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Abstract
Phnom Penh, Cambodia, is one of the most rapidly urbanizing cities in the world, and this urbanization is driving
an increase in the urban heat island (UHI) effect. The UHI effect is the experience of urban areas getting higher
temperatures than rural areas due to the concentration of heat-absorbing materials such as concrete and asphalt.
This study analyzed air temperature, wind speed and direction data from Phnom Penh in 2021 to investigate the
UHI effect and its impact on human thermal discomfort. The study found that the UHI intensity is stronger in the
central business district (CBD) of Khan Boeung Keng Kang than in the suburban district of Khan Pou Senchey. This
is likely due to the higher built-up area and lower wind speed in Khan Boeung Keng Kang. The study also found
that the UHI intensity is stronger during the dry season than during the wet season. This is likely due to the lower
humidity during the dry season, which allows surfaces to absorb and retain more heat. The increased UHI intensity
in Phnom Penh can create significant human thermal discomfort, especially during the daytime. This discomfort
can lead to a variety of health problems, including heat cramps, heat exhaustion, and heat stroke. The study
concludes that it is important to take steps to mitigate the UHI effect in Phnom Penh and other rapidly urbanizing
cities. This could include measures such as increasing green space, using lighter-colored building materials, and
promoting sustainable transportation options. The results of this study can enhance more understanding of the
UHI effects and have practical implications on the appropriate UHI-related mitigation and adaptation measures.

(Cui & Shi, 2012), and the constant increase of buildings
and paved roads (Zhao et al., 2016). The increased UHI
intensity occurs in the city centers influenced by urban
structures (Son et al., 2017), land use and land cover
change (Doan et al., 2019), and the increased built-up
areas (Nguyen, 2020).

The main causes of urbanization are the growth of
the urban population (Delazeri et al., 2021; Li et al.,

1. Introduction

Urban heat island (UHI) is the temperature in an
urbanized area that is hotter than its surrounding rural
areas (Howard, 1833; Li et al., 2011; Oke, 1982; Yuan
& Bauer, 2007). The urbanized areas typically have
darker surfaces and less vegetation distribution than
surrounding suburban or rural areas that generally have
higher capacity to absorb more incoming solar radiation

leading to the UHI phenomenon (Kaloustian & Diab, 2015).
Anthropogenic heat release (Rizwan et al., 2008) and
traffic jams of transportation networks (Qiao et al., 2014)
are also the sources of the UHI phenomenon in the city.

The UHI is regarded as one of the main concerns
caused by urbanization (Lu et al., 2015; Makinde & Agbor,
2019; Rizwan et al., 2008). The UHI is strongly correlated
with the urbanization factors including population
(Atkinson, 2003; IPCC, 2007; Landsberg, 1981; Oke,
1973), economy (Gusso et al., 2015; Jones et al., 1990),
city size (Atkinson, 2003; IPCC, 2007; Landsberg, 1981;
Oke, 1973), geometric characteristics (Gusso et al., 2015;
Jones et al., 1990) and buildings (Atkinson, 2003; IPCC,
2007; Landsberg, 1981; Oke, 1973). The UHI causes issues
such as increased energy consumption (Lee et al., 2019;
Qiao et al., 2014), changes in relative humidity (K. Lee
et al., 2019) and human thermal stress (Lee et al., 2019;
Waibel et al., 2020).

The UHI phenomenon is strongly correlated with
urbanization growth of darker surface area (Li et al.,
2009; Lu et al., 2015), the increase in air temperature

2018; Tacoli et al., 2015; Zhao et al., 2016), infrastructural
development (Halder et al., 2021) and economic activities
(Halder et al., 2021). Urbanized areas are still attractive
places for more people to work and live, leading to more
anthropogenic activities and urban expansion (Akbari &
Kolokotsa, 2016; Kaloustian & Diab, 2015; Mirzaei, 2015).
More people in the world today live in urban areas than in
rural areas, with 30% of people in the world living in urban
areas in 1950, which increased to 55% in 2018 (UNDESA,
2019) and continued to increase to 68% by 2050 according
to urban population projections (UNDESA, 2019).
Urbanization usually changes the structure, properties
and spatial distribution of the urban surface dramatically,
particularly the decreased green space (Ma et al.,
2010) and altered albedo and geometry (Oke, 1982).
Urbanization development has transformed the natural
landscape into impervious surfaces such as housing
developments, paved roads, infrastructure, buildings,
and parking lots with water-resistant materials such as
asphalt, concrete, brick, and stone (Hua et al., 2020;
Makinde & Agbor, 2019; Oke, 1982; Vujovic et al., 2021;
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Wu et al., 2014), and these changes influence urban-rural
differences of surface radiance and air temperature
(Weng, 2003).

