of 6 to 8 C°, in the moderate canyons. Then, it gradually changed to a red
color, which represents a reduction of 2 to 4 C°, in the deep canyons, especially in the
north, northeast, and northwest orientations, with the eastern orientation showing a greater
reduction. It was better than the other orientations, even in the deep canyons. Also, the
20% tree scenario showed the same gradual enhancements with lower values, as it ranged
between light green (10 to 12 C°) and red (2 to 4 C°), and the effect is presented on the
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map in a dotted form, covering an area that is not fully continuous, as shown for the
50% scenario.

Figures 19 and 20 show a detailed comparison of both sides of the various street
canyons with different orientations and aspect ratios that were applied in two ways. The
first method compared the average APET during the peak hours in the daytime (from 11:00
to 16:00), as presented in Figure 19. The second method compared how many hours the
PET was reduced by 8 C° or more. This reduction helps change the level of thermal comfort
by almost two thermal zones and should be considered a significant enhancement [30].
Both comparisons (Figures 19 and 20) show the significant impact of applying high tree
densities on shallow streets and in eastern canyons on both sides. In addition to explaining
the gradual performance of the trees with various aspect ratios (moderate to deep), in the
other orientations, the trees” performance decreased with an increase in the aspect ratio
(H/W). It also demonstrates that for deep and moderate canyons with northern, northeast,
and northwest orientations, increasing the tree density from 20% to 50% does not lead to
significant PET reductions and remains almost the same in some cases.
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Figure 19. Comparing the average APET during the peak daytime period (from 11:00 to 16:00) on
both sides for all aspect ratios and orientations at Z = 1.5 m.
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Figure 20. Comparing the number of hours that the PET was reduced by 8 C° or more on both sides
for all aspect ratios and orientations at Z = 1.5 m.

For a better understanding of the relationship between the aspect ratio and tree sce-
nario performance for different orientations on both canyon sides, an additional statistical
analysis was performed. Different aspect ratios were analyzed against the reduced hours
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with different tree densities for each street orientation on each side using SPSS analysis to
calculate the correlation, mean, standard deviation, and regression. Before calculating the
correlation between both mentioned variables, as shown in Table 5, all input data for the
aspect ratio and avg. APET (peak hours) for all orientations on both sides were normally
distributed based on the Kolmogorov-Smirnov (KS) test, except the APET values for the
50% tree scenario for a north orientation on the “’b” side and the 50% tree scenario for an
east orientation on the “b” side therefore Pearson correlation was applied for all cases,
except for the mentioned cases in which Spearman correlation was applied. Table 5 proves
that there was a very strong negative correlation between an increase in the aspect ratio and
the APET for peak hours with different tree percentages for all orientations on both sides.
However, the correlation value was not the same for all orientations and sides. For example,
the correlation for eastern roads was lower than that for the other orientations at —0.849,
—0.849, —0.878, and —0.802, which reached —0.971 to —0.900 in most cases. Also, the NE
on side (b) and NW on side (a) showed a less significant correlation, and this result is very
similar to that of the eastern orientation, which is in line with the measured PET reduction.
This means that the trees’ performance was less dependent on the urban canyon shading
because the urban shading is very minor in this orientation, and the other elements, such
as the wind speed, do not help; therefore, the trees” presence is very important in these
canyons. In addition, the mean values presented in Table 5 represent the huge difference
between the eastern cases and the rest of the orientations; this is also in line with the PET
reduction and correlation results. The correlation results could show more significant
changes if the results of the shallow aspect ratios (0.5 and 0.25) were excluded because the
results of both ratios are the same for the eastern orientation, whereby the impact of the
aspect ratio disappears. Figure 21 shows linear scatter plots and regressions of the aspect
ratio and APET of the number of 8 C° or greater reduction hours for both tree scenarios
(20% and 50%). This clearly shows that there was a negative linear relationship between the
aspect ratio and the APET for both tree densities; however, this varied based on the street’s
aspect ratio, orientation, and canyon side, in addition to the percentage of trees changing
the overall values in some cases. The 50% tree scenario showed a stronger relationship
than the 20% tree scenario in all orientations. The northern, northwest, and northwest
showed higher R? values between the APET and aspect ratio, with values R? > 0.8 for the
50% tree scenario; however, in the eastern canyons, on both sides, the values were much
lower, reaching R? < 0.72 for side (a) and R? < 0.77 for side (b).

Table 5. Statistical analysis of the correlation between the aspect ratio and the 20% and 50% tree
scenarios” avg. APET (peak hours) for all orientations on both sides.

N(a) N(a) N(b) N(b) E(a) E(a) E(b) E(b) NW(@) NW(@ NW(b) NW(Db) NE() NE(a) NE(b) NE(b)

SPSS Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg. Avg.
Statistics APET APET APET APET APET APET APET APET APET APET APET APET APET APET APET APET
(Peak)  (Peak) (Peak)  (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak) (Peak)

Analysis  Tygy, 50% 20% 50% 20% 50% 20% 50% 20% 50% 20% 50% 20% 50% 20% 50%
Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees Trees

Mean 2.667 3.500 2.833 4.167 6.000 10.000 5.333 8.167 3.667 4.000 3.167 4.833 2.667 4.833 3.167 4.000
%tghl(:))r? 3.204 2.074 3.488 2.787 1.095 1.095 1.506 2.229 1.633 2.280 2401 2.714 2.066 2.483 1.169 2.898
(K-5) 0.105 O'%OO 0.121 0.041 0.056 0.056 0.069 0.012 0.200 ¢ 0.200 ¢ 0.200 ¢ 0.200 ¢ 0.125 0.197 0.200 ¢ 0.094

Test, ¢
Correlation —0.871  —0.932 —0.863 —0.971 —0.849 —0.849 —0.878 —0.802 —-0.929 0858 0887 —0911 —0.853 —0.936 —0.900 _0.794
AR * o * * * * E o * * * * [ * E

Sig.
(2-tailed)

*

0.024 0.007 0.027 0.001 0.033 0.033 0.022 0.055 0.007 0.029 0.019 0.012 0.031 0.006 0.014 0.059

Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).
Kolmogorov-Smirnov test: data are not normally distributed.
Spearman correlation.

Pearson correlation.
c Lilliefors significance correction.
e This is the lower bound of the true significance.

134



Land 2023, 12, 2145 26 of 32

(a) North Orientation (a) side (e) NorthWest Orientation (a) side
8 10
= y =-1.8922x + 6.1018 5 y =-1.9162x + 6.6347
pa 6 R?=0.8691 o 8 ® R?=0.737
. 4 = o
0 oD R L 6 v =-1.485x + 5.7086
0 2 R*=0.758 0 2_
5 © s 4 R?=0.8632
o 0 ° ° bt
320 1 3 4 32
= o = =
-4 - 0
Aspect Ratio 0 2 . 4
Aspect Ratio
(b) North Orientation (b) side (f) NorthWest Orientation (b) side
10 10
= $ y=-2.2275x+7.2295 | ° y=-2.4192x +8.1597
> : R? = 0.6668 N T R?=0.8292
S 5 — y=-2.9461x+6.8842 < 6 = : v =-2.0838x + 6.0319
% ) R%=0.7446 Oy R?=0.786
pras d S
%0 o ) e 0 2
= L e =3
3 0 1 2 3 420
T s 20 T 2 3 4
Aspect Ratio Aspect Ratio
(c ) East Orientation (a) side (g) NorthWest Orientation (a) side
12 - 10
= P — o ES T T E y =-2.2754x + 7.9621
& 10 = R?=0.7206 £ srey R=0.8764
< g R
v ®-.0..... () o, —r = y =-1.7246x + 5.0379
® 6 et — % = : - R?*=0.727!
5 Py ( RETTO [ s = 0.7275
o 4 o 2
5 =-0.9102x+7.2515 >
5 2 = R?=0.7206 2 0
To : 2 0 T 2 3 4
0 2 4 Aspect Ratio
Aspect Ratio
(d) East Orientation (b) side (h) NorthWest Orientation (b) side
12 10
& 10 y=-1.6527x +10.439 |5 ® y =-2.2275x +7.2295
& R*=0.574 a 8 R?=0.6668
<8 : 2
O | ee e @ . =} ; 6 . y =-1.0299x + 4.5828
Ll —————— o o e R?=0.8101
5, [T 3 4
32 =-1.2934x +7.11 3 2
o y=-1 x+7.1118 ZC:’
= R2=0.7703 0
0 2 4 0 2 4
Aspect Ratio Aspect Ratio
®  Avg. APET (Peak) 20% ®  Avg. APET (Peak) 50% «+ereeeee Linear (Avg. A PET (Peak) 20%) ««««««-++ Linear (Avg. A PET (Peak) 50%)

Figure 21. The correlation between the aspect ratio and APET of each orientation for both sides
(aandb)atZ=15m.

3.1.3. Conclusion of the Trees’ Performance in the Theoretical Model

On the basis of the analysis of all the results, it has been proven that the performance
of the trees varied depending on the aspect ratio, orientation, and side of the urban
canyon. The eastern roads are the most in need of a high density of trees. This is because
the canyon experiences heat stress throughout the day, and the urban shading on both
sides is insufficient to improve the microclimate conditions for the varying aspect ratios.
Additionally, the wind speed is extremely low, exacerbating the already poor thermal
comfort along this orientation. Northern streets are more shaded by buildings; therefore,
increasing the aspect ratio for these orientations is very efficient. Adding trees to moderate
to deep canyons will not help enhance the thermal comfort significantly. In addition,
the good wind speed helps to enhance thermal comfort when combined with the shade
provided by buildings. The northeast and northwest orientations are very similar to the
northern canyon, with good canyon shading and moderate wind speed, and the role of
trees is not as significant as in the eastern orientation.

