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Abstract

One of the severest impacts of climate change is temperature increase, and this will
be especially evident in urban areas. This study is investigatirigfthence of urban

morphology on the thermal microclimate of urban spaces.

Air temperature measurements were conducted at twelve locations, for both hot and
cold seasons under the temperate maritime climate, in a residential development in
the city of Lierpool, UK. Detailed analyses were undertaken to investigate and
establish possible links between the urban morphology and the observed variations

in air temperature around the residential complex especially in hot season.

Seven welknown urban parametersere used to get the numerical description of
morphology around unsymmetrical and ndirectional urban space§hree novel
parameters have been developed by this study. One of them is intended to measure
the compactness of an urban space while the ottveo are introduced as a novel
approach by embedding the cardinal directions in the urban parameters. The
directions are used usually as independent parameters to classify the urban canyons

(directional space) and compare their results in the urban enviemal studies.

Linear regression has been utilized to develop statistical models between the solar
radiation, ambient air temperature and each of the ten urban morphological
parameters as independent variables, while thesite measured air temperatures
were used as a dependent variable. About 400 statistical models were produced.
Comparisons between adjusted falues were held to determine the effect size of
each urban parameter on air temperature. The increasing or decreasing of air
temperature under tle effect of the urban parameter was deduced by the signs of

coefficients othe parametesin the regressiormodels.

Overall, the analyses showed the superiority of the developed novel parameters that
were based on the idea of direction versus other pagtens in relation to the
interpretation of differences in air temperature on a spatial basis. The results of this

study may support the development of urban planning regulations, and may help the
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development process of numerical models to predict varisgtionair temperatures

from the effect of urban morphology.
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1 The Introduction of Research

1.1 Introduction

An investigation of urban areas will, without a shadow of a doubt, expand
humarQa (y26f SR3IS Ay &aSOSNIf FASEtRad az2NB
morphological features in mitigatinghe negativeimpacts of the climatic factors
within urban areas and supporting the positive features. Therefore, measuring,
understanding and examining the relationships between them are a vibrant topic of
research as a basic step towards developing strategies and mechatosives

consistent withthose factors or control them

This chapter is dedicated to delivering a dsecreview of the research
baclground and topresentthe research statement, questions, aim, objgesand

scope. The structure of the thesis will be outlines in the last sectitmsthapter.

1.2 Research Background

In 2010, the total urban area that is defined by administrative boundaries was
about 3% of the global land area (excluding Greenland and Antarctica), however, the
built-up area that is predominated by artificial surfaceas less than 1%kiu et al.
2014) The latter contributes significantly in the frequency and intensity of heat
waves(Tan et al. 2010)energy consumptiofWong et al. 2011and daily variances
of air temperatue that reach more than 10 C degrees compared to the rural
surroundings(Collier 2006) Such poblem are going to be more aggressive in the
coming yeargCollier 2006; Roth et al. 201dpe to the increasing of the world
population that is growing about 83 million people annyéUnited Nations 2015)
whereby 54% of humans are currently living in urban af@agpulation Reference
Bureau 2016)Consequently, the continuity of urbanisation and its repercussions are
inevitable and the pace of climate change is escalatingnameing forward(Chen &

Ng 2011; Collier 2006Yhus, there is a mel to quantify and assess the adaptation
measures that influence urban climate like urban morphology and vegetation types

(Matzarakis 2015)The urban morphologencompasses a large set of parameters
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that significantly contributes in altering the urban climateartins et al. 2014)

Unfortunately, the thoughtful urban planning based on the climate has only been

weakly exploredTaesler 1991)due to the knowedge of urban climate not being

translated efficiently in the design and construction processes of more sustainable

urban areas; as a result of, the lack of communication between those interested in

GKA&a YFGGSN 6LIX | yy SN-A(Eheh &QKYyRA (iASGeld20D3; Of A YI (G2 2
Roth et al. 2011)

This gap is influenced by a range of difficulties such as the nonlinearities,
complexities and heterogeneity of the urb&fimate relationship on different spatial
scale, where the energy balance for each urban rhotpgical unit is distinctive at
each spatial scale. It is likely the differences in energy exchange between two land
use zones are less than the differences among a one building facades due to the latter
beingexposeto different time-varying airflow andolar radiation(Arnfield 2003) As
a result, this helps to create different climatic conditions from site to site within
walkable distance, this is known as microclimate. The diversity of climate types
(Tropical, Dry, Temperate, Continental and Polar) also contribute to the complexity
of urban morphologymicroclimate relationship, where each of them show different
patterns in terms of its climatic factors. A different type of difficutich hinder tle
bridging of the gapis the scarcity of quantitative tools and methods that help in
exploring the concepts of the climatesponsive design that may contribute to
ameliorating the microclimate of urban arg®oth et al. 2011; Nakano, Bueno,
Norford & C. F. Reinhart 2015; Maoh & Kanaroglou 2009; Chen et al. 2012)

It is therefore important to take into account the influence of the urban
morphology on climate by understanding the effect of these parameters on climatic
factors like air temperature, and employ such knowledge to achieving a more

sustainable urban design practice.

1.3 Problem Statement

This study is devoted to utilizing and devetgpmany parameters as a tool to

measure the urban morphology for the purpose of investigating their influences on
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air temperature variation that act as an indicator of thermal microclimate under the

maritime temperate climate.

In general, the temperate limates are characterized by unpredictable
conditions throughout the year and possibility to experience the four seasons in one
day (Met Office 2012) By adding these characteristics to the reasons of the
aforementioned gap, it can be seen the reason for the shortage of ucharate
studies in temperate climate in gener@laledpani et al. 2015and, in particular, the

United Kingdon{Hughes 2006)

At the UK, the temperature is nogher of about 1°C than it was in the 1960s,
and the warmest 8 years in the UK have occurred in the last 12 (@arg.UK 2014)
I LILINREAYLFGStE & wnwnnn LIS2LI S -RéalSnig heRtdedhe y 3 (i K
where the air reackd temperatures of 38.5°C in Kent on theM@f August(Met
Office 2015)Alsoa sixweekof the summer of 2018 om end of June to the August
will be remembereddue to the daytime temperatures in many parts of UK

consistently topped 30C(The guardian 2098

As a step to minimize a repeat of such events, the 2008 Climate Change Act
was introduced to reduce the emissions of CO2 in the UK by 80% by 2050 compared
to the base year at 199@OV.UK 2014Yrban area is responsiblerfa large part of

these emissions as an energy source for heating and cooling processes.

Finding and understanding the links between urban parameters and air
temperature may help to reduce the negative climatic effects in urban area, although,
there is noguaranteed formula to insure a good microclimate in the urban spaces
(Corteséao etal. 2009) Therefore, the necessity of urbarlimate studies continues

on the urban micrescale especially under the temperate climate.

1.4 Research Questions, Aim and Objectives

In order to gain an hdepth understanding of why the urban morphology should
to be linked to the thermal microclimate, urban morphological parameters and air

temperature variation will be investigated together as well as highlighting the mutual
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interplay between them will be unveiled. This research is intended to answer the

following four questions:

1-

To what extent does the urban morphology influences the thermal
microclimate of an urban space under the hot season condition of a maritime
temperate climate?

Does the role of an urban morphological parameter vary by changing the sky
condtions and day intervals?

Is there a mechanism to improve the ability of urban morphological
parameter in regard to the interpretation of air temperature variation?

Does the behaviour of air temperature in terms of increase and decrease

subject to the metlod of express the urban morphology?

It is hoped that answering these research questions will deepen our knowledge

regarding the urban microclimate, this being the research aim. To reach this aim, the

following five objectives need to be achieved:

To exlore briefly the basic knowledge that is related to the nature of this
research.

Exploring the existing methods to measure the urban morphology.
Measuring the air temperatures within urban spaces of a case study under a
maritime temperate climate.

Develging a statistical approach to assess and analyse the relationships
between urban morphological parameters and air temperature.

Determining the size of effect of each parameter and its role in terms of

increasing or decreasing the air temperature.

1.5 The scpe of the study

According to the foregoing, the pursuits to develop novel methods to define

and quantify urban morphology features are highly recommended especially, in

respect of simplifying and understanding the complexity of urban climate relations.
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Therefore, this research intends to deepen our knowledge about the urban
microclimate by analysing the variation of air temperature indicators (AVG. MAX. and
MIN.) under three sky conditions (sunny, partially cloudy, and cloudy) within the hot
season of a md@ime temperate climate. This versus the variety of urban morphology
that is expressed by ten different parameters where three of them were developed
by this study and one of the seven parameters was used for the first time against the
variation of outsi@ air temperature on a micrecale under the maritime temperate

Of AYIFI({iSZ | OO2NRAY3I (2 GKS NBaSIFNOKSNDRa
can provide architects and urban planners with an essential knowledge to make

decisions that contribute to inmpve the thermal environment of the urban spaces.

1.6 Overview of Thesis Structure
This thesis includes eight chapters as follows:

Chapter One: provides a research background as a step to announce the problem
statement, followed by the research questions, amd objectives. The end of this
chapter is devoted to concisely showing the scope of this study and the structure of

thesis.

Chapter two: presents a part of theoretical background of this study in regard to the
urban morphology and urban climate, in addit to separate section to review some

of the previous research efforts that may have common points with this study.

Chapter three: sets out the research methodology, in addition to reviewing the case
study, filed measurement and the urban morphologicalgmaeters. While the last
section will show the statistical approach to examine the relationship between air

temperature and urban parameters.

Chapter four: introduces the novel methods that will be developed by this study to
describe the urban morphology ithree sections where each one of them was

devoted to explain one method.

Chapter five: reveals and discusses the field measurements, it comprises mainly of

four sections. The first section aims to show the mechanism to determine the days of
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study. Thesecond and third sections show and discuss the measurements of hot and
cold seasons respectively. The final part of this section reveals the correlations
between the urban morphological parameters valtiegt werecalculated for twelve

locations throughouthe site of case study.

Chapter six: presents and analyses the results of statistical approach mainly in three
sections. First section deals with the results of sunny days, whilst the second and third

sections present the results of the partially cloudwdaloudy days respectively.

Chapter seven: introduces the discussion of the statistical approach results mainly in
three sections. First, a discussion of the behaviours of the climatic factors. The second
section reveals the size effect of urban morphatad) parameters and their roles in
regard to the behaviours of air temperature. The third section present mechanism

and comparison to determine the total effect of urban parameters.

Chapter eight: summarises the key findings of the study windhto the research

questions and objectives, followed by the research limitations and future work.
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2 Literature Review

2.1 Introduction

This chapter provides an interdisciplinary and theoretical background in three parts.
It starts with the urban morphology section followed by the urban microclimate
section. These two sections represent a brief knowledge base for the research efforts
about the urban morphologynicroclimate relationships that will show in the third
part of this chapter. Thisoncise work is to expand our understanding of the research
O2yGSEG o6& OfFNATFeAy3d 6KIG A& YSIHyGh oe@

connections between them.

2.2 The Urban Morphology

G F
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the urban morphology term was defined from the morphologists perspective as the
study of urban forms, taking into account the factors that contr@do their
transformation and growth processes. Thus the elements that shape and structure
the urban fabric of a city such as buildings, urban plots and urban spaces (street and
squares) can be pointed out by urban fof@liveira 2016)as shown byigure 2.1
Therefore, urban areas are extremely complex objects due to the diversity of their
elements that can be grouped together in unlimited number of configurational

relationshps (ibid).

In order to simplify the complexity of urban form various concepts have been
suggested, one of which is the concept of spatial urban s¢idlepf 2014)From the
standpoint of perceptionthere are both large and small scale spaces. If the space

cannot be perceived from an observation point, then it is beyond the human

perception and it is a large scale space. The small scale space can be perceived from

an observation point, although it epparently larger than the human body. Hence,
the perception of small spaces can be a prerequisite for the large urban environment
perception (Jiang et al. 2000and, therefore, undrstanding the urban form.

Essentially, there are two types of the buildgsgace relationship. The first case
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when the space surrounds the building and secondly when the buildings define the
space(Carmona et al. 2010This study concerns the urban spaces that are defined

by buildings.

STREETS AND PLOT SERIES

)

e |

plot series

plot series

back lane ~

BUILDINGS

Figure2.1 the urban fabric and the elements of urban fo(@liveira 2016)

2.2.1 The configuration of urban space

According to the Cambridge Dictionary, an arrangement of elements or parts in a
particular combination can be the simplest meaning of configuration
(dictionary.cambridge.org). The general elements tHafine urban space are the
floor, the surrounding structures and the overhead imaginary sphere of the sky

(Carmona et al. 2010More specifically, dran spacas geometrically circumscribed
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by a variety of facades whi@ilow us to perceive it as an external space that can be
public, semi public or privat@rier 1979) The containment degree or the perception

of urban space enclosure patrtially relies on the arrangement of urban masses as
illustrated byFigure2.2 that shows the simple imaginary scenarios of urban space
configuration. A single building does not define a space, while a row of buildings may
draw a weak definition of space illustrated by scenarios (a, b). The existence of a
notable angle betweenwio or more walls can achieve a degree of containment
without the need for buildings to be connected to each other, as highlighted by case
(c). The imaginary connections between the corners of buildings may strengthen the
enclosure degree of space as carsben in scenario (d). Combining several buildings
together may create a clear urban space between them where this space can leak out
through the open corners to form a gap or intersection between two buildings,
although the sensation of enclosure can keosger for the spaces with closed
corners as shown by cases (e, f). Case (g) demonstrates a more complex and varied
perimeter of the urban space with indentations in the facades of building and its
ability to reduce the sense of monotony by forming a nembf partially disguised

or hidden subspaces. However, the increasing complexity may lead to a breakaway
of the urban space into a series of disassembled spaces as shown by cases (x, h).
Breaking the axis of sight or the movement axis between the urbanesppenings

can increase the degree of containment as shown by scenar(€4mona et al.

2010)
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Figure2.2 the diversity of urban space configuratig@armona et al. 2010)

Diversity is not limited to the distribution of buildings around the urban space and
the form of building itself but includes the diversity of heights and sections of
buildings as shown b¥igure 2.3and asa result increasing the complexity and

diversity of urban space.
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Figure2.3 the diversity of cross section of buildings around the urban space
(Krier 1979)

2.2.2 The types of urban space

Although uban morphology studies have distinguished between the spaces of urban
area according to their functions or configurations, streets and squares are the most
common names that were used to describe the urban spaces. Both of them are
threecdimensional spacesiowever, the street is a linear dynamic space enclosed by

buildings on its opposite sides and gives a sense of movei@antona et al. 2010)

It can be said that, street is a directional space that does not nebd straight such

as the circular street, whereby buildings are grouped to form the common orientation

of street, either through convergence or parallelism of these buildings around the

space as shown lyigure 2.4.
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Figure2.4 the parallelism and convergence of masses to form the directional

spacegCarmona et al. 2010)

Square, plaza quiazza represent the first wagiscovered by man, to use the urban
space conceptyarrangement of a group of houses around an outer space. This plan
reduces the external surface area that being susceptible to attack by wild animals or
enemies and makes this-lretween space safe with high degree of contfidtier
1979) Squae can act as a node that connects stre@alloway & Kang 2009)he
spatial pattern of square is still-use particularly when designing the residential
complexes and is known as courtydKtlier 1979) Therefore, and according to the
Oxford Dictionary, courtyard can be defined as an opesky space that is

surrounded completely or partially by building walls (en.oxforddictionaries.com).

Courtyard or square is a more stasipace generallyith a lesssense of movement.

The dynamic sense of space starts to be felt through the dominance of one axis on
urban space as a result of changing the ratio of space dimensions {teittthgth)

to 1: 3 or more as shown bligure 2.5 where the length isusually dominant

compared to width in the street spa¢€armona et al. 2010)

Ratio approx. 1 3 Ratio approx. 1:5

Figure2.5 width-to-length ratios between static and dynamic spé€armona
et al. 2010)
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All'in all, urban form is a complex system linked together by both dynamic and static

interactions(Salingaros 1999)

2.2.3 The analysis ofirban space

Urban spaces, such as courtyards, have been used for a long time as passive
architectural design solutions across the world to provide shading and ventilation in
both hot and humid climates as well as to break the cold winds in the cold elimat
Courtyards have also appeared in temperate climates, howdher potential of
courtyards as a passive solutions is unclear due to the rare researches in regard to
the thermal performance of them in temperate climatgFaleghani 2014)
(Microclimate is often neglected in urban desif(@armona et al. @L.0), along with

the huge variety of these spaces in regard to their shapes, sizes, details and so on.
Therefore, the analysis of urban form can be an essential approach to understanding

the mutual relationships between urban form and microclimate.

