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Abstract: The Urban Heat Island (UHI) has a detrimental impact on human thermal comfort and
the health of city dwellers through raising average temperatures. Urban geometry is one of the
factors that affect the intensity of the UHI phenomena. The purpose of this research is to evaluate
and compare traditional vs. modern urban forms with respect to temperature and thermal comfort in
the United Arab Emirates. Three of each were chosen based on their densities and form. Traditional
buildings in the UAE differ from others in the Middle East in that they are primarily single-story,
while in the surrounding countries of the region, such as Iran, Iraq, and Saudi Arabia, they are mainly
two stories. The UAE climate also has its distinct characteristics. Each configuration was investigated
using the ENVI-met urban microclimate simulation software. The comparisons were made for three
seasons: summer, winter, and spring. Each configuration was evaluated through four parameters:
building shape, street geometry, orientation, and urban density. The results revealed that the low-
density traditional urban form exhibited the lowest air temperature in August because it has a low
sky view factor (SVF), high height-to-width ratio, and less density. The highest ambient temperature
was observed in the sites with low-medium density, lowest height/width ratio, and maximum SVF.
The high-density modern urban form displayed lower air temperatures in the summer season than
the low and low-medium-density modern urban sites due to the building form, high height-to-width
ratio, low SVF, and wind corridors. The traditional compact urban form in Al Fahidi, which has
the highest urban density of the six configurations, achieved the best thermal comfort levels in the
summer due to the sizable height-to-width ratio and lowest SVE.

Keywords: urban heat island; urban microclimate; human thermal comfort; urban density; ENVI-met;
urban configuration; hot-arid climate

1. Introduction

Urban areas with warmer ambient temperatures than the nearby rural areas are known
as Urban Heat Islands (UHI) [1]. Another definition was declared by Kolokotroni [2] that
the UHI phenomenon is affected by human-made modifications and interference with
the natural environment. Nagano and Wanphen stated that the differences between rural
and urban temperatures could reach 5 to 15 °C [3], which significantly impacts human
thermal comfort. The UHI phenomenon also indirectly affects energy consumption and can
lead to high costs for cooling and heating buildings [4]. Urban geometries, ground covers,
material properties, and human activities are the main factors that raise the temperatures
of metropolitan or urban areas compared to rural areas [4].

The UHI effect is one of urbanization’s most noticeable changes to the atmosphere [1].
Urbanized cities have higher air temperatures than their surroundings, which leads to a
drop in human thermal comfort in hot regions [5]. Most middle eastern countries face
environmental issues related to the UHI effect, heat release, and air pollution, which can
lead to human health issues [6].
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The United Nations reports [7] that by 2050, 68% of the world’s population, up from
55% today, is anticipated to reside in urban regions. According to projections, there could
be an additional 2.5 billion people living in urban areas by 2050 due to urbanization.
Meanwhile, as the process continues, the scope and severity of the UHI effect will intensify.
With this transition, urban configurations, ground covers, and land use all suffer change to
accommodate the population’s expectations and needs.

Nuruzzaman [8] identified the significant effects of the UHI on human thermal com-
fort, health, and the environment and indicated that there are many effective strategies to
mitigate the UHI intensity. Much work has been done on studying the traditional building
designs in the UAE [9] and providing solutions to reduce energy consumption [10]. The de-
sign of urban areas and the resultant heat island can be moderated using climate-responsive
strategies [11]. The urban form is a fundamental factor in defining human settlements.
Golany [12] stated that the urban form has many parameters that significantly impact the
microclimate. Form refers to the shape, size, and urban density of specific areas with their
building shapes, street geometries, and spatial layout.

This research aims to study the impact of different urban forms on the UHI in the
hot arid region of the UAE and to identify them and utilize ENVI-met simulations to
assess their impact. The residential neighborhoods in the UAE vary from traditional to
modern, with various densities. The urban parameters that were investigated through the
simulations were as follows:

Street geometry: winding or linear roads, street orientation (i.e., NE-SW, N-S, E-W,
NW-SE), height-to-width ratio (H/W), roads, and walkway materials.

Building form: courtyard houses, square blocks, low-rise villas, mid-rise building
blocks, attached and detached blocks.

Urban density: built-up area and total floor area relative to the site.

To achieve the aims of this paper, other factors such as vegetation, proximity to water
bodies, and albedo were excluded from the simulation and deliberately marginalized. Had
they been included, they would have masked the effect of form. While the traditional
neighborhoods use largely predictable materials whose reflectivity is well known, the
modern ones use a variety of materials and colors.

Another reason to exclude the albedo effect in particular would have been the air
quality. The study compares the form during three weather seasons. The air quality in the
UAE in summer is characterized not only by high temperatures but also by high levels of
air particulates in all the relevant size ranges 2.5, 5, and 10 ug/ m3, which is not the case in
winter. Table 1 demonstrates the particulate measurements for Dubai air on 25 June 2022.

Table 1. Particulate matter concentrations in Dubai on 25 June 2022 (measurements by author).

PM um Dubai pg/m3 WHO Recommendations 2021 24-h [13]
1 124.1
2.5 511.03 15
5 470.53
10 810.86 45

These are very high numbers. The dust is sure to influence the albedo significantly
and distort the comparison further. Our literature review did not yield any study that
investigates traditional vs. modern configurations in the UAE. It should be noted that
traditional buildings in Dubai are largely single-story. This is quite different from the
remainder of the MENA regions such as Iraq, Syria, Egypt, and Saudi Arabia for instance.
In those countries, traditional buildings were mostly two stories. Needless to say, this
constitutes a significant difference.
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2. Literature Review

Several studies have examined the UHI in different cities across the globe over the
past decades, and UHI investigations have contributed to a significant portion of modern
urban climatology studies. The evaluation of air and surface temperatures at a particular
level is typically used to measure the UHI impact.

Thapar and Yannas [14], who investigated the effect of different urban configurations
on temperature variations, found that the lowest air temperature occurred in courtyards
due to greater shading. They also found that higher air temperatures could be acceptable to
pedestrians when wind movement is high. Alobaydi et al. [15] investigated the impact of
three different urban forms in the city center on UHI, including modern detached, modern
attached, and traditional compact forms. The researchers highlighted that the lowest air
temperatures were observed for the cases of high H/W ratio in compact urban forms by
maximizing shaded areas and minimizing exposure to solar radiation. The most elevated
air temperatures were recorded in shallow urban canyons in modern attached and detached
urban forms. Golany [12] investigated the relationships between the urban morphology
and the thermal comfort for different climate zones and reported that a compact urban
form and zigzagging roads are more suitable for hot arid cities. Tong et al. [16] evaluated
the effect of urban morphology on UHI intensity and thermal comfort. They demonstrated
that the areas close to high-rise buildings with narrow streets are usually more shaded and
have a lower sky view factor (SVF). SVF refers to the amount of visible sky above a specific
point as seen from a 2D depiction, which affects the heating of the microclimate due to
solar radiation.

