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Abstract

Urban Heat Island (hereafter, UHI) is a phenomenon
described by an increased temperature in an urban
area compared to the temperature of its
surrounding (Mohajerani et al. in J Environ Manag

197:522-538, 2017).
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Preface

Since the 1980s, the terms global warming and climate change were brought up to
alert the whole world on an upcoming crisis. It was not well accepted at the beginning,
although the awareness was slowly increasing. By now in 2022, the observed rise
in temperature and greenhouse gas concentrations has been at the fastest rates in
Earth’s history. The consequences for these are becoming more distinct. The sea
level is clearly raising, submerging certain areas of low elevations. More rains and
storms can be seen than before, as well as drought. At the same time, desertification
of land is expanding leading to less fertile areas for agriculture, which are needed to
support the fast-growing population. By the end of the Great Coronavirus Pandemic
of 2019-2021 (COVID-19), a few difficult situations emerged such as the Russia-
Ukraine conflict and the early sign of food crisis. The latter could lead to famine.
The world economy is also badly hit. Clearly today, the environment, which was
perceived differently in the 1980s, coupled with the certain unpredicted situations is
making the world’s future to become uncertain.

A decade ago, the environmental problems were always expressed as a secondary
matter after the mention of energy shortage issues. However, presently, the envi-
ronment is regarded as a far more important issue due to the many negative effects
experienced by many countries. In managing today’s problems of environment and
energy necessitates various efforts by various stakeholders. In the tropics, this would
be unique due to diverse conditions of the areas such as climate, geographical, culture
and political conditions. Mitigating the environmental problems in the tropics among
others involves enhancing the potential of various types of fuels and conversion of
energies. Simultaneously, how the energy is utilized must also be considered holis-
tically. Nevertheless, awareness on the need to improve energy efficiency and to
protect the environment is still lacking in many parts of tropical countries. There are
plentiful of efforts required within the tropical countries in order to catch up with the
vision aspired in the Paris Agreement in 2015. This book delves into studies on issues
related to the environment and energy in the tropics. The chapters are contributed by
authors from several tropical nations who are experts in the environment and energy
topics in their respective countries. The book covers topics in relation to the present
state of the environment in selected countries, mainly in Malaysia and the Philippines.



vi Preface

The major content of the book is on the potential energy conversion technologies that
can be leveraged for different countries in order to alleviate environmental problems
particularly in the tropics. Topics on indoor air quality and energy efficiency, which
affect the environment of today, are also presented in this book.

The editor wishes to express his gratefulness to all the contributing authors for
their strong effort in preparing the texts for this book. It is hoped that the book would
serve as a useful reference to readers.

Seri Iskandar, Malaysia Shaharin Anwar Sulaiman
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Chapter 17

Urban Heat Island Phenomenon in Tropical Countries: Analysis

of the Wake Flow behind Slender High-Rise Building

Muhammad Arifuddin Fitriady, Nurizzatul Atikha Rahmat, and Ahmad Faiz Mohammad

Urban Heat Island (hereafter, UHI) is a phenomenon described by an
increased temperature in an urban area compared to the temperature of its
surrounding [1]. The impact of the UHI can be devastated, such as the loss of
lives due to the heatwave in Europe; at least 30,000 lives were claimed to be
killed by the heatwave in August 2003 with the fatalities of almost 15,000 lives
in France alone [2], [3]. A schematic of UHI is illustrated in Figure 17.1.
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Figure 17.1 Schematic of UHI



The word ‘island’ in the term ‘UHI’ represents the area where the
temperature increases uncharacteristically from a plateau to its peak. This is
corresponding to densely packed buildings in the urban area sandwiched
between two slopes of colder temperatures in the surrounding rural area [1], [4].
This phenomenon typically occurs in most megacities around the world. A
quick glimpse of UHI intensity in Asia [5]-[12], Europe [13]-[17], America
[18]-[21], and Africa [22] can be seen in Table 17.1. Due to this condition, the
research on the factors of the UHI as well as the mitigation efforts have been
extensively done throughout the globe.

The causes of the UHI phenomenon are diverse, and so are the mitigation
efforts. Hence, this paper is focused on the factors of UHI which are presented
in the next chapter. Moreover, the effects of city layout on the UHI are discussed
in detail.