In acordance to the Oxford Dictionary, analysis means methodological examination
of something, in detail, with a view to discover more about it and its interpretation
such aghe guantitative analysis which includes the measurement of quantities and
the use oimathematical and statistical models (en.oxforddictionaries.com). Although
the urban space is intricate mathematically more than we tligalingaros 1999he
guantitativeanalysis of the urban form has not yet been explored rigorously enough
(Pont & Haupt 1900)it has therefore not been applied thoroughly to urban space
analysis, as thiatter is an advanced state of urban fo@armona et al. 2010Yhe
explanatory power of urban morphology in regard to interpretation of urban

phenomena can be promoted by quantitative analyBient & Haupt 1900)

Relevant literature reviews reveal that there is no one accurate and agreed method
to analysing urban fornfVenerandi et al. 2017However, the spatial urban scales
may be one of the first and basanalytical techniques regarding urban form. In
accordance to the perspective of spatial analysis, urban areas are considered
organised complicated entities, however, the analysis of their spatial structure may

contribute to solving their complexities andhderstanding them(Kropf 2009) The
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spatial resolution of urban environment ranges from city scale to detailed scale of
building components, so the urban form descriptions are scale dependegsr
2014) Urban areas can be classified spatially into the region (meso) scale that deal
with whole city and beyond, the local scale (neighbourhood) express urban sectors
and micrescale for the individual buildings, urban spaces, urban trees anchso o
(Grimmond et al. 2010; Nichol & Wong 20085)owever, the concern of urban
designers and architects focus on the human scale thansidered as a measure of
appropriate size for the built environment, where the dimensions of urban spaces
and buildings are compared with the human figure proportightoughtin 2003)
Dealing and decision on the smaller scale is responsible for geometrical coherence of
urban area compared to the bigger scale therefore the larger scales need to be
defined after the smaller scales as the coherence of elements that assemble

geometrically lead to identifiable and definite urban morpholg¢§wlingaros 2000)

Furthermore, the analysis on small scale can be pertinemniany fields such as the
relationships between urban form on the one hand and thermal comfort, energy
consumption and urban scale passive techniques on the other fiamMthkamura &
T.R.Oke 1988; Bottyan & Unger 2003; Zhang et al. 2012; Giovatrahi 2013;
Taleghani et al. 2015)

Despite the diversity of urban form on different scales, it is helpful to describe it by

quantifiable measures that express its physical properties such as déRsity &

Haupt 1900) These quantifiable measures can be known as morphological

parameters that represent the features or aspects of the thd@mensional urban

form (Nikolopoulou 2004)The Oxford Dictionary dgfiS & LJ- NJ AnBrilefdsdl | & &

or other measurable factor forming one of a set that defines a system or sets the

conditions of its operatio®Q O SY P2EF2NRRAOGAZ2YI NAS&PO2Y0 P
planners need urban morphological parameters to understand anuraob the

intensity of urban development and consequently control the growth and change of

urban form(Martins et al. 2014)
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2.2.4 The description of urban form

Urban form is a multidisciplinary topic. In general, the qualtitiaapproaches to
analyse this form can be classified into five main fields, including: economy, ecology,
transportation, urban design and community design whereby each field has its
specificity and at the same time affects and is affected by the otb&Isf{Clifton et

al. 2008) Therefore, the diversity and overlapping of parameters that describe urban

form is very much likgl

The current study classifies the urban morphological parameters (UMP), according to
their calculation methods, into three levels: simple, average and complicated. The
simple parameters represent the values that can be extracted directly from urban
areasuch as distances like distance from sea or distance from city centre and areas
like builtup area, open space area or walls afEdasson & Svensson 2003; Maciel et

al. 2013; Tong et al. 2018 verage parameters refer to values that can be calculated
from unpretentious mathematical relationships of two or more simple parameters
such as densities like floor area ratio and building coverage (Béoghauser Pont &
Haupt 2007; Pont & Haupt 1900Complex parameters mostly show complicated
mathematical relationships of tawor more simple parameters to be calculated such

as sky view factor and viewsphere ind#&atson & Johson 1988; Yang et al. 2007)

The ability of parameters to describe the urban form is limited, hence, many scholars
have developed composite methods to give a more comprehensive look on the urban
form and its role in relation to many matters like air teempture behaviours. These

methods involve two or more of the simple, average or complex parameters in a

relationship that is normandatory to be in mathematical formula.

Spacemate is a one of these methods that describe the urban form depending on
graphica relationship between the numerical values of four urban morphological
parameters: floor space index (FSI) to express the density, ground space index (GSI)
to express the ground coverage ratio or compactness, spaciousness indicated as open
space ratio (OS) and the fourth parameter is the number of storeys (L). Each urban

form, regardless of thepatid scale, can result in a unique combination of parameter
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values and occupied a unique position on the graphical diagram of Spacasate
shownby Figure 2.§BerghausePont & Haupt 2007; Pont & Haupt 1900)
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Figure2.6 the spacemate diagrarfBerghauser Pont & Haupt 2007)
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islands according to the group of parameters that mostly describe the urban form in
a spatal scale ranging between hundreds of meters and several kilometres. The main
parameters are Aspect ratio, Sky view Factor, Building surface fraction, impervious
surface fraction, Height of roughness elements, anthropogenic heat flux density. This
method chssifies the urban and rural areas systematically into 17 standard classes
and each class represents a local climate zone that can affect the air temperature
behaviours in different way compared to other zones as a result to the differences in
the values durban forms parameters and other parameteFsgure 2.7%shows that

three different urban areas were classified or described as compacirisiglzones,
representing one of the seveetn zones in this method whetke three urban areas
recorded convergenvalues of the parameter&Stewart & Oke 2012; Stewart et al.
2014)
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Figure2.7 the parameters of Local climate zones method (compact-figgh
zone)(Stewart & Oke 2012

Some computer tools were developed to explore the environmental performance of
urban form on different spatial scales such as STEVE. This tool is used to predict the
air temperature that results from the surrounding environment around a particular
point in the urban space by using statistical models that were developed depending
on long term field measurements. The urban morphological parameters and the
climate parameters represent the predictors of these models. The morphological
parameters, as a fution to urban form, include surface area, average height to
building area ratio, total wall surface area, green Plot ratio, sky view factor and
average surface albedo, while the climate parameters include air temperature and
solar energy. STEVE is a glugp support the graphical urban analysis by using the
ArcGIS software to produce the maps of urban temperafveng et al. 2011; Hien

et al. 2012)

Space syntax is a method that tries to interpret human behaviours and social
activities from a spatial configuration perspeetiby providing a group of parameters

that describe the urban form in relation to the movement and linkages between
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urban spaces. The main parameters of this method are connectivity, control value
and integration(Hillier 2007) The urban analysis on different scales by using space
syntax has been made easier to understand the social processes throughout the built
environment, by developinBepthmapXsoftware that perform graph analysis of the
spaces network as shown Bygure 2.8o derive parameters that may have social or
experiential importancgAl_Sayed 2018J)his method provides a quantitative toal i
regard to social behaviour matters, many ping on separated software such as
ArcGIS and Rhino were developed to explore the potentials of parameters of this

method more deeplyJiang et al2000; Nourian et al. 2013)
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Figure2.8 the analysis of space syntax BgpthmapXsoftware(Al_Sayed @18)

All in all, regarding the description of urban form, most of urban morphological
parameters can be classified into three groups. Firstly, some parameters can describe
limited properties of an urban area irrespective of the spatial scale like fpace

index and ground space index that are used in Spacmate methadh@mgroup of
parameters camlescribe the configuratioof surroundings around the measurement
point like sky view factor that represent the openness of the urban space to the sky
in the Local climate zones method. The third group of parameters that describe the
urban form in regard to connectivity of urban spaces like the parameters of Space

syntax method.
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2.3 The Urban Climate

TheUrban climatology is a multidisciplinary topic that foarsthe study of urban

area influences on climate and the implementation of the knowledge acquired with

a view to improving the design and planning of cit{dBlls 2014) Cities alter the

overlying atmosphere considerably in almost evespecs (ibid), however the

influences of terrestrial surfaces does not extend vertically more than 10 km to form

the troposphere layerThe lowest part of this layer in an urban area is known as the

urban boundary layer (UBL) that represent the entire air volume above city, where

this layer is affected by the activities and characteristics of the -bpilarea. In

general, UBL extend uerally to be around ten times the height of the urban area

buildings and horizontally beyond the urban area edges and it can be divided into

sublayers as shown byrigure 3.9where the knowledge about these layers is

fundamental to the urban climatérell et al. 2011)
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Figure2.9 the urban boundary layer (UBL) and its $ajers(Erell et al. 2011)

The mixed layer is the upper part that represents the bulk of UBL volume. The

atmosphere within this sulayer is not fully modified by the urban surfaces where
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the influences of norurban upwind terrain are existent as well. The Surface layer
settles under the mix layer and it extends to be about five times the height of the
average buildings of urban area. It is formed by passing the air over a sufficient length
of urbanfabric, where it is conditioned entirely by the ground cover and 3D geometry
of urban surface as whole without subject to the influences of individual urban
elements such as streets and single buildings. Therefore, the homogeny of energy
exchange betweethe urban surface and the atmosphere and the systematic curve
of wind speed profile are features of this layer that is also known as the constant flux

layer(Erell et al. 2011)

The mixture of influences from individual urban elements that characterizes the
surface layer does not happenstantaneously above the buildings roofs, where
these highly variable status extends from the roofs of buildings to at least twice the
average buildings height to form the Roughnessisyler that represents a transition
phase between the homogeneity ofdlsurface layer above and the highly variegated
urban fabric that comprised of different heights buildings and vegetation in addition
to different dimensions open spaces. The last part of atmosphere that extends from
ground to the height of buildings antlees is the urban canopayer (UCL) that
witnesses a high level of heterogeneity due to the variation of conditions from

location to location within the canopy volume (ibid).

Within the UCL, the behaviours of temperature, radiation, wind and other diimat
factors are determined by physical features of surroundings. The dimensions of urban
spaces, the heights of buildings, the distribution and densities of vegetation and
materials of buildings and ground surfaces represent samples of these features that
contribute to creating a unique climate that may affect the thermal comfort and
energy consumption. This unique climate that dominates on rrscade urban area
may extend horizontally from 1cm to 1km and known as the Microclirfite. OKE
n.d.). In other words, the microclimate of house garden may differ from the
microclimate of the next street which, in turn, may show different behaviours in
terms of air temperature and other factors compared to another oppace in the
same area. Therefore, the urban thermal environment may change distinctly from

one location to another and the knowledge about temperature especially surface

50



temperature and air temperature is crucial to understanding this environment

(Grimmond et al. 2010)

2.3.1 Surface temperature

The temperature of external surfaces and air within the urban space is governed by
the exchanging mechanism of energy. Adoagly, the energy balance of surfaces is

in charge of the understanding of the microclimate of any locat@ke 1988)

The solar radiation is the main source of energy and faces many behaviours as it
passes through the atmosphere. A part of this solar is reflected (stere) to the

sky again by the clouds and the constituents of the atmosphere that also absorb a
portion ofit. The rest of solar radiation reaches the earth and suffers absorption and
reflection as well. The absorbent radiation will be emitted back by the earth surfaces
as longwaves (heat) into sky. Most of the radiative energy that were absorbed by
clouds awdl atmosphere constituents from sun as short waves and from the earth
surfaces as short and long waves will be emitted back to earth as long waves. The net
all-wave radiation flux (Q*) can be expressed by the following forradalaytime

(ibid), where itcomponents can be understood from thegure 2.10.
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Figure2.10 the radiation system of urban aréd@®ke 1988)

The net alwave radiation flux (Q*) is the basic input of the energy exchange model
that takes place at the urban surface. The balance between incoming and outgoing
energy of urban area is not required to be equal at all times due to the transformation
of energy from oe form to another according to the first law of thermodynamics.
The transformation processes include storing and releasing energy that are affected
by the materials properties of surface such as albedo and emissivity, where the
material absorption of radition reduces by increasing the albedo value especially for
light colour materials and this keeps the surfaces cooler, whilst the materials with
high emissivity are good emitters and they release the heat as long waves readily.
Other variables may affecthé transformation processes of energy such as the
duration of exposure, the diversity of shape, size, arrangement and compositions of

urban surfaces and element&rell et al. 2011)

Another factor that can affect the energy balance in urban area is the heat that is
released to the atmgshere due to human activities that mostly involves fuels

combustion, known as anthropogenic heag)(Qbid).

Therefore the urban energy balance can be expressed by the following fo(@kea
1988)
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In addition to the net allvave radiation flux (Q*) and the anthrogenic heat (@,
the other inputs of this formula are shown Bygure 2.1%hat reveals the following

terms:

Sensible heat flux ), is heat exchanged by convection between urban surfaces and
adjacent air as a result of temperature differences betweemtheé\lthough, the size

of Q4 depending on the magnitude of the difference of temperature and the heat
transfer resistance between the two mediums, it can be affected by geometry that
may cause different air velocity for different surfaces especially wighdiversity of

solar exposure and orientation.

The evaporation and transpiration processes represent the turning of water of
vegetation, wet surfaces and water bodies into a gaseous state by absorbing a specific
amount of heat that is extracted from ther or surface and is known as the Latent
heat flux (@). The sensible heat and latent heat are related to each other in a
negative relationship. Therefore, without enough moisture rate, the incoming energy
increases the sensible heat that often leads tdosantial rise in air temperature
especially in urban areas compared to rural areas due to the lake of vegetation,

permeable materials and water bounds.

¢ KS &2 NI 39 iskhé&dhangeithdaEstoeahivthe urban area. The radiant
energy from diferent sources like the sun, the atmosphere or the other terrestrial
surfaces will be absorbed by the urban area surfaces. The microclimate, particularly
temperature, is affected by the surface ability to absorb, store and emit the energy,
where this abity is subjected to optical and thermal properties of surfaces, their size
and their spatial arrangements. The heat storage in the air is much smaller compared

to structures and ground of urban area.

~ Z, A = 4

that often settle on short distance as a result to the heterogamous of urban fabric
that affect the surface energy balance and create hot and cool spots, often in close
proximity. For the purpose of simplifying the energy balance model, many studies in

urban climate have neglected this process.
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Figure2.11 the energy balance of urban aré@rell et al. 2011)

The surface temperature is mostly higher thare thir and it reaches its maximum
value within the daytime whilst the lowest value at night time. A study in the city of
Kyoto, Japan for the eastest oriented urban canyon showed that the differences
between surface ath air temperature reached?2-14 °C atmidday and 34°C at night
(Y.Nakamura & T.R.Oke 1988)generalthe temperature of urban surfaces is higher
compared to the surrounding natural surfaces at rural areas and this phenomenon is
known as surface heat island (SHI), however in desert environments the sands and
rocks can be warmer than many of marade surfaes at urban aredErell et al.
2011). Thermal infrared techniques are used usually to document the surface
temperature on different spatial scale on ground and from sky or sf@cenmond

et al.2010)

2.3.2 Air temperature

Air temperature can be considered as a measurement of how cold or hot the air is.
After sunrise thesensibleheat flux from the urban surfaces increases in response to
increase their energy budget, consequently the air tempemtuithin urban canopy

layer (UCL) will change positivélyR.OKE n.d.Jhe diurnal air temperature variation
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relies on the condition of sky. The differences between incoming and outgoing
radiation on clear dys produces a wide range of daily air temperature range that is
less under the overcast sk@lgyay et al. 2015Dn a seasonal base, it can be noticed
that clear summer days are hotter due to redety more solar radiation. This is in
contrast to winter clear days that are usually cooler compared to the cloudy day as a
result to easy release of heat through the clear sky especially with long interval of

nocturnal outgoing radiation (ibid).

Air tempeiature is affected by many factors such as urban features, solar radiation,
vegetation and wind spee(Erell et al. 2011)it affects many aspects such as energy
consumption and human health especially in terms of the influences of heat waves

(Mavrogianni et al. 2009)

The outside air temperature is more complicated to be estimated from simple
functions compared to windgpeed and solar radiation due to the multitude of
variables (radiative, convective, evaporative and conductiiZegll et al. 2011)For

this reason, air temperature is measured on site or using statistical models to
estimate it depending on observations over figl@ke 2004) However, the air
temperature measurements are wgively simple by using direct techniques
(thermistors, thermocouples), there is no general and simple scheme to extrapolating
the air temperatures horizontally within the urban spg&immond et al. 200; Oke

2004)

Usually, the air temperature of UCL is higher than its outskirt rural area although the
warm-up of UCL after sunrise is slower because of many factors like mutual shading
between buildings. The difference of air temperature between them &an
insignificant at daytime, however, it reaches the maximum after sunset to form the
canopylayer heat island phenomengi€LHI}hat being pronounced with clear and

calm atmospheric condition&rell et al. 2011)

2.3.3 Urbanc Orientation ¢ Climate relationship

Urban canyon is the element arban form that has been investigated intensively in

regard to the climateesponsive urban desigfKriger et al. 2010; Alioudert &
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Mayer 2007; Andreou 2014; Nunez & Oke 1977:TAlidert & Mayer 2006;
Chatzidimitriou & Yannas 2017; Johnson & Watson 1984; Y.Nakamura & T.R.Oke
1988; De & Mukherjee 2017; StremaAndersen & Sattrup 2011l is lilely that the
reason behind this attention is that the urban canyon as a thdieeensional
arrangement is defined and limited by its long axis direction. Therefore it is
characterized by the simplification of the geometric relationships of a part of urban
form by proposing a twalimensional crossections to describe the urban area along
the main axis of the directional urban spa@eaell et al. 2011)Only one of the two
parallel canyon walls will cast a shadow at a given moment in daytime, so the north
south oriented streets for exampleilwvitness a shadow area in the morning by the
eastern wall that faces the west, while the shadow from the western wall can be
noticed in the afternoon. In return, the eastest streets experience more distortion
where the northern walls that face the sth receive the solar radiation most of the
daytime in contrary with the southern wall that cast the shadow in the urban canyon
space most of the daytimgrell et al. 2011; Oke 2004)

Hence, the orientation of canyons is the technique that has been utilized to
understanding the relationship between urban morphology and climatéofs, the
directional urban spaces represent the recommended choice to exam this
relationship due to the systematic solar radiatishade patterns throughout the
year, in addition to the urban aftow, that playing a pivotal role in dispersion of
urban reat, is mainly subjected to the configuration of urban obstacles and their
directions in terms of wind speed and its direction. Consequetiityygeometry and
orientation of the canyon influence thenergy balance and the thermal environment

within the urban spacgNunez & Oke 1977)

Although, the importance of orientationn understanding the urbauclimate
relationship in regard to the directional urban spaces, it is not easy to utilize the
orientation concept with nordirectional urban spaces that usually show more
complicated geometry with partially or completely absemnéghysical axes, parallel

walls and systematic shapes.

