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ABSTRACT

This study focuses on the optimum cooling effect of vegetation and ground surface
albedo modification at street level in mitigating urban heat island (UHI) in Persiaran Perdana,
Putrgjaya and benefits towards outdoor human thermal comfort and building energy
performances. The modification of vegetation and ground surface materials were focused on
both physical properties — i.e. tree canopy density and materials albedo values. Several
methodologies phases through remote sensing satellite imagery, computer simulation, field
measurement and surveys programmes were developed and conducted inorder to achieve the
aim and objectives of study. Particularly, ENVI-met surface-plant-air microclimate model
was used to predict the impact of modification according to three proposed scenarios—i.e. (i)
LAD < 0.5, (ii) LAD > 1.5; and (iii) LAD > 1.5 and albedo > 0.8. The model was
successfully validated and reliable to present the actual urban microclimate condition of
Persiaran Perdana through the correlation of measured and computed experiments. Four local
species were measured and simulated based on variation in leaf area index (LAI) and leaf
area density (LAD) to measure per-tree cooling effect performances and used as a reference
in final simulation of proposed scenarios. The outcome was used in evaluating the impact of
modification and used to assess later its benefits towards human thermal comfort and
building energy performances. The outdoor thermal comfort was assessed based on site
guestionnaire and the outcome developed local physiological equivalent temperature (PET)
as reference to evaluate modification benefits towards outdoor comfort level. Then, the
building energy performances were evaluated using validated HTB2 model that based on site

field measurement outcome and one selected building as a reference.

It is revealed that UHI occurrence in Persiaran Perdana was due to vegetation |0ss,
replacement of new built-up areas and lower albedo ground surface materials that lead to
increased in hot spots in this new urban area. Currently, the study measure on the average of
one month UHI intensity found to be at 2.6°C as compare to other old city in Malaysia. In
mitigating the impact, the study has revealed the potential of high density trees of Ficus
benjamina with LAD of 1.5 in offering better cooling impact towards urban microclimate.
The optimum performance of cooling that refers to high quality of shading and
evapotranspiration process was found to be within the hottest period of the day at 15:00
hours. Besides, the cooling effect becomes greater with larger quantities in cluster planting.
On the other hand, the impact of cool materials with higher albedo values (i.e. > 0.8) was



recommended in optimizes the impact of cooling. Ultimately, the model predict that by
modification of larger quartities of high tree density (i.e. LAD > 1.5) supported with cool
materials, the largest urban air temperature improvement was found in average of 2.7°C and
3.5°C during the peak hours of the day comparing to current condition. This improvement
was proved to mitigate the impact of current UHI in Persiaran Perdana. In reflect to this
improvement, the study revealed that the outdoor thermal comfort in Persiaran Perdana was
improved from ‘hot’ and ‘warm’ to ‘comfortable’ zone in almost 75% of the areas. On the
other hand, the building total cooling load was saved up to 29.4% due to the modification and
well correlated with tree quartities values. The study also revealed that the optimum
improvement can be influenced from four mgjor physical factors — i.e. larger tree quartity,
higher tree canopy density, cool materials and tree distances. Finally, the conclusion from the
potential in optimum cooling from physical properties of trees and ground materials
modification can be implemented as additional guidelines in mitigating UHI and influence

the bio-climatic factors in urban tropical climate.
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CHAPTER 1

INTRODUCTION

1.1 Background and Problem Statement

An eagerness to explore better living habitats and create new settlements transformed
to better suit human needs has resulted over time in villages, towns and cities prioritising the
needs of their inhabitants in terms of society, economics, culture and comfort. Cities have
evolved on ever larger scales in order to meet human needs. As a result, huge areas of
urbanisation occupied by new building structures and materials have altered the climatic
characteristics of urban spaces. I n addition, manmade urbanized developments have imposed

significant undesirable changes onthe natural ecosystem and landscape.

Such changes have a direct effect on the local climate of urban spaces and indirectly
cause air and surface temperatures to become hotter than those in rural surroundings; this
effect is referred to as the ‘urban heat island’” or UHI (Landberg, 1981; Emmanuel, 2005;
Gartland, 2008). The UHI effect has been explored extensively worldwide (Landsberg, 1981;
Oke, 1973, 1978, 1988, 1999; Santamouris et al, 2001; Streutker, 2003; Tran, 2006; Gartland,
2008). According to these studies, the main causes of the UHI phenomenon result from
improper design planning, increased urbanisation and abrupt changes to the outdoor
environment (Roth, 2002). Further to this there are concerns about climate change
worldwide, which report the UHI effect to be one of the main contributors to this
phenomenon. This temperature rise in the urban environment is largely a result of the
changes of street surface materials and a reduction in green areas (Papadakis et al, 2001;
Shashua-Bar and Hoffman, 2004; Takahashi et al., 2004; Wong et al., 2007). The variety of
urban grids and buildings generates a wide range of different streets, squares, courts and open
spaces that further modify local climates into urban microclimates (Scudo, 2002). I n addition,
rising concrete buildings have crowded out vegetation and trees (Santamouris et al, 2001).
Consequently, heat islands can be identified as contributing to human discomfort, health
problems, higher energy bills and increased pollution (Gartland, 2008).



In a temperate climate, the maximum UHI effect can be noted only during the
summer season (Yague et al., 1991; Swaid et al.,, 1993; Taha, 1997; Santamouris et. al.,
2001). However, in the tropics it can be experienced during hot dry seasons and year round
due to the constant high exposure to solar radiation in these areas (Grimme and Laar, 2005
and Tran et. al, 2006). This phenomenon has become serious in the tropics where lack of
shading and green spaces has led to a failure to balance the heat from direct solar gains. In
addition, the use of dark materials in buildings and pavements collects and traps more of the
sun’'s energy. This leads to air and surface temperature increases and negatively influences

human thermal comfort and increases building energy consumption inthe tropics.

Nieuwolt’'s (1966) study was one of the earliest tropical urban microclimatic studies;
it was conducted in Singapore's urban south (Tso, 1996; Wong and Y u, 2005; Emmanuel,
2005). This was followed by numerous studies on heat island intensity in tropical cities
around the globe, which have been presented widely, and contributed to the understanding of
the phenomenon’s behaviour (WMO, 1986; Givoni, 1989; Monteiro, 1986, Nichol, 1996;
Emmanuel, 2003). However; in the case of Malaysia specifically, research in this field was
initiated by Sham (1973, 1986, 1987, and 1990/91) who investigated UHI intensity in
selected cities in Malaysia finding heat island intensity ranges from 2 to 7°C. In a Kuala
Lumpur heat island intensity study, he found about a 6°C difference on clear days. Since then
various studies have been undertaken to assess the UHI in other urban centres in Malaysia
(Lim, 1980; Zainab 1980; Shaharuddin, 1994; Sin & Chan, 2004, Elsayed, 2006). However,
there is a lack of studies on those newer city areas that have been developed over recent
years. This information is crucial to an understanding of the effect of UHI behaviours when

designing and planning contemporary urban developments.

For this reason Putrgjaya is considered here, as it is a new city that has been planned
to enable the relocation of several government offices to gain relief from the overcrowding
and congestion in the K uala Lumpur city area. The city was established recently and it is still
undergoing minor development. Deterioration of the outdoor environment from a result of
heat island effects and similar phenomena has become a serious problem. This aggravation of
the thermal environment threatens urban sustainability. According to Krisnan (2007) reported
in The Star newspaper, “ ...Putrajaya, is 5 °C hotter than other cities in the country such as
Kuala Lumpur, Penang and Johor Baharu. Rapid development and the lack of trees are

turning these cities into urban heat idands (UHI) that are hot even at night. It also reported
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that scientifically, Putrajaya and the other cities are termed as UHIs, a phenomenon where
concrete surfaces trap heat during the day and release it during the night...Putrajaya is a
planned garden city with 1,826.5ha or 37.0 % of the land area dedicated to green and open
spaces but it wasn't spared the UHI phenomenon...” . This problem largely occurs at the heart
of the city in the federal administrative centre area within the 4.2 km long and 100m wide
public thoroughfare in Persiaran Perdana, Putrajaya. Therefore, due to lack of detailed
evidence and studies, this issue has become significant for this study, which aims to
investigate further the causes of urban heat island phenomenon, taking Persiaran Perdanaas a
case study.

Evidently, it is unhelpful to merely discussthe causes of UHI, it is vitally necessary to
also consider mitigating strategies to manage and reduce these raised temperatures. In order
to mitigate the impact of the UHI effect and improve the microclimate in tropical urban
environments, two main strategies have been proposed at street level: more vegetation and
higher albedo (Shashua-Bar and Hoffman, 2000; Santamouris, 2001; Akbari et al. 2001;
Emmanuel, 2005, Solecki et al., 2005). According to Akbari (2001) the majority of the
summer heat islands are created by the lack of vegetation and the high solar radiation
absorptions of urban surfaces. Therefore, to reverse or redress this tendency, urban trees and
high-albedo surfaces should be incorporated into the town planning (Jauregui, 1990/91,
Shashua and Hoffman, 2000; Akbari et al., 2001; Solecki et al., 2005; Y u and Wong, 2006;
Wong et al., 2007). According to Taha's (1997) study, numerical studies and field
measurements indicate that increasing albedo and vegetation cover can be effective in
reducing surface and air temperatures near the ground. A further result from meteorological
simulations suggests that cities can possibly reverse heat islands and counterbalance their
impact on energy use simply by increasing the albedo of roofing and paving materials and

reforesting urban area (Taha, 1997).