To sum up all the factors of UHI, we will divide them into five categories,
namely 1) the increasing urban population and the growing city area, 2) the low
albedo material usage, 3) the increasing anthropogenic heat waste, 4) the

geographical & weather factors, and 5) the layout of an urban area.

17.1 Increasing Urban Population and Growing City Area

The UHI is mainly caused by the high rate of urbanization that leads to
the increase in population density. The temperature difference (AT) between
urban and surrounding rural areas, namely the UHI intensity, increases with the

rise in the urban population [23], as shown in Figure 17.2.



Table 17.1. A quick glimpse of UHI intensity in Asia, Europe, America,

and Africa

Author

City

Country

Max UHI
intensity

|9

Remark

Kim et al. [6]

Seoul

South
Korea

6.5

The UHI intensity is at the weakest and the strongest point in summer
and winter, respectively.

The maximum UHI intensity is more frequently observed in the
nighttime than in the daytime.

The previous-day Maximum UHI is positively correlated with the
present-day maximum UHI.

The relative humidity, cloudiness, and wind speed are negatively
correlated with the present-day maximum UHIL.

Gedzelman et
al. [20]

New York
City

United
State

The UHI intensity is stronger in summer and autumn while weaker in
winter and spring.

The maximum UHI intensity is larger on clear night with low relative
humidity.

The sea breeze decreases the UHI intensity due to the high-velocity
wind that increases natural ventilation.

Gaffin et al.
[19]

New York
City

United
State

5.5

The UHI intensity is maximum at night while minimum during the day.
The UHI intensity is stronger during summer and fall while weaker
during spring and winter.

The main factor of the increase in UHI intensity is the decrease in wind
speed over the century.

Sarrat et al.
[13]

Paris

France

The maximum UHI intensity is larger at night than during the day.
The surface roughness of a city greatly influences the structure of the
atmospheric boundary layer.

Kolokotroni
etal. [14]

London

United
Kingdom

8.9

The maximum UHI intensity is larger during the day than at night.
The partially cloudy period and low albedo surface were considered as
the most critical variable in UHI intensity.




Max UHI

No Author City Country intensity Remark
(O
The UHI intensities observed during the afternoon (at 3 PM) and night
(at 9 PM) are higher than in the early morning.
Mohan et al . _ The maximum UHI intensity is mostly observed in dense commercial
6 ) Delhi India 8.3 areas due to the anthropogenic heat generated by the increasing energy
[5] demand
Green and forest vegetation has a greater effect in reducing UHI
intensity compared to a water body.
The highest UHI intensity is concentrated in the built-up area with a
Xiong et al. . high-density population as well as the heavily industrialized districts.
7 [11] Guangzhou China 243 The major contributor to the UHI is the expansion of a built-up area
that generates anthropogenic heat waste.
The higher UHI intensity is mostly observed in winter.
8 Honjo [24] Tokyo Japan 15 On a daily basis, the UHI intensity is at maximum during daytime in
summer and night-time in winter.
The UHI intensity in the desert and bare land is higher than in the high-
Effat, H. and density district due to the large area of shadow generated by the
9 Hassan, O. Cairo Egypt 5.7 building in the dense population district.
[22] The variation in UHI is mainly subjected to weather conditions, climate
change, and anthropogenic heat waste.
Ahmed et al. Kuala . Building geometry, street orientation, bui}ding m.aterials, ha.rd .
10 Malaysia 2 landscape, and soft landscape play a crucial role in urban microclimate.
[25] Lumpur L L .
The nighttime UHI is higher than the daytime.
The UHI intensity is higher during the nighttime compared to the
Priyadarsini daytime. L L o .
11 | R and Won’ Sineanore Sineanore ) Solar shade, which is generated by high-rise buildings and vegetation,
2, £ap £ap . : s
N. H. [26] decreases the temperature during the daytime. Hence, it is suggested to

increase the vegetation area to provide some shade while increasing the
albedo.