Different methods were used to describe the urban morphology in regard to drban

climate studies not only with nedirectional spaces but also with directional spaces

56



as a way to get more understangjtior this relationship as what will be revealed in
the next section. However, it was difficult to find a way to describe the urban form
of nondirectional and directional spaces in relation to the orientation concept and

apply it to investigate the urbaanlimate relationship on micro urban scale.

2.4 The researches of urbaalimate relationship

The interaction between urban morphology and climate factors creates the urban
thermal environment which is a complex concept because of the diversity and
interference of its variables. However, it can be expressed mainly by two outputs, air
temperature and thermal comfortPark et al. 2018that may representhe most
simple and fundamental output of the urban thermal environment. The thermal
structure of urban space is dominated by the misgale effects within the urban
canopy layer (UCL) that extend from ground surface to the roof of building
(Y.Nakamura & T.R.Oke 1988; Giovannini et al. 200i8re is a vast amount of
literature concerning the urbauclimate relationship. However, there issaarciy of
research related to analysis of urban form and its environmental influences in the
intermediate scale that includes the elementary components of urban fabric like
urban spaces and building€hang et al. 2012Hot climates have received most
attention whilst a limited number of studies appear to exist in regards to micro scale
for temperate climategTaleghani et al. 20157 his sarcity is particularly notable in
the United Kingdom, which were not limited to miesoale but extended to include
larger scales(Hughes 2006) This section will, therefore, try to adhere to its
boundaries that were drawn by the title of thesis i.e. to cover some studies that have
been conducted on urban micigcale under the temperate climates by submission
dense summary of some studies as a first level. Following this, as a second level,
analysis to explore the context around the urbaiimate relationship In regard to the
impact of urban form and its parameters on air temperature as a function of the
therma microclimate and extract some concept that may support the different

stages of this study.
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The description of urban form can be considered as a way to distribute the selected
studies into many groups. As a first group, urban space can be described suretta
depending on the relationship between the measurement point and the surrounding
buildings. This kind of parameter is rare, with sky view factor (SVF) being a sample of
them. Many studies have investigated S¥i€roclimate relationships regarding

variables such as air temperature and solar radiation.

Kriger ad Emmanuel, (2013ktudied the differences of seasonal ambient
temperature between urban and rural weather stations i.e. the effect of the Urban
Heat Island (UHI). The differences of iatirdban temperature at day/night times
between stations in GlasgowK were evaluated for the period between March and
August 2011. The influence of atmospheric stability that was classified according to
sky conditions and wind speed into six grades for UHI and -umbran air
temperatures. The utilization of this class#tion can make the influence of urban
morphology expressed by the sky view factor (SVF) on the microclimate clearer to
understand. This study found that the relationship between SVF and-uniyan air
temperature variability and warming trends was m@renounced by analysis of field
measurements. The evidence of a relationship between canopy urban heat island and
urban morphology was not significantly affected by the choice of more stable

conditions for analysié&riiger & Emmanuel 2013)

A study in the city of Montreal, Canad#/ang & Akbari 2014inhvestigated the
variation of urban microclimate regarding air temperature and wind speedasust

of urban morphology variations for four urban districts that differed in terms of
layout, function and building volume within boundaries covering (300m x 300m) each
area. SVF was calculated for different points witeeme of urban canyons and
intersections inside each area. EMiWt software was used to calculate SVF and
simulate the microclimate factors for a 24h period in winter and summer. Simplified
3D models and weather data from a rural weather station where a part of the results
for trying to validate against the field measurements data for some points. The result
of statistical analysis for the outputs of one hour after 4 hours of sunset in both
summer and winter days in addition to the outputs of summer day at mid noon

against SVF pointedub the high importance of SVF in terms of affecting the
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microclimate of urban environment. In general, the coefficient of determinatiéh (R
in summer was lower than in winter, maybe because of the vegetation effects in the
summer. SVF was inversely coated with air temperature at night for both seasons,
winter (R= 0.53) and summer {R 0.25), while a weak positive correlation was
observed in the summer daytime ¥R 0.04). Regarding the wind speed, it was
observed to increase with an increase in SVFsfmnmer night time (R 0.25) and
winter night time (R= 0.32) and the same behaviour was noticed in the summer
daytime (R= 0.35).

In a third studyDrach et al. 2018}he joint effect of urban morpHogy and stability

of atmospheric conditions on the variability of daytime intrdban air temperature

for GlasgowUK, was investigated. Sky view factor (SVF) was taken as the urban
morphology indicator and measured for 32 locations including urban parks,
neighbourhood green spaces, E&¥est axis orientation street canyons, narrow
streets and public squares. Similarities, in terms of wind speed and solar energy
intensity, were utilized to classify the measurement period into many levels of
stability regardhg the atmospheric conditions. The readings of reference weather
stations for 23 days in spring and summer 2013 were compared with the field
measurements at these locations. For each of these days, the field data were
recorded from half past two in the @rnoon and continued for more than one hour,
whilst air temperature at each location was measured for two minutes. The findings
showed that the differences of maximum inttmban temperature correlated
strongly with the stability of atmospheric conditiaridoreover, the air temperature
differences were remarkable in the urban canyons, with a direct correlation to the

SVF values and with an inverse trend for locations with higher values of SVF.

Another study (Unger 2009) supported the quantitative approach of urban
morphology description by developing a softwdrased method toestimate SVF

from the database of 3D urban model by using ArcGIS software. 35 urban areas within
the city of Szeged, Hungary, with dimensions (500mx500m), whereby each area was
selected to exam the effect of SVF on intidan air temperature variation. Bdata

was collected for one year (20@003). The measurement session began

approximately 4 hours after sunset and lasted in accordance with the length of the
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street and the speed of the vehicle holding the air temperature sensor, which was
recording evey 10 seconds at a height of about 1.4m above ground level. Each urban
area was covered with 380 measurement points, where SVF was simulated in each
point for two heights (ground level and 1.4m height). The regression analysis was
done for the data for whle year, norheating season and heating season. The results
showed that the variation of air temperature for the whole year could be explained
by SVF variations in accordance with the values of coefficients of determinafjon (R
as 44.1% above ground ldand 42.6% at ground level. The Alo@ating and heating
seasons saw no significant difference from previot:saRies. However, the increase

of SVF caused a decrease in the air temperature in all models.

On the same path, but with different tools, a maaecurate method was developed

by MATLAB software to calculate sky view factor (SVF) using high resolution JPEG
format fisheye images. Later, the improved values of SVF for 59 sites across the city
of ManchesteftUK were input in to statistical relationsisipagainst the air
temperature measurements for these sites in both the winter and summer seasons
of 2010, to reveal the effect of improved urban morphology indicator on the urban
heat island (UHI) under the clear and calm climatic circumstances. Thesr&soNted

that an increase of openness to the sky led to a general decrease in the air
temperatures. The relationship between SVF and UHI intensity was weak for SVF
values bigger than 0.65 for summer nights (R?=0.3217) and winter nights (R? =
0.3625), whilethese percentages turned out to be better, as 63% and 53%,
respectively, for the deep canyons with SVF values smaller than 0.65. The role of SVF
was not affected significantly by the orientations of canyons that affected the

entrance of solar radiation to the canyon spacéCheung et al. 2016)

Densities and compactness are terms that are well known in the practice of urban
design. According to the Oxford Dictionary, density means the quantity of people,
mass or things per unit of a given area, space anmel Compactness refers to the
state of being dense, when the parts gather closely together
(en.oxforddictionaries.com). Many urban parameters are related to these terms and
some of them represent the core of municipal planning regulations. Unlike S\¢E, the

parameters describe all the specific urban area and are not associated with the
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measurement point in regard to their calculation methods, such as floor area ratio

(FAR).

(Maciel et al. 2013)tilized the parameters that describe the urbamrfowith regard

to compactress or density on micro scale. Influenoésirban surface characteristics,

such as built, green and open area ratios, were investigated. This study concerned
the variation of ambient air temperature at the urban miescale withradius lower

than 1km in two university campuses under the two different climates of Uxbridge
UK and CuiabBrazil (temperate and tropical climates). The regression analyses for
the measurement of three summer days showed that the effect of surface
characeristics within a 50m radius around the measurements points considerably
impacted on temperature in both climates. However, the locations with a higher built
cover ratio had a higher air temperature compared to locations with a higher green
cover ratio inaddition to the distribution of small green area within the urban fabric
could work effectively to reduce the air temperature. A different set of urban
planning indicators were investigated by bivariate linear regression againstdang

field measurementdata (20062010) to evaluate the variation of intarban
maximum (MAX) and minimum (MIN) summer temperatures in 25 locations within
the city of Florencdtaly (Petralli et al. 2014)These indicata were calculated
around each of the measurement points on nine different size circles with radius
SELI yRAY3I FTNRBY wmnY G2 pnnYd ¢KS tAySHEN
indicator was used to determine its effect on air temperature according teire of
effected area. Vegetation indicators and urban form indicators were used individually
in this study, the latter includes Street Cover Ratio (SCR), Building Cover Ratio (BCR)
and Building Volume Density (BVD) that represented the ratio of totainvelof
buildings to the total area of effect zone. The results showed that the effect of
indicators on MIN temperature was stronger with an increasing radius of influential
area. MIN was positively related to SCR for all areas whilst it was positiaidrel

to BCR and BVD for all circles except for radius =10m. The identical behaviours were
noticed with MAX temperatures; however, the relationship with MIN was stronger
than MAX, both for smaller and bigger circles because of the storage of incoming

solarradiation during the daytime and then sadiated thermal radiation at night
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time at different speeds according to the characteristics of each location. As a third
study, the surface air temperature was studied to reveal the roles of urban and
meteorologi@l factors in developing the urban heat island (UHI) in Szeged city
(Hungary) for the period between March and August 1@B@nger et al. 2001Field
measurements focused on the inner part of the administration district that was
divided into a grid of squares with dimensions 500x500 metre gatthan average
distance between measuring points of approximately 110 m. The urban parameters
include the percentage of builip area and the distance from the city centre while
the environmental measurements (wind speed, temperature) were averageddby gri
cells. The general results of the statistical analyses suggested that thed#insity
significantly influences air temperature levels, also affected by the distance from the

city centre.

Compactness influences the accessibility of solar radiatiorthe built
environment, and so various parameters that measure the compactness of urban
form were involved in statistical analysis to explore their influences on the solar
energy potentials on roofs and facades of buildings within 16 neighbourhoods in the
city of Geneva, Switzerlarfohajeri etal. 2016) The simulation approach was used
to calculate the hourly solar irradiation on the urban surfaces for one year using
CitySim software, whereas the weather data for the simulation processes were
extracted from Meteonorm software. The urban forrarameters included volume
area ratio, plot ratio, site coverage, building density, nearesghbour ratio and
population density, each one reveals different aspect of urban configuration. The
regression was used to seek the relationships between the Masgradiation levels
and urban parameters), while the coefficient of determinatiod) (Ras used as a
measure of how well the variation of radiation levels can be explained by the
compactness parameters. The results showed that there were strong nefjatae
correlations between the annual solar irradiation, on the one hand, and the
parameters volumearea ratio, building density, plot ratio and site coverage, on the
other hand. The values or?Rvere 0.74, 0.73, 072 and 0.59 respectively. The
neighbour 2 RQ&a RA&GIFYOS FTNRY GKS OAde OSYuGNB &K

correlation with the annual solar radiation {R 0.61). The increase of other
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parameters (population density and nearest neighbour ratio) led to a decrease in the
annual solar radiationHowever, the correlations were weak compared to the
previously mentioned parameters. In general, the compact urban forms received
lower levels of solar radiation and, therefore, the solar potential of roofs was less
affected by compactness than facadestha same topic, but within different areas,
seven urban morphology indicators were chosen to examine their effects on the solar
availability on the facades (Sly) of 14 urban areas of Rome, Italy and Barcelona, Spain
(Morganti et al. 2017)These indicatorgiclude Gross Space Index (GSI), Floor Space
Index (FSI), Facade-site ratio (VHb), average building height g, volumearea

ratio (V/A), Building aspect ratio (S/V) and sky factor of fagades (SF).The typological
characterization of the real urbarreas were represented by simplified 3D models
that were each comprised of 9 regular and identical urban blocks. Heliodon2 software
was used to calculate the solar radiation on the facades of the central block for one
year, considering the other blocks aban obstructions. The results of regression
analysis suggested negative correlations between solar radiation and each of GSI
(R=0.6), FSI @R31), Vid» (R=0.59) and V/A #R0.53) and positive correlation with

SF (R=0.79), while other indicators fldand S/V) had no effect on the availability of
solar radiation, with values of?R 0.005.Multiple linear regression analysis was
applied to get the most accurate model to predict the solar radiation in
Mediterranean cities, where the compensation of G&%l,»and SF showed the most

accurate model, with R=0,91.

The third goup contains studies that dewlith the types of urban form. A pilot study,
spanning three days in July 2010, was carried out at the city of L&gzrigany based

on field measuremerst and questionnairef~ranck et al. 2013As part of the study,

the effect of four types of urban form, such as residential areas, on the relationship
between outside and inside air temperatures were investigated. These types included
detached and semetached houses, linear developments such as terrace houses,
multi-storey residential courtyard block with closed perimeter and open perimeter
multi-storey caurtyard block. Although the results showed a poor relationship
between indoor and outdoor temperature, the Pearson correlation coefficient was

about50%for the courtyard with open perimeter compared to the other forms that
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had lower effects. Besides thegetation, other influential factors included distance

to city centre and materials, the outdoor air temperatures depending on urban form
types. The air temperatures between morning and evening periods were convergent
for both types of courtyard forms inomparison to terrace, detached and semi
detached houses that witnessed sensible reduction of air temperature at evening
time. A reason for this may be due to the blocking of wind movement inside the
courtyards, whilst the smooth movement of wind is likedycool the surface of other

urban forms.

The last group of studies from the urban form perspective can be considered as a
mixed group. Some studies utilized different types of urban morphology parameters
with each other, such as sky view factor, with tteenpactness parameters or urban

form types and so on.

Air temperature data were measured at 18 locations for 18 months between 1998
and 1999 within one of the Swedish citi€3othenburg(Svensson & Eliasson 2002)
The analysis of variance test was done as a statistical approach to explore the air
temperature differences under the effect of three categories of urban form (dense
urban area, multfamily and single houses) within dagdanight times. Data from a
permanent meteorological station on the outskirts of the city were used to classify
the measurement period into different weather groups. The characteristics of these
urban forms were distinguished from each other by the valoksky view factor
(SVF), buildings or impervious surface density and vegetated surface density. All
these urban parameters were calculated from fish eye images that were captured in
the cold season, when the seasonal change in density of greenery was not
considered. For statistical analysis, the field data was distributed into four groups
according to the seasons whereby each group in accordance to cloud cover was
divided into three suklgroups which were in turn divided into two smaller groups
depending orwind speed. For each day in these groups the temperature data of two
hours were selected, at 12pm as d@ye data and after three hours of sunset as
night time data as the deviation of temperature occurred in this interval. The results
of this study focaed on the roles of the urban forms without focusing on the detailed

parameters. The cool island phenomenon was observed as the air temperatures
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within the three urban forms during daytime accompanied by clear circumstance
were always colder than the outsts reference station by up to 4°C and these
differences may be bigger, particularly if the wind speed was less than 3.3 m/s.
Conversely, on cloudy days, the urban environments are always warmer of about
2.5°C. The buHtup areas were always warmer at htgime, the dense forms during

Oft SINJ O2yRAGA2ya 6SNB 461 NX¥SNI gA0K GKS
However, the other urban forms (i.e. mufamily and single houses) showed very

convergent differences of temperature against the outskirt statbf about 4°C.