3.2. Case Study Results

In order to validate the results of the theoretical study, all the findings were compared
to the outcomes by implementing the same tree scenarios in the case study area located in
downtown Cairo. As shown in Figure 22, after applying different tree densities to different
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canyon aspect ratios and orientations on both sides, the results are quite similar to the
theoretical model’s results for the same tree scenarios. The trees” impact is very significant
in shallow canyons and eastern canyons, as charts (f and i) in Figure 22 for the eastern
canyons show significant PET reductions on both sides, in which the PET is reduced by
approximately 18 C° as a maximum and reaching an average of a 13 to 14 C° reduction for
most of the daytime hours. Significant results were mainly found for the 50% tree scenario
with an average of 4 to 5 C° more than in the 20% tree scenario. PET reduction was limited
in the other orientations (northern, northeast, and northwest) and hardly exceeded 10 C°
PET reductions in very few hours in some canyons. The average PET reduction reached
from 4 to 7 C°, which is very similar to the theoretical model’s results. A slight change was
measured in S1 (northeast) and S12 (northwest) because the PET reduction was slightly
better than the theoretical model’s results but still much less than the enhancement of the
eastern canyons.
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Figure 22. APET with the 20% and 50% tree scenarios compared with the 0% tree scenario for all
canyons on both sides (a and b) at Z=1.5m.

Figure 23 demonstrates the APET for the same canyon orientation and aspect ratio
(S6 and S6') on both sides (a and b), as shown in Table 2. Although the street widths and
buildings heights are irregular, both canyons with the same aspect ratio showed almost
the same results, with slight differences occurring most probably because of the irregular
building heights in each canyon. The APET difference between both canyons reached 1
to 3 C° in only a very few hours in both canyons on both sides, and this clarifies that as
long as the aspect ratio is the same between different canyons, the performance will be
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very similar regardless of any slight change in the height of the buildings and width of the
street, as long as the canyon aspect ratio is still the same.

20 (a). S (6) - East Orientation 20 (b). S (6') - East Orientation

w—@u=S512a - 20%Trees A S12a - 50% Trees A w—g==S512b - 20%Trees A === 512b - 50% Trees A

Figure 23. APET for the 20% and 50% tree scenarios in comparison with the 0% tree scenario for S6,
and S6’ on both sides (a and b) at Z = 1.5 m.

Figure 24 illustrates the impact of the trees on the entire study area for the 20% and 50%
tree scenarios at 12:00 and 15:00. This shows that increasing the tree density is crucial for the
eastern canyons, and the blue color (12 to 14 C° APET) represents the four eastern canyons
(S6, S6’, S8, and S9). The blue color in Figure 24d for the 50% tree scenario at 15:00in S1 on
the (b) side, shows that the trees” impact was significant because this canyon is very shallow.
The performance of the 20% and 50% tree scenarios varied with the different aspect ratios
and orientations at 15:00, when the tree performance mixed with the various effects of
urban shading based on the aspect ratio and orientation. The maps also show the equal
impact of the trees at 12:00 for both tree scenarios when the sun is almost perpendicular, and
the effect of the different aspect ratios and orientations disappeared. These maps/results
are quite similar to the theoretical study’s maps/results, and slight differences in a very
few cases occurred due to irregular aspect ratios, as the buildings” heights in the existing
study area are not exactly the same as those in the theoretical model, which is 100% regular
in terms of the building heights and street widths.
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Figure 24. APET at Z = 1.5 m for the 20% and 50% tree scenarios compared to the 0% tree scenario for
all aspect ratios and orientations at 12:00 (a,b) and at 15:00 (c,d).
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By reviewing Figures 25 and 26, which show a comparison of the average APET for the
peak time (from 11:00 to 16:00) on both sides for the various aspect ratios and orientations in
Figure 25 and a detailed comparison between the total hours of PET reduction of 7 h or more
on both sides for the various aspect ratios and orientations in Figure 25, both studies prove that
the impact of the trees varied significantly for all shallow canyons in addition to the eastern
canyons on both sides. The overall linear shape of each chart in Figures 25 and 26 is very
similar to the same charts of the theoretical model analysis, as shown in Figures 19 and 20. This
validates the results and findings of the theoretical model; however, in the case study, there are
slight differences compared to the theoretical model. This is a normal occurrence that happens
because of the irregularity of the existing study area in terms of the aspect ratios and various
heights of buildings inside each urban canyon; the existing study area cannot have the same
regularity as the theoretical model. Despite this, the overall results match the theoretical model
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sides for all aspect ratios and orientations at Z = 1.5 m.
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Figure 26. Comparing the number of hours that the PET was reduced by 7 C° or more on both sides
for all aspect ratios and orientations at Z = 1.5 m.
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4. Discussion

After reviewing the theoretical and case study results, it is obvious that trees are
important and add value to different urban canyons. This importance varies depending on
the orientation, aspect ratio, and side of the canyon.

The eastern canyon requires a high density of trees, and this is applicable to both
sides, particularly the northern side. Moreover, this finding is consistent with those of
previous studies [8,14,20]. The northern, northeast, and northwest canyons showed better
performance than the eastern canyons. The addition of trees to the Northern canyons
improved it slightly, but it was not as significant as the effect of adding trees to the eastern
canyons. This aligns with previous findings from other studies [20,30]. For some canyons
in the northern, northeastern, and northwestern areas, having tall buildings (moderate to
deep canyons) helps keep the area cooler. This is because the buildings block the hot sun
from shining directly on the streets. These canyons also have strong winds, which help
make them feel cooler. Adding trees to these canyons (moderate and deep canyons in these
orientations) might not make much of a difference in how comfortable it feels, and it might
even block some of the wind. However, it can be helpful to add trees to one side of the
canyons, which is side (b). The trees on side (b) provide shade in the afternoon and make
the canyons feel cooler without blocking the wind. Shallow canyons in all orientations
and all aspect ratios on both sides of the canyons do not provide enough shading at all. In
addition, placing high densities of trees in these canyons is mandatory to enhance thermal
comfort conditions, as the canyon effect completely disappears, especially on the northern
side of the eastern canyon (side a). Applying a low density of trees on one side of the road
(side b) could be useful in deep canyons with northern, northwestern, and northeastern
orientations. On the other hand, high density is necessary on both sides of the eastern and
shallow canyons. When comparing the results of the theoretical study and the existing
case study, it becomes apparent that the unity and regularity of urban canyons will yield
slightly different outcomes compared to the irregular canyons found in existing urban
areas. However, the main results are similar but not exactly the same due to changes in the
urban conditions at the measurement point. Any alteration to the aspect ratio, orientation,
or other urban elements will have an impact, albeit not a significant one. It is not feasible
to obtain exact numbers from a uniform and regular theoretical model. Slight variations
in the results were observed when altering the street widths and building heights while
maintaining the same aspect ratio and orientation, which aligns with [42].

5. Conclusions

This study applied an ENVI-met simulation to explore the effect of aspect ratios,
orientations, and trees on the microclimate of different sides of urban canyons in Cairo
city. Firstly, a total of 144 theoretical cases were simulated to reveal the microclimate’s
relationship with urban morphologies and tree densities. Then, a real neighborhood in
Cairo was simulated to verify the results obtained from the theoretical cases. The results
showed a significant tree performance; this performance became more significant based
on the aspect ratio (PET reduction reached 12 C° using a high density of trees in shallow
canyons), the canyon orientation (PET reduction reached 14 C° in the eastern orientation
compared to the northern orientation of the same deep canyon), and the side of the canyon
(PET reduction at the northern side of the eastern canyon reached 6 to 7 C° more than the
other side of the same canyon by adding a high density of trees). On the basis of the results
of this study, the addition of trees to urban canyons should be based on urban morphology
characteristics, such as aspect ratio and orientation. Additionally, careful consideration
should be given to the side on which trees are planted, as any alteration to these three
elements of urban geometry necessitates a wholly different approach. This guidance is of
paramount importance, particularly for cities grappling with significant challenges like heat
stress and water scarcity, as is the case in Cairo. The findings of this study are broad and
cover the majority of urban cases in Cairo city. They should be considered by stakeholders
and decision makers in Cairo’s authorities and municipalities, as this study could be part of
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design guidelines and city management while developing new communities or upgrading
existing areas because the study provides a detailed approach on how applying trees can be
optimized to enhance microclimate conditions for pedestrians. The research methodology
and approach could be also applied to different urban cases in Cairo city which are not
covered in this research, especially cases in which the urban canyon is not fully defined, to
reach the same target of optimizing the use of trees.
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UHI Urban Heat Island
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TMRT  Total Mean Radiant Temperature

WS Wind Speed

RH%  Relative Humidity
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Abstract: Considering the impacts of climate change on the goal of obtaining sustainable and healthier
cities, this research aimed to analyze and assess the impact of different urban forms with different
trees densities on the dynamic physiological equivalent temperature (DPET) for pedestrians while
walking further than the average walking distance (750 m) using ENVI-met. This study included
five different areas within Greater Cairo, which is suffering from extreme heat stress. The selected
study areas had lots of urban variety in terms of the canyons’ aspect ratios, orientations, urban
form, green areas, mixed uses, and tree densities. Two tree scenarios were analyzed: the current
tree density situation and a scenario where the tree density of each study area was increased to
its capacity. The results proved that the DPET had different values than the steady physiological
equivalent temperature (SPET) at each point within the walking routes. However, the DPET was
closely related to changes in the SPET. Keeping the SPET lower or higher for a long time reduced or
increased the DPET, and frequent changes (up and down) in the SPET kept the DPET stable. Changes
between DPET values were driven more by the microclimate conditions of a space or canyon than the
conditions of the overall area, and controlling the microclimate conditions of a whole urban canyon
controlled the DPET. Changes in the DPET could reach as high as 10 °C between different walking
routes, and increasing the tree density could help lower the DPET by as much as 6 °C in some cases.