Wolters and Brandsma [27] measured the temperature in various urban
areas during summer (June-August) in the Netherlands. It was found that there
is a significant positive relation between UHI and the population density,
deduced by the slopes of regression (obtained through the least square method)
of 0.11°C (10° km)! and 0.17°C (10 km™)! for the average and maximum
UHI intensities, respectively. A similar statistical analysis by Steeneveld et al.
[28] describes the relationship between the diurnal maximum UHI intensity and
overpopulation density using an exponential relation. This relation produces the
regression slopes of 0.19°C (10° km2)! and 0.38°C (10° km2)"! for the median

and 95" percentiles of the diurnal maximum UHI, respectively.

@ Median of the daily maximum

8 R — . UHI effect-Steeneveld (2011)
° y e TR
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Figure 17.2 The relationships between population density and UHI intensity.
Data taken from Wolters and Brandsma and Steeneveld et al.

On the other hand, the increased population density will also increase the
city size area. The studies by Zhou et al. [29] and Imhoff et al. [30] achieved
the same conclusion; a larger city size leads to a higher UHI intensity.
Moreover, the UHI intensity increased from 1.5°C to 10°C in a city area ranging
from <10 km? to >1000 km? [30]. Table 17.2 shows a brief description of the
studies on the relation of the UHI intensity with the population density and the

city size area.



Table 17.2. A description of the studies on the relation of the UHI
intensity with the population density and the city area

Cause Author Finding
» The UHI intensity increased with the increase in the
Steeneveld et al. population density of urban areas.

28] » A higher population density required higher a
building density which can cause increased trapped
radiation and thermal inertia.

» The threefold increase in population density
Urbar.1 Elsayed [31] increased the UHI intensity by 1.5°C.
population
» The UHI intensity increased with the increase of
population density of an urban area by 0.11°C per
Wolters and 10° people/km? for the average UHI and by 0.17 per
Brandsma [27] 10° people/km? for the maximum observed UHL.
» Population density is suggested to be a promising
predictor of the UHI.
» The larger city cluster size leads to the higher UHI
Zhou et al. [29] intensity, forming a sigmoid relation on a
Ci logarithmic scale of city cluster size.
1ty area - : : :
Imhoff et al. > A larger glty ha§ a hlgher UHI intensity. .

30] > The UHI intensity increased from 1.5°C to 10°C in a

city area from <10 km? to >1000 km?.

17.2 The Low Albedo Material Usage

With the increase in population density, the need for decent places to live
is also increasing. Hence, people start to expand the city by turning the forest
into a residential area. The surface of the land changes from high albedo
material, 1.e. water surfaces, forest, or other natural vegetation surfaces, to low
albedo material [32]-[34]. The albedo of a surface is defined as the
hemispherically-and wavelength-integrated reflectivity of a surface. The higher
the albedo, the less solar radiation absorption and thus lower the temperature
surface [35].

The low albedo condition in an urban area, including the use of dark-
colored surface coating of buildings [32], the use of heat-storing materials i.e.
asphalt and concrete [36], and the decrease of vegetation in the urban area [37]
can increase the UHI intensity [33]. Moreover, Takebayashi and Moriyama

[38] proved that normal asphalt can be up to 20°C hotter than grass during the



daytime; this shows that hard and heat-absorbing materials like asphalt
contribute significantly to UHI. These materials absorb heat from solar radiation
during the daytime and re-radiate the stored heat at night [39]. This process can
increase the outdoor temperature in the urban area. A brief description of the
studies on the relation of the UHI intensity with the low albedo material usage

in urban areas is presented in Table 17.3.

Table 17.3. A brief description of the studies on the relation of the UHI

intensity with the low albedo material usage in urban areas
Author Finding

Synnefa et al. [37] | » Rising the albedo level from 0.63 to 0.85 increased the temperature

from 1.5°C to 2.2°C.
» Light-colored and smooth surfaces of stone, marble, and mosaic
Doulos et al. [33] have a high albedo.
» Dark-colored and rough surfaces of asphalt, paving stone, and

concrete have a low albedo.
Masson [40] » Applying a low albedo of 0.15 in the NARP-LUMPS model to
reproduce the UHI phenomenon.
Takebayashi et al. | » Hard and heat absorbent materials contribute significantly to the

[38] UH]I, indicated by the higher temperature of normal asphalt than the

grass by up to 20°C in the daytime.