The degree of urban thermal environment exacerbation was investigated versus
changes of urban form and density regarding air temperature and thermal comfort

in the city of Seoul, South Koré@ark et al. 2018)Three existing urban areas were
selected and altered to produce one alternative for each area. The urban forms of
these areas were altered as follows: area (A) from mfahiily housing complex to

be tower type apartment complex, area (B) from flat type apartment complex to be
tower type multipurpose apartment while area (C) was not changed significantly as
commercial and office area. The development of urban forms was measured
depending on two parametersfloor area ratio (FAR) and building coverage ratio
(BCR). The air temperature and thermal comfort were simulated by -EBRVI
software for a summer day of June 2015 for the six models. The results of simulated
air temperaturerevealed that the increase of FAR by 124% and the decrease of BCR
by 29% led to a reduction in the maximum and average temperatures of the urban
area A by 1.81°C and 0.87°C respectively. The maximum and average temperatures
of the urban area B increased By28°C and 0.38°C as a response to increasing FAR
and BCR by 111.9% and 8.5%, respectively. Urban area C witnessed a decrease of
0.42°C and 0.2°C for maximum and average values as a result of increasing FAR by
131% and decrease BCR by 14%. The increadiffAR does not necessarily
exacerbate the air temperate, while the decreasing of BGfadsto a reduction in

the air temperature and improve the thermal comfort a result of the disposition of
the buildings and change in their sizes and forms that mayribaite to improving

the role of wind movement and shadows. Therefore, in general, BCR has a significant

effect on the thermal environment of urban areas, certainly more than FAR.
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In short, the results of these studies showed clear variation in the inf@®f urban

form on microclimate despite the convergence of the climatic characteristics of the
case studies. The behaviours of climatic factors witnessed positive or negative trends
that ranged from weak to strong in regard to the influences of the urban
morphological parameters. This diversity of results is expected due to the detailed
diversity of convergent climates, urban form and the ability of parameters in
description that form. In addition, the variation and details of research processes
such aslte time scale of study, the method of data acquisition, the method of data

analyses and so on.

Consequently, all this diversity represents a motivation for more studies with
different aims, the most important of which is to submit novel concepts in measure
and description the urban form to contribute in understanding the urchmate

relationships on micro scale.

2.5 Conclusions

Our cities are big and complicated entities that need to be measurable, describable
and understandable in regard to themselves orithefluences on different matters

like climate that affect human health, energy consumption and so on.

The changing of our urban area form alters mainly the energy balance of urban
surfaces that contribute to creating a microclimate with unique thermal
environment, especially within the vertical space from ground surface till roof level
that represents the vital atmosphere in which the human being interacts with the
urban environment. Urban morphological parameters are the quantitative methods
that were wsed to make the urban form measurable, consequently the urban
microclimate relationship can be tested and analysed as a fundamental step to
understanding the effect of urban form on microclimate, especially air temperatures
in terms of behaviours and intsity of influence, which has clearly diversified in
previous studies, leaving the door wide open for further research in this fiéld.
next chapter provides comprehensive demonstration of the methods and tools that
were used to achieve the aim of thisudly by understanding a side of urban

microclimate relationship.
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3 Chapter ThreeResearch rathodology

3.1 Introduction

This chapterconsidersthe methods and tools thatvere applied to extract and
process the data of the selected case studwamswer the research questions and to
achieve the aim of this study. Thesearch map shown byigure 3.1can be a brief

guide to the general methodology ofirrent research

Firstly, this study displayed theoretical background about the urban morphology, t
microclimate and their interplay in the first and second chapté&wscordingly the

third and fourth chaptersvere devotedto revealngthe methods and toolthat were
appliedto the specific case study data to investigate the linkages between thermal
microclimate and urban morphologysinga quantitative approachThis approach
includesthe following stages(the field measurements, the calculation of urban
parameters and the development of novel urban parameteds in addition to
developinga statisticalframeworkthat used the outputs of these stagé€hapter

Five)as inputsto be processed statistically

The statistical analyses resulise revealed inChapter Sx with the findings othe

field work providinga bass for a comprehensive discussio@apter Seven), The
results of this study were compared against the findings of previous studies. After
that, the conclusions of the studwill be delivered inChapter HEght about the
relationship betweerthe air temperatureas a function of thermal microclinand

the urban morphological parameters as a function of urban morphoiouier the
influence of one of the marine climates, specifically the moderate @aseshown in

the city of Liverpool at United KingdofdK)
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3.2 Thestudy areacontext

According to the methodology, the case study and its urban and climatic context
needed to be uncoved first. According to the Koppen climate zonéke United
Kingdom (UK) is affected by thhemperate climate zondMet Office 2012) The
temperate climate zone includea range of climatesthe Mediterranean climates
that usually witness a dry warm or hot summer, the husidbtropical climates that

in general witness humid summer with plentiful rain whtewinter is dry and the
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maritime climates thatre affected bythe oceanslike in UKthat may experience
cold winter nights and hot summer days although the usual temperatures are quite

moderate and the summer is warm (ibid).

All these climates experience four distinct seastnwsvever, unpredictable weather
islikely to happen throughout the yeatike in UKhe four seasoscan be seen in one
day(ibid). Therefore the variability of UK weather from location to location and from

day to day is well knowas a resulof WIR position in the midiatitude westerly wnd

belt on the edge of the Atlantic Ocean with its relatively warm waters, yet close to
0KS O2ydAySylal f AyTit (8tyOffice 2016)Fhe ¥harfges bfl v R
topography, altitude and somether factors contribute to customize the temperate
maritime climate into eleven regional climates throughout the ,UlKe west and

north partsof the UK tend to be wéer, cookr, clouder and winder thanthat further

southand east (ibid).

One of these regional climates affects North West Englardch consists bfive
main areas where Merseyside is one of theras shown byFigure32. Usually, the
highest values of mean annual temperatures for the North West Engleare
recorded along the coasts of the Isle of Man and Merseysideever, the increase

of altitude leads toa decreasein the mean annual temperatures that reach the
lowest valuesin the Lake District area. The air temperatures experience both a
diurnal and a seasonal variationvhere in winter the mean daily minimum
temperaturesis fluctuating from2°C along the coasts and in Merseyside t€ @r
below in the highland area3.he minimum valuesof air temperatureusually occur
beforethe sunrise and the extreme minima is recorded often in January or February.
Air frost occurs when the air temperatufalls below 0C at 1.25m above the ground.
The average number of air frost days rarigpm around 20 in Merseyside to more
than 75 a year in the Lake Distrithe warmest montlin North West England is July
however, the extreme maximum air temperaturesan happen inboth July and
August. For instancehe heat wave of 2006 witnessed the extreme maximum air
temperatureon 19th July at Crosby, Merseyside. In genenalkimum temperatures
occurabout2 or 3 hours after middagMet Office 2A6b).
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Regarding sunshine hours, they are affected by clouds and daytime Jemigith
gradually decreass from the longest interval atluneto the shortestinterval at

December

North West England has some of the wettest places in thebulMerseysideis a
dry area compared to other areas.witnesses about 30 days with rainfall 1. mm or
more in summer and about 40 days in wintevhile spring is the driest season

compared to autumn/winteibid).

North West England is one of the more exposed areab®lUK, being close to the
Atlantic Ocean and hang somdarge upland areas. The winter season and especially
from December to Februaryvitnesses the strongest winds the year The south
westerly windsprevail through the yeay but the north to north-east winds occur

frequently in sprindibid).

Cumbria

1 HEFSE}'SII:IE

2 Grealer
Manchaster

Figure3.2 the North West of Englandand the Merseyside areaUK(Met
Office 2016q)Young & Sly 2010)

The city ofLiverpool(latitude: 53.41TN, longitude:-2.989, elevation: 19.0 nabove
mean sea levelpccupies the eastern side of the Merdever It coversa land area
of 111.8 kmAawith a population 487,600 peopla 2016(Liverpool City Gocil 2018)

and it isa one of sixsectorsthat form the Liverpool City Region (723.97 &m
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Knowsley St HelensSefton Liverpool andVirral) in addition toHalton (Sykes et al.
2013)as shown byrigure33.
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Figure3.3 The Liverpool City Region and the Marside countySykes et al.
2013)

According to the30 yearclimatic averagebetween1981and 2010at the nearest
weather station to the city of LiverpoaC{osby, located about 10.5 knto the north
of the city (Met Office 2018) the lowest monthly average of maximum air
temperatures were recorded at January and February respectively \hijeand

August recorded the highest monthly average of maximum air temperatures
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respectivelyas shown byrable 31. In terms of the mathly average of minimum air

temperatures the same months witnessed the sapedaviour

The monthly averagseof air frost dagarezero for July and August while January and

February witness the bigger numbers of these day throughout the year.

February ioone ofthe driest monthof the year in terms of the monthly average of

rainfall, while Octoberisthe wettest month with rainfall rate 97.3 mm/month.

Regarding monthly average of wind spsedanuary and February represent the
windiest months with monthlynean wind speed of 6.5 m/s. August is the calmest

month due to its monthly mean wind speefi4.5 m/s

Table3-1 The monthly averages from 1981 to 204 &he city of Liverpoo{Met
Office 2018)
Monthly
Days of mean wind
Max. temp Min.temp Days of air Sunshine  Rainfall  rainfall>=  speed at
Month (°C) (°C) frost (days) (hours) (mm) 1 mm (days) 10m (knots)
Jan 7.2 2.4 7.8 n/a 74.9 13.8 13.5
Feb 7.3 2.1 7.9 nfa 54.4 10.7 13.3
Mar 9.4 3.8 3.4 nfa 63.6 12.5 127
Apr 12.2 5.1 1.5 n/a 54.3 104 111
May 15.6 7.9 0.4 n/a 54.9 10.6 10.6
Jun 17.9 1.1 0.0 nfa 66.2 10.5 1.1
Jul 19.7 133 0.0 n/a 59.0 10.1 1.7
Aug 19.4 13.2 0.0 n/a 68.9 11.2 8.6
Sep 17.3 11.0 0.1 n/a 7.7 11.5 1.5
Oct 13.9 8.2 1.2 nfa 97.3 14.8 12.0
Nov 10.2 5.2 3.1 n/a 82.6 146 126
Dec 7.5 2.5 7.5 n/a 88.8 13.9 124
Annual 13.2 7.2 32.8 n/a 836.6 144.3 11.8

The cityof Liverpool contribute$o the global climate change Ipyoducing2.8 million
tonnes per year of G@missionswith households responsible for more than 37% of

these emissionéLiverpool City Council 2009)
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Posibly as a result aflimate changgheavy precipitation events decrease relative to
the summer rainfall rates in most regions of the UK and Liverpool City is among them
however, marginal increasef heavy precipitation eventaere recorded over the
North West England in the winter over the past 45 yg&@AG Consultants 2009)

It is expectedhat the average annual temperature of Liverpeall riseabout 0.9C

by 2040and 3.8°C by 2100, while the maximum summer temperature for the same
years is expected to be @ and 4.9Chigherrespectively (ibid). To understand the
importance of these numbens$ should be mentionedhat anincrease of i1C likely
leads tothe lossof many mountain glaciers arthe disappearance of large part of

coral reefs (ibid).

3.2.1 The case study

The configuration of the case studycharacterized bydiversity of urban spaces in
terms of shapes, sizes and heights in one site where all these spacespen to
each other with minimum variety of external wall materials of walls and ground
materials.These chaacteristics minimize the effects of other factors that affect air
temperature like variety of albedo or stagnation of the air movement due to the
isolation of a part of the whole open space of the site. Thereftive role of urban

morphology will be clear regarding the variation of air temperatures.

The historcal background of thecase studybelongs to the postwar housing
programme in LiverpooMany krge blocks of flats were built in Liverpool during
1930s, under the direction of city archite8irLancelot Keay18831974),andone of
the well-knownsurviving examplé the Edge Hill area (L MinsterCourt or what
was known as Myrtle Gardenl wasbuilt between 1936 and 1933ccording tahe

layout shown irFigure 34 (Municipal Dreams 2015; Edwards 2016)
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Figure3.4 The oldMinster Courtcompound(Edwards 2016)

Theresidentialcomplex was subjected to major refurbishments, which resulted in
the completely removal of the huge block on the southeastern corner of the site
[seeFigures F] and removabf the upper floor of the block that defindtthe western

and southern sides of the site.
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Figure3.5 The removed part of minste€ourt(Edwards 2016)

The new addition, which replaced the removed block, and the final lagbtite
residential compounds shownn Figure 36, whichdates back to the 19803 hetotal
area of the current site is 2300 n? and the description of current spaces in terms of
shapes, areas and dimensions are showirigyire 37 whichreveakthe compexity

and diversity of these urban spaces.
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Figure3.6 The current site plan of MinsteCourtcompound
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Figure3.7 The dimen$ons of MinsterCourtcompound

The current layout contains five different types of blo@ss shown by the three

dimensions model ifrigure 33. The first type is the foustory building that represent
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one huge mass occupies the western side of the sitd axtends to block the
southern western and northern western corners of the site. The approximate height
of this block is about 11nThe second type is the fixaorey buildings that settle on
middle part of the compound, they are three buildings with gsme heigh{15m).

The third type is théwo-storey terraced houses with pitched roofs situated in the
middle of the eastern half of the site as three separate masses. The uniform height
of these blocks is around 7.5mhe fourth type is theéhree-storey buildings with
pitched roofghat occupythe southern eastern and northern eastern corners as three
individual blocks with a uniform height (10m)he last type is the service buildings
which include the management building of the complex located nearmniluzlle of

the north side of the site, as an independent building of two floors with a height of

7.5 m and other small buildings of one floor distributed on the site.
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Figure3.8 Threedimensionaimodel ofMinster Court
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In terms of walls materials, brick is the dominant material while the glass of windows
and doors in addition to the concrete strips of balconies floors and slabs break the

monotony of the brick surfaceas shown byigure 39.

Figure3.9 the brick wall are dominant in Minsté&ourt

In terms of the ground materials, the dominant materials are asphalt and grass in
addition to the existence ofharrow concrete stripsised as pedestrian pathsas

shown byFigure 310, while trees are seen in different places on the site.

Figure3.10 The ground materials (asphalt, grass and concrete paths)
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The Minster Court complexis located just ashort dstancefrom the University of
Liverpool and its own weather station that located about 700nrthe North West
direction of the residential compound as shown byFigure 311 The red circle
represens the study site the blue circle determines the positiasf the University
weather stationandthe yellow circle refers to the location of the main square of the

University (Abercromby Square) thigiiocated in front of theSchool of Architecture.

Figure3.11 the location of MinsteiCourtrelative to the weather station of

Liverpool universitywww.google.co.uk)

3.3 Field measurements

The onsite measured air temperature is the basic indicator of the thermal
microclimates ofan urban space. Thereforahe measwement of variables that
create these microclimates is the first step to understaigdhe interdependency
between the physical features of urban space and air temperature. Therdfose

section is devoted to show the basic steps to measure the air teatype on field.
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3.3.1 The measurement sessions

The field measurements of air temperature were conducted for the hot season 2014
and for the cold season 201®&lthough July andugustmay represent the hottest
time in the year at the city of Liverpool accardito Table 31, August was selected

to represent the hot season due toaeingthe calmest monthn terms ofwind speed

and there is no big differences in terms of air temperature compared to July. The hot
season measurement session extended from 30tly Jill 4th September 2014.
February was selected to represent the cold season-gBth February 2015)'he

rain rate and wind speeith this month are lower in general compared to January with
no real differences in air temperatures. These two monthgresent the coldest

period in the Liverpool.

For the same sessions the weather data for the climatic factors (ambient air
temperature, solar radiation, wind speed and rain rates) were collected from the
weather station of theJniversityof Liverpool Theon-site measured air temperature
and a part otheseclimatic factors represent input® the statistical approach that

will be revealed at thend of this chapterThe advantage of using these variables is
that it is relatively easy to define relationglsi between them and urban

configuration(Ng 2010)

3.3.2 The measurement tools

AHobo data logged-12, Figure 3.2, is one of Onset Computer Corporatimmoducts

(www.onsetcomp.co This loggers mainly designed to measure air temperature

in indoor envronmentsand it may be able to measure other variables bestddgbe
temperature according to its versionAccording to the manufacturer, the
measurementange of air temperature is betweeB0° and 70°C with accuraalout
+ 0.35°C from 0° to 50°&hd the sample rate rangefrom 1 second to 18 hours
according to user preference¥he drift rée of this sensor is 0.1°C/yeand sothe
investigation of sensitivity of loggers before distrilmgt them in the field was

necessary as a matter of results valdit
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Figure3.12 HOBO Ul#atalogger (www.onsetcomp.com)

Thetesting of sensowalidity wasdone by putting the data loggers inside ald
version ofscientific cooler incubator with accuracy(x 0.5Q in one of Liverpool
University laboratories as show Wyigure 313. The air temperatureinside the
refrigerator was 10°C while the sample rate of sensavas 10 minutesto be
corresponding to the sample rate in the field measuremeifitge results of the two
continuous days of the validation process showed thatthirteen sensorsept their
accuracy ranges according to the limits of manufacturer specificaiershown by
Hgure 3.14that show the first hours of these validation proce$hese twelve data
loggers were used in the field measurememtswever, one of them lostalarge part
of its data due to undefined technical probleamd soit was ruled out.The field

measurements data extracted from eleven sensors were used this study.

Figure3.13 The testing of sensor validigt a one of LiverpodUniversity a

laboratories
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These data loggers are designed to work in indoor environments; therefore, they
should be protected from direct solar radiation arain before when using them in
outdoor environments. Twelve shields were made by the researcher from recycled
materials as shown byigure 3.5. The main plastic shield was recycled from broken

lighting fixtures that were cut into square units about 20200 mm in the School of

I NOKAGSOGdzZNBQA ¢2NJ] aK2LJd ¢KSYy GKAA LI I a

protect the logger from the thermal stock of the shell and from the direct sun rays
due to the transparency of shell. This cork was recycled flapackaging box after

the end of its original function regarding to protect against shocks. The side wings
were recycled from strip blinds to protect the sensor from the low angle sun rays and
the rain that come from sides. Wooden blocks (about 50 x 50 mvere used to
support the shield and to bind it easily to the mast by thecadbles. The total cost of
each shield did not exceed £2. This shield did not experience any problems in its

function throughout the measurement sessions.

