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ABSTRACT

PARAMETRIC MODELLING FOR THE MITIGATION OF URBAN HEAT
ISLAND EFFECT: A MODEL PROPOSAL

Sakar, Begiim

M.S., Urban Design, Department of City and Regional
Supervisor: Assoc. Prof. Dr. Olgu Caligkan

August 2018, 132 pages

Morphological characteristics of urban settlements as the outcome of the long-term
planning decisions influence microclimatic conditions of our cities and more
specifically induces the “Urban Heat Island” (UHI) effect, which generates many
undesirable conditions in the living environment. In the very context of global
warming that generate intensive UHI in the cities, any change in the thermal balance
of the urban environment is associated with the main parameters of urban geometry.
This is actually the issue that necessitates more research for the mitigation of heat
island intensity by design. In this regard, this study investigates the potentials of
computational modelling for analyzing the key morphological components of urban
areas, and generating alternative typologies of urban fabric to mitigate UHI intensity.
From this standpoint, the current research proposes a parametric model to provide
urban design and planning practice with a computational and generative basis in the

way of a robust morphological perspective to the mitigation of UHI effect.

Since the development of UHI has a strong correlation with the “Sky View Factor”

(SVF) value, the methodological framework of this research is formed on the basis of



the SVF measurement to estimate UHI intensity via parametric modelling. The
alternative form compositions and configurations are generated to simulate different
conditions of heat island intensity in accordance with the different values of the basic
parametric indicators (i.e. building height, coverage ratio, setback distance), which are
utilized as the basic building codes in the spatial planning system in Turkey. The
integration of computation and form generation within an algorithmic model,
essentially, suggests an effective integration of morphology (analysis) and design to

be applied on actual urban context.

In this framework, Mustafa Kemal Neighborhood, one of the recent urban
transformation site in Ankara is selected as the case study area for the application of
the proposed model. Rather than searching for an ideal urban form, the model
application focuses on the generation of the best performing form alternatives with
regards to the focused issue of UHI effect. From the generative perspective of urban
design, the methodological framework with the proposed model is believed to provide
a kind of “Decision Support System” (DSS) in planning on the way of the development

of an evidence-based urban design approach in practice.

Keywords: Parametric Modelling, Generative Urban Design, Urban Heat Island
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0z

KENTSEL ISI ADASI ETKIiSi AZALTIMINDA PARAMETRIK
MODELLEME: BIR MODEL ONERISI

Sakar, Begiim

Yiiksek Lisans, Kentsel Tasarim, Sehir ve Bolge Planlama Boliimii

Tez Yoneticisi: Dog. Dr. Olgu Caliskan

Agustos 2018, 132 sayfa

Yogun kentsel doniisiim siiregleri dogrultusunda bi¢cimlenen kent formunun degisen
morfolojik karakteri, kentlerin iklimsel kosullarini etkileyerek birgok olumsuz sonuca
yol agabilmektedir. Kiiresel 1sinma baglaminda bu olumsuz etkilerin basinda “Kentsel
Is1 Adas1” (KIA) gelmektedir. Kentlerde 1s1 adasi olusumunu kosullayan kentsel
geometrinin degiskenleri kentin termal dengesinde de degisime neden olabilmektedir.
Bu degisim, 1s1 adas1 yogunlugunun tasarim yoluyla azaltilmasina yonelik daha fazla
arastirma yapilmasinina yonelik geregi agiga c¢ikarmistir. Bu baglamda, s6z konusu
calisma, kentsel alanlarin morfolojik bilesenlerini analiz ederek 1s1 adasi etkisini
azaltmaya yonelik alternatif kentsel doku tipolojileri iiretmek {izere hesaplamali
(computational) modelleme yontemlerinin potansiyellerini aragtirmaktadir. Bu agidan
mevcut arastirma, kentsel tasarim ve planlama uygulamalarinda KIA etkisinin
azaltilmasina yonelik, ¢6ziimsel (analitik) ve iiretken (generative) nitelikte morfolojik
bir yontemsel bakis agisin1 saglamak icin parametrik bir model Onerisinde

bulunmaktadir.

Kentsel Is1 Adas1 (KIA) olusumu ile “Gokytizii Goriis Agist” (GGA) arasinda giiglii

vii



bir iliski oldugundan, bu arastirmanin metodolojik ¢ergevesi, parametrik modelleme
aracilifiyla kentsel alanlarda GGA o6l¢liimii yaparak KIA yogunlugunu hesaplamak
tizerine kurgulanmistir. Is1 adasi olusumundaki farkliliklar1 test etmek {izere,
Tirkiye’deki mekansal planlama pratiginde yer alan yapilasma kodlar1 (bina
yiiksekligi, taban alani, cekme mesafesi, vb.) temel form degiskenleri olarak modele
girdi kullanilmig ve alternatif kentsel doku tipolojileri iiretilmistir. Algoritmik model
tabaninda entegre edilen hesaplama ve form iiretim modeli ayn1 zamanda, kentsel
baglamda uygulanabilecek analiz ve tasarim asamalarini biitiinlestirme potansiyeline

sahiptir.

Bu kapsamda, onerilen modelin uygulanmasi i¢in Ankara'daki kentsel donilisiim
alanlarindan biri olan Mustafa Kemal Mahallesi 6rnek ¢alisma alani olarak secilmistir.
Yapilan calisma, ‘ideal’ bir kentsel formun ortaya konmasi yerine, KIA sorununa
yonelik olarak en iyi performanst gosteren form alternatiflerinin iretilmesini
hedeflemektedir. Hesaplamali ve iiretken model althigi dogrultusunda Onerilen
metodolojik c¢ergevesinin, planlamada bir tiir “Karar Destek Sistemi” (KDS)
olusturarak kanita dayali kentsel tasarim yaklasiminin gelistirilmesine de katki

saglayacag1 savlanmaktadir.

Keywords: Parametrik Modelleme, Uretken Kentsel Tasarim, Kentsel Is1 Adasi
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CHAPTER 1

INTRODUCTION

1.1. Definition of the Research Problem

Urban climate affects urban livability which is influenced by the complexity of
physical and morphological characteristics of cities such as urban form and geometry,
urban density, thermal properties of urban surfaces and the availability of vegetation
coverage. The intrinsic physical nature of the cities as the cumulative outcome of all
of these factors, result in subtle differentiations in the particular conditions of urban
microclimate. Urban Heat Island (UHI) is one of the prominent issue discussed by
spatial researchers on performativity differentiation based on urban morphology.
Defined as differentiation in the air temperature between urban areas and its
surroundings, the phenomenon of Urban Heat Island (UHI) is considered one of the
major issues regarding the perceived spatial quality urban environments. The
development of larger heat island intensity causes climate modifications from local to
global scale. At least 1°C rise in air temperature of cities has a knock-on effect on the
global warming. In fact, this warming trend has negative impacts on the environment
both ecological and economical, and on the human health (Erell et al., 2011,
Santamouris et al., 2001). Emerging problems from increased UHI effect in urban
areas, essentially, call for specification of the influential factors on the change in the

thermal balance of the environment as an outcome of the urbanization.

Urban geometry, one of the most influential factors in the development of heat island
intensity, has been evaluated, and its critical effects have been proved by several

studies, so far. Accordingly, the variation on the main parameters of urban geometry,



which are defined as form, location, orientation, height of the buildings and spaces
between them influence air temperature, wind speed and direction, and the amount of
radiation absorbed and emitted. Over the years, researchers have established numerous
correlations between geometrical features of urban areas and the ambient air
temperature to overcome the issue of characterizing the calculation of UHI in regard
to the urban geometry. In order to represent that relation, the aspect ratio (H/W), which
is based on the height-to-width ratio of urban canyons, and sky view factor (SVF),
which is based on the ratio of visibility of sky from the ground level, are the prominent
morphological indicators used in order to simulate urban canyons, and to estimate the
UHI intensity in the areas of investigation.

In order to specify the real effect of urban geometry indicators on UHI, and to
determine the increase in the air temperature due to any change in the geometrical
features, many studies have been conducted by using measurement tools on the actual
urban areas. Since those models have become a focus of measurement-based studies,
the lack of predictive tools for the simulation of UHI intensity has emerged in the
research field. Then, simulation-based studies have come into the agenda to
experiment the influence of urban geometry on the air temperature through different
scenarios, and to test various form configurations to mitigate the UHI effect. In
addition to benefits of improved simulation tools to estimate heat island intensity for
different urban areas by using three-dimensional urban geometry data, they have also
weakness in generating from configurations and searching better solutions in terms of
mitigation of UHI intensity. Limitations on the number of tested scenarios, estimations
based on specific simulated areas, non-flexible tools, and restrictions on the form
generations by computational design tools necessitate the development of new tools
and techniques to enable designers and planner in building a robust perspective on

climate responsive urban design.

Since the development of parametric modelling tools, designers have enormous ability
to generate numerous form configurations and design alternatives, and to create set of
algorithms for analyzing design problems to guide finding better solutions. Since

parametric modelling provides infinite possibilities, such as searching, generating,



analyzing and operating design settings, it has gained a wide acceptance in the field of
architectural and urban design. Nevertheless, despite its increasing use in design

practice, its use in spatial analysis and research has fallen limited and insufficient.

Considering its wide range of opportunities, the current research argues that parametric
modeling can be explored in order to come up with an efficient integration between
analysis and design on the basis of a possible generative approach to the issue of urban
heat island. Since urban geometry-based UHI studies are generally specialized either
on measurement or on simulation techniques, the current analytical tools are not
integrated with each other. Therefore, in specific urban areas, design proposals for heat
island mitigation cannot be generated according to the exact result of morphological
analysis that leads to the inability of the applications to achieve better solutions. In
other words, the studies fall short to test the various development alternatives based
on certain for indicators in certain contexts. Thus, to tackle these shortcomings, a
model proposal that combines analysis and design processes to mitigate UHI intensity

is suggested as response to the essential problem statement of the research.

1.2. Aims and Objectives of the Research

The aim of this research is to investigate the potentials of parametric modelling for
analyzing morphological components of urban areas, and testing the design solutions
to mitigate the Urban Heat Island (UH]I) effect. By developing a parametric approach,
following the calculation of UHI intensity in urban areas, one could proceed the design
process to generate form compositions and configurations according to the analysis

results.

The proposed integrative parametric model of analysis and design aims to provide
designers an effective calculation of UHI intensity through various form generations,
simultaneously, via the computational algorithms. Thus, this research will bring an
analytical and generative perspective to urban design and planning while opening up
a methodological discussion on the problematic issue of urban heat island (UHI).

Within this context, for the demonstration of the applicability of the proposed



parametric model, and for the integration of parametric modelling with urban design
and urban planning practices, this model will be applied and experienced in an actual

urban context.

In the urban context selection, Ankara, which has a tendency to develop and transform
rapidly on the southwestern corridor, is taken into consideration due to the land use of
that corridor and its surroundings has been remarkably changed by upper scale plans,
and implementation plan decisions. One of the developed part of this corridor where
public institutions, business centers and residential-office mixed projects area mainly
took place in recent years, Mustafa Kemal neighborhood, is exposed to many
alterations from 1970s to 2010s. Recently, the declaration of this area as an urban
transformation and regeneration project allows to make a comparison between
demolished informal fabric, renewed formal fabric and design alternatives to be
generated by the model in regard to their contribution to the UHI effect. Therefore the
main aim of this study is to compare various form variations according to the same

plan decisions to search for better solutions to mitigate UHI intensity.

In this framework, the main research problems can be stated as follows:

- How can the adaptation of UHI studies into parametric modelling provided?

- Which morphological indicators can be redefined within parametric modelling for
analyzing UHI effect in actual urban areas?

- Can various form compositions and configurations be generated by parametric
modelling to mitigate the UHI intensity with regards to the settled (parametric)
indicators of development planning system in Turkey (i.e. height, FAR, coverage,
setback distance)?

- How can the integration of analysis and design processes be provided as an

effective and flexible tool in urban design and planning practices?

1.3. Method of the Research

The research stands on a model proposal as a synthesis of analysis and simulation



processes via parametric modeling tools, which are incorporated into Rhinoceros and
Grasshopper softwares. Parametric modelling can be defined as a computational
design approach based on evaluation and generation of form compositions and design
alternatives by controlling input and output parameters. This generative tool allows
designers and researchers to build up and develop algorithms for analyzing and
generating form variations depending on their design problems.

In this research, the proposed model aims to achieve the combination of Sky View
Factor (SVF) calculation, which is described as the ratio of the visibility of the sky
from a point on the urban surfaces depending on the interception of the near located
urban structures, by analyzing morphological components, and form generation by
maximizing the obtained SVF values in order to mitigate heat island intensity. To that
end, a wide range of literature on the UHI studies, the effect of urban geometry on the
UHI development and calculation methods based on geometrical features of urban
areas is reviewed in order to come up with an original SVF calculation method as the

main part of the research study.

Following the literature review, the first phase of the proposed model, which is named
as the analysis phase, is constructed in the parametric modelling software by defining
algorithmic setting of morphological indicators to develop SVF calculation algorithms.
Then, in the second phase, a set of computational algorithm is defined for the
simulation process to generate form variations by maximizing SVF values to achieve
minimum heat island intensity. Consequently, the research method aims provide a new
technique to simulate UHI effect in different urban design scenarios that will enhance

the discussion on the typological formations in this regard.

1.4. Structure of the Research

This research is composed of five chapters. It begins with an introductory chapter on
the main research problem of this study, which is a model proposal as a synthesis of
analysis and simulation for urban design, while giving research questions and

methodological approach to draw the framework of the thesis.



Chapter 2 starts with a comprehensive literature review on the Urban Heat Island
(UHI) phenomenon, and summarizes the process of the formation of UHI effect, main
causes of the heat island intensity and its relation with urban geometry. After
explaining the characterization of urban geometry indicators, the UHI calculation
methods based on urban geometry are examined. A comparison between the different
methodologies is made to decide which calculation method to be used in this research.
Also, by means of a critical review of the previous studies, their methodologies has

been discussed to specify the major components of the proposed model.

In the following chapter, the model proposal for the mitigation of UHI effect is
introduced by defining computational framework of this study. Algorithmic setting of
analysis and simulation processes are given in detail along with the explanation of the
application on hypothetical urban canyon, which is defined as a basic unit of urban
surfaces, and characterizing urban areas by its repetition. For the demonstration of the
applicability of the proposed parametric model, and for the integration of parametric
modelling with urban design and urban planning practices, Chapter 4 gives the detail
of the application of this proposal on an actual urban context.



CHAPTER 2

URBAN HEAT ISLAND PHENOMENON

2.1. Definition of Urban Heat Island

Today, more than half of the world's population living in urban areas has been growing

more rapidly than the world population growth rate. Within the next two decades, the

growth rate of urban population, which is 1.8, is expected to double while the growth
rate of world population is 1 (UN, 2001).

According to the results of United Nation’s (2017) world population projection, the

world has roughly 7.6 billion inhabitants and it will reach 8.5 billion by the end of

2030. Estimations show that while the urban population will continue to increase from

54% to 60% by 2030, the rural population will gradually decrease. In developed

countries, the majority of the population (74%) lives in urban areas, so the growth rate

of these countries is expected to increase slowly rather than less developed countries

(UN, 2016).

Table 2.1: World’s population by size of settlement, 2016 and 2030 (Source: UN, 2016)

2016 2030

Number of Population Percentage of Number of Population Percentage of

settlements (millions) | world population |  settlements (millions) | world population
Urban . 4034 54,5 . 5058 60,0
10 million or more 31 500 6,8 41 430 8,7
5 to 10 million 45 308 42 63 434 5,2
1 to 5 million 436 861 11,6 558 1128 13,4
500.000 to 1 million 551 380 51 731 509 6,0
Fewer than 500.000 1985 26,8 2257 26,8
Rural 3371 455 3367 40,0




As a result of the increase in population and urbanization, urban settlements have
expanded and sprawled on the outskirts of cities and thus, land use has changed.
Following this alteration, human activities and industrial developments increased
energy demand and fossil fuel consumption, which lead to production of waste and air
pollutants. The emissions of CO2 and greenhouse gases in the urban environment has
risen significantly between industrial revolution and modern period. By 2010, the

emission concentrations had risen from 260 ppm to 400 ppm (UN, 2011).

With regard to growth of the cities many problems emerged. To illustrate, air pollution
and global temperatures increased, approximately 50% of wetlands and forests of the
world were lost, many lands were altered to agriculture field, and many countries
destroyed their green areas for urban development (MEA, 2005). For instance, in New
York City, 20% of forestlands were eradicated because of increasing urban density
during the 1990s (Santamouris, 2004). Thus, urbanization became responsible for the

pressure on the environment and climatic conditions of Earth.

Urban areas dramatically affect not only global but also local climates. The expansion
of the boundaries of the urban areas on their environs causes modification on surface
cover of rural characteristics. In addition to the change of surface cover, such as
establishing impermeable surfaces instead of vegetation, increase in urban roughness
also affects the circulation of heat, water vapor and greenhouse gases, which leads to

climatic differences between urban areas and its surroundings (Yiiksel, 2005).

Cities create new environmental conditions by changing the parts of nature where they
were located. They alter the geographical, ecological and atmospheric characteristics
of the region, so the city acquires its own, specific climatic environment which is called
‘Urban Microclimate’ (Akay, 1996). In other words, it can be defined as a shift from

natural environment to man-made environment.

As Givoni (1989) states,

“The climatic conditions in a man-made urban environment may differ appreciably
from those in the surrounding natural or rural environs.. each urban man-made



element: buildings, roads, parking areas, factories, etc.. creates around and above it
a modified climate with which it interacts.”

Urban microclimate, which is formed by the complexity of morphological conditions
of urban areas, influences temperature, air pressure, wind, humidity and precipitation
of the prevailing region climate (Yilmaz, 2013). Krusche et al. (1982) revealed that, in
urban areas, the average annual precipitation is 5-10% higher, humidity is 6% lower,
air temperature is 1-2°C warmer, wind speed is 20-30% lower, cloudiness is 5-10%
higher and level of atmospheric pollution is 10 or 25 times greater than their rural
surroundings (Yiiksel, 2005). In addition, sunshine duration is 10-20% lower
(Landsberg, 1981).

The differentiation in air temperature, which can be observed as higher values in the
urban areas, has been the subject of many studies as an Urban Heat Island phenomenon
since it had negative impacts on thermal comfort and human health. In the 17th
century, the rise of health concern stemming from increase of heat and air pollution
conduced to detection of air temperature difference between urban and rural areas.
However, at the beginning of the 19th century, the need for observation and indication
of temperature and how it is affected by urban areas was brought up in a study by Luke
Howard. He recorded daily temperature data for more than two decades in urban and
rural areas of London and generated a basis for UHI definition from examination of
highest and lowest daily temperatures. Afterwards, he associated heat difference to
urban density by determining that densely located buildings are warmer than widely
spaced ones and revealed the spatial distribution and variation of temperature (Stewart,
2011).

The UHI studies spread from Europe to other regions of the world, such as North
America and Japan, following Howard’s findings. In fact, in the 1900s, the foremost
reason for disseminating heat island knowledge is the growth of urbanization. The shift
of the most of the world population to urban areas has raised the consciousness about
the effect of human being on climatic environment (Stewart, 2011). In other words,

the literature shifted its focus to the anthropogenic effects on heat island. For example,



Kalma (1974) developed a map of Sydney showing the spatial distribution of
anthropogenic heat flux.

In the modern period of UHI investigation, progress in understanding of heat island
formation provided by Oke’s studies. Oke (1988a) linked the magnitude of heat island
effect to the energy balance of urban areas, and improved the knowledge of the
association with the urban microclimate. He has also conducted numerous studies
about physical causes of the formation of UHI, and thus has correlated it to the urban
population, weather condition, thermal properties of surface materials and urban
canyon geometry. Following his studies, several researchers have contributed to the

field as providing estimation of heat island intensity and mitigation strategies for that.