Priyadarsini et al.

[41] » At the same wind speed of 4 m/s, black-colored aluminum has a 1°C

higher temperature than white aluminum.

Adinna E. N.etal. | » The increase in air temperature is caused by the replacement of

[34] natural environments including forests, water surfaces, and pasture,
with non-evaporating and non-transpiring surfaces.
Chen et al. [42] » A decrease of 1°C air temperature was simulated by increasing the

albedo i.e. usage of water-retaining material and greening.

Concerning the causes previously mentioned, there is a paradoxical
suggestion in the study of the UHI causes. On one hand, some detailed studies
suggested that the size of a city area [29], [30], as well as the water area within
the city [43], can be correlated with the UHI intensity. Moreover, the city
population [43] and the population density [27], [28], [31] affected the UHI
intensity. On the other hand, Debbage and Shepherd [44] statistically showed
that the four parameters (i.e. city size, water area, city population, and

population density) were insignificantly correlated to the UHI intensity. Instead,



the author suggested that the spatial contiguity of urban development is

statistically significant to the UHI intensity [44].

17.3 The Increase in Anthropogenic Heat Waste

It is a well-known fact that the need for energy increases along with the
population size to create a comfortable condition around them. This need mostly
peaked at unfavorable temperature conditions such as in winter or summer. The
usage of energy will never be 100% in efficacy that some part of energy was
turned to waste. Since the need for energy increases, the waste of energy is also
increased. This waste energy was known as the anthropogenic heat waste which
indubitably increases the temperature of the urban area [40], [45], [46].

The anthropogenic heat typically originates from vehicles [42], stationary
sources 1.e. fossil-fueled power plants [47], and the usage of air-conditioners
(AC) in urban buildings [41]. The heat is released to the ABL, increasing the
outdoor temperature. Table 17.4 presents a description of the studies on the

relation of the UHI intensity with the increase of anthropogenic heat waste.

Table 17.4. A description of the studies on the relation of the UHI
intensity with the increase of anthropogenic heat waste

Author Finding
Hamilton et al.
[45] > High-density areas produce the highest anthropogenic heat emission.

Chenetal. [42] | » The air temperature increases by a maximum of 1°C in the city models
of Kyobashi and Otemachi due to the traffic heat.
H.Fanand D.J. | > Anthropogenic heat emission in Philadelphia increases the air
Sailor [46] temperature up to 3°C in the nighttime of winter, which affected the
nocturnal PBL stability and PBL structure in the morning transition.
» The air temperature recorded near a fossil-fueled power plant was 10°C
Okwen et al. [47] higher than its surrounding area.
» The air temperature reached the background temperature within 1200-
2000 m from the power plant.

Hamilton et al. [45] stated that a higher density urban area tends to

generate a greater anthropogenic heat emission. The author also reported that



an area with morphometry, which is the total built volume (m?®) normalized by
total area (m?) of middle layer super output areas, of 4 - 7.8 m was predicted to
generate anthropogenic heat emission as much as 400 W/m? during the worst
winter and 173 W/m? during the worst summer. While the area with
morphometry larger than 7.8 m generates anthropogenic heat emissions of as
much as 530 W/m? during the worst winter and 230 W/m? during the worst
summer. A condition of the weather indicated by a cold cloudy day with high
use of energy is referred to as the worst winter, while the worst summer is

indicated by a warm clear day with high use of energy [45].

17.4 The Geographical & Wheatear Condition

Daylight radiation due to different geographical locations and weather is
also a significant factor in the UHI intensity [48]. The cloudiness and seasonal
condition also affect the UHI intensity of an urban area [49]. A brief description
of the studies on the relation of the UHI intensity with the anthropogenic heat

waste increase 1s presented in Table 17.5.

Table 17.5. A brief description of the studies on the relation of the UHI

intensity with the anthropogenic heat waste increase
Author Finding

» Developed a set of equations to estimate the outdoor thermal sensation
as a function of air temperature, wind speed, solar radiation intensity,

Cheng et al. [49] and absolute humidity. . .

> Based on the developed equations, on a summer day (air temperature of
28°C and humidity of 80%), the wind speed is required to be 1.6 m/s to
achieve a neutral thermal sensation.