A single tree can measurably moderate the climate and the impact of a large numbers
of urban trees can improve urban thermal comfort in warmer climates (Jauregui, 1990/91 and
Akbari, 2002). Indeed, in tropical climate conditions the cooling effect of urban trees is most
prominent (Shashua and Hoffman, 2000). Tree shading and the evapotranspiration process
are important factors contributing to this cooling effect (Brown and Gillespie, 1995;
Santamouris, 2001; Gartland, 2008). In addition to moderating the urban microclimate and
human outdoor thermal comfort, Givoni (1989) has claimed that the type and features of the
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plants around buildings can affect the cooling effect. However; the effect varies from tree
Species to tree species as well as from tree to tree within the same species. Species based
studies have been lacking in tropical regions, either based on field measurement or modelling
approaches. Variation in cooling effects from different type of trees needs to be determined in

order to understand the absolute cooling effect on the urban environment.

In the enhancement of cooling effect from trees into urban environment, additional
strategy promoting cool pavements by increasing the albedo have a significant effort on
maximizing impact. In urban areas, using high albedo meterials can reduce the absorption of
solar radiation through urban ground surface and building envelopes, keeping their surfaces
cooler (Brown and Gillespie, 1995; Taha, 1997; Santamouris, 2001; Emmanuel, 2005).
Simultaneously, it will cool the air in urban areas (Gartland, 2008). The effect will be greater
when tree shading affects the radiative exchange process of ground and wall surfaces by
intercepting radiant energy. More latent heat will be released, promoting evaporative cooling
to the air (Dimoudi and N ikolopoulou, 2003). Therefore, it is importart for this study to focus
on both combination modifications in order to create an optimum cooling effect at street level
aiming to effectively mitigate the UHI in tropical region. However, some questions can be
raised here; how can these entities be improved and modified to promote a significant cooling
effect? How significant will the air and surface temperature reduction be? How much will
this combination modification influence human outdoor thermal comfort and building energy
saving? This study will address these questions through a case study of Persiaran Perdana,
Putrgjaya.

1.2 Aim and Objectives

The aim of this study isto examine quantitatively the potential of the cooling effect in
combination of trees with ground surface albedo modification at street level in mitigating
UHI effects in the city environment. It will assess the potential for and predict the optimum
cooling measures for outdoor urban spaces based principally on the physical properties of
trees and ground surface material. It will include measurement of how much the combination
modification will reduce the urban air temperature, and improve human outdoor thermal
comfort and building energy performance. This study will highlight the tropical climate city
environment by using as a case study the area of Persiaran Perdana, Putrajaya, Malaysia To

achieve thisaim, the following objectives were derived:
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To review the literature on the UHI effect phenomenon, especially in tropical
regions and how it can be mitigated, and to strategically review the combination
cooling and modification potential of vegetation with albedo.

To assess the current environment conditions regarding the UHI effect in the
Persiaran Perdana, Putrajaya area by identifying ‘hot and ‘cool’ spots using
satellite images evaluation and field measurements.

To apply the three dimensional microclimate model ENVI-met to simulate and
assess Persiaran Perdana’s current condition and compare this with field
measurement results.

To determine the per-tree cooling effect for different densities, and to predict
optimum cooling potential by comparing the Persiaran Perdana's current
condition and different proposed modification scenarios using ENV I-met.

To assess users’ outdoor thermal comfort perception in Persiaran Perdana by
means of a questionnaire survey and to assess the influence of scenario
modification results on their comfort level.

To assess the influence outdoor environments on indoor environments by means
of field measurements, and to assess, using the HTB2 building thermal model, the
energy saving of a building as the result of lower ambient temperatures due to the
improvement of outdoor environment modification.

To propose guidelines for improving UHI mitigation strategies based on the case

study of Persiaran Perdana, Putrgjaya.

1.3 Hypotheses and Research Questions

In accordance with the background to this study, the following hypotheses were

instigated:

Trees and ground surfaces’ albedo can be modified and combined to pronote a
significant optimum cooling effect.

Variations in tree density can create a different cooling effect to that observed in
the surrounding microclimate.

Urban air and surface temperature conditions vary as combination of tree densities
with ground surface albedo values increase.

Modification of the outdoor environment influences human outdoor thermal

comfort, the indoor environment and consequerntly building energy savings.



So as to better understand the hypotheses, this study also generated a requirement to
answer the following research questions:
i.  How can trees and ground surfaces’ albedo be modified and combined to promote
asignificant optimum cooling effect?

ii.  How does per-tree cooling effect differ due to variations in tree densities and tree
Species?

iii.  How much does the microclimate environment differ in terms of air temperature,
ground surface temperature, relative humidity and other microclimate variables
after combination modification has been made?

iv. ~ How much is human outdoor thermal comfort and building energy performance

influenced after outdoor combination modification has been made?

1.4 Scope and Limitations of the Research

This research focused on the combination effect of trees with ground surface albedo
modification at street level on improving the outdoor environment through air and surface
temperature reduction in Persiaran Perdana, Putrgjaya, Malaysia. The improvement of the
outdoor environment was focused on mitigating the heat island effect that has been found to
occur in this particular urban area. As the focus of the study is on street level, this
investigation does not include building rooftops. This allows for a better understanding of the
horizontal impact and behaviours of cooling from tree with ground surfaces on the
surrounding outdoor environment, people and buildings. Therefore, the investigations
incorporated in the influence of the cooling impact on outdoor thermal comfort and building

energy performance.

Field measurements to investigate UHI mitigation strategies and the outdoor thermal
comfort survey were conducted at the same time. Due to time constraints, cost and equipment
limitation; building energy performance field measurements were taken in a separate month
of the year. However, this will not influence much on the results as the weather condition in
tropical climate of Malaysia is relatively constant throughout the year.



The analyses were conducted in three parts, and limitations are listed according to the

individual investigations as follows:

Investigation of UHI strategies

1. In order to compare changes in land cover distribution using thermal satellite images
between the years 1994 and 2005, satellite images from Landsat-5 TM were used due
to problems with acquiring advanced satellite images such as Landsat-7 ETM+ pre-
1999.

2.1n the field measurement investigation, there were found to be limited number of
Tinytag data loggers and Infrared Thermometers available for data collection. These
were needed in order to make the data collected more representative of the different
outdoor landscape environments across the boulevard. Therefore, 12 significant
location points with different outdoor landscape characters were observed and then
selected in order to represent the environment of Persiaran Perdana.

3.ENVI-met simulation were limited to three proposed scenarios due to time and
hardware constraints as the simulation generally takes 10 times longer than that of
pilot study area (i.e. 246 m x 284 m) as the size of the site study is larger (i.e. 4200 m
X 2200 m area).

Human outdoor thermal comfort

1. Thermal investigation consisted of measuring air temperature, globe temperature,
and relative humidity and wind speed. Thermal measurements were performed
simultaneously with the questionnaire survey in order to ascertain an immediate
respondent’s impression to their thermal comfort conditions. Therefore, mobile
handheld instrumentation was used for completing this task.

2. There were limited numbers and types of instruments for field measurement. Thus,

the measurement was taken according to instrumentation limitation and availability.

Building Enerqy Savings

1. In order to provide a measure of the absolute reduction of indoor air temperature
influenced by outdoor landscape conditions, buildings without air conditioning
systems were needed for field measurements. Due to the full air conditioning of
buildings in Persiaran Perdana during working hours and regulations forbidding the

researcher from turning off the systems during the period of measurement, the
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nearest potential building area without an air conditioning system was chosen in
order to perform this task. The area is within six kilometres of Persiaran Perdana
and there are mostly identical in climatic condition between the two areas. As part
of this work is to obtain a general idea of variation effect in outdoor environment
towards indoor environment, the UHI effect in thisarea is not comparable to the site
study area, thus not considered as a significant parameter. However, there were
limitations and constraints regarding finding a single building with different
outdoor landscape conditions. Thus, five buildings with six idertifiable outdoor
environmental conditions were selected in the Universiti Putra Malaysia area. The
selection of these buildings was made based on similarity of site and boundary
conditions, buildings’ types, height, construction and orientation.

1.5 Research Framework

In answering the research questions and achieving the research aim, the following
tasks were identified and carried out. The research framework is divided into four phases
(Fig. 1.1). In the first phase, a literature review was carried out in two chapters (Chapters 2
and 3). The first of these chapters discusses those urbanisation factors that affect the
formation of the UHI. References to previous UHI studies were differentiated according to
non-tropical and tropical regions. Focus on UHI studies in Malaysia was carried out for a
better understanding of current issues before evaluating the findings of the case study UHI
discussed in Chapter 5. At street level, there are two potential UHI mitigation strategies and
both strategies are discussed through the role of vegetation and cool urban surfaces in urban

climates. A review of existing studies into UHI mitigation strategies was also investigated.

The second review chapter assesses trees with ground surface albedo modification in
promoting optimum cooling effects. The potential for promoting optimum cooling effect is
discussed based on the physical characteristics of trees and ground surface materials. In this
chapter, the combination potential for tree with ground surface materials to modify urban
microclimates is investigate based on their influence towards four mgjor microclimatic
components; namely, solar radiation, wind, air temperature and relative humidity. The
bioclimatic benefits of the tree cooling effect and usage of cool materials on human outdoor
thermal comfort and building energy performance are also discussed in this chapter.



In the second phase, the practical research methods are explained further in chapter 4.
The research method is divided into three parts of methodology, namely, UHI mitigation
strategies method, outdoor thermal comfort surveys and the building energy savings method.
The method undertaken for UHI mitigation in Persiaran Perdana is explained in three parts;
namely, remote sensing satellite imagery method, field measurement programme and
computer simulation programmes. Next, the outdoor thermal comfort survey is explained
based on the survey, questionnaire and measurement procedures. Finally, the last part is an
explanation of the field measurement and computer simulation programmes used for
assessing the building energy savings, as influenced by outdoor environment modification. A

review from each pilot test is also discussed in this chapter.

Results from all methodology outputs were gathered in phase three wherein findings
and the discussion chapter were discussed. Results from the UHI mitigation strategies,
outdoor thermal comfort and building energy savings assessments are discussed separately in
individual chapters in order to provide in depth explanation of each assessment, namely, in
Chapter 5, 6, and 7, respectively. However, the discussion regarding thermal comfort and
building energy savings assessment cortinually reference the UHI mitigation strategies
findings in order to understand the effects of outdoor modification on both subjects.