Street geometry also has a significant impact on the UHI. Ali-Toudert and Mayer [17],
as well as Bourbia and Boucheriba [18], investigated the effects of street design and orien-
tation on the microclimate. They concluded that the H/W ratio and air temperature are
correlated. As the H/W aspect ratio increases, then the SVF value and air temperature
decrease due to the resulting shade, and vice versa. Shareef S, Abu-Hijleh B [19], developed
multiple scenarios of an urban block with height diversity to increase the shading effect
and investigate their impact on the microclimate. The results revealed that there was more
reduction in air temperature in models with significant height variations compared to
other models with moderate height variations. Bakarman MA, Chang JD, conducted a
study examining the microclimate and human thermal comfort in KSA: a deep traditional
canyon (H/W = 2.2) and a shallow modern canyon (H/W = 0.42). It was concluded that
the UHI intensity increased with the decrease in H/W ratios. In comparison to the rural
surroundings, the air temperature in deep and shallow urban canyons is 5 and 15% warmer,
respectively. Due to the shallow canyon’s extreme exposure to intense solar radiation, there
was a noticeable rise in temperature there [20]. Studies by Zakhour [21], Johansson [22],
and Andreou E. [23] compared older and newer city urban forms. The results revealed
that a high H/W ratio and low SVF could decrease the maximum air temperature in the
older configurations during the summer days. The highest airspeeds were exhibited in the
newer urban canyons; as a result, the authors recommended using compact urban forms in
hot, dry climates. Contrary to the previous studies, Boukhabla et al. [24] investigated the
impact of street geometry on the UHI effect and concluded that open streets with a low
H/W ratio recorded lower air temperatures than narrow streets with a high H/W ratio and
recommended avoiding compact and dense buildings.

Another microclimate variable impacted by the (H/W) ratio and urban design is wind
speed [25]. In long, deep canyons with a high (H/W) ratio, heat is trapped, resulting
in rising temperature. The airflow is effectively increased by (H/W) ratios of less than
0.3. A significant amount of outdoor air flowing through the canyon helps decrease the
air temperature. In addition, having a mid-high rise building adjacent to a row of low
buildings will accelerate the wind by 90% and reduces air temperature by 1% [26].

Other researchers investigated the impact of urban density on the UHI. Elnahas [27]
concluded that higher density configurations have higher air temperatures during the day
and early morning due to heat absorption and thermal storage by the building blocks,
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thus increasing the cooling load on buildings. Hu et al. [28] investigated the relationship
between density and the UHI and also concluded that the UHI intensity would rise with
higher density configurations if the SVF is high, whereas compact and dense urban forms
with low SVF values might be more beneficial for lowering the intensity. Ridwan et al. [29]
investigated the relationship between the UHI and urban density using Landsat imagery
data in Makassar city and concluded that the results of the UHI and building density
relationship test indicate a high coefficient of determination, indicating that the link be-
tween UHI and building density has a very strong correlation. Case studies and software
simulation methods are the most popular techniques used to examine the effect of urban
design parameters on the microclimate in urban design studies [30-32].

According to the literature review, there are limitations when choosing only one point
in the street to reflect the behavior of the whole area. The urban configuration is defined
as the relationships and ratios that connect the spaces with the surrounding elements.
Previous studies did not analyze large enough areas or neighborhoods along with their
surroundings in sufficient detail. Furthermore, most of the studies collected their field
measurements in one season only, which will not give a complete depiction of the UHI
phenomenon. In some studies, the review was done hypothetically, not with actual urban
configurations. In real cases, the buildings may respond to unforeseen external forces,
which will impact the actual performance. Moreover, few studies examined gulf cities.
Therefore, this research will attempt to fill these gaps by investigating urban forms in the
UAE holistically as a comprehensive configuration.

3. Research Framework and Methodology
3.1. Research Site Selection

To achieve the goals of this study, three traditional and three modern residential
settlements with high, medium, and low densities were selected to represent the relevant
configurations. These sites, which have varying urban canyons, orientations, building
forms, heights, and urban densities, will be used in six case studies. We selected these
urban configurations because they are urbanized areas that differ considerably in their
design, characteristics, and layout.

The six sites are located in Dubai, Sharjah, and Ras Al Khaimah. The sites are close
enough to each other geographically that they fall within the same climate zone. Three of
these sites represent older traditional configurations with different densities: Al Marija in
Sharjah is low density, Sidroh in Ras Al Khaimah is low-medium density, and Al Fahidi
in the south of Dubai is high density. These sites have similar urban configurations, as
illustrated below. The other three sites represent a modern grid type, again with different
densities: Al Mamzar in Dubai is low density, Jumeirah in Dubai is low-medium density,
and Al Safa I in Dubai is high density. These sites have similar urban configurations, as
illustrated below in Table 2.

Table 2. Geographical locations and urban configurations for modern and traditional sites.

Name

Geographical Map

Urban Configuration

Building Form Building Heights Roads and Walkways
Old low-densit Narrow alleyways, cul-de-sacs,
tra ditionoa‘ivt-lrlizil erm Building blocks are and zigzagging road n(.etworks
1 i . low rises with one range from 1 to 3 m wide. No
Al Marija with courtyard tory in height vehicular asphalt roads cross
clusters. story m height.

(Google Earth) [33]

the site, and there are paved
pedestrian walkways.
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Table 2. Cont.

Urban Configuration

Name Geographical Map
Building Form Building Heights Roads and Walkways
Narrow alleyways, cul-de-sacs,
Old low-medium and zigzagging road networks
Building blocks are range from 2 to 3 m wide.
Sidroh traditional urban form low rises with one No vehicular asphalt roads nor
story in height. paved pedestrian walkways
courtyard clusters cross the site. Only sandy soil
covers the whole area.
Narrow alleyways and
zigzagging road
a1 twork f
Old high density and  Building blocks areall 5 3 "gc Npohn vehicular
Al Fahidi tr;fltlﬁnal urba; form ralr?vivnan:e?xjéﬁsti:/o asphalt roads are on the
Fahidi that has very dense 1ng L periphery of the site, and
and compact urban and sever_1 stories in paved
height. pedestrian walkways without
vehicular distraction run
through the whole site.
(Author and Google Maps) [34]
il *'ziﬁ"“ii? ‘ 9
Low-density modern
grid detached urban
" form, which has Gridded street systems are as
AlM (Google Earth) [33] detached low-rise Buildings are one or wide as 6 m. Roads are made
amzar

The distances between
the residential blocks
range from 10 to 20 m.