Keywords: urban heat island (UHI); outdoor thermal comfort; urban trees; urban shading;
dynamic thermal comfort; static/steady thermal comfort; ENVI-met greenery simulation; urban
cooling strategies

1. Introduction

Developing healthy cities and communities is necessary, especially in light of the
impacts of climate change. A healthy and sustainable urban environment consists of a
series of pedestrian walkways for commuting, exercising, and leisure use [1]. Walking is
considered the most widespread mode of transport [2] as it is a crucial link between the
other modes, and pedestrian activity helps to fulfill recreational requirements [3]. People
moving between interconnected spaces perform non-sedentary activities, enhancing sus-
tainability and well-being. However, adverse weather conditions may create uncomfortable
thermal sensations that change or ruin the experiences of people walking outdoors [4].
The thermal conditions of linear walking paths, which affect a person’s thermal comfort,
will inherently influence people’s usage probability [1]. Therefore, enhancing pedestrian
thermal comfort and microclimate conditions is crucial.

1.1. Thermal Comfort

Thermal comfort is defined in ASHRAE 55 [5] as a condition of the mind where
satisfaction with the thermal environment is expressed. Maintaining a body temperature
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at approximately 36-37 °C is essential for regulating the body’s metabolic rate and organ
function [6]. Hyperthermia and hypothermia both take a toll on physical and psychological
health [7].

The PET (physiological equivalent temperature) was designed to measure environ-
mental and personal parameters, including air temperature, air humidity, air velocity, the
mean radiant temperature (Tmrt), clothing insulation, and the level of activity, to predict
thermal comfort [8]. Thermal comfort can be studied and analyzed in two main ways. The
first, which has been used in many studies, is to analyze thermal comfort at a fixed point,
which is assumed to be close to steady, based on individuals’ instantaneous subjective
thermal sensation or comfort while sitting or standing [1]. In this research, this is named
the steady PET (SPET). The other way to measure the PET is more dynamic as it focuses
on the thermal comfort of pedestrians while walking. In this way, the outdoor thermal
environment and the human physiological response are both important determinants of
thermal comfort during the dynamic process of walking [1]. In this research, this is named
the dynamic PET (DPET).

1.2. Difference between DPET and SPET

Pedestrians receive various continuous changes in microclimate conditions while
walking outdoors. Their actual sensations vary over the entire length of a route, sometimes
showing significant changes in thermal perception. Subtle environmental changes can
affect skin temperature receptors. Physiological responses and thermal experience history
are important factors for pedestrian thermal sensation. The steady thermal comfort model
is only applicable to people who stay in outdoor environments for 10 to 30 min [1,9,10].

Thermal comfort indices and findings from early studies, which were obtained in
thermally homogenous and stable environments, are insufficient to explain constructively
the transient thermal perceptions of pedestrians, who are exposed to constantly changing
environmental conditions due to urban geometry [11,12]. Traditional environments with
steady thermal comfort sometimes cannot meet people’s requirements, and dynamic ther-
mal comfort is considered better. In an outdoor summer study, participants walked along
a specific route that passed through diverse urban textures, exposing them to a variety
of thermal environments that routine fixed-point observations could not capture [13]. In
another study, simulation experiments were conducted in a climate chamber. Airport
passengers experienced three different durations of walking (5 min, 10 min, and 15 min) at
26 °C and subsequently transitioned to sedentary conditions at three different operative
temperatures (23 °C, 26 °C, and 29 °C). By analyzing the variations in subjective perception
and physiological parameters, it was concluded that the thermal equilibrium requires
17-21 min to recover to steady-state sedentary levels after walking [14]. Also, a study
determined that the SPET has a big impact on the DPET. For example, the steady thermal
conditions at the start of a walk significantly impacted the DPET. For a person coming out
of a shaded area of a sidewalk and entering a 200 m long sunny segment, after 180 s, his
actual skin temperature was approaching the value simulated by a steady-state thermal
comfort model, and his core temperature was lower than the simulated value. It was
further suggested that around 30 min were required for a person to reach a steady state
after leaving a room with thermal comfort to enter hot conditions [15].

1.3. DPET Parameters

Dynamic thermal comfort is affected by the same thermal comfort parameters. Efforts
to achieve comfort during walking need to consider both temporal and spatial variations,
as well as opportunities for adaptation [4]. Pedestrians are usually alternately exposed to
cool-biased and warm-biased environments during outdoor activities, such as when being
exposed to indoor and outdoor places or moving through areas with sunlight and shade on
the street [9]. Step changes in microclimate environments occur during the above alternate
exposures to cool-biased and warm-biased environments, which are mainly characterized
by mixed changes in radiation, wind speed, and air temperature. Additionally, these
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step changes happen at various frequencies due to the movement speed, the needs of
activities, and environmental designs. Essentially, people are in highly dynamic and
complex environments when conducting outdoor activities and are speculated to produce
thermal responses different from those in relatively steady environments [9]. A previous
study found that wind and solar radiation were the main factors attributed to variations
in outdoor thermal comfort in any given period [4]. During walking, disturbances due
to wind velocity had a significant effect on thermal sensation, which was reflected in
an enhancement of convective heat transfer on the skin surface [16]. Another study was
carried out from May to July at a university campus in Hong Kong with subtropical weather
conditions. The results showed that subjective thermal perceptions varied with alternating
exposure to sunlight and shade at different frequencies. With a higher alternating frequency,
there was reduced thermal dissatisfaction with hot summer days and a lower comfort
requirement for shade [9]. Also, a very important factor that impacted the DPET was the
metabolic rate. Full consideration should be given to variations in this variable. Typically,
it takes 3-5 min to reach a new metabolic level when walking indoors, whereas it takes
9-11 min in a transition space. In the meantime, the metabolic rate returns to a normal
sedentary level 3-5 min after walking ceases in both indoor and transition spaces [16].

1.4. Urban Geometry Effect

Improving urban geometric design is necessary to mitigate thermal discomfort and
create better pedestrian environments, especially in high-density cities [12]. Urban mor-
phology, the sky view factor (SVF), and shading are the major factors that have significant
roles in enhancing microclimate conditions [17,18]. The shadows cast by buildings help
reduce the pedestrian radiant load and, consequently, improve thermal comfort [19-21].
Openness is a predominant factor that influences pedestrians’ thermal comfort, and pedes-
trians have also been shown to feel more comfortable when moving from sunlit places to
shaded places [12]. A study showed that greater cooling of road microclimates occurs on
roads with low SVFs [22]. The street canyon orientation and aspect ratio have significant
influences on urban microclimates and directly impact street-level thermal comfort [23,24],
as the aspect ratio controls the amount of shadow and the orientation affects the wind
speed based on the wind direction. Optimizing shadows and wind speeds using the aspect
ratio and orientation will lead to significant enhancements for both the SPET [21,25-27]
and DPET [4,9].

1.5. Urban Trees

Urban greenery and biotopes represent discernible cool spots along walking paths [13].
They can reduce the effects of the surrounding building mass and help to create a low-SVFE
environment that is cooler during both daytime and nighttime [28]. Studies have demon-
strated that walking in forest environments diminishes blood pressure, skin conductivity,
muscle tension, pulse rate, cortisol levels, and sympathetic nerve activity and enhances
parasympathetic activity (the components of heart rate variability) [29,30]. Also, a roadside
landscape may have a proportionally greater impact on urban dwellers due to the limited
availability of green spaces in cities. Urban roadside trees can improve urban dwellers’ feel-
ings and can make a city cooler [22]. According to this study, we can infer that a short walk
along an urban road surrounded by trees is a simple, attainable, and effective method of
improving the quality of life and well-being of urban dwellers [22]. As a combined impact,
it has been demonstrated that urban morphology and vegetation shading affect solar radia-
tion storage during the day in summer, especially for low-rise buildings [21,28,31]. Also,
trees’ thermal performance is significant for different orientations of canyons, especially
the eastern—western orientation [21,32,33].

1.6. Research Gap and Target

This research aimed to study the impacts of different urban forms and different
densities of urban trees on pedestrian thermal comfort while walking from a dynamic
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thermal comfort perspective under the same climate conditions (same climate data input),
as pedestrian dynamic thermal comfort for people who are moving at a certain speed and
not stopping at any one place for a long period is not well studied [1]. This study sought to
understand the impacts of different urban forms (different aspect ratios, orientations, and
tree densities) on pedestrian dynamic thermal comfort while walking between different
destinations within different urban areas.

This knowledge helped clarify how different urban forms perform thermally and
how many trees are needed to enhance the thermal performance of each urban form to
improve the microclimate conditions and the dynamic thermal comfort of pedestrians
while walking.

