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Abstract

Manipulating the urban fabric is fundamental to mitigate and adapt to the warming trend in
the growing high-density tropical cities. However, excessive data needs, weak analytical
methods and the un-coordinated planning regimes pose barriers to achieving this aim.

The main aim of the research is to bridge the gap in urban design-climate links, being
translated into guidelines for real-world applicability in a background climate affected by
global warming. The study is limited to the warm humid tropical climate of Colombo, Sri
Lanka, as the experimental context for the research.

The main research questions are related to; the microclimatic background condition under
current and future warming scenario; sensitivity of the key urban morphology variables that
will define and drive the decision making process; and the planning and policy implications
that link climate and urban design. The study employs the Local Climate Zone (LCZ)
system as a method of contextual analysis, together with LCZ-based morphology
simulations (ENVI-met), utilising Mean Radiant Temperature (MRT) as the key dependent
variable. Statistical analyses (SPSS) of the results test the applicability and sensitivity of
urban morphological variables to help mitigate / adapt to local and global warming.

The findings indicate that the Sky View Factor is the most influential urban indicator of
local climate. In general, night-time shows better correlation with MRT. The nature of the
Pervious Surface Cover has little or no effect on reducing MRT. And, the correlation of
variables with MRT is stronger in a climatic background affected by global warming.

The work cqatributes a .conceptual framework: for the deeper understanding of the effect
of buildingg@aephology on tocal fevel warming i ‘the tropicsPoliCies that give effect to
these findingssare presented dmaombines dsat’reduires aninitnaldata input. Protocols for
mapping OffES7s and relative. warming, gffects, and sensitivity analysis of key design
parameters fof the mitigation of UHT inthe tropics are presented. The socio-economic and
planning practice implications of a LCZ-based planning approach are explored.

Keywords: ENVI-met, Global warming, Local Climate Zones, MRT, Urban Heat Island,
Warm Humid Tropics
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1.0 Introduction

1.1 Research Background - Urbanisation, climate change and the heat island
effect

1.1.1 Climate and Climate Change

One of the major challenges facing urban planning and design is that of global
climate change, primarily as a result of greenhouse gas emissions, and its regional
consequences. This change is expected to occur within the planning life cycle (50
years) and will modify temperature and precipitation regimes, alter storm frequencies
and magnitudes and cause sea-level rise. These changes will affect urban areas by
changing the existing climate context within which they are placed and for which
they may be adapted. (De Sherbinin et al., 2007) (as cited in Mills et al., 2010)
Moreover, they will affect the resources of the surrounding landscape (water and
food resources, for example) upon which the city relies for sustenance. (Mills et al.,
2010)
Eriyagama g;‘:;%l (20H)pcdntended itheds
Theré"f(i$ ampleViewidéncelo. dagpest that Sri Lanka’s climate has already
changed. During 1961-1990, the country’s mean air temperature increased by
0.016 °C per year, and mean annual precipitation decreased by 144 mm (7%)
compared to that of 1931-1960. It is suggested that Sri Lanka’s mean
temperature may increase by approximately 0.9-4°C over the baseline (1961-
1990) by the year 2100) with accompanying changes in the quantity and spatial
distribution of rainfall. Scientists attribute this warming trend seen throughout
the country to both the enhanced greenhouse (global) effect as well as the

‘local heat island effect’ caused by rapid urbanization.

1.1.2 Public Space: Spaces between buildings

Public space is the stage upon which the drama of communal life unfolds. The
streets, squares and parks of a city give form to the ebb and flow of human exchange.

These dynamic spaces are an essential counterpart to the more settled places and



routines of work and home life, providing the channels for movement, the nodes
of communication, and the common grounds for play and relaxation. (Carr et al.,
1992)

The specific reasons drawing people to public areas reflect many aspects of life,
especially urban life. A stop in a public place may enable a person to rest and
escape from the confusion, noise, crowds and "overload" (Milligram, 1970) in the
surroundings - a common need in complex, urban settings. In this instance the
place becomes a haven, a "stimulus shelter" (Wachs, 1979), providing contrast to
the outside. It satisfies the periodic need people have to regroup their resources

before moving on.