As a result of all these studies, warmth characteristics of surface and air temperatures
in the environment are described according to urban areas and its surroundings. The
temperature difference between them is called as Urban Heat Island (UHI) intensity.
It has been explored in certain ways, such as thermal image capturing by remote
sensing, data collection from weather stations and ground-based measurements. In
urban areas, the mean air temperature is determined be minimum 1 to 3°C warmer than
suburban or rural areas, and it can be reach up to 10 - 12 degrees (EPA 2008; Oke,
1973). The magnitude of the heat island intensity may vary from to day/night time,
winter/summer period, tropical/arid climate or other weather conditions. Nevertheless,
the best time for the measurement is cloudless and calm sky conditions in the summer
period because of the warming effect of the solar radiation can be observed in
maximum level. For example, in Gothenburg, Sweden, the UHI effect was estimated
3.5°C in winter and 6°C in summer time (Santamouris et al., 2001). Oke and East
(1971) observed that nocturnal heat island intensity in Montreal, Canada was nearly
10.5°C. Sani (1973) also conducted a study for heat island effect of Kuala Lumpur in
different sky conditions, and found that the city was warmer 2 - 2.2°C in cloudy day,

but under clear sky it was close to 5°C.
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Figure 2.1: Spatial distribution of surface and air temperatures (Source: EPA, 2008)

The well-known temperature fluctuation in terms of urban heat island as to urban
development is given in Figure 2.1. This schematic heat island pattern shows that there
Is a sharp heat increase in the transition from rural area to suburban area, and then it
was followed by smooth increase until the highest temperature level at the downtown
area of the city (Voogt, 2004). To illustrate, daily heat island effect was observed 15°C
in the central area of Athens, and the rest of the urban areas’ temperature was recorded
close to 10°C. In addition, in the suburban area, temperature ranged from 2 to 6°C

(Santamouris et al., 2001).

2.1.1. Formation of UHI

Energy balance is the main driver behind the ambient air and surface temperature
differences between built and natural environment. Impermeable surface materials
with a low reflectance, limited sky view due to urban geometry, lack of vegetation and
water bodies as a result of urbanization features all cause disparity in heating and
cooling capacity. As a consequence, heat storage capacity of cities increases through
absorption and storage of solar radiation in higher amount. Moreover, with the high
level of surface emissivity, more heat is being gained because of inadequate reflection

of incoming radiation. As a result of the energy flux, when the thermal balance of the
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environment turns into positive, the heat of the environment increases and it conduces
to development of Urban Heat Island effect (Erell et al., 2011; Oke, 1988a;

Santamouris et al., 2001).

2.1.1.1. Physical Principles of Energy Balance

Principles of energy balance system are based on Thermodynamics Law (Ashrafizadeh
and Tan, 2018). In Einstein’s words, “Energy cannot be created or destroyed, it can
only be changed from one form to another.” It means that the incoming energy flux

can only be converted to outgoing energy and stored energy (Santamouris et al., 2001).
Energy input = Energy output + Energy storage

In the environment, energy is transferred from natural and artificial surfaces to the
atmosphere and vice versa (Oke, 1988a). Energy gains of surfaces consist of
absorption of both short-wave and long-wave radiation. Especially, from the short-
wave radiation, surface materials can get a huge amount of heat (Brunt, 1952; Tymkow
et al., 2013). However, it also depends on the ability of reflection. As seen in Figure
2.2, some of the rays from the sun are trapped and some are reflected. The less
reflection ratio becomes, the more absorption amount becomes. Thus, substances
warm up (Erell et al., 2011). According to the physics laws, when a substance heats
up, the ambient air temperature increases (Bergman et al., 2011). Higher air
temperature in the urban environment can be explained by overheated urban surfaces,
such as roofs, pavements and facades, causing heat transmission to the air (EPA, 2008).
2008).

incoming
short-wave
reflection emittance of

radiation
long-wave
&\\\ \/ I radiation
long-wave \ /
radiation \\\\ -~ =
— 1

(a) (b) absorption (c) | heat gain

Figure 2.2: Energy conversion system in the environment (Source: personal drawing)
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As a result of increased warmth of surfaces, objects emit long-wave radiation which is
measured as a level of emissivity (Oke, 1988a). Warmer surfaces radiate more infrared
energy, which explains fundamentals of remote sensing (Mather and Koch, 2011; Oke,
1987). Infrared scanners on thermal remote sensors sense surface temperature
differences between urban and rural areas. Therefore, satellite images of cities have
been used to quantify surface UHI intensity (Dousset, 1992; Voogt and Oke, 2003).
Apart from energy gain, energy can be lost from surfaces via convection,
evapotranspiration and advection. Convection is a process of heat transmission
through flow of fluids from surfaces (Bejan, 2013). In urban areas, convective heat
transfer from impermeable and dry surfaces causes rising air temperature. However,
energy lost by evapotranspiration from moist surfaces does not result in more heat
increase (Erell et al., 2011). In evapotranspiration, vegetation areas use stored energy
to release heat in the form of water vapor (Suomi, 2014). Energy losses can also be
caused by advection, which is defined as horizontal air flow transporting heat or
moisture between different land covers (Erell et al., 2011; Santamouris et al., 2001).
In brief, all these energy gains and losses can be expressed in an equation of energy
balance (Oke, 1988a):

Q"+ Qr = Qy + Qg + AQs + AQ,

Where:

Q" = Net all-wave radiation

Qr = Anthropogenic heat flux

Qy = Convective sensible heat flux
Qr = Latent heat flux

AQg = Net storage heat flux

AQ, = Net horizontal heat advection
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Figure 2.3: Schematic depiction of energy balance components (Source: Erell et al., 2011)

Figure 2.3 illustrates energy balance is provided by the transfer of its components
between urban surfaces and different layers of the atmosphere. Oke (1976) classified
them into two main layers in relation to different types of UHI formation. Firstly,
Urban Canopy Layer (UCL), which is observed between the buildings and limited by
their heights. Secondly, Urban Boundary Layer (UBL), which extends from the top of
the UCL to a distance where urban areas effects cannot be perceived. Due to spatial
variations of urban surfaces, wide spectrum of energy fluxes occur above UCL (Oke,
1988a).

In detail, net radiation (Q*) is comprised of subtraction of emitted radiation from the
sum of received solar radiation. Thus, the amount of net radiation depends on thermal
properties of surface materials (Erell et al., 2011; Santamouris et al., 2001). In addition
to radiation-caused heat, human activities also contribute as anthropogenic heat flux
(Qr) to warm up. It can be quantified by per capita energy consumption (Oke, 1988a).
In general, the role of anthropogenic heat and net horizontal heat advection (AQ,) are
considered negligible in the calculation of energy balance (Cleugh and Oke, 1986).

Convective sensible heat flux (Qy) and latent heat flux (Qg) are most significant

components of energy balance in respect of UHI development. Sensible heat is
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convection process from dry urban surfaces (concrete buildings, asphalt pavements,
etc.) to the atmosphere when they have temperature differences between them. In built-
up areas, absorbed radiation is converted to sensible heat because of limited
evaporation surfaces that results in air temperature increases. On the contrary, moist
urban surfaces, such as vegetated and irrigated lands, convert energy as latent heat
through evapotranspiration (Erell et al., 2011; Oke, 1988a; Pearlmutter et al., 2009).
Oke et al. (1999) have demonstrated that latent heat composed only 4% of the net
radiation in central area of Mexico City. Nonetheless, 58% of the net radiation is stored
as heat by urban fabric, and remain amount, which is 38%, is released as sensible heat
due to lack of available moisture. Therefore, the equilibrium between sensible heat and

latent heat fluxes depends on permeability and humidity of urban environment.

Additionally, another important component is net storage heat flux (AQs), which is
storage of surplus energy as heat by urban fabric during daytime (Erell et al., 2011).
The high level of storage heat is based on surface types and their thermal properties.
For example, the heat storage capacity of impervious surfaces, such as pavements, is
higher than green spaces’ capacity (Grimmond and Oke, 2002). Such surfaces trap
energy easily all day and store them. They have small changes in their surface

temperatures during night, so the heat is maintained (Oke, 1988a).

2.1.1.2. Energy Balance Differences between Urban and Rural Areas

Energy balance of urban areas differentiates from rural areas because of the impacts
of urban development on energy fluxes. Due to low evaporation rates and high level
of absorption by impermeable surfaces, different amount of energy fluxes, such as
sensible heat flux, latent heat flux and storage heat flux, have emerged (Cleugh and
Oke, 1986; Oke, 1988a; Santamouris et al., 2001). For instance, heat storage flux,
which is a significant indicator about air temperature, was observed in a rural area as
one-third of an urban area. Nevertheless, the amount of latent heat of rural area was

indicated three times as high as urban area (Suomi, 2014).
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In addition, energy fluxes not only differentiate between urban and rural areas but also
can vary according to land use. In urban centers, particularly, heat release slows down,
energy lost cannot occur in a significant level, and then heat goes up. As Clarke et al.
(1982) state, sensible heat shows an increase from approximately 140-150 W /m? for
a rural area to 200 W /m? for an urban residential area and to 300 W /m? an urban
commercial area, which is the most built-up site. As a result of these changes in energy
fluxes, air temperature becomes higher in urban areas rather than rural areas so all

cause UHI formation.

Temperature differences between urban and rural areas can be explained by two main
reasons for improving better understanding of UHI development. Firstly the type and
amount of energy transfer from surfaces can change depending on land cover,
permeability of surfaces, availability of moisture, urban geometry and thermal
properties of urban surfaces. Despite the fact that both urban and rural areas receive
the same amount of solar radiation, urban areas store higher amount of heat while rural
areas release higher amount of latent heat (Erell et al., 2011; Santamouris et al., 2001).
Cleugh and Oke (1986) have demonstrated that rural and suburban areas have different
energy flux densities between them. As seen in Figure 2.4, the net radiation gain of
suburban area is greater than rural. The reason is that natural surfaces of rural area
release latent heat and sensible heat instead of storing energy as heat. On the contrary,
in suburban area, buildings and other dry surfaces store huge amount of heat.

Therefore, air temperature can be sensed higher in suburban area.
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Figure 2.4: Energy balance of rural and suburban areas (Source: Cleugh and Oke, 1986)

On the other hand, the second reason is based on energy transfer speed. In other words,
urban and rural areas have different heating and cooling rates because of their surface
varieties (Oke, 1982; Yilmaz, 2013). In general, during daytime, urban surfaces store
huge amount of heat and release sensible heat. It can be considered as positive net
radiation. After sunset, surfaces started to reach a balance with storage heat loss, and
it goes on during a night. Day after, energy balance become positive again with
recharging of heat storage (Erell et al., 2011). The important thing in energy transfer

process is to cool of surfaces in a short time before heat gain in the next morning.

Oke (1982) have shown that the foremost reason for increasing air temperature in

urban areas is that rural areas cool faster than urban areas. In the afternoon, the heat
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balance between urban and rural areas seems steady as given in Figure 2.5. As the
sun’s effect decreases, rural area is cooling down when urban area preserves its
warmth. After, both areas continue to release heat during night but they have maximum
temperature difference at that time, which is called UHI intensity (AT,_,). In fact,

nighttime formed UHI intensity is known as nocturnal UHI.

Air
Temperature

Rural

Heating/Cooling
Rate

UHI
Intensity

12 18 24 06 12

Figure 2.5: Daily heating/cooling rates and air temperature changes in urban and rural areas
(Source: Oke, 1982)

2.1.2. Causes of UHI

In the formation of UHI, changes in the thermal balance of the environment can be
defined as the main influential factor. The magnitude of the heat island intensity may
vary to the climate, geographic location and urban layout of the cities. In particular,
outcomes of the urbanization, such as densely built-up areas, radiative urban geometry,
increased human activities due to population growth, anthropogenic heat release via
energy consumption, the replacement of natural ground coverages by low reflective
surfaces, demolition of moist surfaces or vegetation areas, and reduced wind speed

within the streets, cause temperature increase and make cities warmer than their
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surroundings. These modifications in urban areas create complex radiation exchange
between the surfaces and the atmosphere, and thus contribute to more intensive heat
island effect (EPA, 2008; Oke et al., 1991; Santamouris et al., 2001).

2.1.2.1. Urban Population

The growth of urban population leads to increase in the air temperature due to dense
urban areas and surface materials of built-up areas (Oke, 1976). Therefore, population
size is used as a criterion to determine heat island effect. Many studies examined the
effect of population on the magnitude of UHI. According to Chandler (1964), a relation
between them does not exist. However, Sundborg (1950) demonstrated a relevance for
the first time (Oke, 1973). Because of certain limitations of Sundborg’s model, Oke’s

proposal has been the most well-known model.

Oke (1973) established a strong correlation between the logarithm of the population
and temperature differences for North American and European cities. Minimal
temperature increase, which is at least 1 degree, was observed even in 1000 habitant
villages. This increase may further was recorded to be as high as 12°C depending on
the growth of population size. According to these observations, new equations were
formulated for calculation of the UHI intensity for different regions.

The equation for North American cities is as follows:
AT,_, = 2.96 logP — 6.41

The equation for European cities is as follows:
AT,_, = 2.01 logP — 4.06
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American (a) and European (b) cities (Source: Oke, 1973)

2.1.2.2. Urban Geometry

Urban geometry is defined as one of the most important reasons for the development
of heat island effect. In particular, form, location, orientation, height of the buildings
and spaces between them are the main parameters of the urban geometry. It has also
been characterized by the repetition of urban canyons, which are consist of horizontal
and vertical elements of urban fabric. Such building implementations as an

urbanization features are responsible for the alteration both on the microclimate and
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the energy balance of the environment.

Urban canyon is recognized as a basic unit of urban surfaces, and thus it has been the
subject of numerous studies. The energy balance of urban canyons, which consist of
building surfaces, canyon floor and the air volume between the buildings, is mainly
influenced by its own geometry. As the depth of the urban canyon (length of the
canyon and height of the buildings) has changed, energy fluxes on the surfaces directly
affect the air temperature in the canyon (Nunez and Oke, 1977; Santamouris et al.,
2001). Therefore, heat island intensity is getting greater with the repetition of this
effect throughout the city. For the first time, Nunez and Oke (1977) evaluated a model
of energy balance in the urban canyon and its formulation as a result of the
measurement on an experimental canyon during a summer period in Vancouver.
According to this measurement, the main influential factors on the heat gain are found
as canyon geometry and canyon orientation.

The energy balance of an urban canyon is written as:

Q" = Quy + Qp + Q¢

Where:

Q* = Net all-wave radiation flux (W /m?)
Qy = Sensible heat flux to the air (W /m?)
Qy = Latent heat flux (W /m?)

Q. = Subsurface heat flux (W /m?)

The ratio between the main parameters of urban canyon that mentioned before as
height (H), width (W) and length (L) are defined to determine the depth level of the
canyon. To illustrate, a shallow canyon is considered as below 0.5 H/W ratio while a
deep canyon has H/W ratio over 2. In addition, length of the canyons are also defined
with the use of L/H ratio (Bakarman and Chang, 2015; Shishegar, 2013).
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Figure 2.7: Schematic depiction of an urban canyon (Source: Nunez and Oke, 1977)

Many studies clearly showed that the surface temperature is the urban canyon is higher
by 10-13°C than the air temperature. Moreover, the air volume inside the canyon have
greater temperature compared to the air flow, which has unchanged wind speed by any
obstruction, above the canyon. During the day-time, net radiation balance of an urban
canyon becomes positive so the air in the canyon is warmed up. Additionally, due to
the geometry of the canyon limited sky view and heat release through emissivity, a
remarkable heat loss cannot occur. As the canyon gets deeper, the rate of heat loss is
slower, and the air temperature is sensed higher (Santamouris et al., 2001). According
to Pearlmutter’s (2009) study, when the canyon depth is doubled (from single building
height to double height), density of net radiation flux (Q*) is increased by 50 W /m?

showing that heat is stored in there.

In general, the effect of urban geometry on the magnitude of UHI effect can be
explained by two main reasons. Firstly, high amount of absorbed radiation by urban
structures causes rise in the air temperature. Increased irradiated surface area,
configuration of buildings and rugosity of roof level have a significant impact on that
increase. Before urban development, surfaces were exposed to the same amount of
solar radiation, and they could directly reflect the incoming rays. However, addition
of new horizontal and vertical surfaces in urban areas, such as building walls and roofs,
total surface area was increased. Their warming effect is exponentially greater because
of that surfaces trap not only incoming short-wave radiation from the atmosphere but
also reflected radiation from building surfaces. This transition of radiation between
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buildings is called as multiple reflection, which is mainly caused by configuration of
buildings. In built-up areas, when high-rise buildings are located too close to each other
or deeper canyons are arranged, reflected incoming radiation is absorbed again and
again by building surfaces instead of released to the atmosphere as seen in Figure 2.8
(Erell et al., 2011; Yilmaz, 2013).

A
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natural surfaces built-up surfaces

Figure 2.8: The reflection of incoming radiation from different surfaces (Source: personal

drawing)

On the other hand, created various heights by buildings increase the roughness of urban
surfaces that result in high level of absorption. To avoid interception of reflection by
another facade, uniformity of roof level should be provided like North African cities
with same height buildings and flat roof level. In brief, all these multiple reflections
and absorptions result in an increase in both surface temperature of the buildings and

air temperature between them (Erell et al., 2011).

Secondly, another impact of urban geometry is that weakened ventilation throughout
canyons. In heat island studies, the continuity of prevailing wind for providing heat
extraction or advection from canyons has gained importance. Generally, wind has a
certain speed and flow pattern over the terrain until it encounters with an urban
structure. Any change in an urban canyon, such as alteration in building height or street
width, causes extreme modifications in the direction and cooling effect of the air flow
(Santamouris et al., 2001; Shishegar, 2013). To ensure the cooling effect, Oke (1988Db)
has specified threshold wind speeds for different air flow patterns, which are
characterized by H/W ratios. The velocity inside the canyon should be higher than the

threshold value that is calculated approximately between 1.5-2 m/s for medium
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(H/W<2) canyons. Many investigations with the use of air flow simulations or field
measurements demonstrated that the wind speed is significantly decreased in the

deeper canyons. Even shallow canyons have a negative impact on that.

Moreover, the importance of wind direction that can be parallel or perpendicular to the
canyon is established by many studies. For instance, Arkon and Ozkol (2013) have
estimated that perpendicular wind angle to the canyon axis caused 3 m/s decrease in
the velocity. According to Priyadarsini and Wong’s (2006) parametric study on the
modification of urban geometry and air flow, when high-rise buildings were located
strategically, the temperature decreased by 1°C with parallel air flow and 90% increase
in the velocity. For perpendicular flow, the velocity was also increase and the air

temperature decreased by 1.1°C in an urban canyon which has a larger H/W ratio.

2.1.2.3. Thermal Properties of Urban Surfaces

Thermal properties of urban surface coverages are differentiated from rural ground
coverages. In fact, surface materials are characterized by their heating and cooling
capacity, thermal conductivity, emissivity and reflectivity due to their impact on
energy balance of the environment. The reflectivity of incoming solar radiation of
surfaces, which is called albedo, is one of the most important consideration in heat
island studies. All these thermal properties have an influential role in the formation of
surface temperature. Higher surface temperatures are responsible for the increase in
the air temperature and UHI effect because of the use of inappropriate materials in
urban areas (EPA, 2008; Santamouris et al., 2001; Erell et al., 2011).