(Photos taken by the author.)

two stories in height.  of asphalt, with side walkways
made of pavers.
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Table 2. Cont.

Urban Configuration

Name Geographical Map
Building Form Building Heights Roads and Walkways
2 : | e i ’:;P'vi 53 :
: g ’&%ﬁﬁ‘ﬂmwﬁ, i)
£ O ;‘;’g G s ﬁ I | Low-medium density
e ,i i g | modern grid detached .
urban form Gridded street
S — S which has . Buildings are one systems are as wide
Jumeirah (Google Earth) [33] detached low- or two stories in as 6 m. Roads are made of
rise villas. The height. asphalt, with side walkways
distances between the made of pavers.
residential blocks
range
from 8 to10 m.
High-density modern Gridded street systems range
grid attached urban Buildings are two from 6 to 8 m wide. The roads
Al Safal form has stories in height are made of
attached low-rise ’ asphalt, with side
villas. walkways made of pavers.

(Photos taken by the author)

3.2. Method of Investigation

ENVI-met software version 4.4.5 was used to analyze the urban areas. This software
has been used in previous studies related to the urban microclimate and human ther-
mal comfort for its proven accuracy [35]. ENVI-met is capable of calculating large urban
microclimates and comparing the different urban configurations. It can calculate humid-
ity, temperature variations, radiation inflow, wind flows, and physiologically equivalent
temperature (PET) values. Wind speed and direction, average temperature, and relative
humidity (RH) need to be provided as input for the investigated site. The software is also
capable of simulating the urban thermal conditions in 2D and 3D forms [36].

The main parameters that will be investigated though ENVI-met are the following:

e  The air temperature, wind speed, and RH in the microclimates for the traditional and
modern urban forms.

e  The thermal comfort using the predicted mean vote (PMV). Several factors have an
impact on thermal comfort and are evaluated by ENVI-met. These are classified into
two categories as follows:

O Environmental factors: air temperature, air velocity, mean radiant temperature,
and RH.

O Physiological factors: the body’s metabolic rate, personal activity, age, and type
of clothing.

ENVI-met will calculate the PMV based on the range of-4 to +4, as shown in Figure 1,
where the values closer to zero represent more optimum conditions in terms of human
thermal comfort. According to ASHRAE Standard 55, the recommended thermal limit on
the PMYV scale is between —0.5 and 0.5 [37].
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Cold Neutral Hot
-4 0 +4

PMV= Predicted Mean Vote

Figure 1. Classification of PMV levels based on nine comfort scales. Image generated by the author
from reference [38].

3.3. Software Validation

Al Taawun area in Sharjah was selected for ENVI-met validation. a HOBO data logger
was used to record the thermal data in the area. The site consists of residential high-rise
buildings. The weather data was received from the UAE National Center for Meteorology
by special request on February 11th. The Onset HOBO UX100-003 data logger can measure
the air temperature between 0 to 50 °C and RH with a range of 1 to 90% [39]. The device
is easy to handle due to its small size and light weight, with an LCD that shows the
data concurrently. The unit was placed on a level surface at 14 m from the ground, and
the data were compared to the simulated model at the same height and specific location
(Figure 2a). Figure 3 shows the simulated air temperature results at 2:00 pm, corresponding
with the selected point “A” which is marked in (Figure 2a). Figure 4 shows the 24-h air
temperature results for the simulated and measured case on 11 February 2022. Some
temperature variations were observed in the midday hours from 10:00 am to 1:00 pm, and
the measured air temperatures were slightly higher than the simulated ones. The rise in
midday air temperature could be due to increased vehicle traffic, solar radiation, and heat
emission, which currently cannot be calculated by the ENVI-met software. Nevertheless,
the simulated and measured results showed a 98.92% match.

WOBO® \emp/RH |
iy -

(b)

Figure 2. (a) The location of the selected point for validation by the simulation and measurements.
(Google Earth) [33]; (b) the onset data logger, shown on the right (image by author).

The validity of previous versions of ENVI-met has been addressed in several scientific
studies as [19,40,41]. They also showed a good correlation between the simulated and the
measured data.
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Y (m)

Potential Air Temperature

below 25.49 °C

25.49 to 25.56 °C
25.56 to 25.63 °C
25.63 to 25.70 °C
25.70 to 25.77 °C
25.77 t0 25.84 °C
25.84 to 25.91 °C
25.91 to 25.98 °C
25.98 to 26.05 °C
above 26.05 °C

T T

Min: 25.42 °C
Max: 26.12 °C

T T T T
T T T 1 T T 1
60.00 90.00 120.00 150.00 180.00 210.00 240.0

X (m)

Figure 3. Air temperature simulation result of the selected area in Al Taawun at 2:00 pm. (Image
generated by ENVI-met).

Simulation comaprison with measured data

35

30

(9]
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Figure 4. Measured and simulated air temperature in Al Taawun on 11 February 2022.

3.4. Dubai Overview

Geographically, Dubai is located on the Arabian Gulf and has a hot, mildly humid, and
sunny climate. The diagram in Figure 5 shows the average monthly air temperature based
on Dubai airport reports from 1985-2015. The highest temperatures are usually recorded
in July and August with an average of 41 °C, and it could reach 46 °C on sunny days [42],
while the lowest is generally in December and January with an average of 15 °C [42].

45
40
35
30
25
20
15

Air temperature in °C

Jan Feb/Mar AprMayJun Jul Aug Sep Oct Nov Dec

@i Avg. Minimum

1516 19 22 26|28 31 31 29 25 21 17
temperature

=@ Avg. Maximum

24 126 28 33 38 40|41 41 39 3631 26
temperature

Figure 5. The average monthly air temperature in Dubai, UAE. Graph generated by the author from
reference [42].
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The RH is primarily consistent throughout the year in Dubai and ranges between 40-60%,
as shown in Figure 6 The lowest humidity averages were recorded between April and August,
while the highest were from January to March and September to December [42].