2. Materials and Methods

To assess dynamic thermal comfort for different urban forms and tree densities, this
study was conducted on various walking routes in different urban areas with different tree
densities. It tested different urban forms (with different aspect ratios and orientations) and
different tree canopy covering densities by measuring the DPET on each route in each study
area under different tree scenarios using the microclimate simulation software ENVI-met
V5.6.1 and its dynamic thermal comfort analysis capability, which was released in June
2023 [34]. This study was carried out through two main steps, as shown in Figure 1.
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Figure 1. Research methodology.
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In step (1), a city that suffers from very high levels of heat stress and high solar radia-
tion with variety between different areas was selected to obtain better results for different
urban cases before and after applying trees scenarios. Also, the study areas included land
use destinations that people would be moving between and access to public transportation
modes. In the same step, a complete urban geometry and tree analysis was applied to
understand how the existing urban geometries and proposed tree variations impacted the
results. In step (2), scenarios were simulated after completing all meteorological inputs for
the city and modeling different scenarios and routes. Then, the simulation results were
validated and analyzed to understand the differences in each urban area with different tree
coverage densities.

2.1. Step (1): Study Area Selection and Analysis

The city selected as the study area was the metropolitan area of Cairo, which suffers
from heat stress as the city is located in a dry desert in a subtropical climatic region
and has a warm summer climate based on the Képpen—Geiger climate classification [35].
During summer (June to August), it is hot and dry with an average temperature of around
28 °C [36,37] and a maximum average temperature of around 35 °C. The urban heat island
effect (UHI) appears clearly in the city of Cairo. In previous studies, it was found that the
UHI ranges from 0.5 to 3.5 °C [38]. The maximum observed difference was 10 °C compared
to the surrounding rural or desert areas [36,39,40]. Cairo City is very large and has lots of
urban variety as the city has grown over many decades and is still evolving and growing
rapidly [41,42]. The selection of Cairo City allowed different urban areas with different
urban forms, morphologies, and tree scenarios to be studied, which suited the purpose
of this study. The selection of the study areas within Cairo was carried out carefully to
ensure that there were appropriate differences between them in terms of urban forms and
morphologies as this helped clarify the different intensities of the impacts on pedestrians
while walking, especially the impacts of trees in the respective situations and when the tree
densities were increased.

2.1.1. Urban Analysis of Study Areas

As shown in Figure 2, five study areas were selected (Bulag Ad Daqrur (known as
Bulaq), Khedival Cairo (known as Downtown), Mohandisen, New Cairo, and Mivida).
They were characterized by different urban morphologies, and the tree density varied
between them. Additionally, the locations of the selected study areas were different, as
three of them (Bulag, Downtown, and Mohandisen) were very close to the center of Cairo
(within a 4 to 5 Km range) and two areas (New Cairo and Mivida) were suburban areas
(around 17-29 Km away from the city center). Table 1 shows the local climate zones and
the main urban characteristics of each study area. As shown in Figure 3, the selected study
areas had similar sizes, as they varied between 18 and 22.9 hectares, and changes in the
solid-to-void ratio (footprint of buildings divided by the site area) were obvious. It varied
from 75% solid in Bulaq to 61% and 59% in Mohandisen and Downtown to a low solid
percentage of 29% in New Cairo and a very low solid percentage of 13% in Mivida. Also,
the green areas were different, as they were 0% in Bulaq and Khedival Cairo, with a very
limited green area of 3% in Mohandisen and good amounts of greenery of 12% in New
Cairo and 23% in Mivida.

The floor area ratio (FAR, the total built-up area divided by the site area) changed
between the different areas as a reflection of the footprint percentage and building heights.
It ranged from a high of 5.2 in Bulaq to moderate values of 4.58 and 4.31 in Downtown and
Mohandisen to a low value of 1.15 in New Cairo and a very low value of 0.39 in Mivida.
Figure 4 shows the variation in building heights and the urban destinations (including
public transportation) in each area. The maximum building height was in Mohandisen,
where most of the buildings were in the range of 28 m to 40 m (9 to 13 floors). Medium
building heights in the range of 22 m to 27 m (7 to 9 floors) were observed in Bulaq and
Downtown. The lowest buildings, in the range of 9 m to 12 m (3 to 4 floors), were in New

148



Land 2024, 13, 1489

6 of 36

Cairo and Mivida. A greater number of public transportation facilities were located in
Downtown, which had a metro station and a bus stop. Two bus stops were located in Bulaq
and Mohandisen, and one bus stop was located in New Cairo. No public transportation
facilities were located in Mivida, as it is a gated community that is more car-centric, and
the walking circulation depends on internal movements between the community amenities.
The different urban analyses showed that there were too many differences between the
study areas and that the selected study areas had significant variety. This was reflected in
the results, helped to cover more cases, and provided a better understanding of the impact
of each change.

— Mohandisen Khedival Cairo
City Center
0Km from City

. Center

7Km from City
Center

ulaq Ad Daqgrur

Yformal Area \ et !

Km from City 1.5Km from City Es #29Km from City
&Center Center B R Center

Figure 2. Selected study areas, Cairo weather station, and site measurement location.

Table 1. The climate zones and characteristics of the urban areas.

Bulaq Ad Daqrur Khedival Cairo

Study Area (Bulag) (Downtown) Mohandisen New Cairo Mivida
Local Climate Cor&lcfgted Corl;lcjgted Comy ];(cjlinl:l high LCZ5 LCZ6
Zone (LCZ) * ba b pa & Open midrise Open low rise

midrise midrise rise.
Uﬂ?an' Informal area City center Business center Suburba‘n Gated community
Classification community
Aspect ratio Deep Moderate Moderate Open canyons Shallow canyons
Mixed uses fmd Low mixed uses, High mixed uses, High ml'xed uses, Low mixed uses, No mixed uses,

car/transit L . transit- and . .

. . transit-oriented transit-oriented . car-oriented car-oriented
orientation car-oriented
Density Very high Moderate Moderate Low Very low

* Local climate zones (LCZs) were classified as explained in [43,44].
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Figure 3. Urban analysis of study areas.
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2.1.2. Tree Scenarios

The study areas not only had various urban morphologies and changes; they also had
good variety with respect to tree density. As shown in Figure 5, the existing tree coverage
percentages varied significantly between the study areas. They were very low (2.1%) in
Bulaq and reached 6.2% in Downtown and 7.8% in Mohandisen. These percentages were
very low, indicating that there were only a few open spaces in these three study areas. On
the contrary, the percentages of tree coverage for open spaces were moderate in New Cairo
(9.4%) and high in Mivida (13%), indicating that open spaces occurred more frequently in
these study areas.

Bulaq Ad Daqrur

18 Current Tree% Proposed Tree %

N T e
AN A S
\

)"\

Current Tree%

Proposed Tree %

26% ‘

weters N

T o= AT o TG oy
Mohandisen

Current Tree% Proposed Tree %

MU L wees N
omw w0 o w0

eters N
03 70 0 20 280

Proposed Tree %

Meters Meters
360 360

Current Tree % Proposed Tree %

\

13% 21%

N

Figure 5. Current and proposed tree densities for each study area.
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To investigate the impacts of trees in each area, this study not only tested the current
tree situations but also scenarios with increasing tree densities. The proposed increases in
tree densities are indicated on the right side of Figure 5. They were tested to understand
the impacts of increases in trees in each urban morphology to better understand how this
would impact the DPET of people walking in each study area. Tree density was increased
to achieve a good distribution of trees and good tree spacing on roads and in parks. Adding
trees led to different tree coverage percentages in each study area, as shown in Figure 5.
In Bulag, increasing the number of trees helped to increase the tree coverage percentage
of the open spaces from 2.1% to 26.6%, which was significant because of the limited open
space areas. In Downtown, it was increased from 6.2% to 26%, which was also a significant
increase, as the open space areas were bigger than in Bulaq. A similar increase from 7.8% to
25% occurred in Mohandisen, as the open space areas were similar to those in Downtown.
In New Cairo and Mivida, the tree coverage percentages were similar, with limited increases
from 9.4% to 19% in New Cairo and from 13% to 21% in Mivida. However, many more
trees were added than in the other areas. Because of the bigger open spaces, the density
increased at lower rates compared to the other areas.

Testing these tree scenarios and the impacts of low and high densities of trees in each
study area provided a comprehensive understanding of how trees perform in each urban
morphology/local climate zone and helped clarify which tree density is required for each
urban morphology. This will lead to optimization of the use of trees in each urban area, as
shown in previous studies [21,45].

2.1.3. Walking Routes

As this study focused on the dynamic thermal comfort of pedestrians, the selection
of the walking routes in each of the different scenarios was very important. As the study
results focused on the DPETs of the routes and locations, the design of each route (in
relation to different aspect ratios, orientations, and trees densities) was the focus of this
study. Therefore, in each study area, two routes were provided to ensure that the majority
of the area was covered by walking routes. The walking routes did not overlap, and each
route connected the main urban features in each study area, such as the transportation
stations, retail areas, amenities, parks, etc. [1]. Figure 6 shows the proposed routes in each
study area. They were designed to pass the different elements in each area. In Bulaq, the
routes passed different aspect ratios and orientations. Route (A) started at the bus stop,
moved through the wide eastern canyon (H:W 1:0.75), then moved through the narrow
northern canyon (H:W 3:1) to reach a residential destination. Route (B) started at the
second bus stop, moved through the narrow eastern canyon (H:W 3:1), then moved to a
second residential destination through the narrow northern canyon (H:W 1:2.5). Similarly,
in Downtown, route (A) started at the metro station, moved through a wide eastern canyon
(H:W 1:1.25), through a moderate northern canyon (H:W 1:1), then through a moderate
eastern canyon (H:W 1:1.25) to reach a retail destination. Route (B) started at the urban
park next to the bus stop, moved through a moderate eastern canyon (H:W 1:1), a moderate
northern canyon (H:W 1:1.3), then a moderate eastern canyon (H:W 1:1.5) to reach the
coffee shop area.