» A higher surface UHI intensity in China was observed during the
nighttime in the northern region and during the daytime in the
southeastern region.

» The surface UHI intensity was also affected by the season; it has a
higher intensity during the daytime in summer and during the nighttime
in winter for most cities in China.

Zhou et al. [48]

17.5 City Layout and Planning



As urbanization increases, the size of a city also increases while the size
of a forest or a vegetated area decreases. The concern about the environment is
rising. Skyscraper buildings were constructed to answer the need for living
spaces without harming the forest. Soon, skyscraper buildings mushroom in
every megacity on earth. This phenomenon leads to another problem associated
with UHI, the wind velocity deficit.

There are numerous studies investigating the wake flow either in a city
layout or around a building. Some of them used blocks or cubes as a
representative of a building while others create a scaled-down real skyscraper
building. Hagishima et al. [50] observed the effect of several arrays of
woodblock layouts, representing the city layout, to investigate the three
parameters to identify the aerodynamic effect i.e. drag coefficient, Cd,
roughness length, Z,, and displacement height, d. Moreover, the author also
added the roughness density as the variable of study. Furthermore, Zaki et al.
[S1], [52] continued the experiment using the rough wall consisting of cubes
that are arranged based on the Probability Density Function (PDF) based on a
GIS dataset for Tokyo.

Moreover, to observe the wake flow in detail, Computational Fluid
Dynamic (CFD) simulation was used in recent studies. Jiang et al. [53] studied
the systematic influence of building spacing, height, and layout on the mean
flow and turbulent characteristics based on CFD using the large-eddy
simulation (LES) turbulence model. Various types of wake flow were observed
1.e. isolated flow, wake interference flow, and skimming flow by increasing the
ratio of the frontal area of obstacles to the total floor area.

Yuan et al. [54] studied the effect of the building design and city layout on
the outdoor thermal comfort by predicting the wind velocity based on CFD

using the SST k-w turbulence model. It was found that street grid orientation in
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grid planning is a significant parameter in urban natural ventilation
performance. The wind environment at the pedestrian level is not affected by
building height but is significantly influenced by building morphology in the
podium layer. Moreover, the placing of building setback, building separation,
wind permeability, and the building void were discussed in detail.

Razak et al. [55] investigated the effect of urban geometry, which is
characterized by the plan area ratio, building aspect ratio, and heterogeneity of
building heights, on the spatially averaged pedestrian wind speed as an index of
urban ventilation based on CFD using parallelized large-eddy turbulence model.
A detailed profile of wake flow behind and between the block in an array was
observed and discussed.

Volik et al. [56] investigate the fields of velocity and pressure during the
motion of a turbulent incompressible fluid in street canyons and behind a
reverse ledge based on CFD using the LES and k-¢ turbulence models. A
detailed discussion was made based on the vortexes generated by various
turbulence models; the LES method uses both a sticking condition and a near-
wall function, while for the k-¢ model, both conditons i.e. using a near-wall
function and without a wall function, can be used.

Some studies were also conducted to observe the wind flow profile around
a block that imitates the basic shape of a rectangular building. Ikegaya et al.
[57], [58] conducted a study using a single block to observe the wind profile
around the model based on CFD with LES. The objective is to clarify the effect
of the numerical viscosity in different advection schemes i.e. second-order
central, first-order upwind, and blending schemes with ratios of 95:5, 90:10,
80:20, and 60:40. The other objective of the study is to understand the effect of
the block on the probability density distributions of each velocity component

and wind speed for the pedestrian level.
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Meanwhile, another study uses real building shapes to observe the wind
profile around the building. Harun et al. [59] investigated the wake flow
generated by the Petronas Twin Tower based on a CFD using the LES
turbulence model. Two types of wake flow were observed in between the tower
and behind the tower. A velocity deficit is observed in the leeward area. The
most interesting part is that the result reported by Harun has a similar trend with
the one reported by Rahmat et al. [60] who conducted a wind tunnel
experimental study using a single quarter-elliptic wedge spire to imitate an

isolated, slender high-rise building.
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Figure 17.3 Normalized vertical velocity profiles of various studies