One of the biggest challenges that humans is facing is
to adapt urban areas to the combined effects of urban
heating (Georgescu et al., 2014; Li et al., 2018; Parker,
2004; Patz et al., 2005; Sun et al., 2016) and global
warming (Georgescu et al., 2014; Parker, 2004; Patz et
al., 2005; Sun et al., 2016). The combination of increasing
urban population growth to 68% by 2050 (UNDESA, 2019)
and an unprecedented rate of global climate change
(IPCC, 2014; Parker, 2004; Qin, 2014; Sun et al., 2016)
make urban areas increasingly and dramatically changed
to become impervious surfaces (Lee & Kim, 2016).
Therefore, it is necessary to take urgent action to create
appropriate urban design and planning with nature-based
solutions to mitigate the UHI intensity to enhance urban
quality of life.

In recent years, Phnom Penh is experiencing rapid
urbanization. The urban area has increased from 40
km? in 1990 (Mialhe et al., 2019) to 678.47 km? in 2017
(NCSD et al., 2018). The majority of urban areas become
impervious in the various underlying surfaces. Land use/
land cover of Phnom Penh city has been changed by
converting agricultural, natural and semi-natural areas
to artificial ones (Fig. 1 & Fig. 2). About two-thirds of
the total areas of the city in 2003 was mostly agricultural
areas (Fig. 1). About one-third of the total areas was
artificial surfaces in 2003 (Fig. 1), while about two-thirds
of the city in 2017 was artificial surfaces (Fig. 2).

Rapid urbanization development through the
expansion of built-up areas, the growth of the ubran
population and economic activities in the city plays a
significant role in determining its effect on the variation
of the temperature (Chen et al., 2006; Oke, 2009) and the
UHI intensity in Phnom Penh. The rapid growth of high-
rise buildings in Phnom Penh creates a complicated urban
geometry that traps more energy and changes urban
ventilation, increasing the amount of solar radiation to
heat the urban surface and air temperature in the city
scale. The increased UHI intensity poses human health
problems, especially thermal discomfort for urban people
in Phnom Penh city.

The morphology of Phnom Penh, such as the urban
design shape, roads, and land use, has been changed daily
to become impervious-surface and building dominant
(Fig. 1 & Fig. 2) with high-rise buildings and narrow street
canyons which reduce incoming ventilation, leading to an
increased UHI intensity at the city. The central business
districts (CBDs) with high, dense buildings can reduce
urban ventilation, which is one of the significant causes
of the UHI phenomenon in Phnom Penh. Observations
from the temperature analysis indicate that higher
temperatures occur in the CBDs, i.e., Khan Boeung Keng
Kang, because high, dense buildings block inflowing
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winds, whereas low temperatures occur in suburban
areas, i.e., Khan Pou Senchey, which is an area that is
structurally less developed with more open and wider
spaces, allowing inflowing winds to pass through, leading
to reduce the UHI intensity.

The building sector in Phnom Penh has been very
dynamic over the last decades and it is necessary to
consider the urban climate characteristics. Therefore,
in city planning, the urban climate and the increased
heat island effect are important issues with respect to
energy use, human well-being, and thermal comfort.
Urban climatic analyses can provide information to help
mitigate and adapt to such issues. Therefore, information
on the intensity of the UHI in Phnom Penh is essential for
developing effective urban climate design and planning
strategies to mitigate its impacts. Phnom Penh is the
most rapidly urbanizing city in the country. Therefore,
Phnom Penh was selected as a case study to investigate
the daily and seasonal evolution of the UHI. The aims
of this study are (1) to identify the daily and seasonal
variations of the UHI intensity and impacts of ventilation
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Fig. 1: Land use/land cover change of Phnom Penh in 2003 and
location of the meteorological stations.
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Fig. 2: Land use/land cover change of Phnom Penh in 2017 and
location of the meteorological stations.

on the UHI intensity (2) to analyze the influence of the
UHI intensity on human thermal discomfort.