Readings from the datimggers were extracted and processed by software from the
same manufacturer (HOBOware for Windows) before using them in the analyses

process.

THE VALIDATION OF DATA LOGGER (HOBO)

Figure3.14 the hours of data loggers validation process
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Fgure3.15 The handmade protective shield for sensor

In terms of the reference weather station,ig owned bythe University of Liverpool
[seeFigure 3.1]and it occupesthe roof of the Mathematicschool ona height of
around 20 mfrom the ground surfacelt consist of many devices [sEegjure 3.56] to
measure different climate factors such as solar radiation, air temperatumé wind

speed and so on.

Figure3.16 the weather station of University of Liverpool
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3.3.3 The distribution of neasurement points

The Onset Hobo data loggers were distributgdwelve locations around Minster
Court Each location was namexs (HX) where (x) represents theumber of that
location, and so the names of locations raddrom H1 to H12. These locations were
divided into four groups. Each group contaiththree locations that shaiksome
features in terms of the urban configuration around the measurement past
shown byFigure 3.7. Data loggers were mounted at heigha§2.5 - 3 m above
ground level (relying on available access and security issues). They were fixed about
250 mm away from any wall to reduce the effect of wall convection that may affect
reading. There is no clear instructions about air temperature measurements
(Grimmond et al. 2010Q)although some studies refer to @0nm (Sinou 2007and

500 mm (Nakamura & Okel988)as appropriatadistances from the walls.

YOTNEE]T
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Figure3.17 The locations of the measurement points

The data loggers at locations (H1, H2 and H4), as illustrated by the black dotes, were

fixed near the southern sides of theban spacesThesouthern facades, that may

affect these measurement points, are least affected by direct solar radiation

compared to other surfaces and so the measurement points are in the shade area
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about all the daytime. The height of these sides ahdir surrounding differs
between the three places as illustrated by imagesm afish eye lens that was
targeted to the sky to show all surroundings of the measurement points as shown by
Figure 3.8. These images were takamthe same heighais eactdata logger, about
(2.53 m) from the ground, and the red arrows on them point to the nerth

direction while the green arrowgoint to the eastern direction.

N

H1 H2

Figure3.18 The surroundings ofmeasurementdcations (H1, H2 and H3)

The data loggers of H5, H6 and H9 were sefittettie middle of the urban spaces as
indicated by the purple colour dots iRigure 3.9. The height of buildings that
surrounded these locations raadfrom 4 to 5 floors. The grourglrface around the

measurement point receivedirect solar adiation about most of daytime.

H6 H9

Figure3.19 The surroundings of measurement locations (H5, H6 and H9)
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The data loggers at locations H7, Hgld110 were illustrated by the blue dots. These
sensors were mounted near the eastern walls of the urban spaces in confronting the
Western hemisphere. The eastern sides are not illuminated by the direct sun rays
before the midday, so the measurement poistay under the shade at the first half

of the daytime. The height of these sides and their surroundings ranges between 2
and 3 floors in general especially for the Northern walls that may affect the
measurementsThese wals receive the direct solar radi@n most of the daytime
especially at H7 and H1@igure 3.20shows the diversity of urban configuration

around the measurement points

H10
Figure3.20 The surroundings of measurement locations (H7, H8 aba)H

The green dots show the measurement points locations at H3, H11 and H12. The
western walls of the urban spaces are the dominant on these locations with height
ranges from 4 to 5 floors in addition to the Northern wall at H11 and Southern walls
at H3and H12 as shown byigure 1. The Western walls receive the direct solar
radiation till about midday owing to their facing to the Eastern hemisphere. Although
the data loggers were mounted about 3m from these walls, they could be affected
by the refleced solar radiation and the emitted heat from these surfaces. Especially
the locations H3 and H12, because of their southern walls that block the direct
radiation from reach the measurement points and their adjacent surfaces in contrary
to the Northern wallt H11 that receive the direct solar radiation throughout the first

half of the day time.
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H3 H11 H12

Figure3.21 The surroundings of measurement locations (H3, H11 and H12)

3.4 Urban Morphological Parameter (UMP)

Urban morphologycan be defineas the three dimensional formvhichresults from
a group of buildings and their dmetween spacegNikolopoulou 2004)The urban
morphological parameter represent tools thatcan describe or measure some
configuration €atures of that three dimensional environmeftike shapesporosity,
compactnesy qualitatively or quantitatively so that the urban form can be
categorized and compargqghrtially in terms of the specific parametessth its peers

from another sitesaccoding to a convergent urban scale.

The disaggregation of urban form scale, that ranging from building scale to the city
scale, affects hovthe formis measured, analysed and understoanid as a result
different methodologies, development mechanisms andugohs will be adopted
following to the determined scal@otharkar et al. 2014Therefore the selection of
suitable parameter isan important matter in urban environment studies to
understand the connections between the morphological features and the complex
behavour of air temperature variation across the urban faliéalvati, Palme, et al.

2017)

According to whatvas mentioned above, many urban morphological parameters
were developedEach of them shows a part of thiualitative aspects of urban form
like buildings shapes and street patteriMorganti et al. 2017)while some of these
aspect can be described numericalljke compactnessthat represent a one

principles of sustainable urban forto save energy and inease the quality of life
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(Kotharkar et al. 2014)Therefore many quantitative morphological parameter
were adopted by the planning regulation of municipal authorities to watch and
control the development of urban areéSalvati et al. 2015; Ng 2018)owever, there
is no parametertthat can describe the urban form adequatebnd very different
three dimensional urban forsican recordsimilar values for he same parameter

(Salvati et al. 2015)

Therefore this study adopted seven different parameters thave beenused by
large number of previous studiedn addition this study developedhree novel

parameters that will be revealed in a separate chapter.

3.4.1 The buffer zone

The buffer zone is an imaginary border to define the influential urban domain droun
the data logger. It is a widespread approach in urban environmental studies to
explore the relationships between specific surroundings and the related
microclimates however, there are no basic principles to determine the suitable
radius of the zonéUnger 2009) The radius of the influential area has ranged from
500m to 10m acording to many studiegran, Fan, Guo, Hu, et al. 2014; Hien et al.
2012; Petralli et al. 201@un 2011)A pilot study has shown that ranging of radius
from 15 to 17.5 m for a green area in Hong Kong was not suitable to explore linkages
with air temperature diferencegGiridharan et al. 2007).ikewise, wider areas with
radii of 565m and 125m do not hawereal effect on the correlation coefficient®r
maximum, minimum and average air temp&ure models of the sites in Curitiba
Brazil, while the effect of urban features withamadius 56m was taken into account
for the same modelgKriiger & Givoni 20077 heinfluence of radiation transfer can

be neglected if the radius of effect area 200 m or more(Unger 2009) Thus,
determiningan appropriate scale of an urban study area mayciffiee role of urban

geometry regarding to air temperature chandgésd).

Because of ta relatively small scale of the Minst@ourtcompound this study as
an initial attempt,adopted25 metes as a radiufor the influential zoneBy usinghe

AutoCADsoftware and after dramgthe site plan of the compoundhe buffer zones
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around the measurement points were drawn bgingthe CIRCLE commandhe

position ofadata logger represents the centre of the circle as showhkibyre 322.

Figure3.22 The buffer zones of the measurement points

It should be noted that this study named the facades, the vertical surfaces or the
walls that surrounded the urban space depending on their locations in connection

with the cardinal directions of the urban spaes shown byrigure 323. For instance,
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the wall on the eastern side of the urban space was defined as the eastern wall that

face the western horizon of that space, and the same thing for the rest walls.

Figue 3.23 the names of urban space walls

The following sections were devoted to display the urban parameters and their
calculation methods that have been applied to the urban fabric inside the buffer

zZones.

3.4.2 FloorAreaRatio (FAR)

It is an urban physical indicator that express the built floor area in relation to the land
area and it is also known as floor space in(Berghauser Pont & Haupt 2007 plot
ratio. FAR is widely used in the urban planning regulations as a standard measure to

control the construction densities of urban areoninggNg 2010)

The initial cacept of this parameter was adopted firstly by the Building Ordinance of
Berlin at 1925 then an international conference in Zurich referred it as a common
urban planning standard in Europe at 199%nt & Haupt 2009)it looks like the
British planning standards adopted this paramedsit has been mentioned by many
planning policy regprts for different city councils in the UK like Glasd@Aasgow city
council 2014)London Borough of Ealifgaling Council 200énd London Borough

of Hammersmith & FulhaftHammersmith & Fulham Council 2013)

FAR can be calculated a ratio accordingp the following formula:
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The gross floor aretakes into accounthe overall area of the building on each floor
below or above grounds shown byigue 324 without exclude anything like stairs,
thickness of walls, circulation spaces and lift shafikile the plot area represents

the site area that defined precisely by official documgiing 2010)

00 Y

Figure3.24 The calculation methodf FAR

In general, the changing of FAR values refers to change the floors areas and the height
of the building. These variables may block the direct solar radiation and wind
movement and affect the building surface area that act as thermal reservoir.
Corsequently the variaton of FAR values may affect th@croclimate ofan urban
area.Therefore, many studidsave beerconducted in relation to this parameter to
investigate its effect orthe urban heat islandqJin et al. 2018)enewable energy
potential regarding to solar energy in Lond{Barralde et al. 20159nd Geneva
(Mohajeri et al. 2016)outdoor thermal comfort and urban ventilatiom tropics
(Ignatius et al. 2015RlIthe aboveareindicative of the importance of this parameter

and its potential tlat can be used to understand the effect of urban morphology on

air temperature under the maritime temperate climate in the city of Liverpool.
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3.4.3 SiteoverageRatio (SCR)

SCR is a wedthown urban morphological parameteespecially regarding to the
planningregulations of municipality departments in many countrigéss known also
asthe building coverage ratioThe measurenent of coverage became a part of the
Building Ordinance of Berliermany at 192%nd before thatin 1916 the Zoning
Resolution of New ork Citydeterminedthe amount of groundhat can be buil{Pont
& Haupt 2009) Thesemay bethe oldest ug of the coverage concept in an official

planning policy.

The concept of coverage represents the relationship between the solid and the void
in urban context or between built and ndwuilt land. ThereforeSCR is used to
preserveareas for landscapingnd to prevent oveibuild (Ng 2010) Consequently,
controlling the population density and its related infrastructuCR measures the
proportion of the site area covered by the built mass according toftlewing
formulathat connecsbetween the ground floor areafdéhe building(G) and the area
of the lot(P) (Pan et al. 2008as shown byrigure 325.
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Figure3.25 The calculation method of SCR

The high values o8CR refer tamore urban blocksand less intrespaces andhis

binary activityleads to obscuringnore skyand reducing the solar radiation from

reaching the space in addition to disruption of wind movement between urban

spaces It is not unlikely to get anagous values of SCR for different locations that
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showa diversity in their configurations in terms of sky line, permeability, layout of
buildings and their distribution on sit@ont & Haupt 2009)This represent a weak
point against SCR regarding to the urban environmental researtloegever it has
been used frequently to investigatthe influence of urban morphology dahermal
comfort (Park et al. 2018gnergy consumptiofSalvati, Coch, etl. 2017fYunitsyna

& Shtepank017) solar energyMohajeri et al. 201§ urban heat islan¢lYuan & Chen
2011)and air temperaturglgnaius et al. 2015)

SCRooks like familiar to the planning policy in the tdkexpress the density of urban
area (FAREHAM Council 2009; Ealing Council 2060#ever a limited number of
studies utilized it for case studies in the UK iavestigatethe renewable energy
potential of neighbourhoods(Sarralde et al. 2015)the noise of urban areas
(Margaritis & Kang 2016; Wang & Kang 2(drig the correlation between the heat
wave vulnerability index and the heat demand of urlslmestic(Mavrogianni et al.
2009) Therefore|jts influence on the air temperature behaviour under the maritime

temperate climate still needs more invégation.

3.4.4 Compactnessndex (Cl)

Although Cl is defined as a ratio of FAR to 8CRe same building or urban sité
is notaswell-knownasthem in terms of the urban planning regulations. However, it
has been mentioned frequently by the urban morpdgical researches (Berghauser
Pont & Haupt 2007; Steadman 2014; NES et al. 2012; Berghauser Pont et al. 2015;
Kickert et al. 2014yhere all these studies described it by the laye L. Cl may
indicate the average number of floors am urban area if each floor in the building
shows the same areasthe ground floor of the same building as shownfgure
3.26. Therefore and depending on the calculation method demonstrated by the
following formula CI will equal the numbeaf floorsof a building.
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The denominator of the both parameters (FAR and SCR) is the same (the plot area
P).

Figure3.26 The calculation method of ClI

The compactness index is the name thatsusedin the firststudy(Cheng et al. 2006)
that mentioned this parameter according to the best knowledge of the researcher
This study did not reveal the source of this parameter thatas used as a
morphological indicator to investigate its correlation witrayight factor and
photovoltaic cells potentialgh urban context.The compactness index was utilized
later in a limited number afirban environmental studies regardidgferent aspects
like the ambient temperature, external heat gain, outdoor thermal comfort and
urban ventilation as a comprehensiapproach that affected urban featur@stropic
climates (Ignatius et al. 2015)to reveal the connections between the index of
heatwave vulnerability and urbasiomestic heat demand in Lond@havrogianni et
al. 2009) to introduce recommendatins for planners and government agencies
regarding to the relationship between urban morphology and microclinfélei et

al. 2016) and to understand the interferences betweeigeometricanalytical
parameters solarradiation and energy consumptioof a residential block under a

Mediterranean climat€Morganti et al. 2012)

Its effect on air temperature variation is notear, especially with the variation of
climates on thekarth; therefore, it was adopted as a measure of urban morphology

to investigate its influece on air temperature in the city of LiverpapUK.
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3.4.5 SkyView Factor (SVF)

The sky view factois a one of the most weknown parametes in urban
environmental studiesegarding to solar radiatio(Rehman & Uzair 2017; Polo et al.
2016; Yousuf et al. 201,8)rban heat islanqUnger 2009; Shaker & Dreznerl®)
Cheung et al. 2016hermal comfort(Krtiger et al2011)andother fields like daylight
(Nasrollahi & Shokri 201L6However, some studieshave referred to the limied

discussion about its relationships to daytimantemperatures(Chen et al. 2012)

As a simple description, SVF represents the proportion of sky dome or the exposure
degree to the sky that can be seen from the measurement paatr the surface of
ground furthermore, it is a dimensionless parameter with values ranging from
completely open to the sky (SVF=1) to completely tdddkom the sky (SVF=0)
(Zzhang et al. 2012; Nikolopoulou 2004; Erell et al. 20HDwever a more
complicated descriptiorsthe ratio betweerthe radiation thatisreceived by a planar
surface to the entire radiating environment tfie hemisphereand, therefore, it
affectsthe radiant heat exchange between the sky ahd urban canopySvensson
2004) Although thee are differences between the two desiptions and their
applicationsjt can be concludéthat SVHn generals a geometrical parameter that

is determined according to the configuration of the surroundings around the
measurement point andherefore, many methods were developed to calcul 8% F

dependingon this concept

The analytical method or geometrical method is intended to calculate SVF by
analysing the radiation flux that reaefithe visible sky from the studied surface
(Johnson & Watson 1984khere this radiation flux is affected lifie geometrical
characteristics of neighbouring vertical surfaces that defire gkyline around the

measurement position.

The hemispherical photography methadas devoted to project the real three
dimensional environment on a twdimensional image by usirafisheye lens that
providesan upwardlooking view to show which parts of tisk&y are visible and which
parts are blocked by mamade structures, trees and landscape featurésese

obstacles draw the skyline around the observation pokithough the numerical
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models of this method witnessed many levglshnson & Waton 1984; Steyn 1980)
currently many softwareor pluginshave been developed to process this kind of
images and calculate SVike HemiView www.delta-t.co.uk, BMSkyview (Rzepa
2009) RayMan littp://www.urbanclimate.net/rayman) and CCL on MATLAB
(Cheung et al. 2016)

This study used fisheye imagand HemiView software to calculate SVIFhe
photographic methods suitable to analyses tlgeometry of real urban context am
small scal¢Chen et al. 2012d)ke the Minster Courtcompound.The field work tocd
used to capture these imagevere Nikon Fisheye Converter f#8 and a Nikon
Coolpix 995 camera in addition to the sk¥elling mount that help to keep the
fisheye lens and the camera aligned to the horizon depending on the bubble level
while the Northdirection of site is defined by the compa3henorthern and the
southern directionsan be recogniseldy existence two markers ahe two sides of
lens as shown byFigure 327, Theses markers appear on the image itself. These
setting are necessary to @dHemiView software to calculate SMke photos were
taken one by oneat the same heights of data loggerBhe horizon of image was
settled bythe bubble levebndthe compass during the imaging process to ensure the

correct orientationand correct levebdf the image

Compass North marker
Fisheye lens Bubble level
South marker Camera

Figure3.27 The supportive tools to capture the fish eye image
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Before sending images to HemiView software some image were edited by
Photoshop to remove some obstacles that have no edfEct on air temperature

like lampposts that occupy effective pardf imagesas shown irFigure 328.