In phase four, conclusions are drawn from this study. The outline from the previous
three chapters are gathered and evaluated in order to propose guidelines for improving UHI
mitigation strategies based on a case study of Persiaran Perdana, Putrajaya. This is followed
by proposals for further research on the subject of mitigating the heat island effect through

combination of trees with ground surface albedo modification.



}lomawel | yoreasalayl (T'TainbiH

S31931VAIS NOLLYOLL
ANYTISI Iv3H
NY8in SNIACHJINI
404 §3aNM3AIne

AaAins aijpuuoysang -

seinpedold

AIAINS LIO4NOD
TVWYIHL ¥00AIN0

--*----ll------]---

uojpjnwis Jejndwio? -
JusweINsDaL plal4 - g
|

$31931v¥1S NOLYOLLIW IHN

NOISSNDSIA 2 SONIANH

e —

UoIDeseY PesiAey

T T T T T T T T T

v @seud € eseyd Z eseyd | eseud
g 491dey £ % 9'g 493deyn v 403dey € ® Z 493deyd
: K fom
: i | uouoinwis seindwod - | 1: SIAOIHL B
» juswainsoaw plald - =
C ] 1 GIMIIATY JANLVEILN
: JEra——— tevemens, [T] COHIWIONVWEOR | ;i
: it A ONIQNING ANV H
- o ! | INIWNONIANS 300Q1NO | 1
: i LH
: i [ H
m i 5 Asains anpuuoysane - i:
i i T A3Auns LI04NOD
: 1 - |1 |__TvWi3HL yooatno 1
: i w z|e
m --'llll-lllllll- m" = = |n Eg—%_ugngu “m
: uoypinwis lgndwiad - | g -.°A « 4 juswainsoswipia - |
m juswiainsoalwl pjai4 - [ ] m ®asmssssmssunmm I-ICC “ S3I9ILVAULS NOUVOILLIN IHN| &
H H H
: QOHIIW IONYWHOH3d Y : 1 ADOTOQOHIIN HOUVISIY 4
: ONIaTING ANV : B
|| inawNouIANa dooatno |1 :

10



1.6 Summary

This chapter highlights the need of this study to improve the outdoor urban climate
conditions by improving heat island mitigation strategies to ensure satisfactory user comfort
in the tropical country of Malaysia. Focus was given to the Persiaran Perdana boulevard area
in the city of Putrgjaya. In order to further understanding of the current scenario relating to
the research, literature supporting the research scope and theory are reviewed in Chapters 2
and 3.
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CHAPTER 2

REVIEW OF URBANISATION AND THE UHI EFFECT

2.1 Urbanisation and Climate

According to the Dictionary of Landscape Architecture and Construction
(Christensen, 2005), urbanisation can be defined as: the process of covering a significant
portion of a land area with buildings or impervious pavements. Based on the same source,
urban climate can be defined as: the climate in and near urban areas. It is often warmer,
more or less humid, shadier, and has more reflected light than the climate of the surrounding
land areas. It also has been defined by the Dictionary of Environment and Conservation
(Park, 2007) as: a local climate that is affected by the presence of a town or city, which can
include lower relative humidity, lower wind speeds, and higher rainfall. Based on the above
definitions, we can clearly see how climate affecting scenarios happen in most areas of the
world that are influenced by urbanisation. The changes to landscapes, land forms and ground
surfaces as a result of the introduction of new materials and buildings development result in a

huge modificationto urban climate.

The residential, commercial and industrial developments, which are the main
components of urbanisation, have created the most dramatic human-induced change to a
natural ecosystem or landscape through the creation of a largely impervious landscape
consisting of stiff and sharp-edged rough building blocks (Roth, 2002). This environment that
results from fast growing urbanisation and industrialisation has caused deterioration to the
urban environment. In addition, the increasing numbers of buildings have crowded out

vegetation and trees (Santamouris et al., 2001).

For example, Karaca et al. (1995) found an upward trend occurs in the urban
temperatures of Southern I stanbul, which is the most highly populated and industrialized part
of the city. Urbanisation and industrialisation in this particular area have been shown to have
a negative impact on regional cooling. In another example, Mochida et al. (1997) found that
rapid urban development had significantly changed the regional climate in the Tokyo area,

leading to various environmental problems due to the replacement of previous land- uses (e.g.
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green vegetation area, river and pond) with non-ideal ground surface conditions (e.g. asphalt
road, pavement and artificial heat release). Furthermore, Ichinose et al. (1999) claimed that
urbanisation has created a warm bias of 2.8°C regarding the lowest air temperatures seen in
the 135 years climate record for Tokyo (Tran et al. 2006). In downtown Los Angeles, USA, it
has been clearly demonstrated that the maximum temperatures are now about 2.5°C higher
than they were in 1920; moreover, Washington DC saw a similar phenomenon where
temperatures increased by around 2°C between 1871 and 1987 (Akbari et al., 2005). Based on
this evidence, it can be said that the changes resulting from urbanisation have led to major

changes to the urban climate in every city around the globe.

Fundamentally, the impact of the urban environment can be identified as resulting
from several factors such as implementation of the new surface materials (e.g. concrete,
asphalt, tiles and etc.), the construction of buildings and the emission of heat, moisture and
pollutants. Urbanisation significantly alters the mgjor properties of the surface and the
atmosphere in urban areas, affecting radiative, thermal, moisture, roughness and emissions
(Okeet al., 1991; Roth, 2002).

(i) Firstly, radiative changes will occur due to the introduction of new surface
materials, which have a larger range of albedo and emissivity values than vegetation. Lack of
shading elements (e.g. vegetation) in urban area allows the radiative changes to become
higher and uncontrollable. This may cause higher ground surface and wall temperature, thus

affecting the surrounding microcli mate.

Normally, solar radiation provides nearly all the energy that is needed from the
climate system The rate at which heat is added to the system is of primary importance to the
overall structure of the environment. Recent measurements indicate that the solar constant, So
(defined as the solar energy per unit time per unit area perpendicular to the mean Earth-Sun
distance), is about 1365-1372 Wm? (Santamouris, 2001). |f there are any changes, these can
be caused by forces external to the climate system. Of the sun's radiation; 7 % is in the
ultraviolet region (A < 0.4 um), 44% is in the visible region (0.4 <A < 0.7 um) and 37% is in
the near infrared region (Figure 2.1) (Oke, 1978; Santamouris, 2001).
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Figure 2.1 The electromagnetic spectrumof the sun (Source: Santamouris, 2001)

Therefore, when radiation arrives (travels from its source in straight line) at any urban
surface, some of it may be reflected, some may be absorbed, and some may be transmitted
through the object, thus, preventing anything else from happening to it (Figure 2.2). This
important concept demonstrates that some of the radiation that reaches a surface is normally

reflected and this is a function of the surface's reflectivity. This is also referred to as the

albedo of a material.
\ reflected

| «—— ——»  absorbed |

L3
.

q

4 transmitted

Figure 2.2 Radiation arriving at the surface will be reflected, absorbed and transmitted through the surface
(After: Brown and Gillespie, 1995)

The albedo (o) of a surface is defined by its hemispherically and wavelength-
integrated reflectivity for any simple uniform surfaces and for heterogeneous and complex
ones (Taha, 1997, Santamouris, 2001). It is the ratio of the reflected part of the incoming
radiation on a mediumof finite thickness to the total incoming radiation (Alexandri, 2005).

o = reflected part of incoming radiation

Eq. 1l
total incoming radiation

The wavelength of the incoming radiation, the elevation of the sun and the character
of the surface define the albedo value. There is a range of values for most materials. This is

due to the variability of natural elements. It calculates the amount of solar energy absorbed
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and this indicates the thermal property of a substance. Usually, some portion of the radiation
reaching the surface is absorbed into the substance and the energy is then transferred to the
molecules of the materials. The energy excites the molecules and subsequently increases the
temperature of the material (Brown and Gillespie, 1995). It is noted that the higher the albedo
of the surface the lower the energy absorbed by the medium; when the lower value is used the
energy absorbed will be higher. Therefore, it is believed that because most of the ground
surfaces and walls in urban area consist of materials with lower albedos the surface
temperature becomes higher. As a result of this, the surrounding air temperature will be

affected and the surrounding environment becomes hotter.

Another important aspect in radiative changes to the urban environment is the
emissivity value of substance. Emissivity (¢) isthe ability of abody to emit thermal radiation.
The maximum possible thermal radiation at any given temperature is the one emitted by a

black body (Alexandri, 2005). Emissivity of a surface can be defined as:

itted fi f
- energy emi rom a surface Eq.2

energy emitted from black surface at same temperature

Therefore, all terrestrial objects (any surface from urban ground and wall) emit long-
wave radiation at a rate controlled by their temperature. Therefore, the higher emissivity
value is correlated to the larger the thermal radiation emitted by the body. The range of urban
meaterials may have low (e.g. bright aluminium foil 0.13 and bright galvanized iron) or high
emissivity (e.g. concrete 0.94 and asphalt 0.95); vegetation has generally high emissivity
(0.94-0.99). The interaction on the heat exchange is dependent on the distance between the
surface or body. The radiated heat exchange could be insignificant if the body is distant
(Brown and Gillespie, 1995).

It should also be noted that the warming of the urban environment in the radiative
exchange context (emissivity) depends also on the geometry of the urban structure,
specifically on the sky view factors. Oke et al. (1991) claimed that the role of emissivity is
more minor during the night in the urban environment when compared to rural areas. There is
a temperature increase of 0.4K only as emissivity increased from 0.8 to 1.0 (in conditions

such as very tight canyons there is almost no change for higher view factors), representing
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only very small differences and changes to urban air temperature. However, the combination
of higher emissivity and the albedo value of materials will allow for greater changes in the air
temperature of urban aress.