2. Study Areas and Research
Methods

Phnom Penh is located in the contiguous zone of four
rivers: Tonle Sap, Tonle Bassac, Upper Mekong, and
Lower Mekong (Olson & Morton, 2018). Phnom Penh has a
typical monsoonal climate with an annual average rainfall
amount of 1261 mm and an annual average temperature of
28.25°C (RIMES & UNDP, 2020). Urbanization development
has changed the landscape of Phnom Penh city from
pervious to impervious areas (Babel et al., 2021) that
may absorb more solar radiation during daytime. Phnom
Penh capital was selected as a study site because this
city has a high population density of 14.7% (NIS, 2019)
and is more urbanized than other cities in Cambodia (NIS,
2019; WBG, 2017). Phnom Penh’s capital is also serving as
the central business center of the country. It is also the
country’s largest and fastest-growing city (WBG, 2017).

In Phnom Penh, two areas, Khan Boeung Keng Kang
and Khan Pou Senchey, were chosen for this study due
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to their different stages of development and city density
and structure. Khan Boeung Keng Kang is in the central
business district (CBD) and is considered an urbanized
area. Its total population is 66,658, with a total area
of 4.1 km? (NIS, 2019). The population density of Khan
Boeung Keng Kang is 16,258 people per km?. With high
population density, high-rise buildings appear to be
exposed to direct solar radiation that can cause increased
UHI intensity behind the buildings (Banerjee et al., 2022;
Nugroho et al., 2022).

Khan Pou Senchey is in the suburban district and is
considered less developed. Its total population is 226,871
people, with a total area of 60.6 km? (NIS, 2019). The
population density of Khan Pou Senchey is 3,745 people
per km?. Low-rise buildings with low population density
and broad neighborhoods can mitigate the UHI intensity
in Khan Pou Senchey as the result of wind flow passing
through it.

Two automatic weather stations (AWSs) were installed
in two different locations in Phnom Penh: Khan Boeung
Keng Kang and Khan Pou Senchey (Fig. 1 & Fig. 2). Khan
Boeung Keng Kang with its coordinates of 104.925365,
11.548953 represents the urbanized area and Khan Pou
Senchey with its coordinates of 104.862817, 11.562036
is regarded as the suburban area, respectively (Fig. 1 &
Fig. 2). The stations were installed on the rooftop of the
buildings to measure necessary weather parameters such
as air temperature and ventilation at a 15-minute interval
continuously for a period of 15t January to 315t December
2021. A 15-minute data record of air temperature and
wind speed and direction was aggregated on daily basis
to calculate and analyze daily and seasonal variations
of the UHI intensity and wind speed and direction. The
sensors of temperature, wind speed and direction in the
set of the professional wideband code division multiple
access (WCDMA)/global system for mobile communication
(GSM) weather station were installed (Fig. 3) and sensors
technical data are shown in (Table 1).

The air temperature difference between Khan Boeung
Keng Kang and its surrounding Khan Pou Senchey has been
analyzed to demonstrate the UHI intensity. Analyzing the
UHI intensity within daytime and nighttime in different
days and seasons in Khan Boeung Keng Kang and Khan
Pou Senchey is necessary. The air temperature variations
of Khan Boeung Keng Kang and Khan Pou Senchey on the
scale of the day were calculated. The UHI intensity was
calculated using AWS air temperature in the urban area
minus the air temperature in suburban areas (Oke, 1973),
in which the equation is written as follows:

Table 1: Sensors technical data.

Measurement Range Resolution
Temperature -40-+60°C 0.1°C

Wind speed 0-50 m.s-1

Wind direction 0-359°
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Fig. 3: Professional WCDMA/GSM weather station.

(D

UHI = Tyrpan — Tsuburban

Thus,

(2

Daytime and nighttime UHI intensity (UHIIl) in the dry
season (November-April) and wet season (May-October)
were averaged to examine daily and seasonal variations
of the UHI. The daily variation of the UHI (DVUHI) and the
seasonal variation of the UHI during daytime (SVUHIg,,)
and during nighttime (SVUHI ) were defined as the
daily range of the UHI and the wet and dry range of the
UHI (Sun et al., 2019), in which the equations are written
as follows:

UHI = Tthm Boeung Keng Kang ~— TKhan Pou Senchey

DVUHI = UHIlygy — UHIL,ign 3)

= UHII®Y —

SVUHI4q, P

UHIIGE: )

= UHIY?Y  —UHIIYE:

SVUHInight night night

)

To demonstrate the effect on mitigating the UHI intensity,
ventilation between Khan Boeung Keng Kang and Khan
Pou Senchey has been analyzed. Daily wind speed and
direction data of both Khan Boeung Keng Kang and Khan
Pou Senchey in the observation locations obtained were

12

utilized to analyze the characteristics of ventilation
within the city. The seasonal wind rose graphs were
plotted to determine the most likely directions of wind
flow in the study areas. Then, the correlation between
the UHI intensity and wind speed was analyzed to
determine ventilation’s impact on the intensity in the
observation areas.