80

55% 53% 54% 6% 549, 56%

50% 51% 52%

48% 47%

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 6. The average monthly RH, in Dubai, UAE. Graph generated by the author from refer-
ence [42].

As can be seen in Figure 7, the dominant wind direction in the country is the N-W
direction, and it has the highest speed as well, so the simulations were run based on
this fixed direction while other wind directions and the impact of the sea breeze were
marginalized for consistency in the results. Most of the air movement has a speed ranging
from 5-10 mph, which is equivalent to 2.2-4.47 m/s, and there are higher wind speeds that
can reach up to 20 mph. The remainder of the wind exhibits a very low speed, ranging
from 2-5 mph [43].

Summary
obs count: 82379

Missing: 6313
Avg Speed: 8.6 mph

Calm values are < 2.0 mph
Arrows indicate wind direction.

Generated: 09 Aug 2020

S

Wind Speed [mph]
N 2-5 mmm 5-7 mmm 7-10 mmm 10-15 mmm 15-20 mmm 20+

Figure 7. Wind speed and direction in Dubai, UAE [43].

4. ENVI-Met Setup
4.1. Simulation Methodology

The urban forms of the six sites investigated with ENVI-met correspond to two
types, traditional and modern, with varying densities. All sites were examined through
simulations, which were set for August 15th, December 21st, and April 15th of 2019. These
dates represent the three main thermal periods of the year, spring and fall being relatively
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similar. The selection of August and April was based on the thermal comfort zone, which
ranges from 20-27 °C, as referred to previously [44]. August the 15th represents the hottest
day of the year. Figure 5 illustrates the average air temperature in August and April, which
is higher than the thermal comfort range, which is the main issue for this hot, arid region.
The simulations evaluated the daily behaviors by examining periods of 24 h.

Before starting the simulations, it was necessary to identify the constant, independent,
and dependent factors for each simulation. The list is shown in Table 3. Software input
parameters for each scenario, such as climate data, orientation, and building and surface
materials, are shown in Table 4.

Table 3. Constant, independent, and dependent factors used in the simulation.

Research Factors

- Building materials-Timing-Climatic data (e.g., air
temperature, wind speed and direction, and humidity)
based on the desired season

Constant factors

- Urban form orientation-Building Form-Street geometry
and material-Walkways and alleyways geometry, width,
and materials-Urban density

Independent factors

- Air temperature
- Wind speed and direction
Dependent factors - Humidity
- Mean radiant temperature

- Thermal comfort (predicted mean vote; PMV)

Table 4. Software parameters and their values.

Site Specifications

Location

Dubai, UAE [25]. 25 latitudes, 55.33 longitudes).

Simulation duration

24 h [00]:00-23:59).

Resolution

1:2

Simulated days

15 April 2019, 15 August 2019, 21 December 2019,

Building Specifications

Wall Concrete (hollow block)
Roof Concrete slab (hollow block)
Soil and Surface Specifications
Walkways Concrete pavement-light

Vehicular roads

Asphalt black road

Climate Input Data: Season and Date Dependent

Wind direction 315 N-W
Wind speed 7 kts, 3.6 m/s
Air Temperature [42]
15 August Max. 46 °C/min 35 °C
21 December Max. 25 °C/min 18 °C
15 April Max. 29 °C/min 21 °C
Relative Humidity [42]
15 August Max. 56%/min 11%
21 December Max. 49 °C/min 26 °C
15 April Max. 73 °C/min 37 °C

4.2. Urban Form Simulation Model Setup

After defining the independent factors and the climate data for the simulation, the
horizontal and vertical grid resolutions in the workspace were set to 2 m.

This grid resolution was used to model the urban form with more realism since the
selected sites include narrow and winding alleyways and urban canyons. The selected
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sites have different urban densities, therefore the size of the urban plots was unified at
200 x 200 m, which equals 40,000 m?.
Table 5 summarizes the six urban configurations, along with their urban densities,

street geometries, street orientations, and 3D geometries. The major roads defined the
street’s orientation with long axes in the whole neighborhood since they have more impact
on the urban configuration.

Table 5. Urban sites characteristics (author), ground and 3d geometry images generated by (ENVI-met).

| Old Urban Configurations | “ New Urban Configurations |
| Low density Low-Medium density High density | “ Low density Low-Medium density High density |
§ Al Marija area Sidroh area Al Fahidi area Al Mamzar area Jumeirah area Al Safal
&
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5. Results, Analysis and Discussion

5.1. Simulation Results Analysis

After running all the simulations in the three seasons, the required numerical data
were visualized through images and extracted using excel. The collected data were on
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a cutting plane level of k = 4, which is equal to 1.8 m in the software, as it is highly
recommended to consider the human being’s height since it was noticed that there is a
big difference between the wind readings on the different cutting plane levels. August air
temperature simulation results for the six sites are shown in Figure 8a,b. The graphs show
that the six urban configurations have similar behavior throughout the day, with slight
differences between day and night-time. The results revealed that the newer residential
settlements in Al Mamzar, Al Safa I, and Jumeirah had recorded air temperatures around
1-2 °C higher than the older urban forms in Al Fahidi, Sidroh, and Al Marija during the
peak hours from 1:00 to 2:00 p.m., with higher temperatures in more dense areas. It was
noticed that the modern configurations have higher air temperature than the traditional

configurations except for the modern high-density configuration at night-time.
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Figure 8. (a) Hourly variations of air temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in August. (b) Average air temperature (°C) for daytime, nighttime, and the
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The wind diagram in Figure 9 shows that the highest wind speed was recorded in Al
Fahidi, which was 1.7 m/s higher than the initial wind input, and 2.7 to 3.8 m/s higher

than the other configurations. The graph shows that the lowest wind speed of 1.5 m/s was
recorded in Jumeirah.
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Figure 9. Hourly variations of wind speeds (m/s) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in August.

The RH results in Figure 10 show high humidity levels during the early morning and
late evening when the air temperature is lowest since the RH and air temperatures have an
inverse relationship. During the day, the six sites have similar behavior and unnoticeable
differences in the readings. In the early morning, Al Marija recorded the lowest RH, 1-3%
lower than the other configurations. In comparison, Al Safa I recorded higher humidity
levels than the others, with a reading of 55% at 8:00 a.m.
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Figure 10. Hourly variations of relative humidity (%) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in August.