One of the thermal characteristics of surface materials is defined as thermal
conductivity, which is an amount of energy that substances can store during daytime.
The level of thermal conductivity determines heating or cooling capacities of surfaces
(Oke, 1987). The combination of thermal conductivity and heating capacity of
materials constitute a measure of thermal admittance showing the reaction of surfaces
to the incoming radiation. Materials with high level thermal admittance denote small

changes in their surface temperature because of the heat is stored by the substances
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(Oke, 1988). In brief urban surfaces have high level of thermal
conductivity/admittance than rural areas that indicates the reason of the air and surface
temperature differences between them. Another thermal property is the level of
emissivity that taken into less consideration due to it has smaller impact on heat island
intensity than other parameters (Santamouris et al., 2001). Oke et al. (1991)
demonstrated that increase of emissivity level from 0.85 to 0.1 results in 0.4°C increase
in the UHI development. Unlike this effect, differentiated thermal admittance of urban

and rural surfaces causes 2°C increase in the heat island intensity.

Apart from other thermal parameters, the albedo of artificial and natural materials
influences their energy fluxes according to reflectivity levels (Erell et al., 2011).
Albedo can be defined as a fraction indicating that the reflectance of solar radiation
from surface to the atmosphere. Due to the main forces behind the energy balance in
the environment is amount of absorption or reflection of solar radiation, any small
changes in albedo value can alter the heat balance (Banihashemi, 1995). As the albedo
increases, the reflectivity increases, and thus the surface is not overheated. It means

that lower surface temperatures caused by higher albedo values.

The albedo value is within a range of 0 to 1, where represent all incoming solar
radiation is absorbed whereas 1 means that radiation is completely reflected. In other
words, these values denote black and white colors, respectively. (Simsek, 2013;
Banihashemi, 1995). Because of that albedo and surface temperature may vary in a
wide range when surface coverages are in different colors, for example, white facades
were found to be 3°C colder than the other different colored facades (Parker and
Barkaszi, 1997). Taha et al. (1992) documented a report about albedo values and
temperatures in different surface materials in summer period. They found that white
covered surface has an albedo of 0.72 is 45°C cooler than black covered one, which
has an albedo close to 0.08. Moreover, another white surface (0.62 albedo) is just 5°C
warmer than ambient air temperature while darker surface (0.09 albedo) is 30°C

warmer.

Many investigations are conducted about the range of albedo values in relation to air
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and surface temperatures, and their main focus was on the pavement and roof
materials. Table 2.2 gives compiled results of studies about albedo values of different
materials and ground coverages in urban areas. Accordingly, conventional paving
materials have an albedo of 0.05 to 0.35 (asphalt and concrete) so it means that they
can reflect only 5 - 35% incoming radiation. However, their reflectivity can change by
turning lighter color overtime because of the weather condition or pollution (EPA,
2012). In addition, the surface temperature of asphalts is measured 5-8°C higher than
other pavement materials, such as concrete and slab (Asaeda et al., 1996; Santamouris
etal., 2001).

Table 2.2: Albedo values of surface materials (Source: Santamouris et al., 2001)

Surface | Albedo Surface | Albedo
Pavements Paints
Asphalt (fresh) 0.05 - (aged) 0.2 |White 0.50-0.90
Concrete 0.10-0.35 Red, brown, green 0.20-0.35
Whitewashed stone 0.80 Black 0.02-0.15
Light-colored brick 0.30-0.50 Ground coverages
Red brick 0.20-0.30 Light-colored sand 0.40-0.60
Dark brick 0.20 Dry sand 0.20-0.30
Limestone 0.30-0.45 Wet sand 0.10-0.20
Roofs Dark cultivated soils 0.07-0.10
Tile 0.10-0.35 Deciduous plants 0.20-0.30
Slate 0.10 Grass and leaf mulch 0.05
Corrugated iron 0.10-0.16 Dry grass 0.30
Higly reflective roof 0.6-0.7 Wood (0ak) 0.10

To increase reflectivity and thermal performance of roof surfaces, light colored tints
are tended to use as roof coatings. Thus, albedo of conventional roofs can be increased
from 0.2 to 0.7, and its temperature can be reduced by a significant amount (Akbari et
al., 2006). To quantify surface temperatures of different colored coatings, Backenstow
(1987) measured panels’ heat under clear and cloudy sky conditions. As a result of that
the highest temperature is determined for black colored (70°C) in high heat absorption
day, which is a cloudless day. As given in Figure 2.9, surface temperature of darker
panel is followed by beige and white colored surfaces that are approximately 55°C and
40°C, respectively. Despite the reduction in the amount of incoming radiation due to
weather conditions, both measurements show that grey or black surfaces have always
higher temperatures than lighter colored ones (Taha et al., 1992; Santamouris et al.,
2001).
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Figure 2.9: Daily surface temperatures of different colored panels (Source: Taha et al., 1992)

In many research, the mean albedo values of urban and rural areas were measured by
remote sensing correspondingly heat island effect, instead of measuring one by one
surface materials of albedo. For example, urban areas have nearly 0.14 albedo because
of the domination of darker surfaces compared to rural areas, which have 0.05 lower
value. Moreover, American, European and North African cities have different albedo
values according to their density, urban geometry and roof color. In general, American
and European cities are tend to use dark colored roofs so their albedo in within a range
of 0.10-0.20. On the contrary, dense, low-rise and white colored buildings/roofs with
African cities have change in 0.30-0.45 (Taha, 1997; Erell et al., 2011).

2.1.2.4. Lack of Vegetation Areas

Green areas have a significant role as a natural cooling mechanism in the urban
environment. They contribute to creating lower temperatures through evaporative heat
loss. However, in urban areas, vegetation areas are considerably reduced because of
the replacement of natural surfaces by artificial ones. Undoubtedly, urban areas can be
considered as dry fields due to domination of concrete buildings and asphalt
pavements. In the absence of vegetation areas, urban surfaces exhibit moisture-
reducing characteristics. As a consequence, diminished latent heat release by moist

surfaces induce UHI development (Akbari et al., 1992; Sailor, 1994; Santamouris et
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al., 2001; Erell et al., 2011).

The effect of vegetation areas on air and surface temperatures is related to the energy
balance of the environment, and is compound of two main causes. One of them is that
they reduce penetration of incoming solar radiation to surfaces by shading. In other
words, they provide solar protection to areas and prevent surface heating during
summer period (Santamouris et al., 2001). Otherwise, radiation can be absorbed by
surfaces, and thus it contributes to the increase of air temperature by releasing sensible
heat, instead of absorbed by trees (Erell etal., 2011). Another reason is based on energy
transfer to the latent heat flux by evapotranspiration. In vegetated surfaces, high level
of evaporative cooling effect causes an increase in the release of latent heat while

decreasing sensible heat (Santamouris et al., 2001; Akbari et al., 1992).
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Figure 2.10: Daily energy fluxes for two configurations of canyon depth and evaporation area
(Source: Pearlmutter et al., 2009)

Pearlmutter et al. (2009) found that latent heat flux is increasingly growing with the
addition of evaporation surfaces to the fixed depth urban canyon. As seen in Figure
2.10, storage heat flux also decreases while latent heat increases steadily. These
changes in energy fluxes result in different surface temperatures in the urban areas.
Due to such surfaces have lower temperatures than dry surfaces, the air is cooled near
them (Santamouris et al., 2001; Erell et al., 2011).

All in all, urban vegetation can provide many benefits, such as mitigation of UHI
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effect, reducement of energy demand for cooling and improvement of air quality
(Sailor, 1994; Erell et al., 2011). Many studies have been performed about the cooling
effect of vegetation and have shown that, in urban areas, parks are generally 2-8°C
cooler than their surroundings (Duckworth and Sandberg, 1954; Huang et al., 1990;
Akbari et al., 1992; Taha et al., 1991). For instance, in Montreal, urban parks have
2.5°C lower temperature than nearby areas (Santamouris et al., 2001). Moreover,
Alavipanah et al. (2015) identified remarkable cooling effect according to proportion
of vegetation cover which is between 70-80% per square kilometer. The temperature
difference between vegetation areas and fully covered (100%) built-up areas is
observed 4.5°C in 2012. In another study, shading and evaporative cooling effects of
trees on temperature reduction are calculated by computer simulations. In these
simulations, which are shown in Figure 2.11, tree coverage is increased by 10% and
25%, and thus decrease in temperature in Sacramento is estimated approximately 2-5
°C (Akbari et al., 1992).
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Figure 2.11: Temperature reductions in Sacramento and Phoenix with additional tree cover in

summer period (Source: Akbari et al., 1992)

In addition, the magnitude of the cooling effect of green areas generally depends on
plants type, vegetated field size and its location. Their effect on air temperature can be
observed from nearest plot area to wider urban areas within the framework of UHI
effect. According to Jauregui (1990), the cooling effect of an urban park in Mexico,
with an area of 500 ha, has an impact on city-scale which is about 2 km. However,
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Honjo and Takakura (1991) reported that when the wind speed is weak, cool air can
only be perceived up to 300 m. Similarly, Takebayashi (2017) conducted a study about
a measurement of the change in air temperature in regard to distances from vegetation
areas. Estimations show that the range of rise in the air temperature is related to both
distance and wind speed. As shown in Figure 2.12, the most significant rise in air
temperature is occurred in the lowest wind speed in spite of being close to the
vegetation area. Furthermore, the increase in ambient air temperature of urban areas

has become stable when the distance from the green area is more than 30 meters.
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Figure 2.12: The rise in air temperature in proportion to the distance from green area during
day-time and night-time (Source: Takebayashi, 2017)

According to Bilgili (2009), when the park sizes are similar, their cooling distances
may vary according to the plant types. As a result of his research on cooling effects of
green areas in Ankara, he found that the cooling effect from Kurtulus Park reached
about 200 meters, while Genglik Park was limited to a distance of 50 meters. Although
the vegetation areas are spatially equivalent in both parks, types of plants are
differently arranged. While Kurtulug Park is composed of broadleaf tall trees, Genglik
Park is dominated by grasses, which have reduced cooling distances than tree canopies.
As Shahidan (2011) reported, tree density have an influence on microclimate and
thermal balance of the surrounding urban environment. Instead of small green areas
and grasslands, the variation of tree canopies can create different and effective cooling
distances.

Apart from urban parks, in local scale, green roofs also have an impact on UHI
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mitigation. Green roofs are used to reduce heat storage instead of standard roofing
materials. For instance, a mesoscale modeling of green roof indicates that the ambient
air temperature, which is reached 30°C on a hot summer day, is lowered by 1°C
through reduced sensible heat flux by 52% compared to the darker roof (Scherba,
2011). Conventional roof surfaces with low reflectivity can heat to 65°, while the air
temperature reaches 35° during the summer (Karaosman, 2006). These roofs are
always warmer than ambient air temperature in their environment. In contrast to that,
green roofs can prevent air and roof surfaces from getting warmed by providing
moisture balance. In other words, they provide protection against overheating, and thus
the heat transfer between outside and interior of the building is delayed. Therefore,
they can be considered as an increased vegetation areas in urban areas that helps to

reduce heat island effect (Zareiyan, 2011).

2.1.2.5. Anthropogenic Heat Release

Urbanization is responsible for artificial heat release due to energy demand of human
activities. The magnitude of anthropogenic heat release mainly related to heating or
cooling of buildings, industrial activities, fuel combustion from vehicles (or in general,
transportation system) and human metabolism, which is considered less important
(Oke, 1988; Santamouris et al., 2001; Erell et al., 2011). The heat release from these
sources in urban areas contributes to increase in air temperature and UHI effect. Taha
(1997) estimated that anthropogenic heat can increase UHI intensity by 2-3 degrees.

To quantify anthropogenic heat release, population density or energy consumption
data of building sector or transportation system are regarded. In comparison of energy
usage in Seoul, Incheon and Gyeonggi, Lee et al. (2008) found that anthropogenic heat
fluxes are 55, 53, and 28 W m—2, respectively. Moreover, it depends on climate zones
and spatial organization of cities. Firstly, climate zones play a determinant role in
energy consumption. Anthropogenic heat varies dramatically between low-latitude
and mid-latitude cities because of their warm and cold seasons are completely different
from each other (Suomi, 2014; Heiple, 2007; Chrysoulakis and Grimmond, 2016). In

low-latitude zone, tropical and arid climates prevail in cities where warm weather is
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sensed all months (Money, 2000). Such cities have largest anthropogenic heat release
in summer due to exceeded cooling need or their magnitude can remain in high level
throughout the year (Suomi, 2014; Quah and Roth, 2012). Nevertheless, in mid-
latitude cities, which are dominated by cold winter, increased heating demand that
causes greater amount of anthropogenic heat rather than cooling demand in summer
for the same city (Sailor and Lu, 2004). To illustrate, the anthropogenic heat rates in
US cities in the summer and winter seasons are estimated 20-40 W/m and 70-210 W/m,

respectively (Hosler and Landsberg, 1977).

In brief, largest anthropogenic heat values can be defined differently as wintertime or
summertime fluxes according to cities. Apart from climate conditions, another factor
is associated with urban land-use distribution. In general, anthropogenic heat release
is observed dramatically high level in the city centers, and it gradually decreases to the
outskirts of the city. For instance, in London, heat flux exceed 400 W/m2 in the city
center, but in the fringe of the city the value is estimated 60 W/m2. Additionally, the
impact of anthropogenic heat on UHI is quantified in central London 1-1.5°C for
different seasons (Bohnenstengel et al., 2014). According to Cao et al. (2018), highest
daily temperatures in the downtown of Guangzhou City in China caused by
anthropogenic heat release which is more remarkable in high density residential area,
and it is followed by commercial/industrial area and lastly low density residential area.
On the contrary, in Singapore, estimation results of anthropogenic heat variability in
common land use types show that commercial area has the most significant
anthropogenic heat flux. The maximum values of commercial area, high density
residential area and low density residential area are measured around 113 W7mz2,
17W/m2 and 13 W/m2, respectively. In addition, because of the cooling demand, the
major source of heat flux is determined as buildings in each area (Quah and Roth,
2012).

2.1.3. Negative Impacts of UHI and Need For Mitigation

The development of larger heat island intensity, due to growth of urban density,

unsustainable urban development, and release of human related heat and greenhouse
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gas emissions to the atmosphere from urban areas, causes climate modifications from
local to global scale. At least 1°C rise in air temperature of cities has a knock-on effect
on the global warming. In fact, this warming trend has negative impacts on the
environment both ecological and economical, and on the human health. In particular,
high temperatures in urban areas are responsible for the increase in energy
consumption, air pollution and for the decrease in thermal comfort in public space.
Moreover, it poses a risk for human health because of the respiratory effects of air
pollutants and morbidity or mortality risks of extreme heat waves. Therefore,
mitigation of UHI effect should be taken into consideration as a necessity for the
community well-being (Erell et al., 2011; Santamouris et al., 2001; Shahmohamadi et
al., 2010).

One of the negative effects of the UHI is that higher urban temperatures exacerbate
energy consumption due to their effect on outdoor conditions influence the indoor
climate, especially in the summer period of hot climates. Although, in hot-arid
climates, heat island intensity reduces energy demand for heating in winter seasons,
cooling demand induces more energy consumption in summer (Santamouris et al.,
2001; Wong and Chen, 2009). On the contrary, as a result of a climatic simulation that
shows changes in heating and cooling energy demands for European cities to increase
in the global warming by 2°C, the electricity consumption for heating will be reduced
up to 5.2%. Because of the domination of continental climate in Northern Europe
countries, heating demand is more than the need for cooling in there (Damm et al.,
2017). Moreover, in tropical climates, the magnitude of heat island and the amount of
building energy consumption are crucial concerns because of the cooling demand
continues throughout the year (Wong and Chen, 2009). Typical building energy
consumptions in tropical climates were estimated that the most dominant was air
conditioning, which comprised of 56% of the total consumption (Katili et al., 2015).
In addition, Tham (1993) demonstrated that a reduction of 2°C with air conditioning
in the building, in Singapore, caused 11.8 % more energy consumption. As a result of
the development of UHI effect, increased cooling demand requires more energy
production, which has several side effects, such as higher energy cost, thermal

pollution and toxic gas emission from power plants (Arnab et al., 2013).
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Another negative impact is that increased air temperatures influence concentration and
dispersion of air pollution. While pollutants are released from combustion of fossil
fuels, power plants and industrial activities, warm air accelerates photochemical
reactions between them. Once these reactions occur, they tend to be trigger for more
reactions, to contribute to the formation of smog, to increase ozone concentration and
heat intensify. Therefore, higher air temperatures and air pollutions can aggravate each
other (Santamouris et al., 2001; Wong and Chen, 2009). Besides that, release of
emissions to generate electricity is the major problem for the environment and human
health. The main emissions are carbon dioxide, carbon monoxides, nitrogen oxides,
sulphur dioxide, etc. are considered to increase greenhouse gas effect and global
warming (Arnab et al., 2013). They can also directly affect human health through
respiration. For instance, according to a study about the relation between air pollution
and patient registration in Athens, it was found that when the air pollution increased
three times, the number of patients who applied for respiratory disorders doubled
(Santamouris et al., 2001).

In addition to health problems related to air pollution, the magnitude of UHI can lead
to heat-stress injuries and heat related mortalities. Several studies have focused on heat
related mortality with few cases. One of them is that heat-related deaths in summer
period of 1999 in Chicago were associated with risk factors, and it was found that 47%
of them were over 65 years and most of them were living alone (Naughton et al., 2002).
In France, 2003, the extremely hot summer caused a dramatic increase in mortality.
Fouillet et al. (2006) reported that deaths were directly related to heat wave, and also
respiratory and cardiovascular disorders conduced to a high death rate. Moreover,
Stafoggia et al. (2006) compared mortality datasets from hospital to meteorological
data (temperature and humidity) and documented that heat waves increased the risk of
mortality by 34% in Italy.

Because of all these negative effects, the UHI intensity should necessarily mitigated,
especially both in hot-rid and tropical climates. Reducement of surface and air
temperatures in urban areas may provide many benefits to the entire community, such

as saving in electricity consumption with reducement of cooling demand, decrease in
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smog accumulation and decrease in the risk of heat related diseases and deaths. The
mitigation of heat island effect can also provide enhancement of thermal comfort in
open urban spaces that may attract more people to use and get social interaction with

each other.

2.2. The Relation between UHI and Urban Geometry

Urban geometry has a certain effect on the urban microclimate and on the development
of the UHI intensity. During a day, incoming short-wave radiation is absorbed by urban
structures and stored as heat in them. After the sunset, daytime warmed up urban
surfaces start to emit long-wave radiation and to release heat during a night. However,
urban geometry have a crucial role in the heat loss rate of the gained heat. When the
components of urban canyon geometry (building height, street width, etc.) generate
deep canyons, sky view becomes limited, and thus radiation loss occurs lower than
open spaces. In other words, as a result of restricted long-wave radiation and heat loss
by 3D geometrical configuration of urban fabric, residual heat contributes to the
formation of nocturnal heat island (Hammerle et al., 2011a; Lopez et al., 2016; Oke,
1981; Unger, 2009). Therefore, these energy exchanges can be linked to the variables
of urban canyons, and canyon geometry can be characterized by three main indicators,
which have been demonstrated to have a significant impact on the UHI by several

studies, that are aspect ratio, sky view factor and building orientation.

2.2.1. Characterizing Indicators of Urban Geometry

2.2.1.1. Aspect Ratio (H/W)

Among many factors that induce to the UHI development, one of the most important
causes is urban geometry is mainly measured by the aspect ratio. Because of urban
canyons are composed of building blocks and linear spaces (streets) between them,
aspect ratio of a canyon, or in other words, building height to street width (H/W) ratio

has been found to be a significant factor contributing to UHI intensity (Bakarman and
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Chang, 2015; Takkanon, 2016).