3. Results and Discussions

2.1 Air temperature difference caused by
urban development, density and structure

Air temperature in the city scale is different from
one location to another due to impervious surface,
urbanization development stages, distance to water
bodies, vegetation density, and distance to CBDs (Chen
et al., 2018; Kloog et al., 2012; Oswald et al., 2012;
Schatz & Kucharik, 2014; Shi et al., 2018; Shi et al.,
2019). Land use change in Phnom Penh city, particularly
urbanization development intensity, vegetation cover,
and the decreased water body increase air temperature
through energy stored on the urban surface and energy
released from human-induced heat. The analysis of air
temperature showed that the mean air temperature
is higher in Khan Boeung Keng Kang than in Khan Pou
Senchey in 2021 because Khan Boeung Keng Kang is
the city center with high-rise buildings and narrow
neighborhoods that wind flow cannot pass through
in order to cold down the air temperature in the city
center. The maximum and minimum air temperatures
in Khan Boeung Keng Kang are 34.1 and 22.8°C, while
those in Khan Pou Senchey are 32.5 and 22.0°C. Hence,
the average air temperature of Khan Boeung Keng Kang
and Khan Pou Senchey is 29.0 and 28.6°C in 2021 (Fig. 4).
This indicates that the urbanized area is warmer than the
suburban area of Phnom Penh city. According to Cao et
al. (2021), the air temperature is higher in dense built-up
areas than in suburban areas with open and green space.
This demonstrates that air temperature in the urbanized
areas is higher than that in suburban areas.

Minimu m

mKhan Boeung Keng Kang ~ m Khan Pou Senchey

Fig. 4: The air temperature in the study Khans.
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mKhan Boeung Keng Kang  m Khan Pou Senchey

Fig. 5: The air temperature difference in the study Khans.

The characteristics of air temperature difference are
based on whether it is urbanized areas or suburban areas.
Air temperature difference was calculated by average
urban air temperature minus suburban air temperature.
The result shows that the average air temperature
differences in Khan Boeung Keng Kang and Khan Pou
Senchey are 10.1 and 8.7°C. The average maximum air
temperature difference in Khan Boeung Keng Kang is
15.1°C while that in Khan Pou Senchey is 13.1°C. The
average minimum air temperature difference in Khan
Boeung Keng Kang is 2.9°C while that in Khan Pou Senchey
is 2.2°C. Hence, the higher temperature occurred in Khan
Boeung Keng Kang while the lower temperature occurred
in Khan Pou Senchey (Fig. 5). Mughal et al. (2020) and
Ng (2015) also found that temperatures are higher in the
urban center and lower in suburban areas in Singapore.
According to Nichol et al. (2014), the temperature in
Hong Kong is higher in urbanized areas than in suburban
areas. The high temperature appeared in Khan Boeung
Keng Kang because Khan Boeung Keng Kang is dominated
by dense buildings, narrow neighborhood and street
canyons. Wind in Khan Boeung Keng Kang has low
capacity to bring the heat load out from the city center
due to low wind speed. Hence, temperature is higher in
the urbanized area than in the suburban area of Phnom
Penh city.

2.2 Daily variation of the UHI intensity during
daytime and nighttime

The data observed from the AWSs in 2021 is used to
study the daily variation of the UHI intensity. Analysis of
DVUHI intensity showed that the temperature difference
during daytime is stronger than that during nighttime in
both observation locations. The average temperature
difference in Khan Boeung Keng Kang and Khan Pou
Senchey during daytime is 9.8 and 8.3°C, while that in
Khan Boeung Keng Kang and Khan Pou Senchey during
nighttime is 4.7 and 4.7°C (Fig. 6 & Fig. 7). The DVUHI
intensity is higher in Khan Boeung Keng Kang than that
in Khan Pou Senchey because ventilation characteristics
in Khan Boeung Keng Kang is unable to play its role to
mitigate the temperature due to its wind velocity. The
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Fig. 7: The daily variation of the UHI intensity in Khan Pou Senchey.

increased rate of the DVUHI intensity between daytime
and nighttime in Khan Boeung Keng Kang and Khan Pou
Senchey is 5.1 and 3.7°C (Fig. 6 & Fig. 7) because of a
higher number of DVUHI intensity in Khan Boeung Keng
Kang than that in Khan Pou Senchey. This revealed that
the DVUHI intensity in Khan Boeung Keng Kang is stronger
than that in Khan Pou Senchey. The study of Sun et al.
(2019) at the Yangtze Delta in China also confirmed
that the DVUHI intensity occurred in urban rather than
suburban areas.