December air temperature simulation results for the six sites are shown in Figure 11a,b.
The graphs show that the six urban configurations follow similar behavior throughout the
day, with only slight air temperature differences. The older urban areas of Al Marija and
Sidroh exhibited the highest air temperatures in the early morning and evening, reaching
23.1 and 20.76 °C, respectively, while the newer urban configurations of Al Mamzar,
Jumeirah, and Al Safa I displayed lower air temperatures at these times, reaching 17.6 °C.
During the peak hours, Jumeirah had the highest recorded air temperature, 25.6 °C, while
Al Fahidi had the lowest air temperature, 24 °C. Moreover, the lower air temperatures were
recorded with high density sites in the daytime, while the highest air temperature was
found in the low and medium densities configurations.
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Figure 11. (a) Hourly variations of air temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in December. (b) Average air temperature (°C) for daytime, nighttime, and
the whole 24 h in December.
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The wind speed results in Figure 12 show that Al Fahidi had the highest wind speed,
1.8 m/s more than the initial wind input and 2.7 to 4 m/s higher than the other configura-
tions. Due to the existence of midrise blocks, only in the Al Fahidi area, on the edges, was
the wind speed recorded at a maximum of 10 m/s, as concluded by Priyadarsini R. and
Wong N.H. [26]. Thus, the wind speed average was higher than in the other neighborhoods
that have only 1-2 floors. On the other hand, the lowest wind speed was recorded in
Jumeirah, 1.5 m/s.
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Figure 12. Hourly variations of wind speeds (m/s) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in December.

The RH results in Figure 13 show that the highest humidity levels were recorded
during the early morning and late evening when the air temperature is low, reaching
52.28%. The humidity levels in the early morning fluctuated. During the day, the six
sites have similar behavior with only slight differences in the readings. Al Marija and
Sidroh configurations had the lowest RH, with measurements 3—4% lower than the other
configurations, reaching 38%. In comparison, Al Safa I and Jumeirah districts had higher
humidity levels than the others, measuring 52% at 4:00 a.m. and 7:00 a.m.

G

B

wow ow & s B

Average Relative Humidity (%)
o

i+

— Al Marija Sidroh  ———AlFahidi ———Al Mamzar ———jumeirah =——AlSafal

Figure 13. Hourly variations of relative humidity (%) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in December.

April air temperature simulation results for the six sites are shown in Figure 14a,b.
The simulation revealed results similar to December since the three older sites recorded
higher air temperatures during the early morning and late evening and the lowest air
temperatures during the daytime and peak hours, while the modern sites of Al Safa I,
Jumeirah, and Al Mamzar recorded the highest air temperatures during peak hours. Al
Safa I and Jumeirah configurations recorded higher air temperatures than Al Mamzar
because they are denser. At the peak hour, which was 1:00 pm, the highest air temperature
recorded was 30.1 °C at Jumeirah, while the lowest air temperature recorded was 28.5 °C
at Al Marija. Furthermore, the lower air temperatures were recorded with traditional sites
in the daytime while recording the higher air temperatures in the night-time.
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Figure 14. (a) Hourly variations of air temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in April. (b) Average air temperature (°C) for daytime, nighttime, and the
whole 24 h in April.
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The wind speed results in Figure 15 show that the highest wind speed occurred in
Al Fahidi,1.8 m/s more than the initial wind input and 2.7 to 4 m/s higher than the other
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configurations. The results also revealed that the lowest wind speed was recorded in
Jumeirah, as in December. Notably, Al Fahidi had a higher wind speed than the other five
configurations.
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Figure 15. Hourly variations of wind speeds (m/s) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa Iin April.

The RH results in Figure 16 reveal that, during the day, the six sites have similar
behavior, with slight differences in the readings and only 3% variation for the whole day.
The higher readings were recorded in the early morning and late evening. Al Marija’s
RH was 1-3% lower than the other configurations. In comparison, Jumeirah had higher
humidity levels than the others, recording 73% during the early morning and late evening.
On the other hand, during the day, all configurations recorded similar results, with the
highest humidity level at Al Fahidi.
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Figure 16. Hourly variations of relative humidity (%) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Al Safa I in April.

Table 6 shows the SVF calculated by ENVI-met for the selected sites. The SVF ranges
from 0 to 1; as the value gets closer to one, more of the street is exposed to the upper hemi-
sphere [45]. SVF and potential air temperature are expressed to have a linear relationship
(R2 = 0.55) by [46]. As a result, shallow urban canyons have more thermal stress since they
have more open sky and solar radiation.
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Table 6. Sky view factor for the six sites. (Images generated by ENVI-met).

Old Organic Configurations
Al Marija Area-Low Density Sidroh Area-Low-Medium Density Al Fahidi Area-High Density

.

Sky View Factor
Sky-View-Faktor

below 0.10

0.10t0 0.20
0.20 t0 0.30
0.30 t0 0.40
0.40 t0 0.50
0.50 to 0.60
0.60 to 0.70
0.70 to 0.80
0.80 t0 0.90
above 0.90

m,

ooo]

v b e el S|

22 NERECENE

=
)
x
o
e
@

New Grid Configurations
Jumeirah Area-Low-Medium Density Al Safa I area-High Density

August In-Depth Analysis

After analyzing the six scenarios over the three seasons, it was noted that in December
and April the air temperature and RH levels were relatively close. In December the air
temperature and RH had maximum variations of 2% and 6%, respectively, and in April the
air temperature and RH had maximum variations of 1% and 3%, respectively. In August
and April, during the daytime, the higher air temperatures were found at the newer
urban configurations and the lower air temperatures were recorded at the older urban
configurations, with temperatures increasing as urban density increased. In December,
during the early morning and late evening, the highest air temperatures were recorded at
the older urban configurations of Sidroh and Al Marija.

The highest air temperatures and greatest differences were recorded in August. Hence,
the analysis was focused on this period when the UHI effect was at its peak. The following
are the results for wind speed and direction and air temperature behavior at the peak hour
of the day, 2:00 p.m., for high-density traditional and modern areas.

All the scenarios will be illustrated with images representing the wind speed and
direction and air temperature behavior at the peak hour of the day 2:00 p.m. to conclude
the results (Table 7).
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Table 7. Air temperature and wind distribution for the six sites on the 15 August. (Images generated by ENVI-met).