Comfort is a basic need. The need for food, drink shelter from the elements, or a
place to rest when tired all require some degree of comfort to be satisfied. Without
comfort it is difficult to perceive how other needs can be met. Shelter from
whether the sun, the rain, or inclement weather, is an important but frequently
neglected element of open space design. (Becker, 1973) (as cited in Carr et al.,
1992) C‘()hiffgl’t is \alsid acfiidtion lofVthe Tenpthilofrithe péodple are to remain on a

site. I

It is clear that thermal comfort requirements are different for the outdoors from
the indoors and that the outdoor experiences an altered microclimate in urban
areas is also indisputable. The urban design question therefore is; how can these
facts be translated into design actions that are often piecemeal and certainly

carried out by different people acting at different places and times? (Emmanuel,
1993)

Urban designers in the equatorial tropics have to operate: high density, increasing
urbanization and altered microclimate. Higher densities of urban growth are
required of all tropical cities and that they should cool themselves by passive

means in an ecologically sensible manner is clear.

Emmanuel (2005) states;
Tay Kheng Soon (1993) argues that higher densities in the equatorial

tropics are theoretically possible, provided common amenities are



adequately provided and access to common areas is used. Herein lays an
important conceptual direction for climate conscious urban design in the
equatorial tropics: the design of spaces between buildings in a climatically

suitable way to ensure usability and accessibility.

1.1.3 The Heat Island Effect in the Tropics

The Urban Heat Island (UHI) phenomenon is best visualised as a dome of stagnant
warm air over heavily built up areas of cities. UHIs have been observed in all parts
of the world except in extreme cold climates. (Emmanuel, 2005) The Urban Heat
Island is a function of urban built geometry, thermal properties, anthropogenic heat
and pollution (Oke, 1982).

Studies of the urban climate of tropical cites suggest that the micro-climatic
changes due to urbanization in the region are substantial and the anatomy of
tropical heat islands bears a close resemblance to that of the temperate ones. (Oke,
1982) ThiS;EQS far-tedehing smiplications for ithah designdlthé. tropics where night
-time themgéétress is'comparatively-low: (Emmianuell2005)

There 1s evidence that the two phenomena — global warming and urban warming —
feed off each other in major population centres, leading to an intensification of
extreme heat events and human mortality (deaths caused by prolonged exposure)
and morbidity (a marked in disease in the affected areas causing disability and/or
overall poor health) (Tan et al.,, 2010). This in turn leads to more energy use,
leading to a vicious cycle between local warming, energy use and emission.
(McCarthy et al., 2010) The superimposition of urban warming on global and
regional warming could be severe and calls for urgent mitigatory as well as
adaptive action. (Parker, 2010)

Two disciplines, ‘architecture and urban design’ and ‘urban climatology’, dominate
the published literature on how buildings and the urban environment affect climate
(Mills, 1999). A key objective within architecture and urban design is the creation

of a ‘comfortable’ living environment. Research on this topic often has a



bioclimatic focus and an empirical and inferential approach and the results are
normally presented as guidelines and real-world examples. In contrast, research in
urban climatology, a special field within meteorology and climatology, focuses on
measurements and the modelling of physical processes in order to interpret the
changes in atmospheric properties that give rise to the “urban effect". With some
exceptions, research within urban climatology is not carried out for the purposes of
design and the results obtained are often theoretical and not readily interpretable
from a design perspective. (Eliasson, 2000; Mills, 1999, 2006) (as cited in Eliasson
et al., 2007)

Given the demographic and social importance of warm cities, Emmanuel (2011)
queries as to;

. Could we direct urban growth in warm places to mitigate the heat island
effect and simultaneously enhance their adaptive capacity to global
warming?

. What urban design options work best to enhance the outdoor comfort in
warm humid places?

. ;‘I-‘-[iow do'we ! premoéte hgher 'density urban' living ii‘the warm humid belt

i;?thout compromismg himian wellbemng?

1.2 Nature of the Research Problem

Urbanisation has consequences not only on local warming but also on regional and
perhaps global warming. The rapid development of tropical megacities poses a
special problem in terms of managing such local warming from reaching the
regional/global scale. However, they also present an opportunity in that the
increasing urban growth and associated infrastructure development could be used as
a first line of defence against the vagaries of climate change. Such action remains
within the urban planning and design domain and the phenomenon of UHI provides
both a focal point as well as a political/policy opportunity to cities to contribute to

the issue of adaptation to climate change. (Emmanuel, 2011)



In order to generate and realise such a planning approach, Mills (2006) outlines the

following needs perspective;