Furthermore, the characteristics of the DVUHI
intensity differ between dry and wet seasons. The
maximum and minimum DVUHI intensity between
daytime and nighttime in the dry season are 4.2 and
-0.7°C, while those in the wet season are 7.2 and -5.3°C.
Hence, the average DVUHI intensity is strong in the
dry season (1.6°C) and weak in the wet season (1.2°C).
Therefore, this study confirmed that the DVUHI intensity
is the most apparent in the dry season in Phnom Penh
city because there is low humidity in the air that cannot
reduce the high temperature in the dry season.

Two typical days of dry season and the other two days
of wet season were selected based on the observation
experiment data and comprehensive comparison to
observe the characteristics of hourly variations of the
UHI intensity (Fig. 8). In 16" June and 28" September
of the dry season are considered the early and the late
wet seasons, while 28" December and 16" March are
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Daily variation of the urban heat island intensity

UHl intensity (°C)
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Fig. 8: Daily variation of the UHI intensity of selected days in dry and wet seasons of the study Khans.

considered the early and late dry seasons. The result
shows that the UHI intensity is strong during daytime and
weak during nighttime (Fig. 8). Temperature difference
between Khan Boeung Keng Kang and Khan Pou Senchey
is small at nighttime, and cold island effect occurs on
some occasions. This means that the temperature in
Khan Boeung Keng Kang is lower than that in Khan Pou
Senchey (Fig. 8). Gaffin et al. (2008) also found that
hourly UHI phenomenon occurred in some locations of
New York city, USA. According to Yang et al. (2019), the
hourly UHI phenomenon appeared in Changchun city
of Jilin Province, China. Hourly temperature variations
were higher in the urbanized area than those in the
rural areas which occurred during 14:00 (Yang et al.,
2019). This study confirms that the higher UHI intensity
appeared during daytime around 14:00 (Fig. 8). With the
disappearance of solar radiation at nighttime, the low
temperature can be observed. A temperature increase
has been observed during the daytime, particularly in the
afternoon, with the increase of the solar elevation angle
and urban structures such as buildings, paved roads, and
parking loads. For Khan Boeung Keng Kang, a significant
heat load is stored in the underlying surface and buildings
during daytime, leading to a higher temperature than
Khan Pou Senchey. Therefore, a typical hourly UHI
phenomenon appears.

2.3 Seasonal variation of the UHI intensity in
dry and wet seasons

There are no significantly identifiable patterns in the UHI
(SVUHI) seasonal variation. The UHI intensity is different
in both dry and wet seasons. The SVUHI intensity during
daytime and nighttime in different seasons was analyzed.
The result shows that the average SVUHI intensity during
daytime in dry and wet seasons is 1.6 and 1.3°C while that
during nighttime in dry and wet seasons is -0.1 and 0.1°C
(Fig. 9). This revealed that the SVUHI intensity occurred
stronger during daytime than during nighttime for both
dry and wet seasons. The SVUHI intensity is stronger

in the dry season and weaker in wet season during the
daytime, but nighttime SVUHI intensity in dry season is
weaker and stronger in wet season. Hence, the daytime
UHI intensity is 0.3°C. The nighttime UHI intensity is
-0.2°C), the cold island effect. The study of Sun et al.
(2019) at the Yangtze Delta, China, also found that the
average SVUHI intensity is 1.38°C during daytime, which is
higher than of 0.74°C during nighttime. The UHI intensity
during daytime was higher than that during nighttime in
wet season (Sun et al., 2019). Du et al. (2016) also found
that the UHI intensity during daytime is 0.98°C and that
during nighttime is 0.50°C. According to Peng et al.
(2012), the average annual UHI intensity during daytime
(1.5 £1.2°C) was higher than that during nighttime (1.1 £
0.5°C) with p-value <0.001. This study also observed that
the daytime UHI intensity is higher than nighttime UHI
intensity in the study area of Phnom Penh city because
urban areas have been covered by impervious surfaces
that absorbed and stored thermal radiation during
daytime. Daytime SVUHI intensity in dry season is hotter
than dry season because relative humidity in dry season is
very low, which cannot mitigate the UHI intensity during
the daytime. With high relative humidity in wet season,
daytime SVUHI intensity is much lower than that in dry

y

ig. 9: The average daytime and nighttime SVUHI intensity in dry
and wet seasons.
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season. The nighttime SVUHI intensity is a cold island
effect in dry season because it was influenced by cold
wind from the Northeastern direction to reduce the heat
effect during nighttime. In wet season, the UHI intensity
was reduced due to occasional rainfall during nighttime.
Therefore, the UHI intensity was observed to be lower
during nighttime than during daytime.