Old organic configurations New grid configuration
Al Marija area-Low Sidroh area-Low-Medium Al Fahidi area-High Al Mamzar area-Low Jumeirah area-Low-Medium Al Safa I-High densit
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above 2.70 mjs
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D. Histogram
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Al Fahidj, the old high-density area, showed 44.44 °C as the lowest temperature and
48.16 °C as the highest temperature, which is higher than Al Marija and Sidroh. The lower
air temperatures were recorded in the areas that have the highest H/W ratio and deepest
canyons, which provide more shaded areas, and lack vehicular roads, as shown in Figure 17.
Despite Al Fahidi having the lowest SVF of the six configurations, it had a higher maximum
air temperature than the other old traditional sites due to its higher density, which increases
the number of surfaces exposed to solar radiation. The higher air temperatures were
found in the areas with the lowest H/W ratios, like open urban canyons, and near asphalt
roads, which are located on the upper left corner and the edges of the simulated area.
In comparison to its density, which is the highest of the six configurations, Al Fahidi
had a lower average air temperature than the newer grid configurations with low and
low-medium densities.

H
i
H

below 44.75 °C

44,75 to 45.00 °C
45,00 10 45.25 °C
45.25 10 45.50 °C.
45.50 t0 45.75 °C
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46,25 0 46,50 °C
46,50 t0 46,75 °C
above 46.75 °C
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Figure 17. Air temperature for Al Fahidi urban form at 2:00 p.m. on 15 August. (ENVI-met).

The average wind speed was 5.15 m/s, which is an increase of 1.55 m/s from the
original wind speed, as shown in Figure 18. The highest wind speed, 9.76 m/s, was recorded
around the mid-rise blocks and within the main gaps of the blocks located on the edges of
the simulated area before being reoriented by the urban blocks.
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Figure 18. Wind speed and direction for Al Fahidi urban form at 2:00 p.m. on 15 August. (ENVI-met).
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Figure 19 shows that the modern high-density area, Al Safa I, recorded 44.67 °C as the
lowest temperature and 48.80 °C as the highest temperature, with an average of 46.70 °C
at 2:00 p.m., which is lower than the low-medium density area, Jumeirah. These results
contradict the hypothesis that higher-density urban areas have higher air temperature
values, which could be due to the following factors:

e  Building form: Due to the use of attached villas, the number of surfaces exposed to
solar radiation and the heat released by the blocks has been reduced, resulting in a
temperature decrease, as concluded by Okeil [47].

e H/Wratio: The high H/W ratio produced more shaded areas between building blocks,
which decreased the temperature, as concluded by Ali-Toudert and Mayer [17].

e  SVF: The SVF value has an impact on the air temperature variations; with a low SVF
value, air temperature decreases, as concluded by Hu et al. [28]. Al Safa I had a lower
SVF value than the low and low-medium new configurations, which decreased the
air temperature.
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Figure 19. Air temperature for Al Safa I urban form at 2:00 pm on August 15 (ENVI-met).

The highest air temperatures were recorded at the edges of the configuration and
were lower inside the configuration due to the resulting shade. The average wind speed
of 2.63 m/s is the second-highest wind speed after that for Al Fahidi and is a decrease of
0.97 m/s from the original wind speed. The highest wind speed reached 5.39 m/s and
was recorded around the blocks on the edges of the simulated area. In addition, the spots
located in open spaces with less obstruction from buildings were windier than the others;
as the wind penetrates the site, the blocks will change the wind direction while reducing its
speed, as concluded by Golany [12] and shown in Figure 20.

Table 7A illustrates the air temperature distribution on August 15th for all the sites at
2:00 p.m. Notably, all the older organic configurations recorded lower air temperatures than
the newer grid forms. The older configurations are compact and have narrow and winding
alleyways that provide more shaded areas, which helped decrease the air temperature and
reduce the solar gain, whereas the newer configurations have shallow and open streets
and detached buildings that decrease the shaded areas and increase the solar gain and the
exposure to the sun radiation. The Jumeirah area recorded the highest air temperature
due to these factors. In addition, the air temperature increases in certain areas due to
the increase of the urban density in the older and newer configurations, except for the
Al Safa I area discussed earlier. Table 7B shows the histogram for the air temperature
distribution on August 15th for the older and newer urban forms. The histogram for
the older configurations had lower air temperatures than the newer urban forms, with a
maximum reading of 47 °C, and most of the air temperature was centered around 45 °C.
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Notably, the lowest air temperatures were found in the courtyards. On the other hand, the
histogram of the newer urban configurations showed air temperatures directed towards
higher levels, with a maximum reading of 49 °C, and most of the air temperature was
centered around 45.5-46 °C. The histograms revealed that the highest air temperature was
recorded in the Jumeirah area at 49 °C.
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Figure 20. Wind speed and direction for Al Safa I urban form at 2:00 pm on August 15 (ENVI-met).

Table 7C illustrates the wind speed distribution on August 15th for all the sites at
2:00 p.m. Notably, the highest wind speed was recorded in the older high-density urban
form on the edges of the simulated area before being reoriented by the urban blocks
of the site, which has midrise buildings. The maximum wind speed reached 9.76 m/s.
Furthermore, it was noticed that the highest wind speeds in the simulated areas were
recorded at the open urban canyon, which has blocks on both sides and a clear axis oriented
toward the NW-SE, which is the dominant wind direction. On the other hand, the lowest
wind speeds were recorded in the courtyards and between the building blocks in both the
traditional and modern urban forms.

Table 7D shows the histogram for the wind speed distribution on August 15th for
the older and the newer urban forms. The histogram of low and medium density in the
traditional and the modern areas showed that the wind speed ranges from 1-3 m/s, and
most of the wind speed was centered around 1.5-2 m/s. Notably, the Al Safa I area showed
that 41% of the cells recorded low wind speeds ranging from 0.1-0.2 m/s, which could
be due to the continuation of the attached villas that block the upcoming winds from
the N/W. However, the second-highest wind speed reached 5.39 m/s and was recorded
around the blocks on the edges of the simulated area. Furthermore, the highest wind speed
was recorded in the Al Fahidi area around the mid-rise blocks on the edge, which reach
9.76 m/s.

5.2. Human Thermal Comfort
5.2.1. The Mean Radiant Temperature

The mean radiant temperature (MRT) was calculated for the six sites over three seasons
to determine the PMV and help compare the other environmental and physiological factors.

The MRT refers to the surface average temperature that surrounds a specific point and
the received radiation [48]. The MRT results are shown in Figures 21-23 for the six sites
during the three seasons. The graphs show that the six urban configurations have similar
behavior during the early morning and night-time, while during the daytime there are
significant differences.
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Figure 21. Average mean radiant temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Alsafa I in August.
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Figure 22. Average mean radiant temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Alsafa I in December.
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Figure 23. Average mean radiant temperature (°C) for Al Marija, Sidroh, Al Fahidi, Al Mamzar,
Jumeirah, and Alsafa I in April.