1. The needs of designer (e.g. existing built forms and individual building
needs),
2 A range of outdoor urban spaces,
3. The links between indoor and outdoor air,
4. Outdoor levels of comfort,
5 Case-studies that link design decisions to measurable impacts
Objective Impacts Limits
Buildings Building groups Settlement
Indoor comfort Buildings Location Access to sunlight Building
Materials and wind codes
Design (e.g. shape. Air quality
orientation, etc.)
Outdoor comfort Building Local climate change Building placement Guidelines on:
and health Groups Emissions Outdoor landscaping, Densities:
Materials/surfaces materials and surfaces Heights;

Building dimensions —
flow interference &
shadow areas

Street dimensions &
orientation

Land uses; and
Green-spaces

Energy use Settlement Energy efficiency Mode and intensity of Zoning

Air quality Air quality traffic flows Overall extent
Protection Urb limat Energy effici and shape

from extr Air Transport Policy

Biban climidtgeflect

= Summdryofitols to Achieveretingatid dbjectives:tRowrce - Mills, 2006)

In Fig.1 (M‘iﬂfs; 2006) presents‘d'summary of the tools (grey diagonal) employed at
the building, building group and settleinent scales 0 achieve cliimatic objectives at
those scales. The application of tools at each scale has a climate impact, shown
below the diagonal cells, and places limits on decisions made at other scales, shown

above the diagonal cells.

Good design at the scale of the building group is required if the broad objectives at
the settlement scale are to be compatible with the specific needs of indoor spaces
and the wider needs of outdoor spaces. The widespread incorporation of the tenets
of sustainability into planning offers an opportunity for including climate/weather
issues into urban design on a routine basis. The global concern for climate change
and resource use provides a mandate for the development of a coherent and broad-
based applied urban climatology, which has not existed previously. In particular, it
encourages research that is guided by the needs of planners/designers. Thus far,

studies on urban design-climate links have been limited in scope and much of the



available research does not translate into clear guidelines that are supported by

scientific knowledge and illustrative case studies. (Mills, 2004)

(Alcoforado, 2006) presents a framework of research design goals for achieving
planning procedures toward high climatic quality cities. It is based on Mills’ papers
of 2003 and 2006, outlining his ideas on the meteorologically utopian city
(Metutopia). (Fig. 2)

1. Main goal - Metuopia F;:

| 2 Uss of dlimaticirfarmation K
4 Py
3. Starfng pantfo an | 4.5electing heneed
understandng of in function o the

o an Climares cimate zone

~ stabegles for a bether

|

al benafis

=

OO K

=

QL

B, Ef

e L N = - .
MG babead e d B fefindio 1

. More comfot, more health for ciy deelens

x
4

&, Systemdic cimatic guidelines in
management plons

L
=

locd and microscake)

Fig. 2 - Flowchart showing different stages of research. (Source - Alcoforado, 2006)

Distinct steps are identified within this system;

. The use of climatic information

. Starting point to an understanding of urban climates
. Selection of the needs for different climate zones

. Defining planning strategies

These steps are taken as precedence developing the systematic process to achieve

the research aims defined in the following section.



The Research Problem

The primary research problem identified is the lack of a strong morphological and
climatic base for urban design, planning and policy to be established upon - in the
warm humid tropical settings, both in the existing climate background as well as a
future context warmed by the effects of global warming. The need for such a base to
be formulated in data-scarce background - in rapid manner - to enable quick, yet,
relevant decision making to take place, is deemed essential. The sensitivity of urban
indicators ingrained in the system - which can be easily interpreted by designers -

are identified as key design parameters essential for such an approach.

Primary research gaps are identified based on the above and the literature review in
Chapter 2, Chapter 3 and detailed out in Chapter 2.7.

. Protocols for LCZ (Local Climate Zone) deployment in data- scarce tropics

. Sensitivity analysis of what are the key design parameters for the mitigation
of UHI and Outdoor Thermal Comfort in the tropics

. C‘,onv;é,isj‘on of finthigsinto planninpstrategies

o/

These link®aek to the'tedeareh Hbestidns highlighted below, in 1.3.

1.3 Aim, Research Questions and Limitations

Aim

The main aim of the research is in;

Bridging the gap in urban design-climate links, being translated into guidelines

for real-world applicability in a background climate affected by Global

Warming.

Limited to the warm humid tropical climate of Colombo, Sri Lanka, sclected as an

experimental context for the research.



Research Questions

In order to achieve the aim of the study, the following questions should be

answered;

1. What is the microclimatic background condition that climate sensitive

urban policy needs to be based upon?