Shade is another important factor when it comes to the radiative exchange process of
ground and wall surfaces. Shading is responsible for limiting heat from direct solar gains by
causing a reduction of urban surfaces. By having shade, we can manipulate the total radiation
absorbed at a site by shading, or by changing the solar reflectivity (albedo) of objects. This
will decrease the intercepted solar radiation, but will increase the incoming longwave
radiation (since trees and other shading object are better emitters than the sky). However, the
net result is still a decrease in total radiant energy input (Brown and Gillespie, 1995). Lack of
this component in city areas will lead to a surface and air temperature rise. Therefore, shading
by trees and other shading devices are of prime importance in reducing the surface

temperature in the case of any artificial surfaces in urban built- up areas (Figure 2.3).

T= 45°C T= 1&C
Ead. = 581 W/m® Tad, = 907 W/m?

Figure 2.3 Example: Shading and radiation filtration by trees reduces the surface temperature of the ground
surface (Source: Brown and Gillespie, 1995)

(if) Secondly; when the thermal mass of buildings is larger compared to natural
surfaces thereby providing a massive reservoir for heat storage in the daytime and release at
the night time, this significantly affects the higher night time temperatures in urban areas.
Furthermore, it will reduce the potertial to decrease ambient temperatures through

evapotranspiration.
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Heat capacity (heat storage) is the ability of a body to store heat. It can be defined as
the amount of heat needed to elevate the temperature of a given mass by 1K (Alexandri,
2005). Most urban structures have a high thermal capacity. Generally, the urban mass has its
own thermal capacity and conversely the thermal capacity of vegetation is almost negligible.
The high thermal capacity of buildings tends to delay the heat transfer to the interior of the
building by soaking up excessive heat for several hours. Later, during the night when the
external temperature is lower, the stored heat is slowly expelled to the environment via
radiation and convection (Figure 2.4). Therefore, the night-time temperatures will increase
due to this heat transfer process. However; there is practically no heat storage in vegetated
surfaces, therefore regional differences in air temperature can be found in urban and rural

environments.

DAY NIGHT
HEAT STORAGE | HEAT RECOVERY

Rise in -

night-time tempe”

Figure 2.4 The heat storage process in buildings surface at day and night-time
(After: Santamouris, 2001)

(iii) Thirdly, the reduction of moisture for evapotranspiration caused by effective
“sealing”, due to the replacement of surface materials (e.g. concrete, asphalt and pavement)

from natural soil and vegetation, will reduce the humidity of the urban environment.

Evapotranspiration (the combination of evaporation and transpiration) from soil-
vegetation systems is another moderator and can contribute significantly to reducing urban
temperature (Taha, 1997; Santamouwris 2001). This is because vegetation produces more
latent heat flux and so can modify the local climate. If vegetation isremoved extensively and
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replaced by water proofed material, the latent heat will decrease and most of the radiation
will be converted into sensible heat. As a result, the moisture content in the city will reduce
and the air will be drier and hotter than in rural areas.

The process involved can be explained through the energy budget process, where
there is a balance between the radiant energy supplied and the energy removed by all
consumers. The four maor consumers are long-wave radiation by object at the site,
conduction (1) of heat into objects, evaporation of water, and convection of heat from the
object into the air by wind (Brown and Gillespie, 1995). The energy budget can be defined

as.

Radiant energy supplied — Long-wave radiation emitted
- Conduction— Evaporation— Convection=0 Eqg. 3

Due to the high porosity of vegetation and soil, which can absorb more water, more of
the latent heat can be released into the atmosphere through the evaporation process. However,
urban material with waterproof textures channel the rainwater away from the city through
sawers preventing latent heat flux from the surface (Alexandri, 2005). It is clearly shown in
figure 2.5 that there is difference in typical energy partitioning in vegetation and asphalt

surfaces at noon and during the evening.

NET SOLAR
600 W/m2

(a) Typical well-watered vegetation at midday

600 W/m2

NET SOLAR
(1]
SKY LONGWAVE

NET SOLAR
SKY LONGWAVE

EVAPORATION
0
JEVAFORATION
0
E

(b) Dry asphalt pavement at midday (b) Dry asphalt at night

cox;;ucnorc
50 W/m2

CON m:-CT[gN
75 W/m2

Figure 2.5 Typical partitioning of energy over different landscape surfaces at noon and during the evening.
(After: Brown and Gillespie, 1995)

18



(iv) Fourthly; the rapid development of obstacle elements such as buildings that act as
bluff bodies due to their impermeability, inflexibility, and sharp edges will create strong
positive and negative pressure differences over their surface, leading to flow separation and
vortex shedding when exposed to urban airflow. As a result, this affects the transport of
energy, mass and momentum to and away from the city surfaces. Therefore, the turbulence in

the city area will be rougher thanthe homogenous atmosphere over rural surroundings.

The urban layer can be divided in into two parts: the urban boundary layer (UBL) and
the urban canopy layer (UCL). Wind flows in the UBL could be considered as “undisturbed”
wind, where it is not influenced by urbanisation. However, this flow is modified by
topography as well as by the presence of water bodies. This “undisturbed” wind is called the
“gradient wind” and its velocity is “gradient velocity” and it typically flows at a height of a
few hundred meters above ground (Emmanuel, 2005).

Meanwhile, at near ground level the wind experiences friction, drastically changing
wind speed which is increased within the short distance affected by topography and the urban
form (Figure 2.6).

Height (m)
Extent of boundary layer

500 - ~-518m 100%

400 -

Urban centre Rough wooded country  Open country, sea

Figure 2.6 Wind velocity profiles: depth of boundary layers at different topography —
Urban centre, rough wooded country, open country and sea (Source: Szokolay, 2004)

This occurs because of elements of the buildings (roughness etc.) retarding the wind
flow. Due to the sharp angled bodies of buildings the wind becomes retarded, but at the same
time the turbulence of the flow is greatly enhanced. Therefore, this affects the energy
transport to and away from the city surface. Oke (1978) has listed the typical roughness
length zp, of urbanized terrain (Table 2.1).
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Table 2.1 Typical roughness length z of urbanized terrain (After: Oke, 1978)

Terrain Zo(m
Scattered settlement (farms, villages, trees, hedges) 0.2-0.6
Suburban

Low-density residences and gardens 0.4-1.2
High density 0818
Urban

High density, <five-storey row and block buildings 1525
Urban high density plus multi-storey blocks 2510

(iv) Finally; the emission from aerosols and greenhouse gases affects radiative
transfer by acting as condensation nuclei, thus, waste heat and water vapour from combustion
is added to the urban atmosphere. In addition, anthropogenic heat, i.e. that released by the
combustion of fuels from either movable systems (e.g. cars, buses, transportation etc.), or
stationary sources (e.g. power generation), as well as from human or animal metabolism will
act as excessive heat, warming the urban atmosphere and increasing air temperature (Roth,
2002). Table 2.2 below summarises all the possible urban factors and their effect onthe urban

environment.

Table 2.2 Possible urban factors and effects on the urban environment (After: Oke, 1991)
Factors Effects
1 Canyon radiative geometry i) Contributes to the decrease in long-wave radiation loss from

(Urban geometry and
radiation)

within the street canyon due to the complex exchange
between buildings and thescreening of the skyline.

i) Infrared radiation is emitted fromthe various buildings and
street surfaces within the canyons.

iii) Buildings replace a fraction of the cold sky hemisphere with
much warmer surfaces, which receive ahigh portion of the
infrared radiation emitted fromthe ground and radiate back
an even greater amount.

The thermal properties
(albedo) of materials

i) Increased storage of sensible heat in the fabric of the city
during the daytime and release of the stored heat into the
urban atmosphere after sunset.

il) Replacement of natural soil or vegetation by materials, such as
concrete and asphalt, used in cities reduces the potential to
decrease ambient temperature through evaporation and plant
transpiration.

Anthropogenic heat

i) Released by the combustion of fuels from either mobile or
stationary sources, as well as fromanimal metabolism

The urban greenhouse
effect

i) Increases in the incoming long-wave radiation fromthe
polluted urban atmosphere. This extraradiative input to the
city reduces the net radiative drain.

Canyon surfaces and
radiation

i) Decrease in the effective albedo of the system because of the
multiple reflection of short-wave radiation by canyon
surfaces.

The reduction of
evaporating surfaces

i) The city puts more energy into sensible heat and less into latent
heat.

Reduction in turbulent
transfer

i) Reduced transfer of heat from within streets.
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These changes in atmosphere and the urban climate are reflected in an altered energy balance

(figure 2.7).
incoming outgoing radiation
SPACE Solak
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Figure 2.7 The energy balance of the earth (Source: Santamouris, 2001)

In the urban environment, the energy balance of the ‘Earth surface’s ambient air’
system is governed by energy gains and losses. It is also influenced by the energy stored in
solid comporents in the urban area, mostly buildings and streets (Santamouris, 2001). In
gereral:

Energy gains = Energy losses + Energy storage. Eq. 6

This can be explained (Oke, 1978 and Santamouris, 2001) by; energy gains involve
the sum of the net radiative flux Q; (in the form of both solar radiation and long wave
radiation emitted by solid componrerts). It also involves the anthropogenic heat @ that gains

from urban transportation systems, power generation and other heat sources.

On the other hand, sensible heat Qg or latent heat Q. resulting from heat convection
between solid surfaces and the air, as well evapotranspiration, resulted in energy losses. Thus,
it should also be noted that the advective heat flux between urban and surrounding
environments can also produce energy losses. Therefore, this can be written as:

Q+Q=Qe+Q+Qs+Qa Eq.7
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where, the energy storage that consists of Qs is the stored energy and Qa is the net energy
transferred to or from the system through advection in the form of sensible or latent heat.
However, the advective term can be ignored in central urban areas with high building density,
although, it may be important in boundary areas where the urban and the rural environments
meet (Santamouris, 2001) (Figure 2.8).