In heat island studies, three-dimensional urban geometry data are transformed to the
two-dimensional sections to calculate H/W ratio. For symmetrical canyons, only the
ratio of mean building height to the street width is considered, but length of the
building should be regarded for the evaluation of asymmetrical canyons (Goh and
Chang, 1999; Takkanon, 2016). The calculations of H/W ratio for different canyon

configurations are given in Figure 2.13-15.
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drawing)

a) Perspective view b) Front view

o

N

Hy

\
\
\
’
’
\ ’
H ’
1 \
\ ’
\ ’
’
2 V.
’
\ ’
’
—

w

Figure 2.14: The calculation of H/W ratio for non-uniform buildings (Source: personal

drawing)

36

Hi=H; = Hpean

_(Hit Hy)/2




a) Perspective view b) Top view

W; L3

Hs Ha Hq

W, L,

Hy

H;

H |— H, Ly

W, W,

H/W ratio = Li((Hit Hp)/2) | Lo((Hs+ Ha)/2) | Ls((Hs+ Hg)/2)
A W, W;

Figure 2.15: The calculation of H/W ratio for an asymmetrical canyon (Source: personal
drawing)

In general, an increase in the H/W ratio as a result of created deep canyons in urban
areas, contributes to development of UHI effect. Oke (1981) demonstrated a strong
and linear relationship between H/W ratio and heat island intensity. As seen in figure
2.16, when height-to-width ratio of an urban canyon was measured as 2, the UHI
intensity had reached up to 12 degrees. However, the temperature difference due to
H/W ratio may vary according to climate zones and weather conditions of cities. In
fact, in tropical and continental (mid-latitude zone) climates, high H/W ratio causes an
increase in heat island intensity. On the contrary, in hot-arid cities, deep canyons

(H/W>2) can conduce to decrease in the air temperature and the heat island effect.

Oke (1981) simulated this relation for European and North American cities, and his
estimation has been approved by many studies. One of them is Nakata and Souza
(2013) conducted a study for five selected sites from central area in Brazil. According
to this study, the ambient air temperature in the highest H/W ratio (0.5) canyon was
measured 5.5°C higher than the rural area. To define this relation between them a new
formulation was developed which estimates that as a canyon gets deeper and narrower
(H/W>2), the temperature difference may rise to 10 degrees. The other is based on a

developed formulation for tropical cities, but the results are quite consistent with Oke’s
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estimation. To illustrate, in Bangkok, weather data were collected from different urban
canyons both in wet season (July) and cool season (December). As a result of this
study, Takkanon (2016) reported that when the H/W ratio was within a range of 0.20
to 0.30, intensity of heat island was observed to be between 5°C and 8°C. Moreover,
UHI intensity was measured 9°C for a canyon with a H/W ratio of 1. Therefore, the
relation between them was established with a linear model which gives R? values for
both wet season and cool season as 0.49 and 0.45, respectively. It means that the

magnitude of UHI effect is depended on urban geometry (aspect ratio) by 45 to 49%.
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Figure 2.16: The relation between H/W ratio and UHI intensity (Source: Oke, 1981)

Apart from this general view of enhancing effect of deep canyons on UHI, Bakarman
and Chang (2015) demonstrated that, in the hot-arid climates, deep canyons in compact
urban fabric have a cooling effect due to its shade-providing configuration. In the city
of Riyadh, Saudi Arabia, it was found that while the air temperature in the shallow
canyon was 52°C, which was 15% higher than the rural area, deep canyon’s
temperature was measured as 47°C as seen in Figure 2.17. Because of shallow canyons
in urban forms, which are characterized by low-rise buildings and wide streets, are
exposed to extreme level of incoming solar radiation, ground surface in there warmed
quickly and reached by 66°C as a peak value. As the canyon profile gets deeper,

directly incoming solar radiation to the ground coverage is restricted, and thus a
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decrease in the air and surface temperatures can be observed during a day.

In addition, a change in the height-to-width ratio of urban canyons influences the
formation of diurnal and nocturnal heat islands. For instance, shallow canyons absorb
greater amount of incoming radiation that leads to an increase in the diurnal UHI effect.
On the contrary, deep canyons store huge amount of heat due to trapped radiation
through multiple reflection, and that results in the intensification of nocturnal heat
islands (Bakarman and Chang, 2015; Montavez et al., 2008).

—o—— Ta = ambient air
temperature

——x——- Ta(d) - deep canyon

———— Ta(s) - shallow canyon

Temperature (°C)

Figure 2.17: The hourly variations of the air temperature in different canyon profiles (Source:
Bakarman and Chang, 2015)

2.2.1.2. Sky View Factor (SVF)

The Sky View Factor (SVF) is widely used as an important measure of urban geometry
for the estimation of UHI effect. It determines the ratio of emitted long-wave radiation
from urban surfaces to the atmosphere. Therefore, the fraction of the visibility of the
sky from a point on the urban surfaces depending on the interception of the near located
urban structures, is represented as a SVF values, which is within a range of 0 to 1. The
SVF value of 1 means that the sky is unobstructed and completely visible, but if it is
0, the sky is completely blocked. For example, Unger (2009) measured SVF values
both for relatively open area (0.97), which is surrounded by low-rise buildings, and for
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more closed area (0.57) where the bordering buildings are quite high and the street
width is low. In brief, as the SVF value decreases due to high-rise buildings and narrow
streets (Figure 2.18), in addition to the multiple reflection, long-wave radiation loss is
restricted, heat is trapped, and thus heat island effect is increased in urban canyons
(Canan, 2017; Hammerle et al., 2011a; Unger, 2009).
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Figure 2.18: The relation between SVF values and emitted long-wave radiation (Source:
personal drawing)

The basic principle of the calculation of the SVF value for a specific point on an urban
area is based on the projection of each building shapes, which are seen from the point
as obstruction, to the sky vault. Figure 2.19 illustrates limited part of the sky due to
projected building surfaces on the hemisphere. The ratio of the remain part is
considered as the SVF value, and it is basically formulated by subtracting from 1 the
sum of all view factor values of building surfaces (Unger, 2009). To calculate the view
factors (VFs) of these geometric arrangements, elevation angle (3), which is defined
by vertical extension of rectangle (S), its distances from the view point, and rotation
angle (o) can be used. These calculations are simplified and described by Oke (1987)

in few equations as follows:
SVF =1— YVF

SVF =1— cos?p = sin?p
VFs = cos?B(a/360°)
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Figure 2.19: Schematic depiction of the SVF calculation (Source: Unger, 2009)

Apart from Oke’s (1987) formulation, a more exact analytical model was developed
by Johnson and Watson (1984) that defines SVF value by analyzing geometric features
and radiation fluxes of urban canyons. This calculation is based on the fraction of long-
wave radiation that reaches to the sky vault from canyon surfaces (Chen et al., 2012;
Cheung et al., 2016). It can be given by an equation:

1
s =—= | cosepdS
R? ),

Where:

Y, = The sky view factor

R = Radius of the sky hemisphere (m)

Sy = The sky vault seen from the canyon ground

¢ = The angle between the canyon ground and the sky vault radius to area

dS = Area of the sky seen from the canyon ground (m?)

To calculate the SVF values in urban areas, several image-based manual and
computational methods have been developed by many researchers. Image-based
methods for identifying the SVF require the use of fisheye lenses to obtain

hemispherical photographs. Two-dimensional images of an urban canyon can be
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captured from the center of the canyon and 1-1.5 meters above the street surface to
represent how the sky is seen from there (Cheung et al. 2016; Hammerle et al., 2011a;
Liao and Cavaleri, 2014). Otherwise, if photos are taken on different sides of
horizontal plane or on the ground level, calculation of SVF values may give inaccurate
results. For example, Cheung et al. (2016) investigated effects of different
measurement points on the SVF results. They found that when the canyon was very
symmetric, SVF values of each point, which are left side (0.126), center (0.190) and
right side (0.126) of the canyon, were similar. However, in the asymmetric canyon,
remarkable differences between them were observed. Also, as the height of the
measurement point was close to the ground level, SVF was calculated lower than the

upper measuring point’s value, but there was no essential difference between them.

Image-based methods have been evolved from manual to digital calculating processes.
The most basic one is called as Steyn method, which is based on manually annulus
counting in a divided fisheye image by polar grid and their summation. On the
contrary, Rayman method processes digitized fisheye images through pixel counting.
That type of pixel calculators designate darker colors for shapes, which are perceived
as obstacle to the sky view, and the remain area is colored to white. Therefore, selected
white pixels can be used for the calculation of SVF values in a specific urban area
(Hammerle et al., 2011b; Liao and Cavaleri, 2014). To illustrate, CCL model in
MATLAB software converts images to only black and white colored pixels (Cheung
et al., 2016). As seen in Figure 2.20, all urban structures, such as buildings, trees and
street lights, are represented as black and visible part of the sky is shown as white.
Also, to calculate SVF, photos can be converted to the grayscale and be separated black
and white pixels carefully by graphic softwares, then geometric variables can be
calculated by GIS software (Shaker and Drezner, 2010).
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a) Side view b) Fisheye image

c) SVF calculation
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Figure 2.20: Image-based SVF calculation process (Source: adjusted from Hammerle et al.,

2011b)

Additionally, fisheye images can be completely evaluated by using of ArcGIS

software. The design of ArcView Script is based on Steyn method, so the basis of the

calculation is adjusted to the count of annular rings (Hammerle et al., 2011a). The steps

of the SVF calculation can be expressed as follows:

m  1w(i—0.5) (i — 0.5)
SVFEaxi = Esm( > ) cos( o )

a; = (Teotar — Tons) / (nrzz - 7'[7'12)

SVF; = SVFpaxi ;"—n

Where:

SVF; = Result of the total SVF value

SVFE,0xi = Maximum SVF value

a; = Obstructed angle in ring ‘1’

T:ota; = Total area of annular ring

T,ps = Obstructed area in the same ring

r, and r, = Radii of the inner and outer limits of the ring
i = Number of actual rings

n = Count of annular rings

Apart from image-based methods, computational methods using 3D building database
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are more widely preferred (Matuschek and Matzarakis, 2010). In addition to the SVF
calculation, software tools also provide climatologic analyses, such as sunshine
duration, thermal comfort and radiation fluxes of the urban environment. By using 3D
urban geometry data, SVF values can be rapidly estimated for each selected view point
in an urban area. For example, Sky Helios, which is one of the most well-known
softwares, can be considered as a developed model of the Rayman method. This tool
generates a virtual fisheye image from a chosen view point, and then it calculates SVF
values like Rayman’s workflow by using graphic processor (Hammerle et al., 2011a).
Additionally, SOLWEIG software is widely used for the estimation of SVF values and
spatial variations of mean radiant temperature in urban areas. It also provides a
simulation interface for the effect of sky view factor on the temperature distribution
(Lau et al., 2015). The other one is that Townscope software is basically designed for
sky visibility and solar access analyses. For instance, by using Townscope, Kakon and
Nobuo (2009) calculated average SVF values for selected roads and the amount of

solar radiation being exposed.

As a result of many research, a strong linear correlation between the SVF and the UHI
effect has been proven. Comparison of collected air temperatures at different urban
sites and calculated SVF values shows that urban geometry has a significant impact on
the distribution of the average air temperature (Svenson, 2004). In addition, Yuan and
Chen (2011) confirmed the effect of sky view factor on the mean air temperature in
their study in Hong Kong. It was demonstrated that when the SVF value was calculated
as 0.10-0.15, the air temperature was measured to be 30.5°C. However, in selected
urban sites where the sky view factor increased to 0.85, the ambient air temperature
decreased to 27.5-28°C. The relation between them was defined as a 0.1 increase in
the SVF value results in a 0.4°C decrease in the mean air temperature (Ty,0qn)- AlSO, @
new equation was developed for the calculation of T,,.,, in tropical climate cities that

is stated as:

Trmean = 3.82 SVF + 31.02

44



Moreover, Cheung et al. (2016) conducted a study about intensity of heat islands in
the central area of Manchester city. The data of selected canyons were used to confirm
the importance of the SVF as a determining factor in the heat island development. They
reported that the smallest SVF value (0.271) of the canyon had the largest UHI
intensity (6-6.4°C). Nevertheless, SVF values were not low in all of the canyons where
the heat island intensity was detected in high level. Therefore, this study did not fully
agree with the Oke’s (1987) empirical equation about the UHI estimation, but it was
seen that when the SVF values were lower than 0.65, 63% of the variation in heat
island intensity depended on sky view factor.

2.2.1.3. Orientation

The role of the urban geometry indicators on the thermal comfort and heat island effect
is also controlled by the building orientation, or in other words, canyon axis
orientation. The level of the solar access to the canyon, especially to the building
facades, is highly determined by the orientation to the azimuth angle, which shows that
the direction of the incoming solar radiation to the ground. Moreover, the cooling
effect of the air flow throughout the canyon is also affected by that indicator.
Therefore, orientation induces changes in the radiation fluxes and air temperatures that

can be evaluated by two main parameters.

Firstly, the direction of the canyon axis, such as north-south (NS) or northwest-
southeast (NW-SE), influences the amount and duration of the exposed solar radiation.
Thus, canyon surfaces having high level of energy flux density cause an increase both
in the air and surface temperatures inside the canyon. To illustrate, Nunez and Oke
(1977) conducted a study on the experimental urban canyon which was oriented in the
NS direction. They recorded diurnal energy balances of canyon surfaces and reported
the importance of the orientation on the solar irradiance. As given in Figure 2.21, when
the energy flux of the canyon floor reached to the maximum value, west and east

facades had peak value earlier and later than, respectively.
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Figure 2.21: Energy balances of canyon surfaces based on hourly measurements (Source:
Nunez and Oke, 1977)

In addition, Lau et al. (2015) investigated the effect of canyon orientation on the spatial
variation of mean air temperature (T,,.q4,). Urban canyons were simulated in the
different rotation angles, such as 0°, 22.5° and 45°. In the non-rotated canyon, the
highest air temperature (near 60°C) was observed on the south-facing building
surfaces, and the lowest temperature, which was below 50°C, was estimated along the
north facades. Moreover, the result of the comparison of the canyon directions shows
that while NE-SW oriented canyon had the highest air temperature (58.1°C), NW-SE

oriented one had the lowest value (52°C).
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Secondly, street orientation has a significant impact on the temperature reduction
through air flow. The air flow, with a specific speed and direction coming from the
external environment, interacts with canyon surfaces or passes through to the end of
the canyon. The warm air can be transported into the canyon or out of from there by
means of advection, which is highly depended on the air flow patterns inside the
canyon. The air flow possibilities can be categorized into three types that are parallel
flow, cross-angle flow and perpendicular flow. For the case of parallel flow, Nunez
and Oke (1977) estimated the importance of the wind direction for the NS (north-
south) oriented canyon. Figure 2.22 shows that when the warm air blows from the
south, advection occurs at the low level, but heat transport from the canyon air volume

increases with the cooling effect of the northern wind.
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Figure 2.22: Advection of the canyon air volume due to the wind direction: N-north, S-south,
V-variable (Source: Nunez and Oke, 1977)

In addition to the advective transport from the canyon air volume, surface heat can also
be removed from building facades by convenient wind speed and direction according
to the canyon orientation. Giilten (2014) simulated building orientation to calculate
heat island potential in different cases of wind speed and direction. For the WE (west-
east) oriented canyon, when the wind direction was west, heat island potential was
estimated near 30°C even the wind speed was high (5.85 m/s). On the contrary,
northwestern wind at low speed (3.4 m/s) had a greater cooling effect than the west

wind that resulted in the estimation of air temperature as 20°C.
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Another simulation result based on the hourly estimation shows that parallel wind flow
with the speed of 6.25 m/s had not any effect on the air temperature inside the canyon.
After an hour, despite being at the same wind speed with the parallel flow, cross-angle
flow approximately dropped surface and air temperatures by 10 and 5 degrees,
respectively. Figure 2.23 illustrates that how the orientation effects the temperature
reduction by modifying air flow. According to the simulation, parallel flows cannot
reduce both surface and air temperatures due to wind does not interact with the canyon
walls. When the canyon axis oriented to the cross-angle flow, for example NS oriented
canyon with NE wind direction, the wind firstly hits on the north-facing facades, and
then move on to the south-facing surfaces. Therefore, a decrease in the surface
temperature can be occurred by the interaction of wind and building facades, also this

effect will be greater with an increase in the wind speed.

a) parallel flow b) cross-angle flow c) perpendicular flow

—
s -
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circulation

Figure 2.23: Schematic depiction of flow patterns (Source: personal drawing)

On the other hand, Giilten (2014) found that a perpendicular flow, which means wind
blows perpendicular to the canyon axis, does not have any cooling effect in the canyon
air volume. To illustrate, for NS oriented canyon, the east and west winds lose their
velocity when they try to get into the canyon. At that time, as the amount of absorbed
solar radiation increases, the air temperature of the canyon rises in spite of the wind
flow. However, Nunez and Oke (1977) stated that perpendicular wind flow over the
canyon develops a vortex circulation between the buildings that may leads to remove
of the heat from the canyon air volume. Therefore, Nunez and Oke’s prediction may

be substantiated if the wind speed is above a threshold value.
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2.2.2. Calculation of UHI Intensity based on Urban Geometry

To calculate UHI intensity (AT, _rmax)), Measurement or simulation based

mathematical models have been developed by using urban geometry parameters, such
as height-to-width ratio (H/W) and sky view factor (SVF). Firstly, Oke (1981)
modelled a scaled urban environment to simulate the impact of the urban geometry,
which was represented as H/W ratio, on the formation of UHI intensity. In his
experiment, only the effect of building blocks on the air and surface temperatures of
the canyon was taken into consideration, so other factors, such as thermal properties
of different materials, air flow or evaporative surfaces, were neglected. Therefore, the

result of this experiment was written in a new equation as follows:

ATy r(maxy = 745 + 3.97 In(H/W)

After Oke (1981), Goh and Chang (1999) established a new statistical model
representing a relation between H/W ratio and nocturnal heat island intensity for
tropical cities due to Oke’s model was mainly developed for mid-latitude cities. After
the determination of spatial variation of heat island intensity, results of the study were
compared with the predictions of the model of Oke as seen in Figure 2.24. Because of
the remarkable difference between them, a new heat island formulation was

constructed as:

ATy _r(max) = 0.952 median H/W — 0.021
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Figure 2.24: UHI intensity distribution according to the model of Oke (1981) and to the new
statistical model (Source: Goh and Chang, 1999)

Apart from that a research of Nakata and Souza (2013) showed relevance with Oke’s
(1981) finding. Also, they suggested a new model as an adjustment of Oke’s model
according to measurement results in the city of Sao Jose do Rio Preto. After the
application of both models, their results were compared to validate the applicability of
the new model. Figure 2.25 illustrates that the results of the calculation of UHI
intensity by the adjusted model are considerably similar to the measurement results.
Additionally, the temperature difference between Oke’s model and the adjusted model
can be reached at the highest level (1.6°C) when the height-to-width ratio is within a
range of 0.25 to 0.5. The lowest level of the heat island intensity difference (0.2°C)
can be observed in urban canyons where the H/W ratio is between 1 and 2,

respectively. The equation for adjusted model as follows:
y = 0.802x + 1.4574

Where:

y = The result of the adjusted model

x = The result of the Oke’s model
y = 0.802 [7.45 + 3.97 In(H/W)] + 1.4574
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Figure 2.25: Comparison of estimated heat island intensities by different models (Source:
Nakata and Souza, 2013)

In addition to the use of H/W ratio as an urban geometry indicator in the calculation
of the UHI intensity, sky view factor (SVF) is also used due to it’s a significant
determinant factor depending on the context of the study. To demonstrate the

correlation between them, Oke (1987) formulated a new equation using SVF (Y, )

as a measure:

ATu—r(max) = 1527 - 1388 lpsky

Among many studies which have been conducted to confirm the influence of view
factor on the development of UHI, Cheung et al. (2016) found that a linear relation
between them for both in summer and winter seasons. Moreover, they suggested a new
equation to obtain stronger linearity with a higher coefficient of determination (R?)
value that corresponds to measurement results. Equations for the estimation of the
maximum heat island intensity in summer and winter periods are compatible with the

results of Oke’s (1987) model that can be expressed as:

UHI(Mmax) symmer = 6.75 — 3.03 SVF

UHI(max)yinter = 4.25 — 2.39 SVF
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2.3. Evaluation of UHI Related Studies in the Literature

2.3.1. Previous Studies on UHI

Because the UHI effect induces many problems in the urban environment, several
studies have been conducted to provide a comprehensive understanding about urban
characteristics affecting the development of heat island intensity. The associated
factors of UHI have been investigated in many aspects, and analyzed their effect on
air and surface temperatures. All these studies were performed from the macro scale
to micro scale. To illustrate, in macro scale and meso scale studies, for the assessment
of the surface urban heat island (SUHI), spatial and temporal variations in surface
temperatures and contributed factors were defined by using statistical datasets and
remote sensing images. The use of satellite images to analyze land use, total area of
vegetation covers or surface temperatures indicate the sensitivity factors of UHI
parameters. Accordingly, many studies validated that urban expansion with an increase
in the total area of impervious ground covers has a remarkable effect on the increase

in surface temperatures.