The first step to improve urban climates is to study them using climatic information.
Meteorological stations (either traditional or automatic), complying with WMO
rules, provide useful data to understand climate at the macroclimatic scale.
However, these data are not appropriate for urban studies, due to the spatial scale of
study and to the particular atmospheric processes that occur in the urban
atmosphere. (Alcoforado, 2006)

With a main objective in generating planning and policy decisions on urban design,
a focus on the microclimate and local level warming is deemed applicable.
Therefc

a. v '111t§1?éﬂl< >XistiG gl eid ¢hersfoie $he” pretirtifiant Gitsa ric morphology
of the=Gity/

b.  What is the comparative the microclimatic effects of such a morphology in

terms of 'Local Warming'?

2. What are the key urban morphology variables (Geometric and Surface
Cover) that will define and drive the decision making process, at both the

existing as well as a warmed urban microclimate?

The main requirement is to adapt to or mitigate the negative effects of a warmed
microclimate in the microscale. The objective is to link the variables used in urban

design to climate sensitive design.



a.  Which of the variables are most sensitive to effecting Mean Radiant
Temperature (MRT) (taken as the dependent variable throughout the
research), considering a varied combination of patterns encompassing;

1. location within the urban context

ii.  urban fabric morphology

iii.  time of day

iv.  orientation of the public spaces / streets

3.  What are the planning and policy implications that can be generated to
adapt to or roll-back the negative effects of a warmed urban

microclimate?
The next step is to use climatic knowledge when designing and planning at different
spatial scales by choosing planning strategies for a better climatic quality.

(Alcoforado, 2006)

Limitations:@if the rédenireh

The study gﬁmitcd tohe Wand hundid@ityo il Odlonibal Stilbanka.

The focus is on climate sensitive urban public space, therefore the research is
limited to the urban canopy layer. It analyses the causes and effects of changing
morphology at a 1.5m height above the ground, termed street level. The height that

a person on the street would perceive the environment.

Local climate mapping to ascertain the critical ' Local climate zones' are simulated

for conditions of calm and clear skies.

The global warming background scenario assumes microclimate that has seen a

temperature change only.

The study was carried out for a particular day in April (simulation date 15.04.2013),
since this month is deemed the most critical time of the year and therefore the worst

-case scenario to be designed for.



14 Structure of the Thesis
This thesis consists of five chapters.

Chapter 1 deals with background and the nature of the research problem. It

concludes with the definition of the main aims and questions of the research.

Chapter 2 is a review of literature encompassing the central topics of the thesis.
A focus climate variability and change, its effects on the microclimate of the Urban
Canopy Layer and urban warming in warm humid regions in general and Colombo,
Sri Lanka in particular. The chapter discusses literature that deal with strategies to
ameliorate urban warming, especially in warm, humid cities. Finally it summarises
the studies with an identification of research gaps that forms the basis for the main

research aims highlighted in Chapter 1.

Chapter 3 presents the research methods which have been used in the study. It
is approached in three parts that use the preceding part to generate the required data
for simulation and antlysis’ fit [then ek OTHd paves. atsol diseussliterature relevant to

each pr ocegﬂz sacdopted asaldetailed discussion to'twhatiwak pi¢sented in Chapter 2.

Chapter 4 includes the results and discussion of the simulation study. An
analysis protocol using statistical analysis forms the core of the discussion. The
chapter is concluded with a ‘Summary of Findings’ and its links / variances to
existing knowledge and results of the LCZ classification presented as a part of
Chapter 3. These findings establish the basis for Chapter 5.

Chapter S contains implications for policy and planning for the design of
climate-sensitive public spaces, in a warm, humid climate. Particular emphasis is

placed on Colombo, Sri Lanka as the experimental context for its application.
Chapter 6 concludes the thesis with a summary of findings and contributions.

It also includes identification of limitations, methodological challenges and

potential areas for future research.
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2. Literature review

This chapter contains a literature review of the critical concepts of this thesis.
Literature specific to particular aspects covered in this thesis, especially relating to

the Research Design are covered at those specific points of discussion.