Boundary
Loyer

(anopy

T

Figure 2.8 Schematic presentation of the energy fluxes in the urban environment
(Source: Oke, 1978 and Santamouris, 2001)

According to the above explanation of the dynamic process, a new set of
environmental conditions is created, generating a significant differentiation from the
surrounding “undisturbed” rural areas (Oke, 1978; Santamouris, 2001; Tran et al. 2006). In
addition, as consequence of changes in the heat and energy balance, air temperature in
densely built urban areas is higher that the temperature of the surrounding country. This
phenomenon is the UHI effect, or UHI described below (Oke, 1978; Landsberg, 1981,
Santamouris, 2001; Emmanuel 2005; Tran et al., 2006; Yu and Wong, 2006; Bonacquisti,
2006; Wong et al., 2007; Sailor and Dietch, 2007).
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2.2 Urban Heat Island (UH1): Definition

Before we proceed to athorough understanding of the phenomenon of the heat island,
it is valuable to define the term *heat island’. According to the Dictionary of Landscape
Architecture and Construction (Christensen, 2005), it can be defined as: the microclimate,
area, or patch of warmer air that forms in and over urbanised areas because of paved or
impervious surfaces, reflection from upright structures, and buildings gathering heat or
generating it and then releasing it. In another definition in the Dictionary of Environment
and Conservation (Park, 2007) it is referred to as: a dome of raised air temperaturesthat lies
over an urban area and is caused by the heat absorbed by buildings and structures. This
definition is supported by Emmanuel (2005) who describes a heat island as best visualised as
adome of stagnant warm air over the heavily built- up areas of cities. Based on the definitions
and previous section explanation, it is clear that the condition of urbanisation and related
climatic comporents are the mgor components leading to the creation of the UHI
phenomenon.

As reported by Roth (2002) and Emmanuel (2005); interest in urban climates study
began almost 200 years ago when Luke Howard, in the year 1833, first documented that
cities appear to be warmer than surrounding rural areas (Landsberg, 1981). He compared the
temperature records of a London city weather station with arural station in Kew Gardens and
found that the city station was warmer. This UHI effect was coined as the phrase ‘UHI’,
according to Landsberg (1981), by Gordon Manley in 1958. According to Landsberg (1981),
a UHI effect can be observed in every town and city and it can be considered the most

obvious climatic indicator of urbanisation (Wong et al., 2007).

The heat island phenomenon may occur during the day or night. However, heat
islands are most intense at night, occurring a few hours after sunset, under clear skies in the
presence of light winds (Santamouris, 2001; Emmanuel, 2005). In large city areas, the
boundary between rural and the urban areas demonstrates a steep temperature curve; there
may be several ‘plateaus’ characterized by a weak gradient of increasing temperatures,
valleys and finally the peak at the city centre, where the maximum temperature is found (see
figure 2.9).
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Figure 2.9 Generalized cross-section of typical UHI (Source: Roth, 2002)

However, it should be pointed out that heat island patterns and time ranges are
significantly determined by the individual characteristics and local climate conditions unique
to each city (Taha, 1997; Santamouris, 2001; Roth, 2002). The intensity of a UHI is generally
determined by the thermal balance of the urban region, which can sometimes affect the
temperature with a difference of up to 10 degrees (Santamouris, 2001). UHI intensity ATyrpan-
rural, O UHI max, defines the condition where there is a maximum difference in the urban
peak temperature and the rural background temperature (Oke, 1978; Yague et al., 1991;
Karaca et al., 1995; Tso, 1996; Santamouris, 2001; Roth, 2002; Wong et al., 2005;
Bonacquisiti et al., 2006; Velazquez-Lozada et al., 2006).

2.3 Types of UHI I ntensity

In order to understand more fully the UHI phenomenon, it is important to note that
numerous types of UHIs can be identified depending on their location and height within the
urban environment. There are two common types of UHIs that have been classified by Oke
(1995) and simplified by Roth (2002), namely, Air temperature UHI and Surface
Temperature UHI and these can be defined depending on their location and height within the
urban atmosphere (Table 2.3).
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Table 2.3 Simple classification scheme of UHI types (after Oke, 1995 and Roth, 2002)

UHI type L ocation
1) Air Temperature UHI:
- Urban canopy layer heat island Found in the air layer beneath roof-level

- Urban boundary layer Found in the air layer above roof-level; can be
affected downwind with the urban plume
2) Surface temperature UHI Found at the urban horizontal surfaces; such as

ground surface, rooftops, vegetation and bare
ground. Normally this depends on the definition of a
surface { True 3-D (Complete); Bird s-eye 2-D
(aircraft, satellite); Ground Road}

2.3.1 Measuring UHI in Air Temperature

Air temperature in the UHI is divided into two different locations based on the
understanding of the conception of the urban atmosphere system in the urban energy balance
(Oke, 1999) and composed in two distinct layers: the urban canopy layer (UCL) and the
urban boundary layer (UBL). The UBL is the overall atmospheric system that extends for
many miles above cities, whilst the UCL is the layer of atmosphere where most life occurs:
from ground level up to the mean height of the roof (Figure 2.10). Understandably, the
majority of the climatic effects are predominantly felt in the UCL (Emmanuel, 2005).
Therefore, in gereral, most of the air temperature UHI studies investigate factors and
environments at the UCL level in order to understand the overall phenomenon effecting air

temperature differences inthe city.
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Figure 2.10 The vertical structure of the urban atmosphere over an urban region at the scale of the whole city
(Source: Roth, 2002)

Normally, the UHI has air temperatures that are warmer than temperatures in
surrounding rural areas. The intensity of UHI air temperature varies throughout the day and
night (Wong and Yu, 2005; Gartland, 2008). Generally, the smallest urban-rural air

temperature difference can be found in the morning. However, the difference grows during
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the day as urban surfaces heat up and consequently warm the air. Thus, the difference is
based on the urban surface area heating the air. The heat island intensity is usually largest at
night, since the urban surfaces continue to transmit heat after sunset and slow the rate of
night-time cooling (Gartland, 2008).

In order to measure the air temperature UHI intensity, ground based measurements,
namely, from fixed stations and mobile traverses are the methods that have been commonly
used in most of the studies for monitoring air temperature UHI (Sham, 1990/91; Magee et al,
1999; Unger, 2001; Kim and Baik, 2005; Wong and Y u, 2005; Giridharan et al., 2007). Fixed
station is the simplest method to use when comparing existing weather data from two or more
fixed stations. It has been suggested that the data from fixed stations is commonly used in
three different ways: (i) comparing data from a single pair of urban and rural weather
stations; (ii) studying data from multiple stations to find regional, two-dimensional impacts
and; (iii) investigating a large set of historical datato evaluate heat island trends overtime as a
region develops (Gartland, 2008). As most of the ‘ urban’ weather stations are located on tops
of buildings, and so do not reflect the canopy layer condition, it is important to choose a
suitable location for any research weather station in order to compare between urban-rural
climates. In rural areas, weather stations are typically positioned at airports and so may not
accurately represent historical conditions. The majority of the airports are not sheltered from
wind and natural vegetation may have been eliminated in favour of runaway space. In
addition, airport weather station are often located on towers, therefore, the measurements
may not represent ground-level conditions (Gartland, 2008). Thus, the selection of all
weather stations' locations is most important in order to represent urban-rural air temperature

conditions.

The second common and most economical method that can be used in monitoring air
temperature UHI is through a mobile traverse. This method requires travelling on a
predetermined trail throughout the city or region stopping at representative locations to take
readings using a single set of weather instrumentation. There are various methods of transport
available to cover smaller areas of the study, i.e. walking or cycling between measurement
locations (Spronken-Smith and Oke 1998), to those for covering a larger area using public
transport or a car (Chandler, 1960; Hutcheon et al, 1967; Yamashita, 1996; Stewart, 2000;
Wong and Y u, 2005). Measurement can be undertaken at any time of day or night; however,
most of the studies perform traverses at night during calm and clear weather in order to
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measure maximum heat island intensities. However, there several drawbacks to using the
mobile traverse method to measure heat islands such as the inability to record simultaneous
measurement at different locations and the influence of sources of heat along roadways from
engines, pavement heat or wind generated by traffic (Gartland, 2008).

2.3.2 Measuring UHI in Surface Temperature

The second type of UHI, is the so-called, surface temperature UHI; which in contrast
to air temperature UHI, is greatest during daytime with the highest temperature likely to
occur in areas filled with large buildings or paved surface areas, with a minimum at night
(Roth, 2002). Surface temperature can be found in differences which peak soon after solar
noon (Outcalt, 1972; Pease et al., 1976; Emmanuel, 2005). During this hour, many urban
surfaces, such as roofs and pavements, are routinely heated by the sun to temperatures
ranging from 27°C to 50°C hotter than the air (Gartland, 2008). Voogt and Oke (2003)
claimed that the surface temperature is of key importance to the study of urban climatology.
It transforms the air temperature of the lowest layers of the urban atmosphere and it also
helps to determine the internal climates of buildings. In addition, it will affect the energy
exchanges that influence the overall comfort level of city dwellers (Voogt and Oke, 2003).
The parameters that quantify the magnitude of surface temperature are surface albedo,
moisture content, and land use or land cover conditions (Xian, 2007).

Therefore, in contrasts to ground-based observations or in situ measurements of air
temperature UHI, satellite images from thermal remote sensing offer the ability to assess
urban-rural differences and provide an incorporated value for the urban ‘skin’ temperature at
regional or local scales levels (Figure 2.12) (Roth, 2002; Voogt and Oke, 2003; Dousset and
Gourmelon, 2003; Xian, 2007; Wong et al., 2007). Remote sensing can be used to find
temperatures and other characteristics of surfaces such as roofs, pavement, vegetation and
bare ground, by sensing long-wave or thermal infrared radiation to estimate surface
temperature (Voogt and Oke, 1997). The advantage of using this technology is its power to
visualize temperatures over large areas. However, it depends on definition of the surface.
Surface definitions are important to the remote sensing of UHI (sensors see the surface
directly) and for comparing remote sensing to other measurements or model outputs (Voogt
and Oke, 1997). Figure 2.11 explains four different surface definitions in measuring UHI

using remote sensing. Normally, bird’s-eye or plan view is used in measuring surface UHI as
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viewed by a nadir remote sensor. It shows only a plan view of ground surfaces, vegetation top
canopy and roof top surfaces, thus, omitting temperatures of vertical building walls and
temperatures under trees. Since satellites are constantly circling the Earth, they do not record
continuous information over a daily period, thus, daytime and night-time data is recorded
separately (Gartland, 2008). In addition, clear weather is needed in order to capture a clear

image.