2.4 Characteristics of wind speed and direction
and their impacts of the UHI

Wind speed and direction were observed and analyzed
over two seasons of 2021. The maximum wind speed in
Khan Boeung Keng Kang in dry and wet seasons are 2.9
and 2.9 m.s" while those in Khan Pou Senchey are 5.5
and 7.8 m.s™'. The minimum wind speed in Khan Boeung
Keng Kang in dry and wet seasons are 0.6 m.s™' and 0.4
m.s while those in Khan Pou Senchey are 1.3 and 1.4
m.s"'. The average wind speed in Khan Boeung Keng Kang
in dry and wet seasons are 1.4 and 1.3 m.s™ while those
in Khan Pou Senchey are 3.1 and 3.1 m.s™.

The UHI intensity has been mitigated by ventilation.
The high, dense buildings in Khan Boeung Keng Kang
may reduce inflowing winds, leading to the increased
UHI intensity in the study areas. Most of the wind flow
in Khan Boeung Keng Kang during dry season is from
the East, the Southeast and the Northeast (Fig. 10a)
while that during wet season is from the East and the
Northeast (Fig. 10b). The different colors of each spoke
indicate the wind speed in meter per second (m.s™"). The
longest spoke shows the wind flows from the Southeast
at speeds between 0.6 to 1.1 m.s” (dark blue), 1.1 to 1.5
m.s™ (light-dark blue), 1.5 to 2.0 m.s" (dark green), 2.0
to 2.4 m.s" (green) and more than 2.9 m.s™" (yellow).
The longer spoke shows the wind flows from the East at
speeds between 0.6 to 1.1 m.s” (dark blue), 1.1 to 1.5
m.s™ (light-dark blue), 1.5 to 2.0 m.s™ (dark green) and
2.0 to 2.4 m.s™ (green) (Fig. 10a). The wind mostly flows
from the Northeast shown as the longest spoke at speeds
between 0.4 to 0.9 m.s™" (dark blue), 0.9 to 1.4 m.s
(light-dark blue), 1.4 to 1.9 m.s™" (dark green), 1.9 to 2.4
m.s™ (green), and more than 2.9 m.s™ (yellow) (Fig. 10b).

The characteristics of wind flow in Khan Pou Senchey
during dry season are mostly from the East, the Southeast
and the Northeast (Fig. 10c), while that during the
wet season is from the Southeast, the South and the
Southwest (Fig. 10d). The longest spoke shows that
the wind flew from the Northeast during dry season at
speeds between 2.1 to 3.0 m.s™ (light-dark blue), 3.0 to
3.8 m.s (dark green), 3.8 to 4.7 m.s™ (green), and 4.7
to 5.5 m.s” (light green) (Fig. 10c). The longest spoke
shows that the wind flew from the Southeast during wet
season at speeds between 1.4 to 2.7 m.s" (dark blue),
2.7 to 4.0 m.s” (light-dark blue), 4.0 to 5.2 m.s™ (dark
green), and 5.2 to 6.5 m.s™ (green) (Fig. 10d). wind flows
in Khan Boeung Keng Kang and Khan Pou Senchey during
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dry season are almost the same, while those during wet
season come from different directions. Different wind
directions of both Khan Boeung Keng Kang and Khan Pou
Senchey depend on the urban structure, urbanization
development and also seasonal wind direction over
Cambodia during dry and wet seasons. High-rise buildings
and narrow neighborhoods in Khan Boeung Keng Kang
have blocked incoming wind that cannot transport the
heat load from the city center to the outer city center,
such as Khan Pou Senchey. Hence, the UHI intensity in
Khan Boeung Keng Kang becomes higher than that in
Khan Pou Senchey

Urbanization development has influenced the
characteristics of air temperature and wind speed in
both Khan Boeung Keng Kang and Khan Pou Senchey.
The lower wind speed in Khan Boeung Keng Kang has
a lower capacity to transport the heat load from Khan
Boeung Keng Kang to the outer city center, so the air
temperature difference in Khan Boeung Keng Kang
is relatively higher than Khan Pou Senchey. High-rise
buildings and dense neighborhoods make the sky visibility
factors of Khan Boeung Keng Kang narrow, leading to
reduced urban ventilation in the area. This can increase
the UHI intensity in Khan Boeung Keng Kang. Low-rise
area and broad neighborhoods make wind flow pass
through it. This can mitigate the UHI intensity in Khan
Pou Senchey. The characteristics of wind speed in Khan
Pou Senchey are higher than that in Khan Boeung Keng
Kang; therefore, air temperature difference is lower in
Khan Pou Senchey than in Khan Boeung Keng Kang. The
UHI intensity is weaker when the wind speed is greater
(Rajagopalan et al., 2014).