The results revealed that Al Fahidi and Al Safa I areas, which represent the highest
density forms in both categories, have recorded the lowest MRTs, lower than the other
configurations by 15-20 °C at 2:00 p.m., which could be due to the low SVF ratios. Fur-
thermore, the compactness of the urban forms intercepts the radiation and reduces the
amount of heat absorbed by hard surfaces. Al Marija, Sidroh, Al Mamzar, and Jumeirah
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areas, which represent the low and low-medium density forms, recorded the highest MRT
values during the three seasons, and this could be due to the low air velocity averages and
high SVF ratios that increase the amount of the heat absorbed by the surfaces.

5.2.2. PMV Results Analysis

The fixed software input parameters for each season are the clothing insulation (Clo)
and activity rate. The Clo values are 0.5 in August, 1.0 in December, and 0.7 in April,
while the activity rate was fixed in all scenarios at 1.5 to represent a standing person. The
thermal comfort in the PMV tool ranges from —4 to +4, where the closest values to zero
are optimum for human thermal comfort. Figure 24 illustrates the PMV average values for
the six configurations over the three seasons. The results show that all the configurations
experienced high PMV values and 100% dissatisfaction during the high air temperatures in
August, which were out of the human comfort zone. However, Al Fahidi had the lowest
PMV of the six configurations, with 4.8, while Al Mamzar and Jumeirah had the highest,
with 5.4.

5353 54 54
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Figure 24. PMV average values for Al Marija, Sidroh, Al Fahidi, Al Mamzar, Jumeirah, and Al Safa I
during the three different seasons.

In December, the dissatisfaction percentages were 5% for all the configurations with
slight differences in PMYV levels. The results show that Al Marija, Al Mamzar, and Jumeirah
configurations exhibited optimum thermal comfort in December, while the other configu-
rations had negative results, with —0.2 maximum, which means colder temperatures and
less thermal comfort.

In April, Al Fahidi registered the lowest PMV value of 0.5 and 10% human dissatisfac-
tion. On the other hand, the Al Marija configuration recorded the highest PMV value of 1.1
and 29% human comfort dissatisfaction.

Furthermore, PMV simulation results for August were extracted at 2:00 p.m. since
it represents the peak hour, as shown in Table 8. The images support the average results
that were analyzed in the previous chart. The old high-density district achieved the best
human thermal comfort due to the high H/W ratio, which provides more shaded areas and
alleyways, and the lowest SVE, which decreases the amount of exposure to the sunlight
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and reduces the air temperature and MRT. A summary of the PMV values for all the sites
can be seen in Figure 24.

Table 8. ENVI-met maps of the PMV values for Al Marija, Sidroh, Al Fahidi, Al Mamzar, Jumeirah,
and Al Safa I in August at 2:00 pm (Images generated by ENVI-met).

PMYV values at 2:00 p.m.

3

RN CNE

below 9.00
9.00 t0 9.25
9.25 t0 9.50
9.50 0 9.75
9.75 to 10.00
10.00 to 10.25
10.25 to0 10.50
10.50 to 10.75
10.75 to 11.00
above 11.00

Old Organic Configurations

Al Marija Area-Low Density Sidroh Area-Low-Medium Density Al Fahidi Area-High Density

X

New Modern Configurations

Al Mamzar Area-Low Density Jumeirah Area-Low-Medium Density Al Safa I-High Density

Table 9 The images support the average results that were analyzed in the previous
chart. The PMV values range from —4 to +4, where the closest values to zero are optimum
for human thermal comfort. Hence, the optimum urban form in terms of human thermal
comfort is the traditional high-density and modern high-density configurations respectively.
There are common parameters in both sites, the high H/W ratio, deep urban canyons, and
low s.v.f. All these factors lead to having more shaded areas, a reduction in air temperature,
a decrease in the amount of exposure to the sunlight, and reduced MRT. On the other hand,
the worst thermal comfort levels were exhibited in districts with shallow urban canyons,
low H/W ratio, high exposure to the upper hemisphere, and high MRT values as Al Marija,
Al Mamzar, and Jumeirah districts respectively.
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Table 9. ENVI-met maps of the PMV values for Al Marija, Sidroh, Al Fahidi, Al Mamzar, Jumeirah,
and Al Safa I'in April at 2:00 pm (Images generated by ENVI-met).

PMYV values at 2:00 pm

3

MV

o | [

below 2.30

2.3010 2,60
2.60 to 2.90
2.9010 3.20
3.20to 3.50
3.50t0 3.80
3.80to 4.10
4.10 to 4.40
4.40t0 4.70
above 4.70

Old Organic Configurations

Al Marija Area-Low Density Sidroh Area-Low-Medium Density Al Fahidi Area-High Density

,,,,,

New Modern Configurations

Jumeirah Area-Low-Medium Density

6. Discussion

In order to mitigate the UHI intensity in the Gulf region, the most impactful urban
form parameters (Urban layout, building form, building density, and street geometry) for
reducing the air temperature were analyzed. The results revealed that traditional compact
urban forms recorded lower day-time air temperatures than the modern urban forms while
recording higher air temperatures at night and early morning, except for the high-density
urban form (Alfahidi), which recorded lower air temperatures, and this could be due to
the building form and height. Zakhour S. [21] concluded that the traditional city recorded
lower air temperature than the new city with air temperature differences reaching 4 °C.
Contrary to our research, the results were analyzed without considering the building
density since the study was just a sample of new and traditional districts.

The most elevated air temperatures were recorded in shallow urban canyons in modern
detached urban forms due to the high exposure to solar radiation. The aspect ratio, or
the ratio of height to width (h/w), was the one that had the most significant impact on
temperature reduction among the parameters that were simulated. The results showed
that in the deep canyons (H/W = 4), almost 8-10% of the street width is exposed to solar
radiation, while around 85% of street width in shallow canyons (H/W = 0.37) is exposed to
sunlight. Bourbia F, Awbi HB [49] observed that in a deep canyon (H/W = 1.5), almost 35%
of the street width receives direct solar radiation, whereas around 65% of the street width
in a shallow canyon (H/W = 0.5) is exposed to direct sunlight. Consequently, the effect of
the high H/W ratio provided a high reduction in air temperature.