Figure3.28 the editing of fisheye image

The HemiView software is a Windowased program thawasused to analysthe
hemispherical photography image (fisheye image). It sugporany image file
formats andthe JPEG (*.jpg) produced by the Nikon Coolpix 995 camera is a one of
them. The image is imported by HemiView and before iugit in to a black-white
image, it should be matched with the hemisphericalozdinate system of the
software by defining the general location of the image site, the kind of lens and the
outer border of the image by a horizon circle that can be aligned precisely between
the markers of the image as shown Bigure3.29. This circlealsohelps to remove

the excess from the imagd@helens has the abiltto shoot more than 180 degree

and thereforethis circlekeeps theeffective area of imagmsideit as equal as possible
between different imagedecause the distance between the two markers is equal

between different images.

Figure3.29 Use HemiView software to calculate SVF
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Finally, the sky view factor values can b&gkted automatically from the blaek
white imagesFigure 330shows the blackvhite fisheyeimages at the hot seasofor

all locations throughouthe Minster Courtcompound

H1 H2 H3

H12

Figure3.30 The blackwhite fisheye images at the hot season

3.4.6 Degree of Compactness (Dc)

The degree of compactness a simple geometrical parameter of urban fabric that
can control the heat exchange regime in a particular zone of city. The motivation to
develop Dc is that the usuarban parameters like SVF, H/W ratio and SCR have not
considered the differentiated heighbf entire urban zongand therefore the role of
urban fabric volume that affect the microclimate of site is abg&athmy & Sharples

2009a; Fahmy 2012)
The compactness degree can be calculated depending on the followingléorm
Dc = the site construn percentage * the average number of floors

Thesite construction percentage represents the ratio of the total ground floor area

of the buildings on the site to the total area of the Jif@hmy, Mohamad: Sharple

101



2008; Fahmy & Sharples 201lih)other wordsthis ratio represents the siteoverage
ratio (SCR). Therefar®c can be calculated according to the following formula as

shown byFigure 3.31.

Dc = SCR * the average number of floors (3.4)

=5

the number of floors

S

Figure3.31 The calculation method of Dc

Dc is a climatebased urban planningarameterthat can affect three factors: first,

the population that inhabits the certain urban area; second, the height df-bp

area in terms of the total building floors to accommodate the population and, third,
the climate reaction to the height of urban canofiyahmy & Sharples 2011h this

way, and from the view point of Qdt can classifghe city zones in to five categories
(city centre = very compact, central urban = compact, general urban = medium, sub
urban = open and rural urban = very open) regardless the network type, therefore
the built-up area will be under control in terms of splaccess and population by
controlling DFahmy & Sharples 2009a8n adequate degree of compactness can
provide enough shelter accordinig planning laws and allow the wind movement to
cool the urban space or provide more shade depending on the orientation of
canyons, vegetation, configuration of urban fabric units and the urban spaces. This
combination can optimize the urban passive atyias a hybrid urban forrfFahmy,
Mohamad & Sharples 2008)It can be customized this form to increase the
compactness within each fabric group and lowered between the groups and this

techniquewill support both wind movement and shading effe(ffahmy 2012)
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According to the abovenentioned allegations, this study is going to investigate the
potential of the degree of compactness (Dc) in terms of its effect on air temperature
by using its calculation methadd describe the urban morphology inside the buffer

zone for each the measurement points.

3.4.7 Facade to site ratio (FSR)

Facade to site raties an urban morphological parameter that represent the ratio
between the total facades area (vertical surface area)thte urban site area
(horizontal surface area)Bueno et al. 2013)Therefore it can be described as a
vertical density index for the urban sif@organti et al. 2017) TheFSR can be

calculated by the followinfprmulaas shown byrigure 3.2.

e BDO € OWIH0 B R D 6 Qa MDE Q
oYY e od
oM a &0 Qaw

Facade ared—%

Facade area 3 or

on back side )
back side

Facade area 2

Facade area 1

Figure3.32 The calculation method of FSR

This parameter mayave different namegslike degree of diversity (Dvyvhere it
measures the diversity of vertical morphology for the urban locatibahmy &

Sharples 2009b)Jrban designersnay be more familiar witlthe term verticakto-
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horizontal ratio(VH)(Mao et al. 2017; Bueno et al. 20IMdakano, Bueno, Norford &
C. F. C. F. Reinhart 2018¢rtical surface density is another description for FSR where
it quantify the density of facades in urban arn&alvati, Coch, et al. 2017)

In general and accordig to what mentioned beforean increasing of FSR can
increase the absorption of solar radiation due to the multiple reflections between the
vertical surfaces and reduce the speed of wind and thermal loss becausgéuaing
exposure tahe sky. All this wiimpact the thermal ®rage capacityf vertical urban
surfaces, surface temperature, air temperaturand, consequently energy
consumption. Therefore many studies has utilized FSR to investigate the
relationships between urban morphology and tempera&(®alvati et al. 2015¥olar
energy(Morganti et al. 2017and urban energy need$treet et al. 2013)However
there is lack in understanding the abilities of this parameter due to the scarcity of
studies that investiga&tit compared to other parameters like skyew factor (SVF)
while most of the existing studies relied on simulation. FSR is one of the parameters
to predict the urban air temperature depending on the data of weather stations

outside the cities by using the urban weather generator model (UWI3)2018)

Therefore a part of this study is determined to explore the potential of FSR in terms
of the air temperature variation in the moderate maritime climate by using field
measurementsdata; then its result will be compared with the previous studies

results.

3.4.8 Shape Factor (SF)

The shape factoparameterfollows the allometric rules that describe the change of
organisms shape as they grow in size during their (Feeadman et al. 2009)
therefore, it is used in many fields like biology and arebitire (Carneiro et al. 2010)
SF is a weknown simple indicator to evaluate whether or not the builderyelope

to its volume supports heating or cooling enesgfficiency under the influence of the
external environment(Alsabry et al. 2017)The importance of the relationships
between the shape factor and the primary energy demand of the buildings ha

contributed to seting SF as a regeement by the German Building Code for the
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energy performance of the buildings since 2002 and many countries in Europe have

followed this(Lylykangas 2009)

The shape factor is the ratio of total surface area of the buildmgelopes to volume

of the building and therefore it represents the measure of buildbegnpactness.
Therefore the buildings with smaller SF values are more compact and they have the
lower surface area for a given voluménsequently a lower thermal loss can
happen from the indoor to the outdoor environment, in this regard the sphere and
the cube are perfect form§Geletka & Sedlakova 2012; Mumovic & Santamouris
2009)

According td-igure3.33, changing the aspect ratio (L/W) produces a défersurface
area for an equivalent height and floor arflike A & B)while for the same aspect
ratio and the same form the object with bigger volume has the smaller surface area
Thechange in surface area is smaller than to be equivalerat ¢bange in glume
(Danielski et al. 2012)herefore the shape factor for bigger objesis smaller(like A

& D).Alsq SHsrelying on the building form configuratipas shown by cases A and
C Thelatter shows abigger surface area and bigger shape facatthoughboth have

the same aspect ratio and same volundaother change of building form can be
done byincreasng the height for the same shape with the same aspect réike A

& E) In genera) the small valueof SF belongito the tall building due tathe small
volumes versus the relatively big surface amashorter building(Carneiro et al.
2010) It is not unlikely that buildings with different forms, dimensions and ratios

showsimilar values of SF (like B, C and F).

The importance of SF can be inferred generally if the shape factor may interpret more
than 10% of building energy consumption in cold clirsatehile this percentage

reducesin warmer climategDanielski et al. 2012)
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Figure3.33 The comparison between buildings regarding to their shape factor

values and some related aspects

The external surfaces obuildings act as abarrier between the indoor and the
outdoor environments thus they represent a part of the urban spa@nvelope
Therefore a more compact shape d building (low SF values) results in lowering
exposure tothe outside environment and consequently low tineal stocks of the
building surfaces by the solar energyccording to the researchertgestknowledge,

the studies on the effect of the SF on air temperature in urban space are almost non
existent. Thereforgthis study will be a leader in uncovering thedationship and

employing SF as an urban morphological parameter in urban microclimate studies.

The surfaces that affect the thermal microclimate directly are roofs (RO) and walls
(WA) therefore, the ground area o# building will be excluded as it i®t a part of

the thermalenvelopeof urban space. The shape factor will be calculated individually
for each building or block within the urban site and the total summation of all SF
values represents the shape factor value of the site according to thewioly
formula.

YO wo

YO ' o
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where (n) is the total number of building on sitBigure 3.2 shows thenew values

of the surface area and shape factafter excludng the groundfloor area ofa
building.Figure3.35 reveals the comparison between the old and new values pf SF
whereit can be noticed that the exclusion of building ground area did not affect SF
value as a rate between old and new values like A, B and C, while other cases (D, E

and F) were affected

h

S

Figure3.34 The shape factor values without ground floor area

0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

A B C D E F

—@—with ground area without ground area

Figure3.35 The comparisorof SRvalueswith and without ground floor area
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3.5 Statistical approach

A statistical approaclo the measured dat@ermits estimation of the influence ain

urban area orthe micrcclimate (Grimmond et al. 2010)herefore, such an approach

has been used extensivebspecially liner regressiamalysisin urban environment
studies(Morganti et al. 2017; Svensson 2004; Salvati, Coch, et al. 2017; Mohajeri et
al. 2016; Grimmond et al. 2010; Jin et2018) Theneed to describe the relationships
between someindependent variables and respaws or dependent variable
mathematically is the motivation to use the liner regressiomwill not simplify the
complexity ofthe world butit may help to undestand its processedim Frost 2015)

The independent variables of regression can be just one variable and the regression
model will know as simple linear regressiorhile the regression model with more

than one independent variable is called multiple linear regression.

This study will use multiple linear regression owintheexistenceof many variables
that affect the air temperatureln addition, multiple regressn affords a method to
understand the bonds of a group of independent variables versus a dependent
variable, and ienablesprediction or explanation othe dependent variabléOrme &

Orme 2009)

Many software can be utilized to develop regression madrlsh adicrosoft Excel,
MATLAB and SP3@nitab software versions 1617 was used to analyse the main
influences of urban morphological parameters on the at&on of air temperatures.

The data files from theJniversityQQ &veather station were processed firstly by
Microsoft Excel to change their extension and to extract and categorize the final data
set that will be utilized in the statistical analys@he data from sensorswere
procesed firstly by HOBOware then they seto Microsoft Excel to be categorized

before sendhgthem to Minitab.

The outputs of regression process can be useful to analyse and judge the
relationships between urban morpholmgl parametes (UMP)andthe indicators of

thermal microclimate

Resquare (R%) isa one of these outputsnd it isknown as the coefficient of multiple

determination or the coefficient of determination. It represents the explanatory
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power of a regression model as percentage of how the changes of dependent
variable fit the changes of independent variables. Theref&esquared measures
how well the model fits the data.-Bquared is between 0 and 1 or 0% and 108A4,

in general the higher valuthe better (Minitab 2013b) However it has problem,
whereanincreasean the number of independent variables leadsaoincreasen the
value of Rin general For this reasonthe adjusted R squared {®j(adj)%) was
developed to solve this problerwhereby it will changeonly if theextraindependent
variable improves the model or maké& worse more than would be anticipated by
chance(Minitab 2013a)(R-Sq(adjyo)will be the main value to evaluathe effect of

urban morphology on thermahicroclimate.

Thestandard error of the regression (S) will be referred as anddtarsticto validity

the changing ofhe (RSq(adj}o)value under the effect of urban parametershere

both of them do not chage unless the new independent variable has a real impact
on the statistical modelJim Fros2014) Sshows how wrong the multiple regression
model is on average utilizing the units of the dependent variahl®ther words it
demonstrates the average distance of the observed values from the regression
line. Therefore, it assesssthe accuracyof the modeland the lowerthe value of S
then the higher the accuracyof the model (Minitab 2014b) Consequentlythe
influentialurbanparameterleads toanincreasel (R-Sq(adjyo)value ancadecrease

S value.

Both of these statisticanay be worthless withoué significarce level (p-value)that
represens the first line of defence of the statistical moddil determineswhether

there is a statisticaly significantrelationship between the variables tie model A
p-value thatis equal or lower than 0.05ndicatesthat the statistical model is
significant(Minitab 2014a) and it will be utilized inraalyses while the model with
p-value more than 0.05 will be ignoreBiach independent variable of th&tatistical
model can bensignificant Therefore a multiple regression model can be simfipd

to analyse by remamg those insignificant independemariables depending on the
stepwise method that can identify useful variables by adding or removing them as a

one step at a time based on theiralue(Minitab 20L4c) Stepwise regression in the
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statistical software is an automated proceduwan be chosen to yield one model that

can be simpler.

The coefficients of regression describe the relationship between an independent
variable and the dependent variabl€hecoefficient sign shows the direction of the
relationship between the influential variable and the responsive variablee
positive sign shows that as the independent variable increases, the dependent
variable also increase. While the negative sign shdwasthe increase of influential
variable leads to decrease the dependent varialfieost 2017)So, the regression
coefficient sign can reveal the effect of an urban parameter in terms of it increasing

or decreasing air temperature.

3.5.1 Data sorting

The sorting of data ia crucial matterin any study In urban morphology research
diverse methodologiehave beenadopted byresearchersregarding this matter.
Some studies categorized tiredata depending on th seasonsor sky conditionsn
terms of sunny sky or cloudy sk@iovannini et al. 2013; Taleghani, Tenpierik, van
den Dobbelsteen, et al. 201,4yhile the selection of data of a limited number of days
according tosome characteristics from a longer measurement duration and idiyid
them into daytimes and nighHimes or intomore than twoperiods are different
approachegYan, Fan, Guo, Wu, et al. 2014; Hien & Jusuf 28bD)e researchers
focusedon calmclimatic conditionsndaspecific part of the dy, such agalm nights
(Svensson 2004)nd afternoon period¢Middel et al. 2014; Chen et al. 2018jher
studies sorted thei environmental measuremeastinto maximum, minimum and

averagevalues(Wong et al. 2011; Hien et al. 2012)

An architect or plannerwill usually careabout the daytime duration regarding to
designof urban spacessit is the normal timeor human activitiesn these spaces,
while the climatologists may focus more on the night time because of the big
differences of temperatures between the urban areas and their outskirts

phenomenon known as urban heat island (UlEl)Jasson & Svensson 200BheUHI
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may bring real problems regardirigermal comfort,public health, economg&and

pollution.

The data of this study can be distributed into two lsrdffective data and supportive
data. The data thaare used directly by models of statistical analyses as dependent
variable (omrsite measured air temperature (Ta)) and as independent variables
(ambient air temperature (a.Ta), solar radiation (solar) &re urban morphological
parameters (UMP)) represent the first kinthesecond kind (wind spee@Vs) rain
rates and sunny hourgre devoted to support the discussion about the statistical
analyses resultsAccording toFigure 336 and Figure 337, the data from on-site
measurements and the data efweather station represent the two wings of field
measuremens and they follow the same stepshe data from the both sources were
split into hot season dataset and cold season dataset. Each dataset tivame
subdivided into three group®f daysaccording tothe sky conditions (sunngays
partially cloudydaysand cloudydayg. Each group of days wenextdistriputed into

four periods each one of them represeimyg six hours of the daythe night period
(12am-6am), the morning period (6ahi2pm), the afternoon period (12p#pm),

the evening period (6pri2am)) The dataset of each period were separated into
three smaller datasets as hourly average (AVG), hourly maximum (MAX) and hourly
minimum (MIN) This appoach will reduce the disparities of reiadsthat happen
because of differences in seasons, sky conditions and daily pefibdstatistical
model traces and compares the patterns of change between dependent and
undependent variables. Therefore, the eff@t the urban morphological parameter
(UMP) on air temperature can be clearer with lower disparities of other independent
variables throughout the measurement periothe change of Tanight follow the

change of UMRBlepending on climatic conditions prevad in that period.

111



The source of The sky The daily The effective
conditions periods data (Ta)

—_— - . - -

hourly average

hourly
maximum

morning hourly
period minimum

dati The seasons

afternoon
periods
partially

cloudy days
Field on-site

measurements measurements
c cloudy days

Figure3.36 The sorting of field measurement data ‘
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Figure3.37 The sorting of weather station data ‘

evening period

3.5.2 The statistical framework

This framework was designed to investigate the relationships betweesitenair

temperatures (Ta) as dependent variables and the urban morphological parameters
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(UMP) and the climatic factors as independent variables. The climatic factors that will
be insered to the statistical models are the ambient air temperature (a.Ta) and the
solar radiation (solarThese two factors represent the most important factors that

affect air temperaturgErell et al. 2011; Olgyay et al. 2015)

The firstpart of the framework is shown blyigure 338. Wherea sample of the data

was treated here as an example for the resthe effective data.

The hourly datasets as (avg, max and min) for Ta as dependent varialilethadT a

and solar as independent variableere used as inputs fdhe statistical analyses to
produce the indicators of thermal microclimate as regression mottels will be
referred as Basic Models (B.M). These models (AVG, MAX and MIN) represent the
relationship between ossite measured air tmperature (Ta) and the climatic factors
(a.Ta and solar) without the contribution ¢iie urban morphological parameters

(UMP,.

These B.M ere modified by adthg one UMP each timeas a third independent
variable to produce the Modified Models (M.M}yherebre, the behaviour of air
temperature (Ta) at the night period, as a sample, was expressed by three basics
models (AVG, MAX and MIN). Each one of these models was modified ten times by
add a one of the ten UMP. Consequenthe total number of statisticainodels for

each periodvasthirty-three.