In Mohandisen, route (A) started at the bus stop, moved through a moderate eastern
canyon (H:W 1:1) and a northern canyon, passing by an urban park with dense vegetation,
and moved through an eastern canyon (H:W 1:1) to reach a residential destination. Route
(B) started at the same point at the bus station, moved through a shallow northeastern
canyon (H:W 1:3.5) for most of the trip, then through a moderate northwestern canyon
(H:W 1:1). In New Cairo and Mivida, the routes passed different urban contexts, including
very shallow roads (H:W 1:3) and urban parks, as shown in Figure 6.
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Figure 6. Alignment of pedestrian routes and cross-sections of different segments in each study area.
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The routes were designed to be as long as possible as this study was more focused on
long-distance pedestrian routes, which represent the main research gap [1]. Therefore, all
designed routes were longer than the walking distance range, which is 500 m [4]. The route
lengths in Bulagq, Downtown, Mohandisen, New Cairo, and Mivida were A = 697 m and
B=704m,A=712mand B=651m,A=727mand B=722m,A=839mand B=771m,
and A =747 mand B =758 m.

The different routes in each study area were tested under the two tree scenarios
(the current tree coverage and the proposed tree coverage). This study was applied to
20 different routes with different morphologies and urban tree densities. This variation
in the tested routes provided more detailed and variable results, which enriched the
research findings.

2.2. Step (2): Data Input, Model Set-Up, and Measuring Points

The software used to run the simulations for the different cases in each study area
under different tree scenarios was ENVI-met V5.6.1, Winter 2023. All of the information
required for the model was provided, representing existing urban configurations (material
and soil) of common materials in Cairo, as well as meteorological data.

2.2.1. Model Set-Up and Geometry

The model’s location was 30.02 latitude and 31.22 longitude. This was obtained from
the ENVI-met V5.6.1, Winter 2023 database by selecting the location of Greater Cairo in the
ENVI-met application “Spaces”. As shown in Table 2, all models were created using the
following model geometry: materials, soil, and trees.

Table 2. Model set-up and geometry for each study area.

Model Information Bulaq Downtown Mohandisen New Cairo Mivida
Area size (grids) X=205,Y =186, X=167,Y =170, X =233,Y=192, X=259,Y =121, X=239,Y =128,
ea size gras Z=30 Z=30 z=27 z=12 z=8

Grid resolution (m)

X=3,Y=3,2=3 X=3,Y=3,7Z2=3 X=3,Y=3,Z=3 X=3,Y=3,Z=3 X=3,Y=3,Z=3

Orientation

0 0 —50 0 32

Split lower grid box
into 5 sub-cells

Yes

Telescoping applied Not applied, as the maximum building height was not very high
Maxﬁgl‘ﬁwdel 90 m 90 m 81m 36 m 24m
Nesting grids ** 5 grids, sandy soil
DEM Not applied, as the site was flat
Soil Asphalt for roads, concrete for sidewalks and under buildings, loamy soil for green areas.

Building materials

Default wall—moderate insulation

Tree model and size

Latin name: Acer platanoides ***
Height = 15 m; crown width =7 m

* The model’s height was more than double the height of the tallest building, as recommended by the software [34].
** Nesting grids were added, in addition to five cells from the boundary sides of the model being kept empty,
as recommended by the software developers [34]. *** Acer platanoides was selected from the ENVI-met database
as it met the required criteria of having a large canopy, a high LAD, and a good canopy height, matching the
recommendations in [46-49]. Different trees would have different impacts and performances [50]. This study used
one recommended tree characteristic to measure the impacts of other elements such as the aspect ratio, orientation,
canyon side, and tree density.

2.2.2. Simulation Configuration

The simulation was configured for a representative summer day (i.e., the hottest day
of July: 2 July 2023) as the hottest days in summer occur between June and July based on an
analysis of 30 years of data from the Cairo Airport station [51]. The same air temperature,
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relative humidity, and wind speed were added to ENVI-met for each hour of the simulated
day, and climate data were imported from the Cairo Airport weather station for all study
areas as the main focus is the analyze the impact of the urban form and trees densities
under the same climate conditions. Its location is shown in Figure 2 [52,53]. The starting
time of the simulation was 1:00 a.m., and the total duration was 24 h. ENVI-met simple
forcing was used for the metrological data.

2.2.3. Simulation Outputs

Output data were extracted using the ENVI-met “Bio-met” to calculate the DPET
and SPET values of each route in each study area under the different tree scenarios. The
results were exported for five different hours during daytime from sunrise until sunset.
The chosen hours were selected to cover the different times when people perform activities
and move between different destinations in each urban area. Table 3 shows the selected
hours and the trips expected at each hour. The dynamic thermal comfort (DPET), steady
thermal comfort (SPET), dynamic skin temperature (T Skin), and average core temperature
were exported for each route in each study area for both tree scenarios for the five selected
hours (9:00, 11:00, 13:00, 15:00, and 17:00). These hours not only covered the whole daytime
but also covered the majority of the pedestrian trips during daytime.

Table 3. Selected hours and trips expected at each hour.

Hour 9:00 a.m. 11:00 a.m. 13:00 p.m. 15:00 p.m. 17:00 p.m.
Activity (1) Trip to work Trip to park Work break Leaving work Leaving work late
Activity (2) Trip from school Nursery school closing Leaving school Trip to park
Activity (3) Trip to park Late break Shopping trip

Table 4 below shows the pedestrian data and the thermal conditions of the starting
point of each route as applied in ENVI-met (Biomet). These conditions were applied to
all routes for each hour considering the start of a walk with static thermal conditions, as
explained in Table 4. These static thermal conditions were exported from the Downtown
study area and unified for all other study areas to maintain the same static thermal comfort
conditions at the starting points.

Table 4. Pedestrian data and the initial climate conditions at each hour.

Pedestrian Data (for All Hours) *

Initial Climate Conditions at 9:00 **

Gender Age Clothing Speed E’:icr)temperature ENHT/IS) speed MRT Is—flfr(;i dity
Male 35 0.9 clo *** 1.34m/s 28.7 0.46 49.04 1111
Initial climate conditions at 11:00 ** Initial climate conditions at 13:00 **

Air temperature ~ Wind speed MRT Spec. Air temperature ~ Wind speed MRT Spec.

(°C) (m/s) Humidity (°C) (m/s) Humidity
31.6 0.45 56.37 10.84 33.5 0.44 59.35  10.71
Initial climate conditions at 15:00 ** Initial climate conditions at 17:00 **

Air temperature ~ Wind speed MRT Spec. Air temperature ~ Wind speed MRT Spec.

(°O) (m/s) Humidity °O) (m/s) Humidity
34.1 0.44 57.63 10.22 33.3 0.43 47.46 10.38

* Default personal data in ENVI-met (category named Michael average). ** The current average Downtown
microclimate was used for all. *** The selected value (0.9 clo) represents the default value for clothes insulation,
not the summer low value because of the study conditions, as this study mainly focused on daytime trips, which
are mainly related to work or school, as explained in Table 3, and need more formal clothes. Also, due to cultural
aspects of the people in the study area (people usually wear long sleeves and long trousers), using the default
value of 0.9 clo was more suitable for this study.
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2.3. Results Validation

The results (air temperature and relative humidity, as they were more stable than
the mean radiant temperature and wind speed [31,54]) of each study area model were
compared with the airport station data and data measured on the same day from another
study at the center of Cairo. These site measurements were performed using a mobile
weather station at a height of 1.1 m from the ground in an outdoor space on Al Muizz Street
on the same day (the 2nd of July) in 2012 [51]. The locations of both the site measurements
and the weather station are shown in Figure 2. These data are a limitation of this research.
Due to a limited research team, limited funds, and security restrictions, which also affected
previous studies in Cairo [21,27], the weather station at Cairo Airport provided input data
for all cases and the simulation results were validated via comparison with the weather
station data and the site measurements on the same day (2nd of July). It was clear that the
results were aligned with the data from the Cairo Airport station and the site measurements.
As shown in Figure 7, the air temperature and relative humidity had the same values in
all models in relation to the station and site measurements. The changes were very minor,
and the charts had the same linear shapes. To ensure that all results had good agreement
with the measurements, the root-mean-square error (RMSE) and the degree of agreement
(d) were calculated for all model results and both measurements. Tables 5 and 6 show the
RMSE and d for air temperature and relative humidity. The RMSE values ranged between
1.3 °Cand 1.9 °C for the station-measured air temperature and between 1.0 °C and 1.7 °C for
the site measurements. The d values ranged between 0.93 and 0.95 for the station-measured
air temperature and between 0.92 and 0.98 for the site measurements. For the relative
humidity, the RMSE ranged between 4.4% and 9.8% for the station measurements and
between 7.1% and 10.3% for the site measurements. Based on these results and comparisons
with similar studies conducted in Cairo City [21,27,45], the simulation results are valid, and
the output values represent the current situation in Cairo.

a. Air temperature validation b. Relative humidity validation
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Figure 7. Results validation. (a) Air temperature. (b) Relative humidity.
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Table 5. RMSE and d for air temperature values.
Potential Potential Ta Potential Ta Potential Ta Potential Ta
Ta (°C) in ©C) in Bula (°C) in (°C) in New (°C)in
Downtown 9 Mohandisen Cairo Mivida
RMSE (station) 1.686 1.337 1.708 1.886 1.59
RMSE (site) 1.168 1.699 1.248 1.041 0.969
d (station) 0.937 0.949 0.932 0.931 0.948
d (site) 0.97 0.921 0.964 0.979 0.981
Table 6. RMSE and d for relative humidity values.
Potential Potential Potential Potential Potential
RH% in RH% in RH% in RH% in New RH% in
Downtown Bulaq Mohandisen Cairo Mivida
RM.SE 8.634 9.83 8.364 7.014 4418
(station)
RMSE (site) 9.892 10.342 9.597 8.867 7.09
d (station) 0.884 0.823 0.89 0.932 0.973
d (site) 0.824 0.775 0.833 0.873 0.92
3. Results

The results are presented in two stages. In the first stage, the DPET, SPET, T Skin,
and avg. TCore are presented for each route in each study area before and after increasing
the tree density to understand the impacts of urban morphology, urban trees, and other
elements such as the SPET and T Skin on the DPET. In the second stage, the DPET values
of each route are compared. In the first case, the DPET of each route is compared to that
of the same route after adding trees to understand the trees” impact. The trees” impact
is also assessed by analyzing the thermal classification percentages of the walks in both
tree scenarios. In the second case, both routes in each study area are compared before
and after increasing trees, and in the third case, each route is compared with the other
routes in the other study areas. These detailed and varied comparisons provide a complete
understanding of how different factors impact dynamic thermal comfort.