Apart from surface temperature determinations, many studies also have been analyzed
daily (diurnal and nocturnal), seasonal or annual air temperature differences with
related to thermal properties of surface materials, vegetation areas, land use
(residential, commercial and industrial areas), building density and canyon geometry
in local or micro scales. To demonstrate the effect of these parameters on the air
temperature and UHI intensity, measurement-based studies have been conducted. On
the other hand, to estimate negative effects for different urban scenarios, to examine
the relation between urban geometry indicators and heat island, and to develop a
model, from estimation to implementation, for the mitigation of UHI effect simulation
softwares have been preferred. Therefore, UHI studies within the scope of urban
geometry can be categorized into two main part as measurement-based studies and

simulation-based studies.
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2.3.1.1. Measurement Related Studies

Measurement-based studies are fictionalized to investigate the effect of urban

geometry indicators, such as height-to-width (H/W) ratio and sky view factor (SVF),

on the formation of UHI intensity. To determine the influential factor of geometrical

features, urban canyons with different H/W ratios and SVF values are selected,

carefully. As a result of several regression analyses of these dependent and

independent variables, a linear relation between urban geometry and heat island

intensity is validated with fairly high coefficient of determination (R?) values.

Table 2.3: Examination of measurement-based studies

Author Urban Geometry Method Findings
Indicator
Measurement of air
Bakarman H/W ratio (from roof and inside the Determination of an increase in
and Chang (shallow canyon: canyon) and surface | the air and surface temperatures
(2015) 0.42) temperatures (walls, | due to a decrease in the H/W
(deep canyon: 2.20) | roofs,  floor)  with | ratio.
Sensors.
Determination of the max. UHI
SVE values Calculation of SVF | intensity (6°C) with the min.
Cheung et al. I values with the use of | SVF value (0.3) in summer
(within a range of . . - . .
(2016) 0.3 100.9) fisheye  images in | nights, and correlation of a
' ' MATLAB. linear relation between them.
(R?=0.63)
Demonstration of a linear
Takkanon H/\_N _ratio Measurement of the | relation betwee_n HNy ratio and
(2016) (within a range of hourly air temperatures nocturnal UHI intensity.
0.06 to 0.95) by a mobile weather | (for wet season R>=0.49)
station along the roads. | (for cool season R?= 0.47)
Demonstration of a linear
1 2—

Yuan and SV_F yalues Calculatien of . S.VF ;Igtlonéﬁ I_O'zizeaestitvz?en S;:]l;
Chen (2011) (within a range of values with 3D building estimation of 0.4°C dec,rease in
0.15 t0 0.85) data in ArcGIS. . '
the air temperature due to 0.1

increase in the SVF value.
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2.3.1.2. Simulation Related Studies

Apart from real-time measurement studies in urban areas, many researchers have
conducted simulation studies to develop an estimation tool for UHI intensity to
investigate the influence of urban geometry on air temperature for different scenarios,
and to generate various form configurations to mitigate the UHI effect. Generally, for
the simulation process, or related to the case study, for the optimization process,
morphological indicators are used to be input data, and thus the output data, which has
been reached from the modification of input parameters, provides many estimations
for the development of UHI effect.

One of these studies, Giilten (2014) evaluated urban heat island effect in high density
urban areas by using a computational fluid dynamics (Ansys Fluent) software.
Simulations were made for different scenarios, which are determined to height-to-
width ratio (0.5, 1 and 2) and orientation of urban canyons. In order to define the
impact of velocity, traffic flow, vegetation, and surface material properties on the
magnitude of heat island intensity, each variable was added to the simulation one-by-
one. Therefore, estimation results were compared with each other, and their effect on

the UHI development were discussed on their own terms.

One of these studies, Chokachian et al. (2017) proposed a generative method to
determine the relation of UHI and solar access with urban forms by developing a tool
in Grasshopper software, which is defined as a visual programming interface. To
generate urban forms (600 form samples) with some limitations, set of geometric
circumstances, such as block size, floor number and floor height, were defined, first of
all. Then, after the simulation, identified H/W ratios are used to calculate UHI intensity
using Oke’s (1981) formulation. The application of developed method shows a strong
relation between floor area ratio and heat island intensity, and thus a new equation is

suggested as follows:
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a+ %)2 w
UHI = 7.45 + 3.97 In| 3.2 FAR—*— | = 12.08 + 3.97 (nFAR + 21n (1+ ;) — Inw)

Where:
FAR = Floor area ratio
w = Canyon width

x = Building size

The other one is Hu et al. (2016) developed a parametric modelling to mitigate the
UHI effect through optimization of SVF values in urban areas. This method was
evaluated with the use of genetic algorithm in Rhinoceros software. Firstly, to
represent the compact urban form, various form distributions were generated
according to some restrictions, such as plot number, plot size, range of the floor area
ratio and certain length of building setbacks. Secondly, as seen in Figure 2.26, the
optimization process proceeded on these form configurations (around 1275 samples)
to find the max. SVF value which represents min. magnitude of the UHI intensity. As
a result of this simulation, optimum solution for the mitigation of UHI effect was
emerged as a rough urban form. Because of the overall design algorithm was based on
the maximization of average SVF value in the experiment area, high-building density
in the central area with low SVF value was recommended. Therefore, the periphery

area high SVF value conduced an increase in average SVF value of the whole area.
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Figure 2.26: Generated form samples based on the best density distribution (Source: Hu et al.,
2016)
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Table 2.4: Examination of simulation-based studies

Author Urbﬁ? dﬁzg$etry Method Findings
- H/W ratio Developm_ent of 2| Estimation of a relation
. mathematical generative .
Chokachian methodolo to  calculate between geometric parameters
etal. (2017) - FAR (floor area UHI intens?ty by using urban (building height, street width,
ratio) . y by using FAR) and UHI intensity.
form in a software.
- H/W ratio Estimation of a decrease in
Hamdiang | (%432nd 1L.50) ) Simulation © o diuma |y intensity with high HW
Schayes - SVF values intensity  through  TVM ratio, and 0.4°C decrease in
(2008) (within a range of | model UHI due to each 0.1 increase
0.47 t0 0.70) In SVF.
- Calculation of SVF values
with the shadow projection Generation of a compact
method for a large number of v distribution f np h
Hu et al urban form samples density dlstrlbutlor_w orminthe
’ SVF values ' center of the experimental area
(2016) duce high lue of
- Optimization of SVF to produce high SVF value o
the whole area.
values of urban forms to
mitigate UHI intensity
. - Determination of the highest
£0H5/V_V1ra_1t|20_ 3-4) air temperature (58.1°C) in the
' Simulation of the mean air | lowest H/W ratio (0.5) canyon
Lau et al. - Street temperature according to | and 45° rotated canyon.
(2015) orientation geometrical  features by
. o | Using SOLWEIG. - Exemplification of the
(rotation angle: 0 . furb
222,50 - 459) importance of urban geometry
’ to exposure to solar radiation.
. . . - Determination of a high
H/W ratio Simulation of an energy .
Montavez et (within a range of | transfer process of urban potential - of the ~urban
al. (2008) 0.11 to 5) canvon models geometry to generate UHI
' y intensity (4-12°C
- Simulation of a
hypothetical scenario by the
Nakata-Osaki H/W ratio recognition of input data. Suggestion of a developed tool
etal. (2015) (within a range of to simulate UHI intensity in
' 0.25t0 2.02) - Computation of the model | different urban scenarios.
and application of the
algorithm through GIS tool
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2.3.2. The Overall Critics on Existing Methods of UHI

Literature review on the Urban Heat Island (UHI) studies shows that several research
projects are based on the measurement of air and surface temperatures, energy fluxes,
and other artificial and natural environmental conditions to establish their effects on
the magnitude of heat island intensity. Actually, the main purpose of these studies can
be interpreted as a search for a set of knowledge to mitigate the UHI effect in urban
areas. Defining influential indicators and estimating relations between these indicators
and heat island magnitude provide data for the future studies, and also suggest
mitigation strategies by controlling these causing factors. In addition to the
measurement-based studies, simulation-based ones help designers to evaluate the
impact of variables (components of urban geometry, climatic conditions, material
properties, etc.) on the UHI intensity. Moreover, simulation softwares can estimate air
and surface temperatures for different urban scenarios that provides a foresight before
the design and planning processes. However, estimation results are not enough to
produce better solutions and form configurations to mitigate heat island intensity,
particularly in the field of urban geometry. Since the tested scenarios are set by users
with limited number of morphological features, the acquired evaluations from the
simulation softwares are inadequate to offer alternative design recommendations.
Briefly, the overall critics on existing methods of UHI in the context of urban geometry
related studies can be defined as follows:

- Estimation results as a decrease or increase in heat island intensity with
specified geometrical features (height-to-width ratio, SVF value and
orientation degree) are limited with a few scenarios

- Simulation softwares generally evaluates specified conditions by designers,
and thus they tend to establish alterations in the air temperature in regard to
restricted samples

- For mitigation of the UHI effect, previous studies suggest only strategies or
specific rates that based on their case areas instead of achieve better form
solutions

- Simulation-based studies have the lack of searching design proposals from a

wide range of geometrical features to achieve a minimum heat island intensity
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CHAPTER 3

PARAMETRIC MODELLING FOR THE ANALYSIS AND SIMULATION
OF UHI: A MODEL PROPOSAL

3.1. Methodical Approach

Evaluation of the overall critics on the existing methods of urban geometry based UHI
studies shows that simulation-related methods are insufficient in generating form
compositions to mitigate heat island intensity. Instead of measuring geometrical
features to estimate the UHI effect with a limited number of scenarios determined by
the designer, such as 0.5-1-2 height-to-width ratios, the search for UHI mitigation
requires new methodical approaches to achieve alternative scenarios, which will be
produced beyond the designers’ limits. To meet this demand, parametric modelling
can be considered as an effective tool that allows designers to response their own
needs. By using parametric modelling, many geometric components can be analyzed
and form configurations can be generated in regard to design problem through a
customized set of algorithms. Thus, in this context, a parametric model is developed

to response the research problem of this study.

The methodological approach of this study stands on a synthesis of analysis and
simulation processes. To mitigate UHI intensity in urban areas, the proposed model
provides the combination of SVF calculation by analyzing morphological components,
and form generation by maximizing the obtained SVF values at the same platform. In
other words, designers will be able to proceed analysis and design process by running
a set of algorithm in the parametric modelling software. By means of this proposal, the

effect of urban geometry on the UHI development can be revealed, and measurement
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results can be utilized to produce design solutions that mitigate heat island intensity.
Also, this proposal offers urban designers and planners a set of possible design

outcomes that is more than producing an optimal solution.

The proposed parametric model consists of analysis and simulation phases. Figure 3.1
illustrates the workflow of the model with detail explanations of each step. As
mentioned earlier, literature review indicates that urban geometry indicators have a
strong relationship with the magnitude of the UHI effect. To calculate heat island
intensity, a few equations were developed by using geometrical parameters, such as
height-to-width ratio (H/W) and sky view factor (SVF) value. Because H/W ratio is a
representation of three-dimensional building data as two-dimensional sections, the use
of H/W ratio in the analysis would not be an accurate selection for the parametric
approach that is based on 3D modeling. Therefore, SVF calculation for the estimation
of heat island intensity is determined as a main part of the methodology. Additionally,
to calculate UHI intensity by using average SVF value, Oke's (1981) equation will be
used. Briefly, at the first phase, the layout of the design area will be defined according
to their component, and then will be analyzed to calculate SVF value and UHI

intensity.

As seen in Figure 3.1, at the second phase, which is named as simulation, Genetic
algorithm will step in to generate form alternatives by maximizing SVF value or
minimizing UHI intensity. As a result of the simulation, a list of maximized SVF
results with their design proposals will be given by the algorithm. Since the simulation
tends to find much better solutions, designers will be able to choose any design

alternative from the wide range of proposals.
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Figure 27: Schematic depiction of the workflow

3.2. Parametric Modelling: Tools and Techniques

The complex conditions of architectural design and urban design necessitate the
emergence of new approaches and tools in the design process with the development of
computational systems. Up to the present, decision making mechanism of the design
process has static and solid structure. After the emergence of parametric modelling,
the understanding of design principles has been shifted to the more flexible and
generative process. As Schumacher (2014) states that the new form of design process
is based on generation and selection from a set of created alternatives via parametric
modelling. This new era of the design field that provides the formation of alternative
solutions, generation of many design forms, manipulation of design entities by using

a set of specified parameters and algorithms (Dino, 2012).

As opposed to conventional design process, parametric modelling provides designers
to specify parameters in regard to their design concepts, and allows to make changes
by controlling input and output parameters interactively. Because the modelling

software is principally created as a responsive system, as any changes on the
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parameters are made by designers, the whole design can be updated automatically by

the model.

Parametric modelling can be defined as a computational design approach that is
principally based on algorithmic settings. A set of instructions need to defined as an
algorithm to compute input values, and transform them to produce output values.
Using parameters and algorithms, to generate geometric forms with mathematical
operations, and to create a finite set of possible solutions, forms the ground of
parametric thinking. It provides an ability of searching better solutions, sorting the
findings, generating alternative from configurations, and operating all of them in a
connected platform (Dino, 2012). Therefore, parametric modelling can be taken into
consideration as a fast-growing and a powerful method, which produces new
architectural and urban morphologies in a constant diversity, and enhances design

variations beyond the limits with the creativity level of designers.

Parametric modelling tools provide flexibility, diversity, and efficiency by form
generation with generative and adaptive design system. Designers have an ability to
manipulate parameters in any condition, and test generic options for different design
scenarios. Due to defined parameters are connected with each other, they can interact
easily in any change and reflect the new results according to the manipulation. Also,
designers can improve the design process by searching and producing new shapes and
forms. One of the outcomes of the generative design system is the formation of
countless complex compositions, which cannot be produced easily by other design
softwares. Thus, parametric modelling tools help designers to improve their

imagination, and various form generation capacity.

Rhinoceros and Grasshopper softwares are utilized for parametric modelling.
Rhinoceros is a 3D-modelling program, which visualizes algorithmic scripts as a three-
dimensional model. Grasshopper is a visual interface, which is built inside Rhinoceros
software. In other words, Grasshopper is a developed plug-in for algorithmic design
scripting, and it can be used through Rhinoceros application. These tools control

geometrically defined the urban environment by introducing them to written
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algorithms and mathematical operations. Creating algorithms is only allowed on the
Grasshopper canvas via its component tab, as seen in Figure 3.2. The component tab
includes all parameters, mathematical operations, geometrical elements, and
optionally attached add-ons that provide to create geometries by algorithms. The
canvas is, in this context, a workplace where designers can create a set of algorithms,
and control all the scripted design algorithms to form geometrical components. Also,
canvas requires to set a connection between components in order to make transaction
data.
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Figure 3.2: Rhinoceros and Grasshopper softwares with basic explanations

Parametric design tools contain numerous plug-ins and add-ons, which are constantly
created by designers. For example, DIVA is a developed plug-in for Rhinoceros by
members of Graduate School of Design at Harvard University. This plug-in offers a
daylighting and energy modelling for buildings and urban landscapes. Another
environmental performance provider add-on is named as Ladybug tool. Ladybug
allows designers to import and analyze weather data, and to run radiation, sun-path
and daylighting simulations. Apart from environmental analysis tools, one of the most
important tools of Grasshopper softwares is Galapagos, which can be defines as
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Genetic Algorithm that provides from generation and optimization. The basic
proceeding principles of Genetic Algorithm can be described as follows:

- Distributing a population over the specified domain set

- Testing this domain in regard to achievement minimization or maximization
- Generating a population with selected solutions from test results

- Applying the fittest selection on the manipulation

- Using last generation results to create the next generation (Musleh, 2012)

Due to the nature of Genetic Algorithm, it tends to find fittest genomes to achieve
better solutions, and thus Galapagos tries to optimize the test results at each generation.
As seen in Figure 3.3, the fitness process can be observed by the Galapagos editor.
This editor window shows, at the top of the screen, the number of generations on the
x-axis, shows the fitness level on the y-axis, and represents average fitness value with
red line for each generation results. Additionally, yellow and orange colored buffer
zones give an information about the strongest/weakest genomes and standard deviation
for each generation, respectively. The light purple rectangle, which can be moved by
user, shows selected generation. To illustrate, to get maximized values from the
simulation results for first generation, this rectangle should be moved to 1 on the x-
axis. At the bottom of the window, selected genomes and the list of maximized or
minimized results are represented. In the fitness process, from the test of first
generation to the last generation, the fittest genome is tried to select from the gene
pool. While the selected genomes have not been optimized in the first generation, the
fittest genome has been reached for each population test at the eight generation.
Therefore, towards to end of the process, the yellow and orange colored zones are
getting smaller because of the maximization results are reduced to almost a single or

similar set of values by the optimization process.

Depending on the context of the design problem, Galapagos tends to run for indefinite
duration, so users have to put some limitations by specifying indicators. To illustrate,
for an urban area, when a designer wants to maximize the building density, building

height should be determined within a range of values. Also, Galapagos allows
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designers to use selection and mutation operations, and to control the number of
population per generation, number of generation and duration of the simulation
according to the problem solutions. Because Galapagos has an ability to solve complex
problems by testing any changes in each parameter, to achieve fittest solutions, and to
generate alternative form configurations, this tool has been widely preferred by
designers. Genetic Algorithm offers designers to explore new design compositions and
different configurations by investigating as much as possible amount of arrangements
with defined input parameters. Thus, designers can select better or fitter solutions from
a list of full of alternatives, at the earlier stage design. Having a real-time feedback

from the software also improves and steers designers’ decisions through the process
(Musleh, 2012).
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Figure 3.3: Fitness process of the Galapagos tool
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3.3. Definition of Computational Framework for the Mitigation of UHI

3.3.1. Algorithmic Definitions of the Morphological Indicators of UHI

To define a relationship between basic components of urban geometry and UHI effect,
and to fully understand the process of heat island mitigation, is necessary to construct
algorithmic framework and to use these morphological indicators for parametric
modelling. To analyze the effect of urban geometry on heat island intensity through
SVF value, to manipulate morphologic entities, and to generate forms by simulation,
parametric modelling requires a definition of main morphological components, which

are named as block, plot and building.