Figure 17.3 compares the results reported by Ikegaya et al. [57], Harun et
al. [59], Balachandar et al. [61], and Rahmat et al. [60] which shows a similar
vertical velocity trend. The normalized vertical velocity is at the lowest value
just above the ground due to the drag coefficient and logarithmically increased
as the vertical distance increased and created a turning point at around U/Ujer =
1. In other words, within the boundary bayer height (BLH), the normalized
vertical velocity 1s lower than the above BLH. However, the result reported by

Ikegaya et al. [57] is slightly deviate compared to the other studies.
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The similarity is not only in the vertical velocity profile. The lateral
velocity deficit also shows a similar trend. Figure 17.4 compare the lateral
velocity deficit (AU,) profile reported by previous studies where the positive

peak represents a maximum velocity deficit point.
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Figure 17.4 The lateral velocity deficit reported by Harun et al., Rahmat et al.
, and Balachandar et al.

The lateral velocity deficit in Figure 17.4 was normalized differently based
on each study case. For instant, Harun et al. [59] used the height of the Petronas
Twin Tower (D) as the normalization value. The measurement of the lateral
velocity profile was executed at streamwise distance of (xo=D) and vertical
distance of (z=H) where H is the height of the Petronas Twin Tower [59]. While
Rahmat et al. [60] used the roughness element height (/) as the normalization
value at x9=87.7H and vertical distance of z=0.256 (=1.4H). Moreover,
Balachandar et al. [61] used the block thickness (7) as the normalization value
at xp=35t. Despite of the different normalization value, all of this data are
comparable due to the similar trend of dimensionless lateral velocity deficit.
The normalization value will only affect the scale of the velocity deficit in unit
measurement.

Rahmat et al. [60] showed that there is a positive peak in lateral velocity

deficit with a noticeable negative peak either before or after the positive peak.
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Moreover, since the data was taken at the vertical distance of z=0.256, which is
very close to the surface wall, the graph is not smooth because the surface drag
might be interfering. In addition, Balachandar et al. [61] did not observe any
negative peak on the sides of the positive peak. Moreover, both Rahmat et al.
[60] and Balachandar et al. [61] report that the velocity deficit is in the center
of spanwise direction while Harun et al. [59] reported that the velocity deficit is
slightly to the positive side of the spanwise direction.

This velocity deficit is very important because in some cases the velocity
deficit can create a stagnation point where the velocity is very low that reduces
the heat and mass transfer process significantly in the particular area as reported
by Nagawkar et al. [62]. The author stated that bad city planning could create a
stagnation point presented by a very low-pressure area with an almost zero wind
velocity. This phenomenon leads to a UHI intensity increase [62]. Hence, it is
very important to have a detailed understanding of aerodynamic interaction
within the urban boundary layer, which governs the transport process of heat,
moisture, and pollutants, in order to create a future green and sustainable city
[63].

Furthermore, Rahmat et al. (2016) stated that the velocity deficit profiles
within and above BHL are astoundingly different from each other [60]. Figure
17.5 shows the comparison between lateral velocity deficit profiles at height
within the boundary layer (z=0.256) and above boundary layer height (z=20H).
Note: 6=BLH and H=roughness element height re-plotted based on [60].
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Figure 17.5 The comparison between lateral velocity deficit profiles at height
within the boundary layer (z=0.256) and above boundary layer
height (z=20H). Note: 6=BLH and H=roughness element height

Referring to Figure 17.5, it can be observed that the velocity deficit within
the BLH is much more significant and the expansion of the wake width is much
more compressed creating a long and sharp profile compared to that above

boundary layer data [60].

17.6 Summary

UHI has been a worldwide major environmental issue. Numerous studies
have investigated the factors that resulted in UHI. The main factor of UHI is the
massive urbanization, which in turn, increases the need for decent living spaces
and decreases the high albedo area due to the city expansion. Moreover, the
need for energy increases as the population density increases and so does the
anthropogenic heat waste. Skyscraper buildings were made to reduce the city
size expansion and to preserve as many high albedo areas around the city as
possible. However, this solution brings another problem to solve, the velocity

deficit due to an obstacle. A well-planned city layout and building can reduce

15



the velocity deficit and decrease the UHI effect in the city, which in turn, creates

a better and healthier city to live in.
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