As shown in Fig. 11, the UHI intensity and average
wind speed are negatively correlated. The UHI intensity
during daytime and nighttime is significantly correlated
with the average wind speed in both Khan Boeung Keng
Kang and Khan Pou Senchey. In Khan Boeung Keng
Kang, the UHI intensity during daytime has a significant
negative correlation with the average wind speed in dry
season (R = -0.31, p <0.001) and wet season (R = -0.15,
p <0.001). The UHI intensity during nighttime similarly
has a negative correlation with average wind speed in
dry season (R = -0.32, p <0.001) and wet season (R =
-0.29, p <0.001) (Fig. 11a & Fig. 11b). The wind speed
is higher during daytime than during nighttime in Khan
Boeung Keng Kang where the maximum wind speed
in dry season is 2.9 m.s™ during daytime and 1.8 m.s”
during nighttime, respectively while that in wet season is
2.9 m.s™ during daytime and 1.9 m.s™ during nighttime.
Similarly in Khan Pou Senchey, the UHI intensity during
daytime has a significant negative correlation with the
average wind speed in dry season (R = -0.42, p <0.001)
and wet season (R = -0.12, p <0.001). The UHI intensity
during nighttime has a negative correlation with average
wind speed in dry season (R = -0.30, p <0.001) and wet
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Fig. 10: The different colors of each spoke indicate the wind speed (m.s™"). Wind rose diagram in Khan Boeung Keng Kang during a) dry
season and b) wet season, and in Khan Pou Senchey during c) dry season and d) wet season.

season (R =-0.22, p <0.001) (Fig. 11c & Fig. 11d). The wind
speed is higher during daytime than during nighttime in
Khan Pou Senchey where the maximum wind speed in
the dry season is 5.5 m.s™ during daytime and 4.4 m.s™
during nighttime, respectively while that in wet season is
7.8 m.s™" during daytime and 5.5 m.s™ during nighttime.
Urban street canyons mainly transport heat load from the
city center to the outer city due to the blowing wind and
dissipating long-wave radiation during nighttime (Chen
et al., 2020; Du et al., 2016; Liu et al., 2020). Therefore,
we have slower wind speeds during nighttime.

Overall, the correlations between the UHI intensity
and average wind speed are most significant in the
dry season and followed by the wet season (Fig. 11).
Wind speed can potentially mitigate the UHI intensity
in Khan Pou Senchey better than in Khan Boeung Keng
Kang. Du et al. (2016) also found that the higher wind
speed during spring and winter in the Yangtze River
Delta Urban Agglomeration plays an important role in
mitigating the city’s UHI intensity. According to Yow
(2007), wind significantly mitigates the UHI intensity
in Orlando, Florida, USA. Also, Park (1986) found that
the higher wind speed reduced the UHI effects in Seoul
city, South Korea. Erell et al. (2011) also found that wind
speed of 1 to 1.5 m.s” reduced the temperature by 2°C
in Singapore. Therefore, wind speed plays a significant
role to be responsible for the UHI intensity in Khan Pou
Senchey being lower than that in Khan Boeung Keng Kang.
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2.5 Impacts of the UHI on human thermal
comfort

Human thermal comfort has been affected by the UHI
intensity during daytime hours (Qaid et al., 2016; Wu et
al., 2014) . To understand the perceptions of local people
in Phnom Penh, the household survey was conducted in
2023 with 100 households in Khan Boeung Keng Kang and
100 households in Khan Sen Sok in Phnom Penh city. Khan
Sen Sok is a Khan which is located at the North of Khan
Pou Senchey. It shares a border with Khan Pou Senchey. It
was selected for the survey as it is easier to communicate
and have connections with local people than Khan Pou
Senchey. Four domains of thermal comfort, including
sleeping, daily travel, work, and exercise, were analyzed.
This is a preliminary study to understand the UHI effects
on human thermal comfort of urban people. The result of
this study is a good indication for further future research
focusing on the impacts of the UHI on human health, in
particular human thermal discomfort and urban heat
stress.