Previous studies on the relationship between sky view factor and heat island intensity
have considered the height of the buildings, the distance between buildings, the
distance between measurement point and buildings, and the size of the buildings as
main influential factors on the UHI effect. As shown in Figure 3.1, the variation in the
main parameters of urban geometry (height, distance and size) induces an obstruction
of the sky view in different sizes. When the height of the building (h, > h;) increases,
the obstructed area also increases. However, an increase in the distance (d, > d,)
between test point and buildings results in a decrease in the obstruction of the visibility
within the condition of same building height. Moreover, the size of the building
(building coverage area or building volume) has a directly proportional effect on the
increase in SVF value. Therefore, in this study, morphological components of urban
areas (block, plot and building) will be associated with measuring instruments as
geometric parameters, and will be defined algorithmically to initiate parametric

discussion on the morphological indicators of UHI.
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Figure 28: Schematic depiction of the effect of morphological parameters on the visibility of

sky

Parametric modelling necessitate an algorithmic transformation of each design units,
which are imported as layouts to Rhinoceros software or completely drawn at there, to
set up algorithms for computations of design areas. Hence, to be able to analyze
geometric features, to search, select and sort a set of values, and to manipulate or
generate forms, morphological components of urban areas should be introduced to
Grasshopper software through specification of their basic element, such as surface,
edge, centroid and corner. This transformation of knowledge from two-dimensional
drawings to the algorithmic tools allows the designers to have a control over the design
process, and makes this process more flexible and interventional. Figure 3.5 illustrates
the algorithmic definitions of basic elements within this study’s framework. Blocks
are defined by surface (area) and corner (point), plots are defined by surface (area) and
centroid (point), and buildings are specified by surface (area), corner (point) and
centroid (point). Street layout is not specifically taken into consideration due to the
space between the blocks can provide the measurement information of street width,

but the midline of the street, which is named as spine, is defined by line and segments

(point).
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Figure 3.529: Definition of basic elements of morphological components

One of the parametric modelling tools is that Genetic Algorithm requires definition of
a set of operations regarding morphological parameters for the simulation.
Determination of the effect of parameters on the SVF value, simulation of different
scenarios, and generation of forms in order to mitigate UHI effect can be operated via
algorithmic attributions, which are the basic tools of Grasshopper software. These
tools (extrude, move and scale) work with the direction of x-y-z coordinates, and make

alterations on the height of the buildings, location of the buildings and size of the

buildings.

Notation
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Elements

- Surface (area)

- Corner (point)

- Line

- Segment (point)

- Surface (area)

- Centroid (point)

- Surface (area)
- Corner (point)

- Centroid (point)
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Figure 3.6: Schematic depiction of algorithmic attributions

Searching form configurations and better solutions in the context of heat island
mitigation, defined limitations or controller indicators are crucially necessary due to
the nature of Genetic Algorithm. Therefore, firstly, morphological parameters can be
classified as variable and stable components. To illustrate, building height, floor area
of the building, building volume, and distances between buildings are considered as
variables, while the main layout of an urban area, block and street organization, street
width, block size, and building numbers are defined as stable ones. Thus, this
categorization may help designers to cope with the design complexity.

Secondly, morphological indicators to control these parameters are determined
referring to the regulations of Turkish planning system. In Turkey, planning
regulations for 1/1000 scaled urban areas are enforced through Implementation
Development Plans. These plans include 3 essential metrics, which are Building
Coverage Ratio (BCR), Floor Area Ratio (FAR) and Hmax, providing a control
mechanism over the building density in urban areas. One of them is that Building
coverage Ratio (BCR) can be detailed as the ratio of the building coverage (footprint)
area to the plot area. In other words, that ratio helps to calculate the purposed building

area within the total gross area. The other one is that Floor Area Ratio (FAR) represents
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the ratio of total building floor area to the plot area. Since FAR is determined by the
measurement of the horizontal (surface) area and its vertical distribution, that ratio can
inform designers about the building density of three-dimensional urban environment.
Apart from BCR and FAR, the other metric, Hmax also indicates the urban density

through providing a limitation on the building height.

In this study, BCR and FAR are determined as controller indicators in the simulation
process for generating many design alternatives to achieve increases SVF value to
mitigate heat island intensity. For different scenarios, to modify the measurement of
height, distance and size, Building Coverage Ratio and Floor Area Ratio are

algorithmically defined as given in Figure 3.7.
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Figure 30: Algorithmic definition of Building Coverage Ratio (BCR) and Floor Area Ratio
(FAR)
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3.3.2. Algorithmic Setting of Analysis

To calculate SVF value in urban areas, a new technique that is based on algorithmic
calculation of geometric features is developed through Rhinoceros and Grasshopper
softwares. Geometric components of urban areas were quantified by specialized
algorithm, and then for each viewpoints SVF values were computed depending on
hemispheric projection of buildings. With the help of this algorithmic model, visibility
factors of urban canyons, distribution of SVF values in the complex urban
environments, and the magnitude of UHI intensities at those areas can be evaluated
and compared with each other easily.

The proposed analytical model is constructed on a hypothetical urban layout that
consists of two blocks, and its plot and buildings. Thus, users are required to import
layout of a site as an input data to run this analysis in order to import 3D model to
Rhinoceros. Nevertheless, 3D building database can be introduced easily to the
algorithm, as well. This proposal calculates SVF values with three main steps, which

are detection (measuring points and areas), projection and extraction (SVF values).

The first phase is that detection can be defined as a decision-making algorithm for
selecting the measurement points, the plots and the buildings that are visible to test
point where the SVF calculation is to be made in the urban areas. Figure 3.8 illustrates
the process of Phase 1, which is composed of measurement point detection, frontal
facade detection and closest buildings selection steps. Firstly, to define the test point
for the measurement, a spine is generated through the exact center of the buildings due
to the calculation of SVF values may give more accurate results when they are
observed from the center of the canyon. To ensure the uniformity of the distribution of
all SVF measuring points in the area, the spine is divided into equal distances instead
of equal segments. Additionally, to avoid the positive influences of empty spaces on
the visibility of sky, end points of the spine can be removed. Therefore, the remaining
points on the spine are used as measuring points. Also, these ground level test points
are selected to obtain more precise projection on the hemisphere, because there is no

essential difference between the ground level measurement and 1-1.5 meters above the
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ground measurement SVF results.

Secondly, because of the SVF values are only measured between the buildings that
border the canyon axis, the visible areas from the measurement point should be
detected. Therefore, within this step, detection of frontal facades is generated by the
algorithm due to restraining of unwanted plots and buildings selection. Detection of
frontal plots is formulated by the comparison of the distance between two blocks, and
the distance between measurement point and plots. Thus, the closer than the specified
distance plots are selected. After the plot detection, as a final step, closest buildings to
the test point are defined due to reduction of the buildings that are out of calculation.
In addition, since the formulation is based on the amount of closest points to the test
point, the generated algorithm enables users to choose number of buildings for SVF

calculation.

PHASE 1: DETECTION

1. Measurement Point Detection

2. Frontal Facade Detection

3. Closest Buildings Selection

Ginoniasiacaniae=ed O A=A K3

Figure 3.8: The detection process of the measurement point and areas (Phase 1)
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As the second phase, projection, is basically designed as a preparation phase for the
SVF extraction. In this process, firstly, a hemisphere is generated at the center of the
urban canyon. For this purpose, a circle with a radius of 7 meters, which is a half of
the street width, centered on the measurement point is created. After that the
hemisphere is generated by creating circle-based algorithm series. As opposed to the
previous studies, the hemisphere is not divided into segments or slices with refers to
the rotation angle (the angle between buildings and test point). The reason for that, the
ratio of surface areas (obstructed and visible sky areas) is to be utilized in SVF

calculation instead of angle-based formulations.

Secondly, with the use of buildings, test point and hemisphere input parameters,
projection lines are generated from the measurement point to the edge of buildings.
Once the lines get their directions, the intersection of lines and the hemisphere gives a
set of points that helps to produce buildings projection on the hemisphere. As a result

of that operation, the obstructed area on the sky vault by buildings is represented.

PHASE 2: PROJECTION

1. Hemisphere Creation

2. Hemispheric Projection

Figure 3.9: The projection process of the buildings on the hemisphere (Phase 2)

After the projection process, at the third phase, to calculate SVF values two extraction
models are developed. One of them is a fisheye image extraction via projection of
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buildings on a flat surface, and the other one is a hemispherical SVF extraction from a
3D model. The first model is that fisheye image extraction represents a flat image
showing the visibility of the sky like image-based SVF calculation methods. The SVF
(Ysky) value can be computed by the subtraction of the ratio of circle area, which
represents an unobstructed and clearly visible sky, and the total area of projected

buildings from 1. Then, the UHI (AT, _,(max)) intensity can be calculated with the use

of Oke’s (1987) formulation, which is given as follows:

wsky =1— Aops/Atotar
ATu_r(max) - 1527 - 1388 lpsky

PHASE 3: EXTRACTION

1. Fisheye Image Extraction

Bulldings projection

= e

Figure 3.10: The SVF extraction from the fisheye image model (Phase 3)
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PHASE 3: EXTRACTION

2. Hemispherical SVF Extraction

Figure 3.11: The SVF extraction from the hemispherical projection model (Phase 3)

The second developed model to quantify SVF values is based on the hemispherical
extraction that can achieve more accuracy results than the fisheye image model.
Because of the nature of two-dimensional images of projected urban areas (fisheye
images), the sky vault (hemisphere) is represented as a 2D circular flat area. Therefore,
surface areas of the hemisphere (2mr?) and the circle (r?) are differentiated from
each other, and thus their sky view factors and heat island intensities result in different

values.

The results of the area calculations, sky view factor and heat island intensity
computations of produced two models are compared in Table 3.1. In the fisheye image
extraction model, the obstructed area by buildings is measured as 31.21 square meter
while the hemispherical model calculates the obstructed area with the same buildings
is 76.44 square meter, however the projection surfaces (circle and hemisphere) also
increase in a similar manner. As a result of the calculation, 0.04 unit difference
between SVF values and 0.63 degree difference between UHI intensities are detected
within this experiment. The evaluation of generated models improves the
understanding of the accuracy of different SVF computation models. Although fisheye

image extraction model is not completely accurate for the SVF and UHI
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determinations, this model offers a possibility to calculation of SVF values in urban
areas like capturing real fisheye-photography, and to compare SVF result from other

image-based studies, which are widely preferred by researchers.

Table 3.1: The comparison of SVF extraction models

Fisheye Image Model

Hemispherical Model

Building 1 20.90 m? 45.71 m?

Building 2 10.31 m? 30.73 m?

Total area of buildings 31.21 m? 76.44 m?

Projected surface area 153.93 m? (circle) 307.87 m? (hemisphere)
SVF value 0.79 0.75

UHI intensity 4.20 °C 4.83 °C

Furthermore, this experimental model is defined by analyzing the nearest two
buildings to the measurement point for the hypothetical urban area. Therefore, heat
island intensity is calculated by using a single SVF value measured in the canyon, but
when the algorithm for the analysis is implemented to an actual urban area, UHI
intensity should be calculated by averaging the SVF values of each measurement point.
Additionally, this algorithmic setting of SVF analysis offers a flexible testing
opportunity to users via changing in the number of buildings to be measured with a

simple move on the number slider.

Figure 3.12 illustrates the differentiation of the building amounts according to their
distances to the measurement point. When the slider is moved from 2 to 6, closest six
buildings to the test point will be automatically selected, and the analysis runs
immediately. In other words, in a short time, additional buildings are projected on the
hemisphere and the new SVF value is calculated. For example, the SVF value for two
buildings selection was calculated as 0.75, but with the addition of four buildings the
SVF result decreased to 0.56. Briefly, this algorithmic model on Grasshopper is

designed to be open to intervention by users, and thus parameters, such as the number
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of measurement points, distances between these points, and the number of plots and
buildings, for the calculation of sky view factor and heat island intensity, depends on

users’ decisions.

SVF calculation for two buildings (SVF=0.75) SVF calculation for six buildings (SVF=0.56)

Figure 3.12: The comparison of SVF measurement results of the different number of buildings

3.3.3. Algorithmic Setting of Simulation

Proposing a parametric model, to find better form configurations and to get most
achievable SVF values for the mitigation of UHI intensity, requires an algorithmic
setting of the simulation performance. In order to do that, Galapagos, the evolutionary
solver, is used to test input parameters and to generate alternative or better geometric
forms. Algorithmic sets are organized into two steps, which are differentiated from
each other by the addition of limitations. The first step is principally designed to
evaluate morphological parameters (height, distance, size) via Genetic Algorithm. For
each parameter, simulation is set to run for searching the effect of each change in the
value of the parameters on the visibility of sky. To illustrate, the simulation tool
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(Galapagos) slightly changes the number slider, which connects to the height
measurement, and finds out which building height is better for the maximization of the
SVF value. Therefore, appropriate and various design results can be obtained

according to the changes in the urban geometry parameters.

The second step is a developed set of algorithm that originated from the first step for
providing an integration between parametric modelling and enforced planning
regulations, and improving the applicability of this simulation tool on the actual urban
areas. Thus, the definition of Building Coverage Ratio (BCR) and Floor Area Ratio
(FAR) are transformed as a limitation into an algorithmic script. The addition of these
algorithms will limit the Genetic Algorithm tool to generating form configurations,
and will ensure that changes on the parameters will stick to the specified building

density ratios by Implementation Development Plans.
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Figure 3.13: Workflow of the algorithmic setting of the simulation
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Simulations of morphological parameters are designed separately from each other to
establish their influences on the sky view factor one-by-one. One of these parameter
is that height has a remarkably effect on the visibility of sky, which is demonstrated
by the simulation. Galapagos tries to find most appropriate building height to
maximize SVF value with a given range of height. As a result of this simulation, best
genomes representing the lowest building height (approximately one-storey building
height) are selected to achieve the maximum value (SVF=0.80). According to the
determined population number for the simulation, Genetic Algorithm sorts a list of
better genomes as many as the population number. The worst genome, which is located
at the bottom of the list, shows the minimum SVF result (SVF=0.62) among the better

ones.

PARAMETER I: HEIGHT

SVF = 0.80 SVF = 0.62
best genome result worst genome result

] Genetic Algorithm
that selects genomes
from the domain of
building height to
maximize SVF value

Figure 3.14: The SVF simulation based on the building height
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Another parameter is the distance between measurement point and buildings is
simulated according to the movements of the buildings on x and y coordinates. The
alteration in each building location results in different SVF values, which is estimated
by many iterations via Galapagos tool. When the population number of each
generation is tested, the best and worst SVF results can be obtained from the list. As
seen in Figure 3.15, simulation results show that even small differences in the distance
of buildings to the test point causes significant increase in the SVF value such as from
0.66 to 0.75.

PARAMETER II: DISTANCE

SVF = 0.75 SVF = 0.66
best genome result worst genome result

Genetic Algorithm that
decides the location of
each building to
maximize SVF value

Figure 3.15: The SVF simulation based on the distance parameter

In addition to the establishment of the maximized SVF value with the most appropriate
distances for buildings, Figure 3.16 illustrates the richness of the form configurations
for the same SVF value. Because of the nature of Genetic Algorithm, Galapagos tends
to create a list of better solutions from tested different values like every meter increase
or decrease in the building height. Thus, this genome list may be filled with similar

SVF results, but they do not represents the same form findings. As given in Figure
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3.16, as a result of the distance simulation, the building-plot relations according to the
location of buildings is represented with different solutions for the same SVF (0.70)

value.
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Figure 3.16: Different form configurations for the same ‘distance simulation’ result

Changes in the building coverage area, which is defined as a size parameter, is also
simulated for getting a wide range of SV results. Due to the height of the buildings is
fixed in a certain value, an increase in the floor area of the buildings directly affects
their volume that results in a decrease of SVF value. The main logic of this simulation

is based on a scale tool that can control the size of the building with a specified scale
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factor. In order to increase the number of test values, the scale factor is determined by
a set of value, but it is also limited by the ratio between building floor area and plot
area to prevent the development of the building on the entire parcel area. Hence, for
the first generation, the simulation estimated the maximum and minimum SVF values
for different building volumes as 0.79 and 0.61, respectively. Figure 3.17 shows that
the increased building size causes an increase of the obstructed area on the sky vault.

PARAMETER IlI: SIZE

SVF = 0.79 SVF =0.61
best genome result worst genome result

Genetic Algorithm that
modifies the size of the
building by using scale
factor to maximize SVF
value

Figure 3.17: The SVF simulation based on the building size

As a second step of the algorithmic setting of simulation, Building coverage Ratio
(BCR) and Floor Area Ratio (FAR) are added to the earlier scripted algorithm. By the
addition of these limitations, building heights and their coverage area will be changed
depending on the density ratios. Since the BCR keeps the building coverage under
control, this ratio is already used as a limitation in the previous simulation where the
building height is manipulated. Therefore, in this simulation, FAR is used as a
controller indicator for making alterations on the building height and size. In other
words, to provide a certain Floor Area Ratio, as the building height increases, the floor

area will decrease, and vice versa. Thus, the building volume will remain during the
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simulation process.

As seen in Figure 3.18, the algorithm is defined for building groups, which are located
in the same block. Hence, the height and size of the buildings are modified en masse
for those who want to create a more homogenous form with uniformity. As a result of
the simulation, the best SVF (0.69) value is obtained from the building typology, which
has the lowest height and the widest floor area. Also, simulation results show that the
narrowest and highest buildings cause the worst SVF (0.66) value when the building

volumes are kept constant.

LIMITATION: FLOOR AREA RATIO (FAR)

SVF = 0.69 SVF = 0.67 SVF = 0.66
best genome result worst genome result

Building area

© Genetic Algorithm manipulates building areas by
using scale factor according to the Floor Area Ratio

Figure 3.18: The SVF simulation based on the Floor Area Ratio (for all buildings)

When the algorithm of the simulation is manipulated for the implementation of this
script to the each building in the study area, a wider variety of proposals has been
obtained. Because of the calculation of the SVF value is based on the projection of the
buildings on the hemisphere, any changes on the height and size of the buildings result
in different SVF values. Thus, Genetic Algorithm tries to find which arrangement will
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be better for obtaining the maximum SVF value by investigating the height and size
values given in a certain range. As seen in Figure 3.19, the simulation result represents
preferable form configuration for the best SVF (0.69) value. According to the
simulation, the fittest SVF result can be achieved when the nearest buildings to the
measurement point are higher and narrower than the other buildings. The comparison
of these two from alternatives shows that, even if the building volumes are the same,
the height and width of the buildings cause better SVF values according to buildings

location.

LIMITATION: FLOOR AREA RATIO (FAR)

SVF = 0.69 SVF = 0.65
best genome result worst genome result

Building areas are manipulated
according to a specified Floor
Area Ratio

Genetic Algorithm selects genomes
from scale factors for each building
¥ to find a maximum SVF value

Selection of each building

Figure 3.19: The SVF simulation based on the Floor Area Ratio (for each building)
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Additionally, different form configurations, which are obtained from the same
simulation, are given in Figure 3. During the fitness process, Galapagos calculated
SVF values by testing different height and size values for each building while
maintaining the building volume. As seen in Figure 3.20, the tool of Genetic Algorithm
establishes different design alternatives, which cannot be predicted or achieved by the
calculation of SVF values by designers and planners. Therefore, this tool provides
better solutions for the mitigation of UHI by maximizing the SVF value with many
form alternatives.

SVF = 0.67 SVF = 0.67

SVF = 0.67 SVF = 0.67

o [ @ @ @ B

......

Selected genomes
from x and y
coordinates

The list of maximized
SVF results

Figure 3.20: Different form configurations for the same ‘FAR simulation’ result
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CHAPTER 4

APPLICATION OF THE MODEL IN ACTUAL URBAN CONTEXT:
PERFORMANCE ASSESSMENT OF AN URBAN TRANSFORMATION

As a main aim of this study, a parametric model has been developed to mitigate Urban
Heat Island (UHI) effect that is based on urban geometry components. By using three-
dimensional building data of urban areas, SVF values can be calculated to estimate
heat island intensity. In this context, the proposed model is utilized for analyzing
geometrical features of selected urban areas, calculating SVF values and heat island
intensity of that areas, and generating form compositions to achieve the minimized
effect of UHI development. For the demonstration of the applicability of the proposed
parametric model, and for the integration of parametric modelling with urban design
and urban planning practices, this model should be applied and experienced in an

actual urban context.