However, remote sensing technology can help to explore the UHI effect from
following the following perspectives: (i) the spatial structure of urban thermal patterns and
their relation to urban surface characteristics; (ii) the application of thermal remote sensing to
the study of urban surface energy balances, and (iii) the application of thermal remote sensing
to the study of the relationship between atmospheric heat islands and surface UHI (Wong and
Y u, 2008). Remote sensing instrumentation typically takes measurements at five different
energy wavelengths. Thus, these measurements can be used to determine how hot or cold a
surface is, and to show what it looks like and how reflective it is (Gartland, 2008).

.h;'-ln-:-d-e_’r.s:
I surface UHI

Ground-
level

| Surface UHI (as
viewed by a nadir
remote sensor)

Bird's-eye or '
plan view

Roof-top

Figure 2.11 Surfaces’ definitions in measuring surface UHI (Source: Voogt and Oke, 1997)

Remote sensing technologies has been utilised for studies of UHI extensively during
the past two decades (Wong and Yu, 2005). An interesting study by Wong et al. (2007)
indicated that the exchange process between urban surfaces and the atmosphere are governed
by surface heat fluxes and therefore interactions of this physical process are difficult to
monitor with in situ instruments. As a result, the study used satellite images as a tool in order
to get the entire view of the environment.
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The study used the superimposed and zoomed thermal satellite images at the campus
level of NUS (Figure 2.12). Then, this data was analysed to determine the “hot” and “cool”
spots in the campus area, with a range from red to represent hot temperatures to blue for cool
temperatures. The results clearly show that the locations of red colour distribution (hot spots)
in the thermal image are almost always the locations of buildings in the real image and the
green colour distribution (cool spots) occur mainly in proximity to large areas of dense
greenery. The spatial structure of urban thermal patterns and their relation to urban surface
characteristics as revealed in this study, suggest that this method can be considered useful in

order to determine hot and cool spots in urban areas.

& ..,.4_ - 2 ,mn!“ s
Figure 2.12 Example of sat mages and thermal sat

Visible (up) and thermal infrared (down) images of NUS campus in Singapore. The yellow and red areas are hot
— corresponding with roads and buildings; blue and green areas are cool and indicate water and vegetation
(Source: Wong et a., 2007)

2.4 UHI Studies

As mentioned previously in section 2.1, urban climate studies were first of interest
almost 200 years ago when Luke Howard (Howard, 1833) was credited to have carried out
the first sciertific study into inadvertent urban climate modifications (Landsberg, 1981; Roth,
2002; Emmanuel, 2005). He observed and recorded the phenomenon that urban areas are
warmer than the surrounding rural area. Since then, a number of observational studies
throughout the world have been carried out (Table 2.4). Landsberg (1981) believed that the
UHI phenomenon can be found in every town and city as the most obvious climatic
manifestation of urbanisation. It can be observed from the table that the UHI effect can be
found not only in temperate cities but also in tropical ones. The UHI studies in each climate

case is discussed and explained under the next sub heading.
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Table 2.4 Air Temperatures UHI max of different cities worldwide

Study Area Reference Study Approach Climate UHI Intensity
Zone °C)

Tokyo, Japan® Tran e al. (2006) Remote sensing Temperate  +12.0

Bangkok, Tha land? Tren & al. (2006) Remote snsing Tropicd +8.0

Seoul, Korea’ Tren & al. (2006) Remoate snsing Temperate  +8.0

Shanghai, China® Tran ¢ al. (2006) Remote snsing Temperate  +7.0

M exico City, M exico® Jauregui et al. (1997) Weahe SationDaa Tropicd +7.0

M anila, Philippines’ Tren e al. (2006) Remote snsing Tropical +7.0

. ) Padmanabhamurt . .
8 cities, Indiat (1990%]1) amurty Weahea SaionDaa Tropicd +0.6-10
1 Weahe Saion Daa :

KuadaLumpur, M daysia Elsayed (2006) & SteQuvey Daa Tropica +7.5

San Juan, Puerto Rico® Velazquez (2002) Modelling Tropicd ;gé%)(&‘t'maed by

London, UK Wakins et al. (2002) Wedhea SaionDaa Temperate  +8.0

Athens, Greece! Santamouris (2001) Weahe SaionDaa Temperae +10.0

Ho Chi Minh City, Vietnam®  Tran e al. (2006) Remote snsing Tropica +5.0

Szeged, Hunga'y2 Unger & a (2001) dte Qurvey Daa Temperate +2.6

Hong Kong, China Giridharan & a. (2007) Ste Qurvey Daa Temperate +34

Lodz, Poland E(llgggl; and Fortuniak Wedher SationData  Temperate  +12.0

Rome" Bonacquisiti & al. (2006)  Modelling Temperate  +4.2

Sngaporel Wongand Chen (2005) dte Qrvey Daa Tropicd +4.01

New York? Gedzelman & al. (2003) Weahea SaionDaa Temperae +5.0

M adrid® Y ague (1991) Wedhe SationDaa Temperate  +2.23

Air-temperature based, “Surface-temperature based

2.4.1 Non-Tropical UHI Studies

UHI studies in temperate climates have been widely explored by numerous
researchers in Europe, America and Mediterranean and Asia Pacific regions. They have
investigated the intensity of heat islands during both summer and winter seasons. However,
for the purposes of this study, the interest lies more with the summer season when the UHIs
max effect on the temperate climate is typically found.

In the case of Europe, various studies have been documented the intensity of heat
islands. According to Santamouris (2001); reporting a UHI study in Europe, undertaken in
London from June to July 1976, Lyall (1977) noted that, the magnitude of the nocturnal heat
island averaged 2.5°C for over two months. The range is not far below the daily limits found
by Chandler (3.1°C) in 1960.

This result has been further investigated by other researchers within this region;
including Eliasson’s (1996) in Gothenburg, Sweden showing a UHI magnitude of 5°C with
the night-time nocturnal heat island greater by 0.5°C. Based on limited data in Essen,
Germany (Swaid and Hoffman, 1990) the heat island intensity was found between 3 and 4°C
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for both day and night. Another study in the small town of Stolberg, Germany found a high
excess temperature difference of about 6°C at night, due to the profoundly built-up town
centre situated in a narrow valley which obstructs the potential for air flow to break through

into the urban area.

In Madrid, Spain a UHI study by Yague et al. (1991) found that the highest UHIs
intensity can be found in the summer months. 1n the month of September the UHI intensity
was found to show the highest peak of temperature of 2.23°C, while in April the lowest was
1.72°C. He noted that this is consistent with other studies carried out in the U.S. and Canada
(Table 2.5). The lowest value shown is in spring, which might be related to the fact thet the

season has more turbulent nights than in other seasons.

Table 2.5 Seasonal variation for UHI intensity (record from 1965-1987). Standard deviation shown below in
parenthesis (Source: Yague et al., 1991)

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

190 173 196 | 172 189 210 222 218 _ 223 19 215 203
(027 (0.18) (0.18) (0.14) (0.19) (0.13) (0.15) (0.17) (0.27) (0.24) (0.23) (0.22)

Several studies have been performed in the USA, mostly by NASA and the Lawrence
Berkeley Laboratory (LBL). Taha (1997) in his study performed under the Lawrence
Berkeley National Institute claimed that the actual impact of urban climates and heat islands
depends on local climate characteristics. He listed the increase in the cooling and heating
degree days for selected North America urban areas locations from 1941-1970 (Table 2.6).

Table 2.6 Reduction in heating degree-days and increase in cooling degree-days (base 18.3°C) dueto
urbanisation and heat island effects from 1941-1970 (Source: Taha, 1997)

Location Heating degree-days Cooling degree-days
Urban Airport % Urban Airport €%
Los Angeles 384 562 -32 368 191 74
Washington DC 1300 1370 -6 440 361 21
St. Louis 1384 1466 -6 510 459 11
New York 1496 1600 -7 333 268 24
Baltimore 1266 1459 -14 464 344 35
Seattle 2493 2881 -13 111 72 54
Detroit 3460 3556 -3 416 366 14
Chicago 3371 3609 -7 463 372 24
Denver 3058 3342 -8 416 350 19

As can be seen in the table, the urban areas have fewer heating degree-days but more
cooling degree-days in respect to rural surrounding. Thus, the increase in the cooling degree

days has a tremendous impact on the energy consumption of buildings for cooling purposes.
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Taha has listed the possible causes of the impact that can be seen, such as surface albedo,
evapotranspiration from vegetation and anthropogenic heating from transportation and
stationary sources. He discovered that the causes most relevant to heating and UHI problems
are due to two indications which are surface albedo and vegetation cover. Higher albedo
surface and low vegetation cover tend to increase the heat and cause the air temperature to
rise. This explains why the percentage of urban areas cooling degree-days is much higher

than inrural aress.

Another study by Streutker (2003), supported by NASA, compared two sets of heat
island measurements in Houston, Texas taken 12 years apart using satellites radiative
temperature map data in (i) 82 night-time scenes from the years 1985 and (ii) 1987 to 125
night-time scenes taken between 1999 and 2001. He determined that these two sets of interval
data show a mean UHI growth with a magnitude of 0.8°C, or 35% in the city area. The main
reason for this occurrence is that the population of the city grew by 20% per annum. This
caused the changes to the heat island signature of the city. Therefore, he noted that Houston's
UHI intensity could possibly be monitored in relation to population density in an attempt to

control or mitigate UHI.