Figure 339, as the second part of the statistical framework, shows the Basic Model
of AVG and their relatetModified Models as a sampldhree outputs of B.M were
selected and compared with the same outputs froack one othe ten M.M. The
outputswere RSq(adj) Sand the regression coefficient signs of climatic factors (a.Ta
and solar)R-Sq(adj)whichrepresent the explanatory power of the statistical model
and any increasing or decreasitrgnd after adding me of the UMP refers to its
contribution in explain the air temperature differences throughout the specific daily
period. In other words, the size effect of UMP on Ta can be deduced by the
improvement rate that represesthe difference between the two vaés of RSq(adj)

in B.M and M.M ((F5g(adj) of M.M}; (RSq(adj) of B.M)).
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Sis another gauge to verify the effect of UMP on Tlaedecreasing of S refers tm
increasein the accuracy ofhe model after adihg aUMP, Sdoes not change unless
the UMP cases a real effect on Ta behaviour. Therefptiee comparison between

B.M and M.M regarding t8values waseferredto support the result of F5q(ad)).

The signs othe regression coefficientshow the roles of (a.Ta, solar and UMP) in
terms of increasingr decreasing the osite air temperature (Tathroughoutthe

specific daily period

The effect sizes and the roles of all UMP will be compared regatttéreriods, sky
condition and season to explore the most important UMP that effect the thermal

microclimate of urban space.
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Figure3.38 The first part of the statistical framework
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Figure3.39 The second part of the statistical framework

3.6 Conclusbn

The methodology of this research wdsscribedin detail throughout this chapter.
To answer the research questions, a case staiyg was selected and analysed in
terms of its ambient climatic circumstances and urban featuegrepare the
essential lackgroundfor the comprehensive discussion at the end of the stadiyl

to determine the measuremernygeriods

Field measurements and urban morphological parameters areviirekey features

of this methodology Thelinkages between them represent the mamotivation of

this researchThe field measurement tools in terms of their abilities, validity and

protection were discussed before revealing their locations on the site. The
measurement points were distributed around twelve locations that can be classifie

into four groupsand each one of these groups has properties that may differ from

the other groups.

The influential urban area around the measurement points were determined
according tahe buffer zone concept thatas beerused frequently by other stiies.

Seven of the bestnown urban morphological parametsmwere defined and their
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calculation methods were illustratefibr quantifyingthe morphology features that

may affect themicroclimateair temperature.

The strategy of data sorting for the field amurements and weather station data
represents the first part of the statistical framework that was developed to
understand the Interrelationships between air temperature and urban morphology
features under the temperate maritime climatel'he technical dedils of using
multiple liner regression modghndtheir outputs represent the second part of this

frame.

This chapter can be considered describingthe first part of the methodlogyand
tools thatwere utilized in this study. The next chapter represetite second parbf
the methodology, which involved the developmeritsomenovelurban morphology

parameters which were developed exclusively for this research.
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Chapter Four
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4 The development of novel urban morphological

parameters

4.1 Introduction

This bapter represents the second part of describing the methods and tools used for
this study. It is devoted to presenting the methods that were developed by this

research to measure the geometry of urban morphology to describe it numerically.

Much effort ha been made in analysing and explaining the effects of urban areas on
climate (Collier 2006)However, the knowledge gap about their relationship is still
present and influenced by several difficulties such as: lack of long term observations,
the variety of measurement types, climates, locations genfield 2003; Bottyan &
Unger 2003; Unger 2009Moreover, the nonlinearity, complexity and heterogeneity

of urban climate system@Arnfield 2003)may result in the scarcity of quantitative
tools, methods and simulation modelsat help in climate sensitive desigRoth et

al. 2011; Nakano 2015; Maoh & Kanaroglou 2009; Chen & Ng .20h¥)

aforementioned factors lead to the lack of communication between those interested

oA =

inthia FASER oL FYYSNBRSE I NOKAGSOGaz Of AYI (2

urban climate is not being translated efficiently into the design and construction
processes of urban are@arnfield 2003; Chen & Ng 2011; Roth et al. 2011)

As a result, the thougful urban planning based on the climate has been explored
weakly(Taesler 1991)Therefore, the necessity to quantify and assess the influential
variables like urban morphology parameters by developing concepts, methods or
tools is pivotal to revealing the governing inieationshps of climatology and urban
planning(Matzarakis 2015; Roth et al. 2011; Taesler 199bhsequently, developing
novel urban morphological parameters is a motivation and a part of the aim of this
study. The methods to describe the urban morphology numerically can be a base to
develop models that predict the effect of urban morphology on urban climate
especially for imaginary scenarios by simulation or to analyse this relationship for real

cases.
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The development methodology of the novel parameters in this study depends on
considering lhe cardinal directions (N, E, S & W) as a part of the parameter itself
rather than dealing with the direction concept as an independent variable for the
urban morphology. The directions and the orientations have attracted much
attention at the urban scaland the individual building sca(@aleghani et al. 2015;

Silva 2017; Shishegar 2013; Lau et al. 2014; Kriiger et al. 2010; De & Mukherjee 2017;
Chatzidimitriou & Yannas 2017; Cao et al. 2015; Andreou 201Houdiert & Mayer

2006; AliToudert & Mayer 2007)

Most of above mentioned stlies have referred to the effective role of the direction
concept in understanding the relationship between the urban morphology and
different matters like microclimate factors, mutual shading, thermal comfort, solar
energy and energy consumption. Howey#rey focused mainly on urban canyons,
where directivity is the main feature of the streets, but not for the node spaces such
as intersections, squares and urban courtyards. Even the few studies that tried to
study these nordirectional spaces in relatioto the concept of cardinal direction
have dealt with them like urban canyons through a number of rectangular
alternatives in varying proportiongRodriguezAlgeciras et al. 2018; Taleghani,
Tenpierik & van den Dobbelsteen 2014; Taleghani, Tenpierik, van den Dobbelsteen,

et al. 2014)

Based on what was previously mentioned, this research assumes that theptarf
directions can be a cornerstone to the development of novel urban morphological
parameters. This can be effective in understanding the urban morphaagpan
microclimate relationships by explaining the variation of microclimatic factors under

the effect of urban morphology in relation to the cardinal directions.

The next sections will show some urban parameters that were developed by this

study and depending on this methodology.
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4.2 The Partial Sky View Factor (SVFx)

The sky view factor (SVF)daorientation of urban spaces have been investigated
extensively but separately from each other in many studies. However, some
researches have discussed these relationships regarding urban caBases on

field measurements at different periods of thearan Curitiba city, Brazil, it has been
suggested that the thermal conditions at a site cannot be predicted accurately by the
SVF alone a combined analysis of the SVF, the solar trajectory and canyons
orientations can yield more precise relationshipshvair temperature, especially for
streets with asymmetrical sides(Kriiger et al. 2011)Another study has been
conducted by utilizing the hot season data of Lisbon, Spain (Mediterranean climate)
to identify and evaluate the design priorities of thernsa&nsitive urban space by
simulation of some bioclimatiovariables for theoretical alternatives of urban
canyons. The variation of these variables against the morphological features of these
canyons were analysed depending on five alternatives of aspect ratios, two
orientations of each canyon {8 and BV) andSVF that measured in the middle and

on the two sides of each alternative for each orientation. This combination can
submit creative design solutions to take in to account the connections between the

urban structure and the urban bidimate (Nouri et al. 2017)

These studies have revealed the potential of relationshigtwben SVF and
orientations in terms of understanding and analysing the urban microclimate.
However, there is no clear mechanism to apply this vision irdi@ttional spaces
like squares or urban courtyards. Therefore, the partial sky view factor (8MBXx)

developed by this study as an initial step to filling this gap.

4.2.1 The basic concept of SVFx

The concept of SVFx can be illustrated-mure 4.1 The domed form represents the
sky hemisphere where the centre of dome is the location of measurement poant,
black areas represent the projection of the neighbouring buildings around that point
whilst the blue area of the dome is the visible sky from that location. The sky

hemisphere is subdivided diagonally into four quadrants that follow the four cardinal
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directions (N, E, S and W) as shown by the partitions on the dome, where each
subdivision represents the openness degree to the sky on that direction. Therefore,
there are four values of SVFx. SVFn represent the openness degree on the North
direction and e on for SVFe, SVFs and SVFw. Each subdivision can be calculated as a
ratio between the area of open sky on the quadrant and the total area of the sky

hemisphere according to Equation (4.1).
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(4.1)

Hence, the sky view factor can be calculated as the summafitime four values of
SVFx or it can be calculated as a ratio between the total area of visible sky to the total

area of the sky hemisphere according to the following fornfalsSudani et al. 2017)
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The concept of SVFx can be applied on fisheye lens lens images as shown in Figure
4.2. Tke red dotted circle represents the area of the plain projection so the SVF can
be calculated according the following formula (Debbage, 2013%udéni and
Sharples, 2016).

Figure4.1 The concept of the Paal Sky View Factor (SVFx)
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Figure4.2 The concept of the Partial Sky View Factor (SVFx) on the fisheye lens

lens images

What has been mentioned above illustrated the calculation method of SVFxdut d
not explain how to apply this method and extract the results from both fisheye lens

lens images and 3D models. This will be the task of the following two sections.

4.2.2 The calculation of SVFx from the fisheye lens lens images

Although Photoshop software Babeen used extensively regarding imaging
processes to measure the area of leafs or plant canopies in the plant scignces

al. 2013; Macfarlane et al. 200@hd to measure the tissue areas of biopsy in the
biological sciencefDahd et al. 2004) the usage of this software for analysis of
fisheye lens images and calculate SVF in urban studies is rare. Therefore, this study is

going to reveal its abilities to calculate SVF and SVFx from fisheye lens images.

After inserting the fishye lens image into Photoshop CS5, the ruler tool can be used
to measure the diameter of image that should be uniformed for all other images. The
diameter is necessary to define the circular border of fisheye lens image by paths
option from ellipse tool. fiis border should be edited by a right click on the computer

mouse and then choosing option (make selection) to determine the area inside the

border as an active area as shownfigure 4.3.
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Figure4.3 Determining the diameter and border of the fisheye lens image

Later, the rest of the image out of circular selection area must be deleted to prepare
to trim the image by choosing the crop option from the Image list as showimgire

4.4. The circulaselection area should be saved by choosing the Save selection option
from the Select list. This area represents the total area of circular plain projection of

the fisheye lens image.

F it & ’ B v s3v B E- -
_@ Layer} Select 3 Fiter View Window Hep | W [ [ ss v - = | ==
Mode K @
5 Adjustments <
Auto Tone Shift+Ctri+L
Auto Contrast Alt+Shift+Ctrl+L
Auto Color Shift+Ctrl+B

Image Size Alt+Ctri+]
Canvas Size.. Alt+Ctri+C
Image Rotation

Crop

Trim...

Reveal All

»

Duplicate...
Apply Image...
Calculations...

}
'
'
I
}
}
|
I
|
|
}
'
}
'
|
Variables % ;
. |
}
}
i

Destination
Document: 01 DSCN7617.JPG

Channel: New

(S GE BORDER]

Operaton
©) New Channel

Figure4.4 Croppingand saving of the circular projection of the fisheye lens

image

By using the Line tool, the-8ldirection can be determined depending on the markers
in the image, while the-8V direction can be created by copy and rotate for the arrow
of NS direction. To define the four quadrants on the image (green lines), it can be
copied and rotated by 45° for the red arrows that represent the cardinal directions

as shown byFigure 4.5 The appearance of the red and green diameters can be
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controlled by activation odeactivation of their layers and for the next step these

diameters should be deactivated.

Free Transform
Scale

Rotate

Skew

Distort
Perspective
Warp
Content-Aware ¢
Rotate 180°
Rotate 90° CW
Rotate 90° CCW

Flip Horizontal
Flip Vertical

Figure4.5 Establishment of the four sectors on the fisheye lens image

The next step is devoted to determinitite border of visible sky on the image where
many difficulties can be faced due to the presence of clouds, trees and the reflection
of the sky on the building windows. Colour range option from the Select list was
utilized according to the settings showw bigure 4.6. Th&yedropper tool from the
colour range box was used to select an area based on the colour value, where the
same value will be selected automatically in all images. To add more colour values,
the shift key on the keyboard must be held comiusly through the selection
process. Some areas may need to be selected or deselected manually by different
tools such as the magic wand windows. The increasing of image resolution can solve
a part of this problem, especially for tree selection. Afteistiing the selection
process of the sky, the selection area should be saved by using the Save selection

option from the Select list to be used later.
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Figure4.6 The selection process of visible sky

Both selection areas that were saved before can be loaded by the Load Selection

option at Select list and then their intersection can be used to produce the -black

white fisheye lens image by using the paint bucket tool, as showdaye 4.7

Figured.7 The production process of the blaakite fisheye lens image

All pixels in the fisheye lens image are equal in size, so the number of pixels can

represent the area of selected part versus the area of ofbeats. The number of

pixels inside the selection area can be calculated by the histogram option at the

Window list.Figure 4.8&hows the pixels number for the circular selection area (A),

visible sky area (B) and, in addition to that, the visible sky are¢ghe Northern

quadrant (C) can be selected by the magic wand tool after activation the layer of

green diameters. The sky view factor can be calculated as the ratio of B to A. while
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the partial sky view factor for the Northern quadrant (SVFx) as a sdorgdlee other

sectors can be calculated as a ratio of C to A.

Source: Entire Imag
Mean: 109.10
StdDev: 125.96

Seessrerssssnnanennned

Channel: Colors

0.42
0.16

Source: Entire Imag
Mean: 254.96

Figure4.8 The calculation of SVF and SVFx depending on the pixels number

This method to calculate SVFx depends on the fisheye lens inegesn be applied

for the real urban fabric, especially with existing trees. The accuracy of calculating

SVF and SVFx by using Photoshop software depends on the resolution of the fisheye

lens image, the condition of sky, the existence of trees and tmsitieof leaves as

well as the professionalism of the Photoshop user. Also, AutoCAD software can be

used to calculate SVFx from the fisheye lens image. For more information réfer to

sudani and Sharples, (201&)lthough this technique by AutoCAD is not affected by

sky condition and does not need high professionalism in using the software, it needs

to deal in detail and completely manually withetkkyline of buildings and trees. It is

thus a timeconsuming technique in comparison to the Photoshop technique.

127



4.2.3 The calculation of SVFx from the three dimensional models

The 3D computer model is widespread to represent the imaginary or realistic urban
fabric in the urban environmental studies. For that reason, this study developed a
computer software plugin to quantify the partial sky view factor (SVFx) relying on the
hemispheric projection of 3D model by using the graphical algorithm editor
(Grasshoppeér that integrates with the Rhino 5 modelling tool. This plugin can
calculate more than four sectors on the sky hemisphere and it can deal with an
unlimited number of measurement points simultaneously within a simulated urban
fabric. Therefore, it can sauane compared to the Photoshopfisheye lens image
method. However, the latter approach can deal with trees in a more convincing way

compared to this plugin.

Although two different approaches have been used to develop this plugin, one of
them was used taalculate SVFx in this study and will be revealed soon. The other
approach, and more details about the current approach, were displayed in a separate

study for the researchgiAFSudani et al. 2017)

This plugin needs six inputs according Eogure 4.9 These inputs are the
measurement point(s) (Pt), the radius of sky hemisphere (radius), the Northern
direction ofthe urban site that determined in degrees clockwise from Y axis of the
world coordinate system in Rhino 5 (North), the number of sky sectors that can be
more or less than four (Divisions), the number of vertical and horizontal segments in
a one quadrant bsky hemisphere (Seg/ Divisions) and the 3D model of the urban site
(Mesh). The increasing of (Seg/ Divisions) will increase the accuracy of results but also
the process time. The latter will also be longer by processing many points instead of
one measurenent point. The outputs of this plugin are SVF, SVFx and a 3D model of
hemispheric projection that show the diameters that define visually the number of

sectors and their locations in addition the north sign.
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Figure4.9 The interface of the plugin

This plugin calculates the value of SVF by an algorithm that generate rays from the
measurement point at the centre of the segmented hemisphere where each beam
penetrates the centre of one segment on the hemigph Once the beam hits any
surface of the threadimensional model then the segment of the hemisphere that
was penetrated by the beam will have a (true) value. SVF represents the ratio
between the total area of false segments that are open to the sky bheddtal area

of the hemisphere, as shown Bygure 4.10

Figure4.10 The false segments (sky) and the true segments (buildings) on the

hemisphere
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The accuracy is affected by the number of segmentsspetor, where the number

of vertical segments equals the number of horizontal segments for each quadrant.
The values of SVFx is ordered clockwise from the north direction then then can be
taken and processed by other softwares like Minitab or exéeglre 4.11shows the
algorithm workflow of the SVFx plugin in five phases. Phase 1 is devoted to drawing
a sphere with its centre at the measuring point while its radius and north direction
are determined on the interface screen. The second phase processepliere to
divide it horizontally to get the hemisphere that can be divided into quadrants and
segments according to the inputs. In the third phase, the rays are generated from the
centre of the hemisphere and the kind of segments (true or false) wilebermined.