2.1 Sensitivity of cities to climate variability and change

Cities and their inhabitants are key drivers of global climatic change. The large and
ever increasing fraction of the world’s population that lives in cities uses a
disproportionate share of resources and produces climate-altering atmospheric
pollutants. (Grimmond et al., 2010)

-_—

TniIvVersity of atuwa, ‘STT Lanka
ElecttonicLhc: DisscrtatiGhsT™ S sophysical
W lib I’ﬂﬁ ~EA and chemical
WW.110. . 1C Y processes
Urban System Jjj § Earth System

\ h

Socio-economic
and geo-polifical
processes

Built
environment

Fig. 3 - Interactions between urban areas and global environmental change.
A conceptual framework. (Source - ugec.org)
Mills (2007) demonstrates that the anthropogenic emissions of carbon dioxide are
highly concentrated in and near urban centres. Fig. 4 illustrates global emissions of
carbon dioxide due to fossil fuel use calculated for 1 x 1° latitude—longitude grid
(Andres et al., 1997). The geography of emissions corresponds closely to the

locations of wealthy cities. For example, note the distribution of carbon injections
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into the atmosphere in Western Europe, the tall spikes in Japan and the lower peaks
in eastern China. By contrast, much of Africa and India is characterized by the
absence of these carbon peaks, despite the enormity of some cities (e.g. New Delhi
and Lagos) located in these regions. The global economic disparity is revealed here

as a disparity in urban-sourced emissions. (Mills, 2007)

Fig. 4 - Estimated carbon dioxide emissions in 1995 in 000’s of metric tons (t) of carbon per 1° x 1°
latitude/longitude grid cell. These values are the summed emissions from fossil-fuel burning,
hydraulic cement production and gas flaring. The highest value recorded is approximately 70 000
Mt. (Source - Andres et al., 1997 as cited in Mills, 2007)

Consumption and production of resources for use within urban environments have
local and remote implications for ecosystem services, hydroclimate, energy
provision, health, and other factors of human wellbeing (Grimm et al, 2008; Foley
et al., 2005). At the same time, how cities choose to expand and develop will be
critical to defining how successful society will be in adapting to global change.
Because cities are, in a real sense, fundamental units of both climate change
adaptation and mitigation, development choices in the coming century will lead to
either significant exacerbation or significant reduction in the impacts of global

change. (Bierwagen et al., 2010). (as cited in Georgescu et al., 2014)

A synthesis of studies strongly demonstrate that the spatial agreement between

regions of significant warming across the globe and the locations of significant
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observed changes in many natural systems consistent with warming is very unlikely
to be due solely to natural variability of temperatures or natural variability of the

systems.

Several modelling studies have linked some specific responses in physical and
biological systems to anthropogenic warming, but only a few such studies have
been performed. Taken together with evidence of significant anthropogenic
warming over the past 50 years averaged over each continent (except Antarctica), it
is likely that anthropogenic warming over the last three decades has had a
discernible influence on many natural systems. {WGI 3.2, 9.4, SPM; WGII 1.4,
SPM} (IPCC, 2007) Mills (2007) cites a summary table by (McCarthy et al., 2001)
summarising Human settlements impacts, categorised by state of scientific
knowledge in Table 1.

Table 1 - Human settlements impacts, categorised by state of scientific knowledge.
Source - (McCarthy et al. (2001) as cited in Mills, 2007)

Established but incomplete Well established

Increased vulnerability of infrastructure to urban flooding and Sea-level increases cost/vulnerability of coastal

landslidegess

Tropic yBelencs more destiuct
Fire ddng@er @ uban Jildlandfiings iy frast Ul lno- e psased

13 FEas LrUelUEg
Encraed
bincratte

femand sensiive: par =nergy supply

il capacity critical t | adaptation

ns vulnerable

industrg®- Infrastructure in permafic

Water .}“"“\(" mor

Spec ulative
Fire damage to key resources increased
More hail and windstorm damage

Competing explanations

Heat waves more serious for human health, resources
Non-climate effects more important than climate

Heat island effects increase summer energy demand

LOW Level of Agreement HIGH

Increased air and water quality problems

LOW Amount of Evidence HIGH

Some of the early efforts to link the global warming trends to land use and land
cover changes induced by urbanisation were made in 1980s and 1990s (Kukla,
1986; Changnon, 1992; Gallo, 1993; Gallo et al., 1996). The significance of urban
warming to human health was revealed as early as the 1970s (Buechley, 1972;
Clarke, 1972). Given the land area occupied by cities (less than 3% of global land
area, UNFPA, 2007), it is unlikely that urban climate changes have a large direct
effect on global climate change (Voogt, 2004; Parker, 2010). However, the intense
energy and material use as well as pollution in cities that directly lead to urban

warming has global consequences. (as cited in Emmanuel et al, 2011)
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2.2