Therefore, new housing development areas, which are transformed through urban
regeneration projects, can be considered for the selection of the case study area. By
applying this proposal to the urban regeneration area, a comparison can be made
between demolished informal fabric, renewed (existing) urban fabric and design
alternatives to be generated by the model in regard to their contribution to the UHI
effect.

Another aspect of the case area selection criteria is that while the scope of urban

regeneration projects generally aims to provide livable housing and complementary

infrastructure facilities, and thus transformation practices only give priority to the
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improvement of the indoor environment quality by neglecting thermal comfort of the
outdoor environment. Despite numerous studies have been conducted to emphasize
emerging problems from increased UHI effect in urban areas, mitigation strategies
couldn’t gain a place in urban design and planning practices in Turkey. In this respect,
the application of the proposed parametric model on the renewed urban area can give
an idea that the site may be designed differently, by generating many design

alternatives that mitigate the heat island intensity.

In addition, the implementation of this proposal over an actual urban area also provides
designers and planners to be able to use the parametric modelling tool at an early stage
of design and planning processes. Aim of this study is to provide an integration
between parametric modelling and the development planning system on the basis of
the climate-responsive urban design approach, and thus the model will promote
parametric thinking, and open up new discussions in this regard.

For the case study area selection from one of the neighborhood areas in the city of
Ankara, remarkable changes in land use of Eskisehir road and its surroundings, which
is defined as a developmental center line by upper scale decisions, have been taken
into consideration. Many investments, such as public institutions, shopping malls,
colleges and business centers, that have been increasingly located in that place cause
to accelerate the transformation of informal housing areas. Therefore, Mustafa Kemal
neighborhood is determined as the study area where the most intensive and rapid

development in the region is experienced.

4.1. Case Study Area: Mustafa Kemal Neighborhood

Mustafa Kemal Neighborhood is a developed part of the city where public institutions,
business centers and residential-office mixed project areas haven been mainly taken
place in recent years, and thus this neighborhood area can be considered as a transit
zone between these new developments due to it maintains its residential building area

characteristics. Because of the southwestern corridor of Ankara has a tendency to
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develop and transform rapidly, the land use of this neighborhood has been changed by

investments, upper scale plans, and implementation plans decisions.

When the land use maps for the years of 1970, 1997 and 2005, which are prepared by
the Ankara Metropolitan Municipality, are examined, in 1970, it is seen that Mustafa
Kemal neighborhood consisted of a few public institutions and housing areas, which
were mainly dominated by informal dwellings. At the beginning of the 1980s, as a
result of the implemented development plans, there were predominantly 1-2 storey
buildings in the area. In 1988, the building density of this area was increased for the
first time by suggesting 2-3 storey buildings through reclamation development plans.
Following this development, in the 1990s, due to the increase in the development of
the central business area where the public institutions increasingly located on the
Eskisehir road, it was decided to increase each building height by one floor (not
exceeding 4 floor) by changing previous plan decisions with revision plans (Eceral et
al., 2010). Thus, as seen in Figure 4.2, the land use of this area has changed
considerably from 1970 to 1997.
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Figure 4.1: Land use situation of Mustafa Kemal Neighborhood in 1970 (Source: Eceral et
al., 2010)
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Figure 4.2: Land use situation of Mustafa Kemal Neighborhood in 1997 (Source: Eceral et
al., 2010)
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Figure 4.3: Land use situation of Mustafa Kemal Neighborhood in 2005 (Source: Eceral et
al., 2010)

Figure 4.4: Satellite image of Mustafa Kemal Neighborhood in 2018 (Source: Google Earth)

By 2000s, it is observed that in Figure 4.3, the land use was varied with an increasing
number of public institutions, residential areas, industrial areas and also urban service
areas. At that period, the Ankara Metropolitan Municipality established a new master
plan, which is named as 2023 Capital Ankara Master Plan. According to the master
plan report, the total population of Mustafa Kemal neighborhood was 5349, and the
size of that area was 369 hectares in 2000. This report indicated that the size of
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developed areas was 54 hectares while the informal housing areas covered an area of
6 hectares. Additionally, it was reported that there were 168 people living in the
squatter houses, but the population at that settlement was increased to 528 people with

reclamation development plans.

Moreover, this master plan provided an intervention by declaring urban transformation
and regeneration project areas at two sites in this neighborhood. As given in Figure
4.5, the urban regeneration areas contain unplanned housing developments, which are
surrounded by central business areas. In these areas, it was envisaged to make urban
transformation projects that based on renewal strategies by providing transfer of
development rights, and to build a healthy urban environment by improving housing
durability. From 2000s to present, the urban fabric has remarkably changed that is
related to upper scale plan decisions. Accordingly, a sub-part of the transformed
housing area is selected as a case study area.
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Figure 4.5: 2023 Master Plan decisions for central-west area of Ankara (Source: Ankara

Metropolitan Municipality, 2006)

Urban regeneration area

Figure 4.6: Case study area selection from Mustafa Kemal neighborhood
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Figure 4.7 illustrates the transformation of the informal housing area into a regular
planned area in the sub-part of Mustafa Kemal neighborhood between the years of
2005 and 2018. The case study area is a typical exemplification of the intervention on
the shanty settlement (a) by superimposing an ordinary plan layout. Even though this
settlement does not carry all morphological characteristics of a typical informal urban
fabric (a higher density, a more tight tissue, etc.), this area still represents that typology
in general terms. Moreover, because the transformed housing area (b) has a different
morphological characteristics (density, layout, etc.) from mass housing areas, which
are produced through urban regeneration projects, and also has a homogeneous layout,
this area can be considered as a representation of a typical residential area in the
context of urban planning practices in Turkey. Therefore, selection of this area may

provide an appropriate base for the investigation of UHI effect.

(a) (b)

Figure 4.8: Comparison of the figure-ground map of the informal housing area (a) and the

transformed housing area (b)

92



(a) ' L (b)

Figure 4.9: Comparison of the street network of the informal housing area (a) and the
transformed housing area (b)

4.2. Case Study Analysis: SVF Calculation

As a first stage of the application of the proposed model is that analysis of the case
study area to calculate SVF values. By introducing this area to the customized
algorithmic setting, the model automatically responses to the requirements. After
defining morphological components (block, plot and building) of the area and creating
spines between the blocks, the algorithm can be intervened while running to determine
measuring points according to the morphological characteristics of that field, such as
street width, building size and distances between buildings. For example, the radius of
the hemisphere is set as 6 meters for that area where the actual width of the street is
10-15 meters. In other words, the radius is determined as half of the street width to

ensure that the base of the hemisphere fits on the street.
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Distance from the measurement
point to buildings’ centroids (30 m)

Distance between each
measurement point (30 m)

Figure 4.10: Algorithmic setting of the building selection for each measurement point

Also, as seen in Figure 4.10, in order to ensure a homogenous measuring point
distribution, the distance between each measurement point is specified as 30 meters.
Then, for the selection of the buildings to be projected on the hemisphere, the distance
between measurement point and buildings’ centroids is defined as 30 meters to limit
the building selection. The reason behind the determination of the distance between
measurement points and buildings is that the SVF calculation for an urban area should
include all buildings in that area. Therefore, the specified distance for this study
ensures that at least 2 buildings can be projected on the hemisphere. Also, the distance
(30 meters) prevents the selection of more than 6 buildings to avoid the iteration of
building projection.
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By multiplying this sub-algorithm, selection of all buildings to be used for SVF
calculation is provided. Figure 4.11 illustrates application of the algorithms to all
components, which are represented with different colors, such as selected buildings
are light-red, hemispheres are dark-red and surface area of projected buildings are

white colored.

Figure 4.11: Application of the algorithmic set of analysis on the area

Additionally, Figure 4.12 shows the setting of algorithms that is used for SVF
calculation. The set of algorithm for building data provides an information to the next
step, which is based on the building selection and SVF calculation of each
measurement point by using selection results. As seen at the right-bottom of the same
figure, all SVF values from measurement points are aggregated in one single algorithm
that calculates average SVF value to use as an input data for the UHI intensity
equation. Briefly, by applying this analysis, SVF values for each point, the mean SVF
value of the whole area, and UHI intensity of that area can be calculated.
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Measurement points for SVF calculation
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Average SVF value
and UHI intensity

Figure 4.12: Algorithmic setting of the analysis phase of the proposed model

In the case study area, SVF calculation results can be differentiated from one
measurement point to another one due to these points are well-distributed on the area
to ensure the selection of all buildings. Each SVF value represents one of the
morphological characteristics of the study area, and thus the mean SVF value can give
an idea about the whole area. Accordingly, Figure 4.3 shows two different
measurement points with different SVF values because of their surroundings. One of
them is surrounded by 4-5 storey buildings while the other one is not obstructed by

any building, so their sky view factors are calculated as 0.66 and 1.0, respectively.

SVF = 0.66
Measurement point is surrounded by 4-5 storey buildings

SVF = 1.0

Measurement point is surrounded by open spaces

Figure 4.13: Detail sections from the SVF calculations
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Figure 4.14: Comparison of measurement results (SVF and UHI intensity) of informal and

actual urban transformation areas

In the context of the SVF calculation, to compare the current state of the case study
area with its informal fabric before the implementation of urban transformation, the
analysis phase of the proposed model is applied on both of them. As stated in the
algorithmic setting of analysis section in the previous chapter, the proposed model
applies both the SVF measurement algorithm and Oke’s (1987) formulation to
calculate UHI intensity, which is based on the SVF result. Therefore, by applying this
algorithm both former and current states of the area can be analyzed. As a result of the
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application it was found that the informal housing area with 1-2 storey buildings have
a higher mean SVF value (0.91) than the formal one (SVF=0.75). Thus, heat island
intensity was calculated in lower degree (2.48°C) at there. By increasing building
density with plan decisions, the contribution of the newly developed housing area to
the magnitude of UHI effect is also increased. As a result of this analysis, comparison
of the alteration in land-use at the same area shows the importance of morphological

indicators of urban geometry on the UHI development.

4.3. Simulation Application for the Mitigation of UHI Effect

As a second stage of the proposed model, a simulation is applied on the case study area
to search form variations that mitigate heat island intensity compared to the current
state of the area. In this context, a specified Floor Area Ratio (FAR), which is given
by the Implementation Development Plan of this area as 1.3 ratio, is used as a
limitation during the all simulation processes. Implementation of this ratio ensures the
building volume to remain constant in each simulation for different scenarios. Also,
the usage of the same limitation provides adherence of generated form compositions
and design alternatives to plan decisions to be able to compare all simulation results
with informal and formal fabric of this area where the transformation is occurred
according to this plan decisions. To generate various form variations to discuss
changes in the typological formation of the area, a few scenarios are determined in
regard to the UHI effect. By defining different type of scenarios, this research aims to
test well-known urban forms in the urban design practices. In addition, simulation
results provide a discussion of the effect of changes in the height-to-width ratio on the
heat island intensity for each formation. By modifying size and distance parameters
during the simulations to test changes in the building and street setbacks, different
building forms have been obtained that apart from the specified form generations by
scenarios. Thus, the comparison of SVF values and H/W ratios for the changes in the
building forms and open spaces between buildings provide a better understanding of

the effect of urban geometry on the UHI development.
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4.3.1. Generation of Form Variations

By applying simulation on the case study area, four main types of urban forms have
been obtained in regard to the scenarios. The first scenario is formed on the basis of a
typical formation, which is called as point block formation. Point blocks present a
placement of the block as model for compact urban form by current urban demands.
The point block’s typology consists of low-rise buildings (6 storey or less), mid-rise
buildings (within a range of 7 to 12 storey), and high-rise buildings (13 storey and
above). It can also be described as a block, which is isolated from other buildings, and
iIs located on its own plot without sharing any walls with the next building. Therefore,
this type of formation contains front and back yards, also has side yard setbacks to
avoid an intersection with other buildings. The second scenarios is determined to
represent row-housing development. Unlike the point block formation, the row-house
model usually tends to have lower building height, which is typically between 2 and 5
storey. In other words, the row-house models are formed by a group of low-rise
residential buildings, and are arranged in a sequence of rows. This type of long and
narrow strip series of houses that shares both sides of their walls to provide a parallel
orientation to the street. Thus, this arrangement allows each building to have a deep

rear yard by omitting front and side yards to create continuous isolated private spaces.

As opposed to the arrangement of row-housing development, the third scenario is
based on the shortening of the long rows by placing buildings perpendicular to the
street line. This type of formation, which can be called as converted row-housing
development, consists of 3 or 4 storey buildings, and presents narrow house typology
because it has usually no more than 10-13 meters depth. The converted row-house
model shares one-side of wall with the next building, and thus only side yards become
private spaces by neglecting front and rear yards. Lastly, the fourth scenario is formed
as a particular type of perimeter blocks. The perimeter block formation demonstrates
a direct relationship between street and buildings, and forms isolated common spaces
between the buildings. The type of perimeter block provides public facing edge where
buildings are arranged parallel to the street line, and locates private spaces within the

block. This formation also presents multiple dwellings with 2 or 3 storey. In brief,
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during the simulations, four different architectural forms (the point block, the row-
house, the converted row-house and the perimeter block) have the same Floor Area
Ratio (FAR) to provide same density, but they present divergent microclimatic

conditions in terms of heat island intensity.

For the first scenario, the simulation algorithm is specified to test point block typology.
Due to the same Floor Area Ratio (1.3) is determined for all plots in the case study
area, the floor area of the buildings decreases as building height increases. In addition,
the same building height for each plot has been provided intentionally to get
homogeneous urban tissues. Thus, simulation results can be classified as low-rise
buildings and mid-rise buildings. As given in Figure 4.15, for the same building
density, changes in the building heights directly affect the mean SVF values, and thus
contribute to the magnitude of heat island intensity. Also, Table 4.1 illustrates changes
in the building height, the average footprint area and the Building Coverage Ratio
(BCR) in regard to the fixed Floor Area Ratio (FAR).

Table 4.1: Simulation results of the first scenario

FAR BCR Bmldln(?n)H eight Aver}:?;F(on?zt)prlnt Average SVF Value
1 13 0.42 9 379 0.7553
2 13 0.30 12 271 0.7506
3 13 0.25 15 224 0.7492
4 13 0.20 18 181 0.7473
5 13 0.16 24 143 0.7511
6 13 0.12 30 110 0.7617

For example, the 3-storey point block formation, with the average footprint of
buildings as 379 m?, causes 4.78°C heat island intensity. When the building height
increases from 3-storey to 6-storey, the UHI intensity has reached up to 4.89°C. Hence,
simulation results show that increased building sizes on the vertical plane have greater
effect on the rise in the air temperature than the horizontal one. In other words, the

UHI effect increases as the building height increases.
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SCENARIO 1: POINT BLOCK FORMATION

3 storey blocks

4 storey blocks

(1) Average SVF value=0.75 (2)
UHI intensity = 4.78°C

Average SVF value= 0.75
UHI intensity = 4.85°C

5 storey blocks

6 storey blocks

(3) Average SVF value= 0.74 (4)
UHI intensity = 4.87°C

Average SVF value= 0.74
UHI intensity = 4.89°C

8 storey blocks

10 storey blocks

(5) Average SVF value= 0.75 (6)
UHI intensity = 4.84°C

Average SVF value= 0.76
UHI intensity = 4.69°C

Figure 4.15: Comparison of simulation results for the first scenario
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However, even if it seems that low-rise buildings have an advantage in heat loss up to
a certain height (up to 8-storey), increased porosity level, which is caused by increasing
building height (over 8-storey) with decreasing footprint size, conduces to a decrease
in heat island intensity (0.20°C). Increased open spaces between buildings that provide
high level of visibility of sky help to reduce ambient air temperature by increasing the
emittance of long-wave radiation. Therefore, compact urban tissues may become
disadvantaged for the mitigation of UHI effect. As a result of these simulations, the
increase in the building height can be interpreted as an influential factor, but at that
point, open spaces between buildings (setbacks, street with) may gain priority than the
building height in terms of the magnitude of heat island intensity.

In the case of first scenario, the point block formation, further simulations are
generated to test mixed building heights, and to achieve better results for the mitigation
of UHI intensity. Therefore, simulation algorithm is set up to ensure that each building
will provide the specified Floor Area Ratio (1.3) within its own plot, regardless of
other building heights. In other words, for this simulation, Genetic Algorithm tests all
possibilities for each building by changing their heights. To provide the test of many
possibilities, the necessity of establishing buildings at the same height in the same

block has been neglected.
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Figure 4.16: Design variations for the first scenario (from 1st to 6th generation)

103




Best Genome Results

The 7th Generation

The 8h Generation

The 9th Generation

Worst Genome Results

UHI intensity = 4.8311°C

UHI intensity = 4.8340°C

UHI intensity = 4.8353°C

Best Genome Results

The 10t" Generation

The 11t" Generation

The 12th Generation
-

Worst Genome Results

UHI intensity = 4.8359°C

UHI intensity = 4.8216°C

UHI intensity = 4.7544°C

Best Genome Results

The 13th Generation

The 14th Generation

The 15th Generation
=

Worst Genome Results

UHI intensity = 4.7469°C

UHI intensity = 4.6941°C

UHI intensity = 4.6763°C

Figure 4.17: Design variations for the first scenario (from 7th to 15th generation)
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As seen in Figure 4.16 and Figure 4.17, the task of the simulation is to generate point
block forms with the optimum values (the maximum SVF value with the minimum
UHI intensity) for the specified building area. The minimum values of UHI intensity,
which are represented as best genome results for each generation, outline the
dimension of form-based heat island mitigation. To ensure the high level of various
possibilities, and to achieve fittest results, this simulation tests 15 generations with 50
genomes (form samples) in each generation that makes totally around 750 (15x50)
form samples. Even though the simulation results have some similar form variations,
the different best and worst results are presented. The comparison of produced a series
of form variation results show that the minimum heat island intensity (4.52°C) with
0.77 mean SVF value has been obtained at the 15" generation. The building typology
of this formation consists of 4 to 8 storey buildings that averagely has 18 meters height
(average 6-storey blocks). The simulation results also show that the imperceptible

changes in the building heights can provide a decrease in the air temperature.

For the second scenario, building size and distance parameters are mainly modified to
generate row-housing development via simulation algorithm. Figure 4.18 illustrates
the comparison of the mean SVF values and UHI intensity results for each generation.
Additionally, Table 4.2 gives an information about the changes in the building heights,
sizes and ratios. As opposed to the first scenario, the effect of increased setbacks on
the UHI development is tested for the same building typology in the second scenario.

Table 4.2: Simulation results of the second scenario

FAR A\gg;ge Bmldm(?n)Helght AverzgisaF(onc])zt)pnnt Average SVF Value
1 13 0.55 6 571 0.7229
2 13 0.27 15 276 0.6629
3 13 0.40 9-12 417 0.6974
4 13 0.40 9-12 417 0.7997

Simulation results show that an increase in the building height causes an increase in
the air temperature. To illustrate, the highest UHI intensity (6.06°C) with the lowest
mean SVF value (0.66) is calculated for the highest building typology. (5-storey
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buildings). Due to the row-housing development consists of narrow canyons with long
facade facing streets, building height become one of the most important factor for this
formation. However, simulation results also show that the UHI effect can be reduced
by modifying setbacks to increase the open spaces between buildings, and to promote
heat loss within that spaces. For example, when the front yard setbacks are modified
by the simulation, heat island intensity decreases from 5.58°C to 4.16°C for 3 or 4
storey blocks. As a result of that, because the street-lined building rows cause narrow
urban canyons, the UHI effect can be mitigated by providing wider distances between
buildings.