Human thermal comfort is closely relevant to the
influence of the UHI intensity. The UHI intensity is
stronger during the daytime and weaker during nighttime
(Fig. 12). The UHI intensity creates human thermal
discomfort for the daily activities of urban people,
particularly during the daytime. According to the survey,
the category ‘almost every day’ was reported by 17%
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for sleeping, 42% for daily travel, 22% for work, and 3%

for exercise in Khan Boeung Keng Kang (Fig. 13) and ®
11% for sleeping, 51% for daily travel, 10% for work and
4% for exercise in Khan Sen Sok (Fig. 14). Based on the

result, people living in Khan Sen Sok have experienced @ « .

with higher thermal discomfort in Khan Sen Sok (51%) a

than in Khan Boeung Keng Kang (42%) during daytime, . .
particularly for daily travel (Fig. 13 & Fig. 14) because »

people living in Khan Sen Sok travel long distance in s .

the city almost every day during daytime. Rose (2010) - . 1 E
found that 100% of urban people in Chennai Metropolitan e : .
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experienced thermal discomfort during daytime and 75% T weornons
were distressed due to the UHI intensity. Kotharkar et e
al. (2018) also found that the high temperature during
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daytime created human thermal discomfort. According to surveyed respondents in percentage (%) in Khan Sen Sok.
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Heaviside et al. (2017), the UHI intensity during daytime
affected human health, especially thermal discomfort.
The study of Zander et al. (2018) also found that people
living in urbanized areas with high population density in
the Philippines are more likely to experience urban heat
stress. According to Arifwidodo & Chandrasiri (2020),
urban heat stress poses health problems in the urban area
and the effects of urban heat stress increased due to the
increased temperature in Bangkok. Hence, the increased
UHI intensity is responsible for human health, particularly
human thermal discomfort and urban heat stress.

3. Conclusion and Policy Implication

In this study, we investigated the daily variation of urban
heat island (DVUHI) and seasonal variation of urban heat
island (SVUHI) intensities, as well as the characteristics of
wind speed and direction, and the relationships between
the UHI, wind speed, and human thermal comfort. We
found that the average air temperature in Khan Boeung
Keng Kang was higher than that in Khan Pou Senchey.
The average air temperature difference was also higher
in Khan Boeung Keng Kang than in Khan Pou Senchey. The
DVUHI intensity was stronger during the daytime than
nighttime and also stronger in the dry season than in the
wet season. The hourly variation of the UHI intensity
of selected days in dry and wet seasons had different
characteristics during the daytime and nighttime.
Hourly UHI intensity occurred during the daytime, and
a cold effect occurred at night. Additionally, the SVUHI
intensity was stronger in the dry season and during the
daytime and weaker in the wet and night seasons. The
UHI intensity is reduced by ventilation. Wind speed and
direction are important in mitigating UHI intensity at the
city scale. The study found higher wind speeds in Khan
Pou Senchey could mitigate UHI intensity more than in
Khan Boeung Keng Kang. The impacts of wind on UHI
intensity depend mainly on wind speed and direction.
Southwesterly winds during the wet season can mitigate
the UHI effect. Additionally, UHI effects significantly
correlate with wind speed during the day and night in
both the wet and dry seasons. When wind speed is higher,
UHI intensity is weaker. Hence, wind speed is important
in mitigating the UHI intensity in the study area.

In short, this study demonstrated that the UHI
intensity is higher in urbanized areas (Khan Boeung
Keng Kang) than in suburban areas (Khan Pou Senchey)
because high-rise buildings in Khan Boeung Keng Kang
may inhibit incoming wind, which can mitigate the UHI
intensity. Therefore, daily and seasonal UHI intensities
are higher during the day than at night. This is the
first study of the impacts of urbanization on the UHI
effects in a case study of Phnom Penh city using ground
meteorological data. This provides a preliminary result
to demonstrate the variations of DVUHI and SVUHI and
human thermal discomfort impacted by the UHI intensity.
This result should be some implications for urban climate
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planning, such as building cubage and orientation,
densification, etc., to increase ventilation and decrease
the UHI intensity. This study expands understanding of
the UHI effects that can help policymakers and/or urban
planners create the appropriate UHI mitigation and
adaptation measures. Furthermore, it is also the first
result for further in-depth future research focusing on
the relationship between the UHI intensity and thermal
comfort for urban people in Phnom Penh city to enhance
the urban quality of life.
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