3.1. SPET at the Starting Point

To obtain a complete understanding of the static thermal comfort at the starting point
of each route in each study area with different tree densities, Figure 8 shows the exact SPET
at the starting point of each route. These changes in the SPET values were considered while
analyzing the DPET of each route. As shown in Figure 8, the SPET at the starting point of
Bulaq route (B) was higher for the hours 11:00, 13:00, and 15:00, and in Mohandisen, the
starting point for both routes (A and B) was lower. This was considered in the analysis of
the results, as the most important part was how the DPET increased or decreased during
the walk. Therefore, if the starting point was too high, the DPET would decrease, and if the
starting point was too low, the DPET would increase during the walk. The main impact
of the different urban morphologies and tree densities was how the DPET increased or
decreased during the walk.
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Figure 8. The SPET value at the starting point of each walking trip: (a) the current tree scenario;
(b) the proposed tree scenario.

3.2. DPET Results

In Bulaq (Bulag Ad Daqrur), as shown in Figure 9, at 9:00 both routes (A and B) had almost
the same starting DPET value. The difference between them was 1.5 °C. Then, after reaching
the end of the eastern route, the difference in the DPET reached 3.5 °C. Once moving on the
northern road, both routes” DPET values started to decrease. On route A, the DPET decreased
from 36.5 °C to 33 °C, and on route B, the DPET decreased from 34 °C to 31.2 °C at the end.
Adding trees helped to reduce the DPET increase during movement on route A to a maximum
increase of 1 °C, and route B had almost the same DPET value until the end.

At 11:00, the tight canyons on route B helped, with a total reduction of 5 °C. The
opposite result was observed on route A, which had an increase of 4.5 °C on the eastern
road over a very short distance. Then, on the northern road, the DPET started to decrease
again and almost reached the same value as the starting point. This clearly showed the
impact of the wide eastern canyon. Adding more trees led to the same performance for
route B but decreased the impact of the eastern canyon on route A, as the increase was
1.5 °Cinstead of 5 °C.

At 13:00, when the shade from the buildings had almost vanished, the DPET on route
A increased by 5 °C on the eastern route, then decreased slightly by 3 °C by the end of the
northern road. Route B showed an irregular reduction within 1 °C from the beginning until
the end. Increasing the tree density led to significant decreases in the DPET. On routes A
and B, the trees helped to reduce the DPET by 3.5 °C and 7 °C.

At 15:00, the tight canyons on route B led to a significant DPET reduction of 6 °C at
the end of the walk. On route A, the wide eastern canyon led to an increase of 5 °C. Then,
the tight northern canyon helped to reduce this increase to reach the same value as the
starting point (40 °C). Adding trees to both canyons helped to avoid this increase in the
eastern canyon on route A, as it limited the increase to only 1 °C. On route B, the same
regular reduction occurred but with DPET values that were reduced by 8 °C. At both hours
(13:00 and 15:00), small fluctuations in the skin temperature occurred on route A due to
the impact of the wide eastern road, which had strong heat stress. Then, once on the tight
northern route, due to the good urban shading, the skin temperature dropped gradually
until the end of the walk.

At 17:00, both roads showed good DPET values, with a slight increase on route B that reached
2 °C, and the values ranged between 36 °C and 40 °C. Adding trees to both routes helped keep
the DPET values stable for the whole trips, with DPET values around 35 °C on both routes.

The results for Downtown (Khedival Cairo) are shown in Figure 10. At 9:00, both
routes (A and B) showed the same regular increase in DPET, which increased by 5 °C. This
increase only took place within the wide eastern canyon. Adding trees helped to reduce the
DPET increase by 50%, as it ranged between 2.0 °C and 2.5 °C on both routes. Reducing
the DPET values of the whole route to within 30 °C to 33 °C kept them under the skin
temperature.
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Figure 9. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore) results for
Bulaq routes (A and B) in both tree scenarios (current and proposed) at Z =1.5m. Y axis = °C and X
axis = seconds while walking each route.
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At 11:00, the same regular increase in DPET occurred. It was lower on route A, which
started at DPET = 36 °C, reached 42.5 °C, and ended at DPET = 41 °C for an increase of
5 °C. Route B showed a regular increase, especially on the eastern roads, with an increase
of 6.5 °C. Increasing the tree density helped to keep the DPET almost stable during the
whole walk within the range of 34 °C to 36 °C and in the range of the skin temperature

At 13:00, route A showed a good performance with a 2.5 °C increase. However, on
route B, which started at a lower DPET value, the eastern canyons led to a significant
increase of 7.5 °C, and the DPET reached 43 °C at the end of the walk. Increasing the
tree density helped reduce the values at the starting points for both routes. Route A
stayed within the same range until the end of the walk, and the increase on route B was
significantly reduced. It only reached 3 °C, which was 60% lower.

At 15:00, a similar performance was observed. A slight increase in the DPET on route
A reached 3 °C, which reflected the good cooling performance of the northern road. On
route B, the same increase of 7 °C occurred by the end of the walk, with regular increases on
the eastern roads and steady DPET values on the northern road. However, route B started
with a DPET value that was 3.5 °C lower than that of route A’s starting point, and route B
ended 1 °C higher than route A. This was because of the impact of the canyon orientation.
Increasing the tree density led to similar performances, and both routes maintained good
DPET values. The values on route a were between 36 °C and 37.5 °C, and the slight increase
on route B reached 1.5 °C.

At 17:00, due to the sun’s direction, a noticeable increase in DPET on route A reached
5 °C at the end of the walk. Route B was in the shade for most of the walk, and that helped
to maintain a slight increase in the DPET, which reached 3.0 °C. On both routes, adding
trees helped to keep the DPET values steady from beginning to end.

The results for Mohandisen are shown in Figure 11. At 9:00, route A showed a regular
slight DPET increase until reaching 37.5 °C at the end of the walk, which was an increase of
4 °C. Route B increased significantly to reach 45 °C, an increase of 10.5 °C, at the end of the
northeastern shallow canyon, then started to decrease while moving within the moderate
northwestern canyon to reach 42.0 °C at the end. Adding trees to both routes helped route
A maintain almost steady DPET values of 33 °C to 34 °C and helped route B reduce the
massive increase in the DPET by 2.5 °C, as it started at DPET = 33.0 °C, reached a maximum
value of 42.0 °C, and decreased to 38.0 °C at the end.

At 11:00, both routes started with very high DPET values. Route A decreased by
2.5 °C then increased again to end the walk with the same value. Route B increased to
reach 52.5 °C at the end of the shallow northeastern canyon then decreased in the moderate
northwestern canyon to reach 48.5 °C at the end. Increasing the tree density somewhat
controlled the massive increase and the extreme heat stress values on both routes. On
route A, the trees helped to reduce the high starting value by 3.0 °C to end the walk with
DPET = 42.5 °C. On route B, the trees helped to avoid any increase in the DPET above
50.0 °C, as the maximum DPET value recorded at the end of the shallow northeastern
canyon was 49.0 °C, which was 3.5 °C lower than in the scenario with lower tree density.
Route B started at DPET = 46.0 °C, and the walk ended with a lower DPET value = 45.0 °C.
T Skin fluctuation occurred at both 9:00 and 11:00 due to the massive heat stress and a lack
of shading, which led to an increase of 1.5 °C in the skin temperature.

At 13:00, a very similar DPET performance was observed. The only difference was
that both routes had higher DPET values at 13:00. Route A fluctuated slightly (within 2 °C)
because of the impact of the moderate canyons and the urban park in the middle until
reaching the same value as the starting point at the end. Route B had a very high DPET
value at the beginning of the walk (50.5 °C) then increased to reach 54.0 °C at the end of
the shallow northeastern canyon and decreased to reach the same value as the starting
point at the end of the route. Increasing the tree density was crucial at this hour when the
building’s shade had almost vanished. On route A, it provided a good DPET reduction of
3 °C at the end of the route. On route B, it helped to keep the DPET under 50.0 °C for the
whole route with a reduction of 1.5 °C at the end.
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Mohandisen routes (A and B) in both tree scenarios (current and proposed) at Z

and X axis = seconds while walking each route.
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At 15:00, when urban shading took place, the DPET values decreased significantly on
both routes. Routes A and B both had slight regular increases in DPET of 7 °C at the end.
Adding trees enhanced the performance more when tree shading was mixed with building
shading, which limited the DPET increase to 3.0 °C to 4.0 °C on both routes. Here, the
importance of urban shading when mixed with tree shading appeared for these moderate
canyons at one of the peak hours (15:00).