SCENARIO 2: ROW-HOUSING DEVELOPMENT

2 storey blocks 5 storey blocks

(1) Average SVF value=0.72 (2) Average SVF value= 0.66
UHI intensity = 5.23°C UHI intensity = 6.06°C
3-4 storey blocks 3-4 storey blocks

(3) Average SVF value= 0.69 (4) Average SVF value= 0.79
UHI intensity = 5.58°C UHI intensity = 4.16°C

Figure 4.18: Comparison of simulation results for the second scenario
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The third scenario is also formed on the basis of the row-housing development with a
main difference from the former scenario. To avoid the formation of long narrow urban
canyons, which is one of the greatest contributors to the UHI development, and to
promote permeable street patterns by minimizing street-facing facades, converted row-
housing development is specified as the third scenario. Unlike the parallel orientation
to the street line, in this simulation, building rows are arranged perpendicular to the
street axis. As given in Figure 4.19, converted row housing typology consists of 3-4
storey buildings. Also, Table 4.3 illustrates the changes in the Building Coverage Ratio
and average footprint areas for different building heights.

Table 4.3: Simulation results of the third scenario

FAR A\éei:r;ge Buﬂdln(?n )Helght Avetz%:aF(C)rr?zt)prlnt Average SVF Value
1 13 0.50 6-9 507 0.7501
2 13 0.38 9-12 391 0.7489
3 13 0.38 9-12 391 0.7464
4 13 0.38 9-12 391 0.7369
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SCENARIO 3: CONVERTED ROW-HOUSING DEVELOPMENT

2-3 storey blocks

3-4 storey blocks

UHI intensity = 4.85°C

(1) Average SVF value= 0.75 (2)

Average SVF value= 0.74
UHI intensity = 4.87°C

3-4 storey blocks

3-4 storey blocks

UHI intensity = 4.90°C

(3) Average SVF value=0.74 (4)

Average SVF value= 0.73
UHI intensity = 5.04°C

Figure 4.19: Comparison of simulation results for the third scenario

Through the comparison of the first (2-3 storey blocks) and second (3-4 storey blocks)
simulation results, the effect of building height on the magnitude of heat island
intensity is determined. When the height of each building is increased by 3 meters (1-
storey), the mean SVF value decreases by 0.1 that leads to an increase of 0.2 degrees
in the air temperature. Additionally, by comparing the results of third and fourth
simulations, the influence of the side yard setbacks of buildings with the same height
on the UHI effect is examined. The changes in the side yard setbacks result in wider
or narrower distances between buildings, which are located in the same block. Since
the SVF measurement was made on the street axis to examine the formation of UHI
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effect for urban canyons, the correlation between heat island intensity and distances
between buildings within the blocks could not be defined exactly. Nevertheless, as a
result of that simulations, a decrease in the mean SVF value (from 0.74 to 0.73) with

an increase in the UHI intensity (from 4.90 to 5.04) was observed.

The last simulation, which is specified as perimeter block formation, is based on the
increment of the size of courtyards. Since this simulation provides the same Floor Area
Ratio (FAR) for each block, the changes in the open spaces between buildings directly
affect the building height. This typology creates narrow street canyons due to the
configuration of the perimeter block model, and thus flanked streets by buildings
causes the development of UHI effect. As given in Table 4.4, the lowest building
typology (1-2 storey buildings) has the highest SVF value (0.7408), which decreases
as the building height increases.

Table 4.4: Simulation results of the fourth scenario

Aver Average Building | Average F rin
FAR BeCaRge ?-IZ?;ht l(Jm()j g € Z?:a (on(])zt)p t Average SVF Value
13 0.79 3-6 770 0.7408
13 0.68 6 657 0.7116
13 054 9 524 0.6941

As a result of that formation, the minimum heat island intensity (4.98°C) was
demonstrated. On the contrary, the highest UHI intensity (5.63°C) with the lowest SVF
value (0.6941) was observed at the third simulation result that generates 3-storey
narrow buildings. Nevertheless, as seen in Figure 4.20, as the building height
decreases, the floor area of buildings expands, so the internal space of the blocks gets

narrower that might cause a rise in the air temperature in that areas.
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SCENARIO 4: PERIMETER BLOCK FORMATION

(1) Average SVF value= 0.74
UHI intensity = 4.98°C

(2) Average SVF value=0.71
UHI intensity = 5.39°C

(3) Average SVF value= 0.69
UHI intensity = 5.63°C

Figure 4.20: Comparison of simulation results for the fourth scenario
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4.3.2. Overview of the Findings

Simulation results are examined by comparing form configurations generated by the
simulation algorithm with the actual case study area. Among generated form
variations, those with the minimum heat island intensity are selected for the
comparison. As seen in Figure 4.21, the former typology of the urban area (informal
housing area) has the lowest UHI intensity (2.48°C) due to it has a very loose tissue
with 1-2 storey buildings. The transformation of the area to a more compact tissue with

4-5 storey buildings results in an increase in the heat island intensity.

Informal Housing Area

Actual Urban Transformation

(2) UHI intensity = 4.75°C

Point Block Formation
Row-Housing Development

(3) UHI intensity = 4.52°C (4) UHI intensity = 4.16°C

Converted Row-Housing
Development

Perimeter Block Formation

(5) UHI intensity = 4.85°C (6) UHI intensity = 4.98°C

Figure 4.21: Comparison of the actual morphology of the area before and after transformation
(top row) with the alternative form variations generated by the simulation (bottom row)
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Comparison of alternative form variations shows that the formation of narrow urban
canyons causes an increase in heat island intensity. For example, the perimeter block
formation has the highest UHI intensity (4.98°C) due to the building arrangement of
this typology that promotes the formation of narrow canyons. Even though the row-
housing development consists of long canyons that are aligned with attached buildings,
increased front yard setbacks provide a wider canyon effect. Therefore, the lowest heat
island intensity (4.16°C) has been obtained.

Based on that findings, the variety of form compositions shows that compact urban
tissues have disadvantages on the thermal balance of urban canyons. The compactness
level affects the rate of heat loss that might be perceived as a rise in the ambient air
temperature. As the permeability of urban tissues increases with changes in the
building size, the visibility of sky increases that promotes the stored heat release.
Therefore, loose urban tissues seem to have a lower heat island intensity. Briefly, based
on that evaluations, it is seen that the building height, the street setbacks, the continuity
of street-facing facades and the porosity level of the urban tissue are the key variables

to mitigate heat island intensity.

Within the context of this study, the proposed model gives ideas about the effect of
variables on the UHI development by comparing generated form variations. The
generative design approach has been carried out to overcome the issue of UHI effect
in urban areas by integrating analysis and simulation processes. Therefore, the
application of the model enriches the possibility of design solutions that might be
guidance to the need for the mitigation of UHI intensity.
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CHAPTER 5

CONCLUSION

The aim of this research is to investigate the potentials of parametric modelling for
analyzing morphological components of urban areas, and generating form variations
to mitigate the Urban Heat Island (UHI) effect. This chapter presents a comprehensive
summary of the research to identify the relationship between urban geometry and the
development of heat island intensity, and to emphasize the need for an integrative
model of analysis and design processes to mitigate UHI effect in urban areas. Most
importantly, this research proposes a parametric model as a methodology to bring an
analytical and generative perspective to urban design and planning practices with
regard to the problematic issue of UHI development. Therefore, based upon the
extensive discussions on the initial discussions on the objectives, methodology and
outcomes of the application of the model in an actual urban context, the final chapter
seeks to improve a better understanding of the use of parametric modelling tools for

further heat island studies.

5.1. The Main Problematic Issues to Revisit

The phenomenon of Urban Heat Island (UHI) has been one of the major issues
regarding the perceived thermal comfort and spatial quality of the urban environment.
The attention to this issue has been increased in recent years due to changes in the
thermal balance of the environment, as an outcome of the urbanization, brought several
problems that directly affect the urban livability. Emerging problems from increased

heat island effect require new methodological approaches to mitigate that effect by

113



specifying and modifying the influential factors on the development of heat island
intensity. Based on that arguments, this research identified the formation of UHI effect
with basic physical principles of energy balance, and the main contributors, such as
urban population, urban geometry, surface materials, lack of vegetation areas and

anthropogenic heat release, to heat island effect in the literature review chapter.

Detailed definitions and explanations showed that the increase in the ambient air
temperature is mainly caused by changes in the energy fluxes. To make it more clear,
higher air temperature in urban areas can be explained by increased energy storage
capacity through absorption and storage of solar radiation in higher amount. Moreover,
inadequate reflection of incoming radiation and reduced heat loss cause a more
intensive UHI effect. Controlling all these energy fluxes (heat gain, heat loss and heat
storage) to mitigate UHI intensity requires taking into account all influential factors in
the urban environment. However, the aim of this study was formed on the basis of
improvement of the generative urban design practices in regard to the mitigation of
UHI effect, so the effect of thermal properties of surface materials, anthropogenic heat
sources, evaporative surfaces (vegetation areas and water bodies), climatic conditions
and geographic features of urban areas on the UHI development are not within the
scope of this study. Considering the dimension of the relation between heat island
intensity and differentiation in the urban morphology, this research was designed to
demonstrate the effect of geometrical features of urban areas while characterizing the
calculation of UHI in regard to the urban geometry.

In the literature review chapter, it has been emphasized that, urban geometry has a
certain effect on the UHI intensity by generating deep and narrow urban canyons,
which limit the visibility of sky. In other words, the form of the urban fabric can restrict
the emittance of long-wave radiation that results in the reducement of the heat loss.
That is why, the methodological approach of this study was formed on the calculation
of UHI intensity by using Oke’s (1987) formulation, which is based on the
measurement of Sky View Factor (SVF). Determination of the visibility of sky
between buildings by measuring SVF value varies depending on the components of

the urban form. Within the context of this study, these components were specified to
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the findings of the previous heat island studies.

At the end of the literature review part, the outcomes of the existing methods on the
heat island investigations show that simulation-based studies have the lack of
searching form variations to achieve better design proposals in regard to the mitigation
of UHI intensity. Previous studies in the field of urban morphology and heat island
relation have presented limited number of tested form configurations, and restricted
knowledge on the generative design solutions in the context of urban tissue formation.
Based on that evaluation, it has been seen that the gap in this field necessitates the
development of new tools to promote urban design and planning practices into the
generative perspective. That is why this study put forward a new methodological
framework for the concept of the mitigation of UHI effect. Within the context of this

study, a new model has been proposed by introducing parametric modelling tools.

In the third chapter, methodical approach and algorithmic settings of the proposed
model have been introduced. Based on the proposed parametric model, this research
enriches decision making mechanism in the design process by implementing Genetic
Algorithm into the urban form and pattern generation operations. The application of
the model, which integrates analysis and simulation processes, provides designers to
specify parameters in regard to their design issues, and to produce alternative design
solutions according to analysis results by presenting a flexible and performative design
tool. Even though there is a number of experienced limitations throughout the research
process, the application of this parametric model on an actual urban context provides

many contributions.

In the fourth chapter, specifically to examine the outcomes of the application, the
model proposal was applied on the selected residential area in the Mustafa Kemal
neighborhood. For the application of the model, algorithmic set of analysis was
customized to use of 3D building data, which provides information about the building
height, building size, and distances between buildings, of the area in order to calculate
SVF values and UHI intensities. It should be noted that other parameters, such as

material information of buildings, type of ground coverages, vegetation areas, traffic
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related heat release and weather conditions, of the case study area were neglected, and
thus only geometrical features of this area have taken into consideration throughout
the research. Therefore, calculated heat island intensities only represents the heat

increase based on the urban form.

Additionally, in the simulation process, form compositions and configurations were
generated to mitigate UHI intensity with regards to the basic building codes within the
development planning system in Turkey. These codes, in turn, have been utilized as
the parametric indicators of the algorithmic model. That is why, the Floor Area Ratio
(FAR) was determined as the independent variable of the model to maintain the same
building density of the case study area while modifying other morphological
parameters such as setback distance, height and floor coverage. Thus, changes in the
input parameters were kept within a certain range by using limitations that provides to
generate comparable form compositions within the same layout. From those
implications it has been seen that form variations generated by the proposed model
presented divergent heat island intensities. Therefore, application of the model and
evaluation of the simulation results provided many contributions to the generative

design approach in regard to the heat island studies.

5.2. Main Findings and Contributions of the Research

Application of the proposed model on the actual urban context provided analysis and
simulation results with generated form compositions for that area. Main findings of
this research are derived from the simulation results that indicate UHI intensity varies
in accordance with the morphological formation. Comparison of the generated four
types of urban forms (point block, row-housing, ‘converted row-housing’ and

perimeter block) do apparently demonstrate divergent results.

Simulation result of the point block formation show that permeability level of the urban
tissue is the key to mitigate UHI intensity. The wider open spaces between buildings,
which are provided by increasing building heights, promote heat loss with a higher

ratio of the visibility of sky. As building height decreases, the compactness level of the
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urban tissue increases that leads to a rise in the ambient air temperature. Based on that
findings, it has been seen that loose urban tissue with mid-rise buildings has a lowest
UHI intensity among the other point block formations. Nevertheless, it should be noted
that loose urban tissues should not be generalized as a better design solution without
considering the shading effect of the buildings. As Bakarman and Chang (2015) stated,
shallow urban canyons are exposed the more incoming solar radiation due to the

insufficient shading effect that results in higher air temperatures in that areas.

Apart from the comparison of compactness level of urban tissues, another type of
urban form, which is row-housing development, opened a discussion on the effect of
street setbacks on the UHI effect. Simulation results show that increased front yard
setbacks can reduce the heat island intensity, even if the buildings are arranged to form
long urban canyons. Additionally, the perimeter block formation was responsible for
the increase in UHI intensity by creating narrow urban canyons. From those findings
it was obvious that narrow street formations with the continuity of street-facing facades

cause a rise in the ambient air temperature.

To sum up, in this research, the proposed model was applied on the selected case study
area (Mustafa Kemal neighborhood in Ankara) to generate various form variations in
regard to the UHI development. Throughout the study, it has been emphasized that the
aim of the research is to improve a generative design approach while investigating
form compositions to mitigate UHI intensity. Within this context, the neighborhood
area, where the UHI effect was increased due to the transformation process, opened up
opportunities to test the model proposal, and to compare possible from alternatives that
could be implemented instead of the current one. Therefore, application of the model
aimed to evaluate simulation results to achieve some design recommendations that can

be used to mitigate UHI intensity in the urban design and planning practices.

Even though evaluations on the form variations are limited to generalize design
solutions, this research has contributed to the field of urban design by providing a
generative approach that triggers the formation of urban morphology in regard to UHI

effect. This research has also provided a contribution to the improvement of an
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operational design platform that brings up evidence-based design to the agenda.

Evidence-based design pursued by the use of computational methods in spatial
analysis to reveal the intrinsic design problems emphasizes the importance of
performative design approach. Also, it produces design principles based on the
research findings, to achieve better design solutions (Karimi and Vaughan, 2014).
Similarly, the framework of this research promotes the integration of analysis and
simulation processes to generate possible design solutions rather than searching for an
ideal form in certain optimality on many aspects of spatial planning and design.
Therefore, the model application proposed by the research should be considered a kind
of design support system informing the complex process of urban design from the

specific perspective of UHI effect.

5.3. Main Limitations of the Research

It is important to recognize that there were several limitations related to the proposed
model and the research process. The most significant limitation of the model is, in
fact, about the parametric modelling process itself. Since parametric modelling tools
are specified to the field of architectural design, the use of parametric models in urban
design and planning practices is quite a new methodological approach yet to be
developed within a systemic (morphological) framework. Additionally, in the field of
heat island investigations, parametric modelling has almost never been used except in
a few studies resulted with limited evaluations. Therefore, more design research is
necessitate to improve the use of parametric modelling tools and techniques among

urban designers.

Another practical limitation of the model is that modelling process takes long time,
because it requires to set a lot of simultaneous operations for analysis and simulation
applications. As the algorithmic setting of these operations becomes a complicated
task, it turns to a more time-consuming process. Moreover, the implication of the
Genetic Algorithm for the form generation process, performs a long-running operation

without interaction with the designer. In other words, this tool requires a lot of waiting
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to test each form samples to achieve better design solutions. (In the case of our
research, each form generation trial according to the specified scenarios took up to 40
hours, in total. As the complexity level increased, the waiting period increased to even

more than two days.)

On the other hand, in the current context of the research, simulation algorithm was set
up for the specified building typology without articulation on the building fagade.
Since variation in the building setback has a significant importance on the
measurement of SVF value, it would be preferable to investigate that effect on the heat

island intensity within the scope of another study.

Furthermore, as stated in the summary of the research section, many other influential
factors, such as surface materials, ground covers and weather conditions, on the heat
island intensity were excluded from the methodological framework of the research, the
evaluations of generated form variations were limited to produce design codes, and to
generalize them. It may be misleading to recommend a certain urban form to mitigate
UHI effect where many parameters have not been tested yet. Therefore, simulation
results should be considered as an alternative typologies for the case study area instead
of a specialized set of design recommendations. From those outcomes, it is obvious
that the current research should be expanded to investigate more form variations by

including new variables to the simulation process.

Last but not the least, it should be emphasized that the simulated alternative form-
typologies do not imply a kind of ‘good urban form’ models to be addressed for the
general theory of urban design. In other words, the specific form typologies generated
as the ‘best performed models’ should not be regarded as the optimum urban
typologies to be applied in every context. More concretely, the least compact model of
urban fabrics which have been simulated as the best-performed form-typology, in this
respect, are the best alternatives only with regards to the issue of UHI effect
specifically discussed in the research. That means any parametric research in search
for generating ‘good urban form(s)’ has to take other fundamental aspects of urban

design (i.e. legibility, integration, coherence etc.) in order to come up with an
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integrated and inclusive morphological approach in urbanism..

5.4. Recommendations for Future Studies

Proposing a parametric model is quite motivation for opening up a methodological
discussion on the basis of generative approach to the problematic issue of UHI effect.
Increase in the utilization of the parametric modelling tools and techniques will
provide designers and planners to have a robust perspective on evidence-based urban
design in regard to the thermal balance of the environment. Based on the findings and
limitations of this research, some preliminary recommendations have emerged to
enhance the utility of the proposed model. By following these recommendations,
researchers will have much better opportunities to improve decision-making

mechanism while searching for better design solutions to mitigate UHI effect.

Considering the extent of the model proposal for the analysis of urban areas to
calculate the SVF value and UHI intensity, it can be suggested that researchers should
consider the reevaluation of this measurement tool to achieve better estimation results.
The SVF calculation on the street axis is an important tool for the estimation of UHI
intensity, but it should not be the only consideration. Generated form compositions to
mitigate UHI intensity within urban canyons may create uncomfortable climatic
conditions in the internal spaces between buildings. Therefore, future studies may
respond to the need for a more comprehensive measurement tool for urban areas by

improving the algorithmic setting of analysis.

Regarding the form generation in this study, morphological components of the urban
form, which are specified as building height, building size and distance between
buildings, are the only variables that are used to mitigate heat island intensity. Hence,
the current research should be enhanced to assess the effect of building orientation on
the UHI development by applying airflow and solar radiation simulations. Generation
of form compositions by manipulating building orientation to enhance the cooling
effect of air flow may become an object of a further investigation. In addition to the

building orientation, the impact of building setbacks on the heat island intensity should
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be investigated by researchers. Briefly, considering the necessity for further
improvement of the parametric approach in urban heat island studies with different
applications, this research can be taken as the initial step to guide the forthcoming

studies in future.
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