Onre of the key studies of interest was conducted in a hot Mediterranean climate by
Santamouris et al. (1996), assessing the heat island characteristics and the explicit distribution
of the ambient temperature in the city of Athens. Twenty automatic temperature and humidity
stations were installed in the major Athens area during spring 1996 (later this was increased
to thirty). The measurement points were selected to cover all five mgor city criteria;
including: (i) the boundary conditions around the basin; (ii) densely built up areas with heavy
traffic; (iii) low traffic areas; (iv) green areas in the city; and finally (v) medium built-up
areas. The study indicated that the central areas of Athens recorded the higher temperatures
for both summer and winter periods, particularly during the daytime. In summer the daily
heat island intensity for the central area may reach values of up to 10K but in rural areas there
are much lower ranges, between 6K and 2K (Figure 2.13). However, urban green areas show
2°C to 3°C lower than the central station, which is between 2°C and 5°C during the night-
time. The study leads to an interesting conclusion when compared to the summer period
results as it shows that the cooling degree hours in the central area of the city are around
350% greater than in suburban areas. Additionally, in the west Athens area, the study
determined that the area was characterized by low vegetation, high building density and a
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high anthropogenic emission rate and so presents 40% fewer cooling degree hours than other

nearby urban stations.

Figure 2.13 Absolute temperature difference between urban stations and the reference station in
Athens, 1996 on summer days (left) and during summer nights (right) (Source: Santamouris, 2001)

The UHI max in the very central Athens area is close to 16°C while the mean value is
close to 12°C for the major central area of Athens. However, the central Athens park area
shows a lower UHI intensity, which is close to 6.1K and the park presents almost 40% fewer
cooling degree hours than nearby urban stations.

Another significant study in Asian countries, by Tran et al. (2006), specifically
assesses surface UHIs in two different climate regions, temperate and tropical respectively,
using Terra/Modis Thermal remote sensing satellite images. Tokyo, Beijing, Pyongyang and
Seoul City represent the temperate regions and Bangkok, Manila and Ho Chi Minh City the
tropical climate regions. The study indicated that all selected temperate climate cities were
experiencing significant surface temperature UHIs in summer 2001, with Tokyo having the
most severe UHI in both magnitude (up to 12°C) and extent (up to 8067 knf) and Pyongyang
having the lowest with 4°C and 549 knt respectively. In contrast, selected tropical cities
experienced intense surface temperature UHIs in the range of 5-8°C in the dry season of
2001-2002. Most of the causes were due to the urban surface properties and land cover,
particularly in terms of vegetation cover and built-up density. In example, Bangkok and Ho
Chi Minh City showed a relationship between surface properties and UHIs, indicating the
importance of vegetation in partitioning of sensible and latent heat fluxes in a humid

environment (Figure 2.14).
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Figure 2.14 Temporal variations of the day time surface UHIs in Tokyo (temperate) particularly found to be
higher in summer seasons (left) and Bangkok (tropical) found to be higher in the dry season
(Source: Tran, 2006)

2.4.2 Tropical UHI Studies

Nieuwolt's (1966) study conducted in the urban south of Singapore was one of the
earliest tropical urban microclimatic studies (Tso, 1996; Wong and Yu, 2005; Emmanuel,
2005). By recording the city air temperatures and humidity at nine points in the city centre
and comparing these with the single meteorological station located at Paya Lebar airport
(representing a “countryside” setting), they found out that the city was significantly warmer
and drier than the airport; with the differences of up to 3.5°C (Figure 2.15). In particular, the
weather conditions showing the highest temperatures and lowest humidity were found in
narrow streets in the urban area. The air temperature differences in both areas are believed to
be due to the higher absorption of solar radiation and lack of evapotranspiration in urban
aress.
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Figure 2.15 The temperature difference in urban-rural areas in Singapore (Source: Emmanuel, 2005 adapted
from Nieuwolt, 1966)
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Another study, by Sani (1990/91), in agreement with Nieuwwolt's findings was
conducted in Kuala Lumpur Malaysia. However, he found out that the city-country
temperature difference (CCTD) was related to cloud cover. The results indicated that on clear
days the CTTD was 4.4 to 5.0°C nevertheless on cloudy days it was 2.0 to 2.2°C respectively
(Figure 2.16). This was characterised as due to the additional dark-coloured surfaces in the
city and the trapped hot air (lack vertical air mixing) at 1.5m level.
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Figure 2.16 The typical temperature distribution in the Kuala Lumpur area during (a) 14:00-15:00h; and (b)
21:00-22:00 (Source: Sani, 1986)

The work by Adebayo (1987, 1990, 1990/91, 1990) (adapted from Emmanuel (2005)
in Ibadan, Nigeria) involved UHI studies in tropical Africa (Figure 2.17) where he indicated
that the temperature differences in urban-rural areas were caused by following factors: (a)
reduction in albedo values where more heat exchanges from the earth’'s surface, (b) trapped

net radiation as aresult of urban canyons, and (c) the existence of pollution coverage.
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Figure 2.17 Urban radiation balance in the tropics: Ibadan, Nigeria (Source: Adebayo, 1990, adapted from
Emmanuel, 2005)
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Therefore, most of the recent and existing studies (Table 2.7) propose that there are

extensive microclimatic modifications due to urbanisation in the region, even though the

urban climate studies in tropical cities have not been widely studied (Emmanuel, 2005).

Table 2.7 Recent Tropical UHI studies

Author/s

City

Parameters

Major findings

Tso (1995)

Sngeporeand  Air temperaure

Kuaa
Lumpur

Thecity-rurd temperature differences were
dueto the greater absorption of solar
radiation and to reduced evapotrangiration
inthecity.

The pesk values of maximum temperature
occur a 13:00 to 14:00 h. Besides, the
location and urbanisation pattern of the
cities is expected to gveriseto adifference
in ar environment.

Jauregui et d.
(1997)

M exico City

Alr temperature

Thewarmingtrend is manly the result of
the growing heet island effect usualy
observed on clear nights during the dry
season. It is expected that etimates of heat
island intensity in atropica city aremore
dependent on the land use characteristics of
the rura/suburban control.

Nichol
(1996a,1996h)

Snggpore

Remotely sensed
surfacetemperature

Horizonta surface temperatures are more
representative of urban air temperaturesin
thetropics dueto high solar azimuth.
Tropicd cities do not haveasingle UHI;
rather a coll ection of smal UHIs separated
by cooler aress (vegetation)

Jauregui and
Romales (1996)

M exico City

Convective
precipitaion

Wet season rainfall gppears to have
increased over thecity, as wdl asthe
frequency of intenserainfal (>20mnvhr).
Thelater is related to daytime UHI.

Jauregui et d.
(1997)

M exico City

Alr temperature

It 1Isnotedthat anocturnd heat 1sland was
more frequent (75%) than aday -time heat
island (25%). Daytime hest islands may
have been caused by differencesin
evaporative coolingin the wet season.

Oked 4. (1999)

M exico City

Net radiation, sensible
and latent heat fluxes

Theheat storagein buildings is so lar ge that
convective heating is rigorously conced ed
in the city with massive stonewalled
buildings during daytime. Thus, the heat
release a night is equal to or larger than the
net radiation.

Emmanud (2003)

Colombo

Alr temperature and
relaive humidity

M astly in suburban area, thermd comfort
patterns (THI) are significantly correlated to
hard land cover changes.

Wong and Yu
(2005)

Snggpore

Alr temperature and
relaive humidity

Thear temperatures within different land
uses are quite relevant to the density of
geenery. On the other hand, places with
fewer plants dways have ahigher
temperature. Thus, large green aress
absolutely have positive effect on
mitigating UHI effect.

Vdazquez et d.
(2006)

Puerto Rico

Alr temperature and
numerical UHI
simulation

Theurban-rurd temperature differenceis
dueto urban sprawl. In addition, the
thermal inertia is the most important factor
that affectsthelocal urban climate.

Tran et d. (2006)

Bangkok,

M anilaand
Ho Chi Minh
City

Saelitedataand

remotely sensed surface

temperature
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Thetropicd cities experiencingintense
surface UHIs in the dry season and it was
associated with heavily built-up areesin
city centre.

Thenight time UHI magnitude was lower
than that of day time dueto moisture
avail ability and surface coolingrates.



Thediurna variaions of UHIs werefound
to be different for cities dependingon
topography, rurd surroundings and
geographicd locations of thecitiesin
relaion to the sea

Therefore, from all the studies listed, it is possible to say that UHI anatomy in norn-
tropical (temperate climate) tendsto have close similarity to in tropical ones (Oke, 1982). The
similarity can be recognized by several features that characterise the microclimate
(Emmanuel, 2005). There are four urban microclimate features characteristic of the city

climate in all places (e.g. tropical and non-tropical region):

() Itis noted that the day and night-time UHIs are two difference cases. The downtown-
centered UHI exists at night while the day-time records a mixture of cool spots and heat
islands. The magnitude of the temperature differences declines as the background
climate becomes hotter.

(i) The second characteristic relatesto nocturnal UHI, where the downtown-centred UHI at
night is highly correlated with urban tree cover characteristics. The importance of tree
cover characteristics to city-wide night-time UHIs is confirmed by numerous urban
climatologists, including Niewolt (1966) in Singapore, Sham (1973) in K uala Lumpur,
Malaysia and K awashima (1994) in Tokyo.

(iii) The changes to lower albedo materials in urban surfaces are strongly correlated with
higher temperature intensity in the day time and greater at night-time. Heat storage from
wall and ground surfaces tends to dispersed at night and create a higher nocturnal UHI
in urban areas.