At 17:00, the importance of urban shading appeared again, and it helped to keep the
DPET values on both routes under 40.0 °C. On route A, the DPET was 35.0 °C at the starting
point. It reached 40.0 °C before the urban park then decreased to 38.0 °C at the end. On
route B, the DPET showed a regular slight increase of 1.5 °C at the end. Increasing the tree
density on both routes helped to keep the DPET stable for the whole walk and within the
range of the skin temperature.

In New Cairo, as shown in Figure 12, the good amounts of green open spaces (12%)
and trees (9.4%) in the current situation helped to keep the DPET values lower. However,
urban shading was very limited due to the lower heights of the buildings and the applied
plot setbacks, and the impact of trees was essential to enhancing the thermal comfort of
pedestrians. At 9:00, both routes had regular gradual increases that reached 8 °C at the end.
Higher tree density helped to reduce these big increases. Route A showed a quick DPET
increase of 4.5 °C while walking on the sidewalk then stayed steady until the end. Route B
had a regular gradual increase of 4.5 °C.

At 11:00, both roads showed regular DPET increases that reached 9.0 °C at the end.
Higher tree density helped to reduce the increases on both routes to only 4.5 °C, which
was under the skin temperature. At 13:00, the same thermal performances took place with
DPET values of 35.0 °C on both routes. Then, regular increases took place until reaching
43.0 °C at the ends of both routes for increases of 8.0 °C. In the scenario with increased tree
density, the trees helped to reduce the increases to only 3.5 °C at the ends of both routes.

At 15:00, similar thermal conditions were observed with regular gradual increases of
9.0 °C on routes A and B. Then, the increase in tree density reduced the DPET increases
significantly to only reach 2.5 °C at the ends of both routes. At 17:00, routes A and B had
the same DPET value (34.0 °C) at the starting points. Then, the same increase happened,
but it was lower than at the other hours, as it reached 5 °C, and both routes had values of
39.0 °C at the end. Increasing the tree density led to both routes maintaining very stable
DPET values ranging between 34.0 °C and 35.0 °C from beginning to end.

The results in New Cairo showed the importance of trees in both scenarios (low tree
density and high tree density). When the urban form is very open and urban shading has
almost vanished, tree shading is a proper solution that can be used to enhance microclimate
conditions. This case also showed that the surface material has a limited impact, as walking
inside the park or on the sidewalk resulted in a slight performance change as long it
occurred under the same tree’s coverage.

In Mivida, as shown in Figure 13, similar DPET performances took place as the DPET
mainly depended on the tree cover percentage due to the absence of building shading
because the buildings were short (villas with G + 2) and because of the setbacks inside
each plot, which set all buildings away from both the sidewalk and the walking trails
inside the parks. At 9:00, route A had a higher DPET value. The good density of the trees
inside the urban park helped to reduce the DPET, and both routes reached the same DPET
value (34.0 °C) at the road crossings. Then, route A increased slightly by 1.5 °C at the
end, and route B stayed almost the same until the end. Increasing the tree density, which
occurred more inside the parks than on the streets, helped to keep route A cooler than route
B by 2 °C, and increasing the number of trees led to both routes maintaining steady DPET
performances, ranging between 29.0 °C and 32.5 °C.
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Figure 12. DPET, SPET, skin temperature (T Skin), and average core temperature (TCore) results for

New Cairo routes (A and B) in both tree scenarios (current and proposed) at Z

and X axis = seconds while walking each route.
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At 11:00, route A had a good DPET value at the starting point (32.5 °C), which was
lower than that of route B (37.5 °C). Then, route A had a larger DPET increase, and both
routes reached the same value at the end of the walk (39.5 °C). This lower DPET increase
on route B was due to the higher density of trees on the road in the current situation on this
part of the route.

Increasing the tree density on both routes (the density was higher in parks) helped
both routes to maintain lower DPET values, especially route A, which started and ended
within the same range as the skin temperature. On route B, a slight increase in the tree
density helped to keep the DPET value more stable within the range of 37.0 °C to 38.0 °C.

At 13:00, the DPET increased by 8.5 °C by the end of route A and by 6.5 °C by the end
of route B. Increasing the tree density, especially in the parks, helped to keep route A cooler
than route B by 2.0 °C to 3.0 °C and kept the whole walks on both routes under 40.0 °C.

At 15:00, route B was cooler than route A due to the impact of mixed shading from
trees and buildings. Route A started with DPET = 37.0 °C then increased to reach 39.0 °C at
the end of the route. Route B started with DPET = 34.0 °C then increased to reach 41.0 °C
at the end of the route. Increasing the tree density totally changed the results. Route A was
2.0 °C cooler than route B at the end of the route. However, this route had a higher DPET
value at the beginning (1 °C higher than route B).

At 17:00, additional building shading combined with tree shading helped to keep
route B 1.5 °C to 2.0 °C cooler than route A for the whole walk. On the contrary, increasing
the tree density in the parks helped to keep route A slightly cooler (1.0 °C). Increasing the
tree density led to stable DPET values ranging between 34.0 °C and 34.5 °C on route A and
in the range of 33.5 °C to 36.0 °C on route B.

In the Mohandisen study, the maximum core temperature and skin temperature were
recorded, with an average core temperature of 37.4 °C on route B in the current Mohandisen
scenario, which reflected how the climate conditions were harsh on this route at this hour
(13:00). Similarly, the second highest average core temperature was recorded on route A in
the current scenario at the same hour.

To conclude, the DPET changed between the different routes under the different tree
scenarios. Table 7 shows the DPET values in the classified categories at the critical hours
(13:00 and 15:00) every 50 s from the beginning until the end of each route. As shown in the
table, routes A and B in Mohandisen and route B in Bulaq were the main critical routes that
almost fell under the worst condition for the whole walks (red color range). However, in
the tree scenarios, the DPET categories changed significantly, especially in the Bulaq cases.
Other routes were in better conditions (the blue range) more often in the scenarios with
increased trees.

3.3. Impact of SPET on DPET

Based on the DPET results, it was clear that each point of thermal comfort (SPET) had
an impact on the DPET. In some cases, when the SPET values were in a lower range than
the DPET, the DPET curve decreased. On the contrary, when the SPET values were higher
than the DPET, the DPET curve increased. DPET values that fluctuated in a very small
range were not the same as the SPET. Therefore, controlling the SPET at each point will
lead to control of the DPET, and for better DPET values, the SPET should be controlled for
a larger part of the route. Thus, trees should be optimized to be integrated with building
shading. As shown in the results, trees had different performances based on the urban
form (aspect ratio and orientation) and based on the time of day and the location of the sun.
Figure 14 shows SPET comparisons for each study area and both tree scenarios (proposed
and current) for the two peak hours of daytime (13:00 and 15:00). It is very obvious that
trees are quite important at noon, when building shading disappears, and trees are also
important at 15:00 in cases when buildings do not provide enough shading to the urban
canyon. This applies in New Cairo and Mivida, where SPET reductions around 16.0 °C
were identified due to the absence of building shading. On the contrary, in a compacted
urban form such as Bulaq, the majority of open spaces are green, as shown in the maps,
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which proves that increasing tree density in such a compacted form will help to enhance
the SPET values. However, this enhancement is not as significant as in open urban forms
with higher sky view factors (SVFs) and more open spaces. These maps provide evidence
that for moderate urban forms such as those in Downtown and Mohandisen, higher tree
density is better, especially for wider canyons such as those in Mohandisen, which need
more trees. As shown in the map, many urban canyons were still in the green category even
after increasing the tree cover percentage. When increasing the tree density, the amount
of building shading should be considered, as overlapping shading from buildings and
trees will not enhance the SPET, as shown in the Downtown maps, especially at 15:00. This
would be a waste of resources, especially for a country like Egypt that suffers from water
scarcity [55].

Table 7. Main DPET value classifications (every 50 s) on all routes in all scenarios at the critical hours
(13:00 and 15:00).

13:00 15:00
A B A B

= g § 8 § = £ § 88 § = g2 § %8 § = 2 § =B § =z
E =2 g z £ B 8 z £ 3 8 z £ 3 8 2
: & £ § S § & £ § 3 z & £ F 5§ % & £ § 8

= s Z A s Z A s Z A s Z

Current
0 3 37 47 35 B84 36 47 50 35 36 39 40 36 36 37 36 50 36 36 35
50 39 39 46 35 36 37 45 50 35 36 39 41 37 37 39 36 48 37 37 36
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150 41 42 46 37 38 38 45 52 38 38 40 44 40 38 39 37 47 40 40 37
200 41 43 47 38 39 40 44 51 39 39 41 45 41 38 41 39 46 40 40 38
250 42 41 46 38 39 42 44 52 38 40 41 43 42 38 41 41 45 41 39 39
300 41 41 46 39 39 42 44 |53 40 39 41 42 41 39 40 41 45 40 40 40
350 42 40 46 40 40 43 45 |53 40 40 41 41 41 40 40 41 44 42 41 40
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200 37 39 46 35 85 37 41 48 3 37 37 39 39 36 36 37 43 38 36 37
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3.4. Impact of Trees