The building form does have an impact on reducing the air temperature, as the results
showed that the lowest air temperatures in the peak hours were recorded in the inner
courtyards with H/W = 1.3. These were 1-2 °C lower than those recorded in the street
canyon. While Thapar H, Yannas S. [14] recorded lower air temperature in courtyards with
H/W = 1.8 as well, he maintained that they could reach 4-6 °C. This variance could be due
to the difference in the H/W ratios. Thus, it could be concluded that the H/W ratio has an
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impact on reducing the air temperature within the same building type, the higher the H/W
ratio the lower the air temperature will be.

Another critical parameter is the building density. In contrast to Elnahas MM [27],
who concluded that higher density configurations have higher air temperatures due to heat
absorption and thermal storage by the building blocks. The research revealed unexpectedly,
that the high-density urban form recorded lower air temperature in (Alsafa I area) and was
more thermally comfortable in (Al Fahidi area) than other configurations and this could be
due to the villas being attached, low SVE, the decrease in the number of surfaces exposed to
solar radiation, and the lowering of heat released by the building blocks. It could be noted
that the H/W ratio parameter has more impact than the urban density on the reduction of
air temperature and UHI intensity mitigation, as seen in the aforementioned sites.

The study revealed that the highest wind speeds were recorded around the midrise
blocks [5] floors) that are located on the edges, which is higher than the other configurations
by 2.7 to 3.8 m/s and 94% higher than the inner wind speeds in the same area. However, the
existence of high wind speeds around mid-rise blocks couldn’t reduce the air temperature
in this area. Furthermore, the open urban canyons, which have blocks on both sides and a
clear axis oriented toward the NW-SE recorded higher wind speeds than other canyons
in the same area reaching 2.4 m/s. Priyadarsini R and Wong N H stated that having a
high-rise building adjacent to a row of low buildings will accelerate the wind by 90% and
reduces air temperature by 1% [26].

This study shows that the highest density traditional urban form achieved the best
thermal comfort values due to the street geometries, high H/W ratio which is =4, more
shade, lowest MRT values, and less exposure to solar radiation compared with the other
configurations. The thermal condition significantly varies within the areas as shown in
Tables 8 and 9. In narrow and shaded canyons, the pmv values may reach optimum levels
even in the late afternoon, especially during the cooler months, despite the high density.
Yahia et al. [46] concluded that districts with low-rise buildings have urban environments
that are more stressful than neighborhoods with high towers. However, the maximum
height in Al Fahidi area was 5 Floors and the majority of the buildings are within 2-3 floors.

7. Conclusions

This research investigated the urban form parameter’s impact on the UHI intensity.
The parameter’s results were extracted and analyzed in terms of their efficiency in temper-
ature reduction and thermal comfort.

The results revealed that in August, traditional urban configurations with high H/W
ratios and low SVFs exhibited the lowest average daily and peak hours air temperatures by
maximizing shaded areas and minimizing solar radiation exposure, while the highest aver-
age daily air temperatures were recorded in modern urban configurations with low H/W
ratios and high SVFs. The traditional urban forms recorded 1-2 °C less than the modern
forms in the daytime peak hours. Moreover, the traditional urban configurations showed
the highest air temperatures during the early morning and late evening. In December. The
traditional urban areas of Al Marija and Sidroh had the highest air temperature in the early
morning and evening. During the day, Al Fahidi had the lowest air temperature. In April
and August, the highest air temperatures during the daytime were recorded at Jumeirah,
which is a modern, detached, and low-medium density urban form with a low H/W ratio
and high SVE.

The study revealed that the higher the H/W ratio, the lower the air temperature
will be since Al Fahidi area recorded lower air temperature and achieved the optimum
human thermal comfort. According to the study, Mid-rise building locations lead to less
stressful urban environments than low-rise building regions. In addition, compact urban
morphologies cut down on both the amount of solar radiation that reaches the ground
surface as well as the duration that people are exposed to the sun. The highest wind speeds
were found in the NW-SE and near the mid-rise blocks recorded at 9.76 m/s.
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The urban building form, H/W ratio, SVF, and density distribution layout play signifi-
cant roles in mitigating the UHI phenomenon. The following issues were noted regarding
the effect of urban form with respect to density:

e  While higher density urban areas typically have higher air temperatures, Al Safa I had
lower air temperatures than the low and low-medium density areas.

e  This could occur due to several factors, including the use of attached villas that reduce
heat gain, the high H/W ratio that provides more shaded areas, the low SVF value
that results in a temperature decrease, and wind corridors between the rows of the
attached villas that increase wind movement.

e In Al Fahidi, the densest traditional form recorded lower air temperature than the
less dense modern forms by 1 °C. Notably, High H/W ratio and low SVF have a
more significant impact on reducing air temperature, increasing the shaded areas, and
enhancing human thermal comfort, despite the effect of high urban density.

A strong correlation was found between the SVE, H/W ratio, and MRT on one side
and PMV levels on the other. Shading significantly decreased MRT values as solar radiation
decreased in the urban forms with a high H/W ratio and low SVE. Consequently, the best
PMV values were consistently observed in these urban forms, such as Al Fahidi and Al Safa
I, in August. Accordingly, this study shows that traditional high-density urban forms with
high H/W ratios, narrow canyons, low SVFs, and low MRT values, such as Al Fahidi, are
more thermally comfortable compared to the modern urban forms that have open canyons
with less density.

This study shows that compact traditional urban forms can enhance thermal condi-
tions and sustainability in hot, dry regions regardless of the density. The results reveal
that the highest density traditional urban form achieved the best thermal comfort values
due to the street geometries and less exposure to solar radiation compared with the other
configurations. Despite this, the compact urban form needs to be adapted with consider-
ation of winter conditions. By compromising and taking advantage of each urban form
feature, urban designers can achieve an optimized urban form that behaves most favorably
throughout the year. In addition, UHI intensity could be optimized and mitigated by
several strategies, such as distributing layouts of the urban blocks, using the most suitable
building form and orientation, and utilizing the prevailing wind, high H/W ratios, and
low SVF to mitigate the UHI effect. The findings also give a better understanding of the
key variables that affect UHIs, which must be taken into consideration by urban planning
legislation and policy in order to create livable cities and promote social welfare.
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Abbreviations

H/W  Height-to-width ratio

SVF  Sky view factor

PMV  Predicted mean vote

RH Relative humidity

MRT  Mean radiant temperature
UHI  Urban heat island

Clo Clothing insulation
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