(iv) The fourth features of UHI relates to the utility of extensive tree cover in street canyons
where conplete vegetation cover with extensive canopy cover showed minimal
difference from cooling by building shade in respect to thermal comfort comparison
(Nichol, 1996a). Therefore, broad and larger numbers of canopy covered is required in
order to give the full advantage of thermal comfort in urban areas.

However, both regions have several differences between those climatic parameters
affected by numerous causes relating to the UHI max and these can be recognized by the

effect on each climatic variable such as temperature, humidity, precipitation, wind and solar
radiation (Table 2.8).
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Table 2.8 Comparison on the impact of UHI based on urban climatic parameters for both regions

Climatic Typical Effect Possible Causes fromurban areas in Both
Parameter Regions
Temperature -Rise in daily minimum Replacement of natural soil or vegetation by
temperature: some change in materials, such as concrete and asphalt, used
maximumtemperature in cities reduce the potential to decrease
ambient temperature through evaporation and
-MaxUHI : plant transpiration.
In the temperate climate - The city puts more energy into sensible heat
During summer season and less into latent heat (lack of vegetative
In the tropics - cover).
During dry and hot season Lack of shade cover.

Humidity Reduction in daytime This pattern results fromsmaller vapour input,
humidity, but increase in due to the result of a reduction in vegetation
night-time values. and hence smaller transpiration rates in the

city conmpared to the greater rura
-MaxUHI : evapotranspiration during the day.
In the temperate climate - At night, a more humid environment is
During summer season — low maintained in the urban area, due to weak
humidity level evaporation when the moisture content of the
During winter season — lower layers of rural air are depleted by
high/mediumhumidity level  dewfall.
In the tropics - Lack of water bodies and water availability.
During dry seasson - Lots of water-proof surface materials (Lack of
critical/low humidity evaporation).
During wet season — medium
humidity level
Precipitation In temperate climate - Larger Released by the combustion of fuels from
increases in summer (up to 21 either mobile or stationary sources, as well as
percent) and smaller increases by animal metabolism.
in winter (5-8 percent) Emission from the aerosols and greenhouse
In the tropics — the increase is  gases affects the radiative transfer and act as
attributed more to air pollution condensdion nuclei, thus, waste hea and
than heat emission. water vapour from combustion is added to the
urban atmosphere.

Wind Increases in the number of Rapid development of obstacle elements such
calm periods observed. Up to as buildings that act as bluff bodies due to
20 percent reduction in wind their impermeability, inflexibility, and sharp
speeds are known. The effect edges characters that influence the air
is greater upon weaker winds movement and velocity.

(Emmanuel, 2005). Changes in urban topography.
Solar radiation Though incoming radiation Introduction of new surface materials which

values are not changed, the
apparent values are high due
to the containment of reflected
radiation by the heat dome
(Emmanuel, 2005).

In the temperate climate -
During summer season due to

have a larger range of albedo and emissivity
values compared with vegetation.

Canyon surfaces and radiation will decrease
the effective albedo of the system because of
the multiple reflection of short-wave radiation
by the canyon surfaces.

The decrease in long-wave radiation loss from
within the street canyon due the complex

long hour exposure in exchange between buildings and the screening
daytime. of the skyline.

In the tropics -

Throughout the year.
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2.5 Climate and UHI Studies in M alaysia
2.5.1 Climate Background

The characteristic features of the climate of Malaysia are uniform temperature with
high humidity, copious rainfall and light winds. Malaysia is situated in the south east part of
Asia on the equatorial lines at 2° 30' North latitude and 112° 30' East longitude; it is
extremely rare to have a full day with conpletely clear sky even during periods of severe
drought. In contradts, it is also rare to have a dtretch of a few days with completely no
sunshine except during the northeast monsoon seasons (MM D, 2010).

2.5.1.1 Temperature and Relative Humidity Distribution and Variationin M alaysia

Malaysia has uniform temperature throughout the year with an annual variation of less
than 2°C; except for the east coast area due to the northeast monsoon influence, where the
variation is still less than 3°C. The daily range of temperature is large, from 5°C to 10°C at
coastal stations and from 8° C to 12°C at inland stations. Even though the daytimes are
frequently hot, the nights are reasonably cool everywhere with the average usually being
between 21°C and 24°C. February-May are the months with the highest average temperature
due to the hot and dry seasons in most places and December-January are the months with the
lowest average monthly temperature due to the wet seasons. As mentioned earlier, Malaysia
has high humidity. The mean monthly relative humidity is between 70 and 90%, varying
fromplace to place and from month to month. In Peninsular Malaysia, the minimum range of
mean relative humidity varies from a low of 80% in February to a high of only 88% in
November.

It isobserved that in Peninsular Malaysia, the minimum relative humidity is normally
found in the months of January and February, due to the hot and dry season occurrence
during these months; except for the east coast states of Kelantan and Terengganu which have
the minimum in March. The maximum is however generally found in the month of
November. As in the case of temperature, the diurnal variation of relative humidity is much
greater when compared to the annual variation. The mean daily minimum can be as low as
42% during the dry months (January and February) and reaches as high as 70% during the
wet months (November and December). The mean daily maximum, however, does not vary

significantly from place to place and is always 94%. It may reach as high as 100%. Based on

39



the facts, maximum UHI in Malaysia may occur during the dry and hot season with higher
monthly air temperature and lower humidity. These conditions can be found during the
months of February to May (MMD, 2010).

In this respect, however, air temperature variation studies have become interested in
describing details more about Malaysia' s climate. Sham’s (1984) study examined annual
mean minimum temperatures for Subang Airport and the Petaling Jaya city area for the
period 1969 to 1983 and found an overall increase of temperatures of about 0.9°C over that
period of time. A subsequent study by Yassen (2000), assessing mean maximum, mean and
mean minimum for both locations from 1983-1997 revealed that overall average temperatures
changes for mean maximum, mean and mean minimum were small for Subang Airport,
whilst the values were higher in Petaling Jaya. In general, it is noted that the city area in
Malaysia shows a significant temperature variation from rural areas from time to time.

Another study by Ahmad (2003), studied the impact of urbanisation on urban climate
trends in Malaysia for the period between 1970 and 2000. The study used data from 55
climate stations located in urban areas with population sizes ranging from about 2,000 to 1.5
million and found that the annual air temperatures vary with the changing size of urban aress.
As urbanisation was measured by an increase in population over time, the study found the
annual air temperature for the 30 year period was significantly correlated to the changes of
population in urban areas with slope (b) coefficients from as low as 0.01 to as high as 0.12 .
Thus; urbanisation taking place over those 30 years will have, to some extent, played a
significant role in changing the urban air temperature patterns. It is believed that the trends of
urban air temperature patterns in Malaysia’s new and old urban areas may be worse in the

future due to the population increase and changes to the existing urban environmert.

2.5.1.2 Wind Flow Distributionin M alaysia

Although the wind over the country is gererally light and variable, there is a time
where there are some uniform periodic changes in wind flow patterns based on monsoon
seasonal changes. From May or early Jure urtil September, the prevailing wind flow is
gererally south-westerly and light, below 7.5 nvs due to the southwest monsoon. During the
northeast monsoon season, steady easterly and north-easterly winds of 5-10 m/s can be found
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from early November, ending in March; but the wind movement is still weak and sometimes
can be static. However, during the two inter-monsoon periods, weak or static air movemert,
together with high and relative humidity can be found and this condition can cause thermal
discomfort (MM D, 2010).

2.5.1.3 Solar Radiation and Sunshine Distributionin M alaysia

In general, solar radiation received in the tropics is very high. Being a maritime
country close to the equator, Malaysia naturally has abundant sunshine and thus solar
radiation. However, it is extremely rare to have a full day with completely clear sky even in
periods of severe drought. The cloud cover cuts off a substantial amount of sunshine and thus
solar radiation. On average, Malaysia receives about 6 hours of sunshine per day (MMD,
2010). Although the region (between 15° to 35° latitude north and south) where the greatest
amount of solar radiation is received is partially beyond the tropical climate, the equatorial
region, between 15° north and 15° latitude south in which Malaysia is located still receives
the second highest amount of radiation. In that case, the amount of diffused radiation is very
high due to high humidity and the cloud cover (Wong and Y u, 2009).

According to Azhari et al (2008), Malaysia receives about 4.96 kWh/n? of average
solar radiation in a year. The maximum solar radiation received is 5.56 kWh/n?; mostly
occurring in the Northern region of the Peninsular Malaysia and the Southern region of East
Malaysia (figure 2.18). A study by Kamaruzzamn and Mohd Y usof (1992) indicated almost
the same results, but showed a slight increase in the minimum value from 3.375 kWh/n? in
1992 to 4.21 KWHn¥ in 2006,
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Figure 2.18 Annual average daily solar radiation in Malaysia (Source: Azhari et al., 2008)

Based on monthly average solar radiation the highest average solar can be found in
the month of February, at 6.23 kWh/n?, in almost all the regions in Peninsular Malaysia and
East Malaysia However, in December, the lowest average solar radiation can be found
throughout the west and east coast of Peninsular Malaysia and some parts of East Malaysia,
with 0.61 kWHn? (Figure 2.19 and 2.20).
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Figure 2.19 Comparing monthly average daily solar radiation in Malaysiain the month of; (a) February and (b)
December (Source: Azhari et al., 2008)

The maximum average daily solar radiation is as high as 7.0 kWHn? in the months of
February, March, May, August and November (Figure 2.20). Whereas in the month of Apiril,
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July, September and December, the maximum monthly average solar radiation is lower than
6.0 KWh/n? (Azhari et al, 2008).

Monthly average daily solar radiation

Salar irradiation (kWh/m2)

jan  feb march april may june july august sept ot nov dec

Figure 2.20 Maximum, minimumand average value of the monthly average daily solar radJiaIion for Malaysia
(Source: Azhari et al., 2008)

Based on the above facts and figures, it can be seen that Malaysia received a very
high solar radiation throughout the whole year. In fact, the highest average solar radiation
was found in the month of February and this condition will lead to excessi