The impact of trees can be observed based on the varying results (significant in
some areas and minor in others). Increasing the tree density plays an important role
when canyons are wide, especially when they are oriented to the east. This is in line
with [21,26,31,50]. Full comparisons were applied to all routes before and after increasing
the tree density to understand how the impact of the trees changed between different
routes in different areas. This analysis helped to decide which cases need more trees
to optimize thermal comfort. A classification analysis was applied to each route by the
second to show how trees helped to change the thermal comfort zone for pedestrians while
walking. This analysis clarified how long each walk was in each thermal comfort category.
The thermal comfort zones considered the following grades of physiological stress (PET):
23 to 29 °C, slight heat stress (slightly warm); 29 to 35 °C, moderate heat stress (warm);
35 to 41 °C, strong heat stress (hot); more than 41 °C, extreme heat stress (very hot) [56].
The value used for internal heat production was 80 W, and heat transfer from clothing
was 0.9 clo [57]. As shown in Figure 15, routes in some study areas were under extreme
heat stress. Especially during the peak hours (11:00, 13:00, and 15:00) in Mohandisen,
most of the walks (90% or more) were under extreme heat stress on both routes, while
better performances took place in both Downtown and Bulaq, as each route had a balance
between strong and moderate heat stress zones during the peak hours. In New Cairo and
Mivida, better performances were observed, as all routes were mostly located within the
moderate heat stress zone with a very limited percentage under extreme heat stress. In all
tree scenarios, significant changes took place and new classifications appeared (such as
slightly warm). Most of the classifications were within the warm zone, with very limited
presence of extreme heat stress, which only occurred on route B in Mohandisen due to
a large shallow canyon. Increasing the tree density was more significant on both routes
in New Cairo and Mivida, as most of the routes fell within the warm to hot categories.
Almost the same results were observed in Downtown and Bulaq, with some slight changes
in Bulaq due to the wide canyon at the start of the walk.

The findings of this study matched those of many other scholars. For example, the
performance of the trees was closely related to the urban form. In Bulaq, when pedestrians
were walking inside the deep northern canyon, the DPET was enhanced even without
trees [21,58], while trees’ significance was clear when the canyons were shallow and lacked
shading [59-61]. Also, it was clear that increasing the tree density in areas that already had
adequate tree percentages (such as in New Cairo and Mivida) helped to provide better
dynamic thermal comfort [62]. Therefore, it is obvious that adding trees is important,
but the urban form and urban characteristics should be considered to optimize the use of
trees [21,50].
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Figure 15. The dynamic thermal comfort classifications for each route (A and B) in both tree scenarios
(current and proposed). The DPET values were exported at Z = 1.5. The X axis represents the hours,
and the Y axis represents the percentages.
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3.5. DPET Changes between Routes

A more detailed analysis was conducted, and the DPET results of each route (A and
B) in both tree scenarios were compared to understand how the impact of the urban form
and urban trees could change the DPET significantly even within the same area. As shown
in Figure 16, starting with Bulaq’s current scenario, route B started with very high values
at 13:00 and 15:00, with DPET values reaching 10 °C. Due to the better canyon aspect
ratio, this difference decreased significantly to only 1.5 °C. Then, both routes had the same
performance on the northern road until the end. For the other hours, route B showed
better performances than route A, with DPET values that were 3 °C lower on average. In
the proposed tree scenario in Bulaq, the same performances happened at the same hours.
The only difference was a slightly better DPET value. In Downtown, route A had higher
DPET values at the starting point, with an average of 3.5 °C for all hours. However, the
better canyon orientation helped to reduce this higher starting point, especially during
the peak hours (13:00 and 15:00) and made route A better than route B by an average of
1 °C during the last part of the walk in the current scenario. In the proposed scenario,
the trees controlled the DPET increase, especially at the starting point, and limited the
changes to only 1 °C higher values at the beginning of route A and 1 °C lower values
at the end of route A at almost all hours. In Mohandisen, however, routes A and B had
the same DPET at the starting point. Due to the harsh climate conditions on route B, the
difference in the DPET increased enormously and reached an average of 8 to 9 °C at three
times (9:00, 11:00, and 13:00). A limited increase in trees did not help much, as the same
performance, with an average DPET value of 2 °C, took place, which was an indicator that
trees should be increased more in this study area. In New Cairo, routes A and B had slight
DPET differences ranging between 1 °C and —1 °C. Route A was higher at the beginning.
Then, route B became higher at most of the hours in the current scenario. In the proposed
tree scenario, due to the increase in trees in the urban parks, route B became cooler for
the whole walk and route A reached a DPET up to 2.5 °C higher during the first half of
the walk before decreasing to 1 °C higher at the end of the walk. In Mivida, very similar
performances took place. Route A (passing by the green parks) was higher due to the
limited trees in the current scenario and reached an average of 2 °C higher after the various
starting DPET values, except for at 11:00, when the DPET decreased from 5 °C higher to
reach 0 and the end. In the trees scenario, the performances were reversed. Route A became
cooler for the whole walk due to the greater increase in trees inside the parks than along
the roads and reached an average of 2 °C cooler at most of the times. This proved that
thermal comfort was mainly driven by the local microclimate conditions of a canyon or a
space, and the overall study area did not control the thermal comfort of pedestrians.
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Figure 16. The A DPET in each study area. A represents (A-B) in the current situation, and B
represents (A-B) in the proposed situation at Z = 1.5 m. The Y axis represents the ADPET (°C), and
the X axis represents the time of the walk (seconds).
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4. Discussion

The various results were driven by changes in the urban forms (aspect ratios and
orientations) and tree densities, which was in line with [12,21,24,27,50]. More analyses were
applied to have a full understanding of the effect of each factor. This included a detailed
study of the changes between the different study areas.

DPET Changes between Different Study Areas

The changes between the hotter routes in each study area were analyzed to under-
stand the range of differences not only in each area but also between them. The DPET
values of route (A) in Bulaq, route (B) in Mohandisen, route (A) in New Cairo, and route
(B) in Mivida were compared to route (B) in Downtown, as shown in Figure 17. At 9:00,
all study areas except Mohandisen had a similar DPET range of 33 °C to 37 °C for the
majority of the walks. Higher values were mainly observed in Bulaq, but route B in
Mohandisen showed a significant DPET increase that reached 10 °C. Adding trees helped
to keep the DPET range between 29 °C and 32 °C at the ends of the walks for all routes
except route B in Mohandisen, where the higher range was reduced by 2 °C on average.
At 11:00, the same performances took place, and all routes had similar DPET values of
around 39.5 °C. However, most of them had different DPET values at the starting points.
The only difference was for route B in Mohandisen, which still showed significantly
higher DPET values with an average of 50 °C in the current situation. This was 10 °C
higher than on route B in Downtown. Adding trees led to better DPET values around
36 °C at the ends of the walks for all routes, except for route B in Mohandisen, where the
DPET value improved slightly to around 47 °C. At 13:00, the same performances took
place. The difference in DPET on route B in Mohandisen was a range of 10 °C, and route
A in Bulaq had slight DPET changes of around 3.0 °C. Increasing the tree density reduced
this range to 1 °C and improved the condition on route B in Mohandisen by 1 °C. At
15:00 and 17:00, due to good shading by buildings, the increase on route B in Mohandisen
decreased significantly, and the DPET values were within the same ranges for all routes
(below 38 °C in the current scenario and 35 °C in the proposed tree scenario). This is also
proof that the DPET was driven by the microclimate conditions of the canyons more than
the overall urban context, and changes between different urban canyons could sometimes
reach 10 °C.
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Figure 17. The ADPET values on the hot routes in each study area compared to route B in Downtown
for the current and proposed scenarios at each hour at Z = 1.5 m. The Y axis represents the DPET
(°C), and the X axis represents the time of the walk (seconds).
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5. Conclusions

The parameters currently used to measure thermal comfort, such as the steady/static
thermal comfort (SPET), are not sufficient to represent real pedestrian thermal comfort
while walking because they do not consider changes and dynamic variations in the thermal
environment [1]. This study aimed to enhance the dynamic thermal comfort (DPET)
of pedestrians while walking under different urban forms with different aspect ratios,
orientations, building density, and trees density under the same climate data for all cases.
After assessing five different study areas in Cairo City under two tree scenarios (the current
tree density and a proposed increase in tree density), the results proved that the DPET had
different values than the SPET at each point along the routes. However, the DPET was
closely related to changes in the SPET. The main study findings can be summarized as
follows:

e Asthe DPET was impacted by the SPET, keeping the SPET lower or higher for a long
time reduced or increased the DPET.
Frequent equivalent changes (ups and downs) in the SPET kept the DPET stable.
Changes between DPET values were driven more by the microclimate conditions
of a space or canyon than the conditions of the overall area, and controlling the
microclimate conditions of a whole urban canyon controlled the DPET.

e  Changes in the DPET could reach 10 °C between different canyons, and increasing the
tree density could lower the DPET by up to 6 °C in some cases.

The DPET is affected more by urban shading (by buildings or trees) and wind than by
changing paving materials or adding grass surfaces.

This study covered many urban forms and tree varieties and tested them using the sim-
ulation software ENVI-met V5.6.1, Winter 2023. It could also be linked to a real experiment
by investigating how people walking on these routes are feeling. In addition, more urban
routes could be studied, including different urban cases such as waterfront promenades,
large-scale park walkways, or walkways inside large parking areas. The study outcomes
should support design decisions like positioning bus stops in relation to the surrounding
land use and walking conditions as well as the allocation of retail and commercial uses
on routes and the allocation of urban parks and their frequency, which would not only be
defined by the urban situation but also by studying thermal comfort.
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Abbreviations

UHI urban heat island

SPET (steady/static) physiological equivalent temperature
DPET  (dynamic) physiological equivalent temperature
TMRT  the mean radiant temperature

RH% relative humidity

T Skin  skin temperature

T Core core temperature

RMSE  root-mean-square error

d index of agreement

SVF sky view factor
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