SVF and SVFx are calculated and listed according to phase four while the graphical
representation of the hemisphere with quadrants and north direction sign is the

results of phase five.

mesizhase (1) Phase (2)

E f )

N = il [ 1

il N b= © § bwdsssprere
] bl \

5 Y y

N 4

Phase (4)

et poed D

Outputs

Figure4.11 The workflow of the plugin algorithm in Grasshopper

The validity of the developed SVFx plugin were verified versus LSS Chronolux
regarding SVF values for the twelve measurement points of the case study. LSS
Chronolux is a plugin that compatiblativ Sketch Up 2013 and it has been utilized
previously to calculate SVF from 3D mod@aramita et al. 2016; Zwolinski &
Jarzemski 2015)n addition, the SVFx plugin was verified against the results from
HemiView that were used to aallate SVF from the fisheye lens images as shown in

Figure 4.12The Coefficient of Determination3fbetween LSS Chronolux and SVFx
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plugin was 99.1%. However, this ratio fell to 97.2% with HemiView due to the
differences in the accuracy of the 3D modempared to the real case besides the

effect of trees existence in the fisheye lens images.
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Figure4.12 The verification of the SVFx plugin versus LSS Chronolux and

HemiView

The graphical outputs of thelugin are revealed inFigure 4.13 where the
hemispheres located at the same height as the sensors and the green shell represents
the visible sky. However, the graphical comparison cannot be held for the same
location between the outputs of the plugin \&rs the outputs of the Photoshop
method or the HemiView software, as showngure 4.14vhichreveals different

area for the visible sky in location H8 because of the area that is represent by the
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fisheye lens image is reduced. The fisheye lens imagkayssthe real sky hemisphere

as a 2D circular image and this transformation entails changing the sanfeadrom
OHDNJF2NJ GKS KS VYAa tig SNIagd, Wiiege r & thdJradius.
Consequently, each pixel in the image represents an area bigger than what is visible

in the image due to the ratio of image and hemisphere areas be{@h2ung et al.
2016).

-,

Figure4.13 The graphical outputs of the SVFx plugin

N N

S S

Figure4.14 The graphical differences between the top view of hemisphere and

the fish eye imag for the measurement point H8.
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4.3 The Facade View Factor (FVFx)

The facade as a conductive cortex between two environments simultaneously
(building space and an urban space) has been studied extensively in relation to the
envelope of building in terms ohérmal comfort(Hwang & Shu 2011§aylighting
(Varhoutteghem et al. 2015)solar radiation levelgFlores et al. 2015)energy
consumption, heat transfer and renewable enefgygathokleous & Kalogirou 2016)

In return, facade as the envelope of the urban space has not had the same focus. The
main reason behind this may be the lack of computational resources that catohelp

explain climatic processes such as radiation exchange in urban(Raaisason 2006)

However, some attempts are worthy of attention, especially in deviapghe
computer models; for example, ENviet for the simulation of surfacplant-air
interactions in urban environment®zkeresteci et al. 2003pPn the same line, the
potential of facades regarding the utilization of renewable energy technics on urban
scale has been revésal through investigating the availability of solar and daylight for
hypothetical urban forms in Switzerland by developing a computer tool, based on the
RADIANCE software base, that deals accurately with variables like luminance
distribution and multiple eflections between buildingéCompagnon 2004)Also,
STEVE is an assessment tool to reveal the effect of urban planning on air temperature,
under the climate of Singapore that depends on stital models, including climatic

and morphological predictors. Where the total wall surface area of the buildings
around a measure point within the radius of influence area 50m is a one of these

predictors(Jusuf & Hien 2009; Hien et al. 2012)

Instead of utilizing the area of fagcade directly, the Urban Weather Generator (UWG)
model, that represent a plugin for Rhino software, uses a different approach of
calculating the ratio of facade area to site area as a variable to calculate the air
temperatures of an urban space depending on data from outside a city weather
station to estimatethe urban heat island influence on building ener@yakano,
Bueno, Norford & C. F. Reinhart 2016pmplexity is the@ther name of this ratio
(Chatzipoulka et al. 2016The approach of sing ratio instead of pure facade area
does appear in other studies, like the ratio of wall ateaszolume (Steadman et al.
2009)and the envelope area to volume raffberrante 2016)hat can be mentioned
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as form factor(Fernandez de TrocoOniz y Revuelta and Gélvez Huerta, 2042)
CompactnesgChatzipoulka et al. 2016)hese tools explore the comprehensive
influence of all urban components which interact simultaneously with the climatic
factors. Theefore, the role of a determined urban component, like a building's
facade, may need more study to evaluate it. As a result, further research is required

to fill this gap and make the matter more calculable.

Furthermore, the concept of improving the micftimeate of urban spaces by using
facades has been discussed from several perspectives. For exasipbea low cost
strategy that is represented by coloured facades to create and accelerate the air flow
in urban settings to reduce the impact of hot daysdaheir low wind speeds on
Netherlands urban areas in climate change era as a new climate adaptation measure
(Kleerekoper et al. 20158reen fagcades have been utilized as a countermeasure
against the urban heat stress in German by testing the mean radiant temperature
("Ynrt) in front of a facade that had two halves (vegetatetd bare); the results in

this case showed a limited reduction 6irt) near the green sid¢Janicke et al.
2015) Facadenaterials have been investigated, and tlesultsof a studyof common
facade materials in Malaysia revealed that the urban microclimate witnessed
amdioration by using white concrete tiles and granite for external walls vdysak

and concretewhich showed a higherapability to absorb and store heéDinet al,

2012) Modern materials have also been researched, such as the-refiective (RR)
materials that reflect the solar radiation back to the incoming directibthe source
instead of reflecting onto roads. This creates a mitigation of UHI phenomenon by
reducing the absorption of solar radiation and increasing the albedo of urban canyons
(Yuan et al. 2016)

Although the facade represents the envelope of the urban space, it is difficult to find
a method or parameter for gathering its relative variables like areas, locations and
directionsin onerelationship to express thenorphology of that space, where the

microclimate of the urban space is affected by these relationship in different ways.
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4.3.1 The basic concept of FVFx

It is a novel method to express a visible urban scene in a 360° view around a
monitoring point as a numeeal value through calculating a morphologisphtial
relationship between building facades and the watching point; this value may be

considered as a parameter of urban space configuration.

The graphical blueprint of the calculation method of FVFx sridited byFigure 4.15

GKSNBE GKS |NBI 2F Flcel RSQa adaNFIFOS oFlt o
perimeter length of an imaginary triangle (tp) between the facade and the
observation point are the variables of the method. In general, the triangleutay

I RIFLIGa G2 Fyeé OKIFIy3aS Ay GKS Tl e RSQa 6A
through altering the horizontal view angle, the perimeter length or both. The facade

area adapts to the changes of its dimensions.
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Figure4.15 The main variables of FVFx
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point. It can be calculated by two formulas-Design formula which is used if the
variables are available or theyrche extracted from documented drawings.
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On the other hand, when the variables must be measured on site in the real urban

area by surveying devices litaal station, then OrSite formula can be used.
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Where(a, b) represent the lengths of triangle segments, (D) islibi&ance between
the monitoring point and the middle of the facade width. It is not necessary to make
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exposure angle as shown Bygure 4.16

Figure4.16 The variables of the Q8ite formula to calculate FVFx

There are many complexities that may be raised against this method, like how to
calculate FVFx for the overlapping facades. FVFx is calculated for the facada®s or th
parts that have eye contact with the vantage point. Sdagades otheir parts may

stay out of the view field as a result of their locations relative to the measurement
point location. FVFx can be calculated for the visible top parts of buildings by
subtracting the value FVFx for hidden surface from the value FVFx of the main
surface. As for the visible side parts of buildings, FVFx is calculated separately as an

independent fagade as shown Bygure 4.17
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Figured4.17 The effect of overlapping facades on FVFx calculations

Another matter is how to deal with many facades surrounding the same
measurement point, as shown Fgure 4.18Essentially, there are eight directions
around the measurement pot: four cardinal directions (N, E, S & W) and four
secondary directions (NE, SE, SW & NW). Each group of fagcades that faces the same
direction, and which do not rotate more than 22.5° on each side of this direction, are
aggregated into a one value by suration of the values of FVFx for all facades of that
group. Therefore, there are eight values of FVFx for each measurement point. These
values can be symbolized according to the eight sides of the urban space around the
measurement point. FVFe for the Eastdaces of urban space, nortast faces
(FVFne), Northern faces (FVFn), nextbst faces (FVFnw), Western faces (FVFw),
south-west faces (FVFsw), Southern faces (FVFs) and-sasthaces (FVFse). With

no facades on a specific side of urban space theevaf FVFx will be zero on that side

like FVFsw on the same figure.
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one value like FVFe.

Figure4.18 The relationships between FVFx and urban space sides

It should be mentioned that the configuration of buildings on esicle of the urban
space may generate five different values of FVFx according to the position and
rotating angle of building fagcadeBSigure 4.1%hows that four buildings on the four
sides of the urban space, where each side of the space has the rafige faicades.

For example, FVFn for the measurement point is equal the summation of FVFx for
each facade sit on the northern side of the measurement point and face the south

direction.

Figured.19 The effet of facade locations and orientations on the FVFx value
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FVFx is calculated and categorized for all visible facades inside the buffer zone

regarding the case study, as demonstratedérigure 4.20

Figure4.20 The influential facades regarding to the twelve measurement points

in Minster Court
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4.4 The Total Facade View Factor (FVF)

Increasing the facade area leads to a growth in the value of FVFx, and more sky will
be blocked and the permeability of the wab space will be reduced in response to
the facade area. Changing the location of the measurement point may cause the
same impacts, especially if the point is moved to be nearer to the facade, due to
increasing the horizontal view angle and decreasingpemeter of the imaginary
triangle between the point and the facade. Therefore, the FVFx concept may have

extra merit in expressing the compactness of urban space, as showigloy 4.21

B
¢
.

Figure4.21 Changing the compactness of urban space by changing the

relationships between the facades and the monitoring point

The total summation of FVFx values for all visible fagades around the monitoring
point produces the Total Facade View Factor (FVF), whiclbeaconsidered as a
directory of compactness of the urban space around the monitoring point. Therefore,
FVF will be considered as an urban morphological parameter in this study and it can

be calculated according to the following formula:
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According to the structure of this formula, FVF has a positive relationship with FVFx
which, in turn, changes positively by elevating the horizontal view angle, the facade
area o both, while increasing the length of the triangle perimeter is accompanied by

a reduction in the FVFx value.

The relationship between these three inputs adapts automatically to accommodate
wide range of possibilities, therefore FVF has promising pakrai describe the
configuration of urban space in more accuracy due to it taking into consider many

variables that affect the urban morphology.

4.5 Conclusions

The methods and tools that were developed by this study to describe the morphology
of urban spac&umerically were revealed in this chapter. The adopted methodology
of development depends on recruitment of the cardinal directions (N, E, S & W) as a
part of the calculation methods of the urban parameter itself to establish a novel
approach that takes o account the concepts of directions and orientations to deal
with the configuration of nofdirectional urban spaces regarding many aspects, such
as environmental effects. Three novel urban morphological parameters were

developed in this chapter.

The Parnal Sky View Factor (SVFX) is a development of thekmeNvn parameter

the sky view factor (SVF), and is based on dividing the sky hemisphere into four
guadrants according to the cardinal directions (N, E, S and W). SVFx is the ratio
between the area ofigible sky in one quadrant and the total area of sky hemisphere.
Attempts to calculate this variable may be difficult and ttoesuming. Therefore, a
number of techniques have been developed to calculate it from fisheye lens images

and threedimensionaimodels.

The Facade View Factor (FVFX) is the second novel parameter that was developed to

define a mathematical relationship between the area, the position and the direction
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of a facade with the measurement point as an approach to describing the
morpholagy of an urban space, where the microclimate of the urban space may be

affected by this relationship.

The total fagade view factor (FVF) is the third parameter that represent an indicator
of urban space compactness. It expresses the visible urban scem&60° view
around the measurement point as one numerical value by the combination of FVFx

values for all visible facades from the point.

These parameters are affected by many variables, such as area, position and direction
of the fagade as an envelope wfban space, in addition to the measurement point

location.

Due to the diversity of variables that were covered by the novel parameters, the
potential of these parameters is good regarding the description of the morphology of
urban space. Therefore, thexpectations about their roles in terms of explaining the

air temperatures variations around an urban site are high.
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5 Field Work (Results and Discussion)

5.1 Introduction

As an introduction to the statistical analysis, to be discussed in theamapter, this
chapter is devoted to a review and discussion of the field measurements. This
includes orsite air temperatures (aT), climatic factors (the ambient air temperature
(a.Ta) and solar radiation) and measurements of urban morphological pagesnet

(UMP). These variables represent the numerical inputs of this analysis.

The field measurements of air temperature (aT) and the weather station
measurements of climatic factors will be elucidated as an average of each hour (AVG)
to provide a general ideabout the variety of the thermal microclimate. Although the
hourly maximum (MAX) and hourly minimum (MIN) dataset represent, with AVG, the
indicators of thermal microclimate in the statistical analysis, they will not be reviewed
here. Too much detail magsult in confusion and difficulty in capturing the meanings
and the interrelationships between the variabk&zokolay @14). Although the wind
speed and rain precipitation are not inputs to the statistical analysis, their
measurements will be mentioned to draw the whole image of the circumstances
accompanying the field measurements and due to the likely effects of these t

factors on air temperature.

The relationships between the ten urban morphological parameters (UMP) that were
calculated in the previous two chapters will also be investigated. The reason for this
is to facilitate further ideas that may help to explaietroles of UMP in the statistical
analysis. The values of UMP relate to the field data that describe the change of urban
configuration around the measurement points, numerically, from one location to

another.

5.2 The selected days of study

The onsite air tanperatures Td were measured for the twelve locations in a

residential compound (Minister Court) in the city of Liverpool (England, UK) for the
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hot season at 2014 and for the cold season at 2015. These measurements covered
two intervals:29" Julyg 3 September and 1 Februaryg 28" February, respectively.
However, not all of the days were used in the study. To understand the effect of urban
morphology on air temperature the unstable days (i.e. windy, rainy or both) were
removed. Air speed and wet sades can have a noticeable effect, notably on the
energy balance of urban areas. According to the Beaufort wind force scale, a calm
wind speed is (2 m/s)(Met Office 2016g)however, it was not easy to find calm dry
days. Less stable daysse therefore also selected when these days presented a
gentle breeze with wind speeds of about 5 m/s and rain rates lower than 2 mm/hour.

It should be noted that the vast majority of study days were below these limits.

It was also not easy to find daystiva 100% sunny or cloudy sky and subject to the

limits mentioned above. Consequently, the selected days were categorised into three

groups according to the length of the sunny periods throughout the daytime, which

were obtained from the University of LiMd.J2 2 f Q& NB2F(02L) 6SIFGKSNJ adl

that witnessed sunshine hours of more than 60% of the length of daytime were

O2yaARSNBR |ad I Wadzyye RI&Q gKAfad GKS RIe&a
WL NG AFffe& Of 2dzRe RI & U @ r thaghBO%Rof its dagtingd K A dzy a KA
f SYya3idKk g6SNXS RSaAaONAOSR & F WOf2dzRé Rl &4go

To better understand the effect of UMP on the behaviour ofsie measured air
temperature, and how this role is affected by the diversity of climatic factors during
the day, the day (24durs) was divided into four periods, each of them extending for
six hours. The night, as the first period, lasted from midnight to 06.00 am; the
morning, as the second period, from 06.00 to 12.00 noon; the afternoon period ran

from 12.00 noon to 18.00; arnithally the evening period from 18.00 to midnight.

Although it has passed the validation test without problem, sensor data at location
H6 has been ignored having not recorded many parts of the study time due to

undefined technical problems.
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5.3 The hot seasn measurements

¢KS K234 aSlazy AyOfdzZRSR mdp RIF&a OF G§S32NR:
WLI NGAFff& Of 2dzRé RI&aQ FyR 0KS WOt 2dzRe& |

5.3.1 The sunny days measurements

The field measurements of the selected sunny daiis t, 9", 15" August ad 2
September) are shown below igure 51, 5.2 and 5.3The lines indicate the hourly

average of near ground surface air temperatures 2@m height) of eleven
t20FrGA2ya Ay (GKS NBaARSYUGAlf O2YLRdzy R®
measurementsas a reference guide to distinguish the hotter and colder locations
versus the ambient air temperature, solar, wind speed and rain rates depending on

the four periods of day as mentioned above.

The daytime length decreased about one hour by shifting timeise time from 05:32

to 06:22 between the first and last days, whilst another hour was cut by changing the
sunset time from 21:02 to 19:59. The hourly average of solar energy had reached the
highest value on the ™ August (822 Ww/rf) while 29 Septemberrecorded 751
W/m? as the lowest maximum average of solar energy between all days. However,
the highest value of a.Ta was recorded at the shortest dagé&ptember (as 21.Z)

while the lowest value of a.Ta was recorded at the longest #aAugust (as 18 C).

This may be the result of the effect of wind speed that was lower on tie 2
September compared to™August. The average wind speed reached 4.5 m/s on the
9" August while T August value was 0.54 m/s as the lowest value throughout the
sunny daysThe hourly rate of rain was 1.4 mm/h off August as the highest rate
compared to other days. The longest sunny interval throughout the daytime was

about 13 hours on"2 August while the shortest interval was 9 hours o Aigust.

Generally speakinghe similar periods showed convergent behaviours osda air
temperature, where the morning and afternoon periods represented the least stable
periods compared to others because of increasing solar radiation levels that may
have changed the thermal stage in the urban surfaces which, in turn, affected the
air temperatures. The night period was the most stable period due to the absence of

solar radiation and the dissipation of the stored heat in the urban surfaces
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