Microclimate of the urban canopy layer

Scales and surface description

Grimmond et al., (2010) contend that:

An appreciation of spatial scale is key to understanding urban climates,
observations and modelling. At global and regional scales, a city’s climate,
and its effects on climate, are influenced by its geographical setting: latitude,
continentality, openness to synoptic events, proximity to water, surrounding
topography, etc. These factors also influence the design of a city (for
example, building styles) and the behaviours and activities of its inhabitants
(demands for heating, cooling, etc.). Cities themselves are a source of
buoyant, warm, polluted air that can modify precipitation patterns,
especially downwind (Lowry, 1998) (Shepherd, 2005) and air quality and
atmospheric chemistry thousands of kilometres away from the source.
Within a city, neighbourhoods with similar land use and land cover,
generate distinct local-scale climates (10°~10* m). These are a function of
the urban morphology, built materials, amounts of vegetation, and human
acliyiiy (amotiritsCo6f1 Hedb,| watetldtoydreleisddiAdsimple urban-based
clin& classification| CsystenrCiean’ |diktingilish! Oateas by aerodynamic
10ughness reant aspect ratto“and impermeable surface cover (WMO, 2006)
(WMO, 2008). At smaller spatial scales (10'— 10' m), a person in a city
experiences a range of conditions: sunlit or shaded areas of street;

channelling or no wind; influence of a park or shade trees.

At this scale, key features that need to be included in surface description are:
(a) surface roughness length, because it influences wind flow; (b)
impervious surface fraction, as it is key to energy partitioning between heat
and moisture exchanges; (c) sky view factor as it influences solar access and
radiative cooling; (d) thermal admittance as it modulates heating and cooling
cycles of materials; (e) albedo as it influences surface heat absorption and (f)
anthropogenic heat flux as it is an additional source of energy for the system
(Stewart & Oke, 2009).
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Structure of urban atmosphere

Unger et al., (2011) citing Oke, (1976) contends that:

Two layers can be distinguished in the urban atmosphere. The first one is
the urban canopy layer (UCL) containing air between the urban roughness
elements (mainly buildings). It is a microscale concept, and its climate is
dominated geographical factors and modified by the nature of the immediate
surroundings. The upper boundary of the UCL is at about roof level. The
second layer is the urban boundary layer (UBL) which is situated directly
above the first layer. This is a local or mesoscale concept whose

characteristics are governed by the nature of the whole urban area. (Fig. 5)

The Urban Boundary Layer (UBL)

a) Mesoscale
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Fig. 5 - Structure of the urban atmosphere. Source - (Oke 1997, 2006)
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This is the layer of air above the city whose properties are linked to the underlying
urban surface. The UBL grows in height from the upwind edge of the city and
extends beyond the urban area as an elevated plume. (Fig. 5 and Fig. 6)

There are several sub-layers within the UBL,;

Inertial sub-layer

Air Roughness sub-layer

I l II Canopy sub-layer

| | | | ? Total
I I T Satellite

Fig. 6 - The urban boundary layer - what the sensors see.
Source - (Mills, 2011)

o The Inertlal Subiayer! (ISL)VIhedowsilpartlof tHeldBL extending from
aboulg'z?_‘/z times‘the height of-bitdingsto> 1 0the hgrght of the UBL. Here

the flaxes of sensble‘anhd fatent-Heat are nearly constant with height and the

effects of individual surface types are ‘blended’. Measurements here are

representative of the underlying urban terrain (e.g. suburban).

. The Roughness Sub-layer (RSL): This comprises the lowest layer of the
atmosphere and 1is highly turbulent. Observations here will measure
contributions from a great variety of distinct urban surfaces (roofs, gardens,
etc.) which may be difficult to attribute.

The Urban Canopy Layer (UCL)

This is the layer of air at and below the average height of buildings and tree

canopies. It lies within the Roughness Sub-layer.

The UCL is conceived as consisting of two parts;
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The outdoors: This is the open spaces between buildings. These spaces
are exposed to the natural elements and are usually weakly managed. The
positions of the urban components (buildings, trees, walls, etc.) regulate
access to the sky and the movement of air. This is the source of much of the
urban emissions, particularly from traffic.

The indoors: This is the enclosed space within buildings, which are
strongly managed for a purpose —often the comfort of inhabitants. The indoor
climate is controlled through combinations of building design, inhabitant

behaviour and heating/cooling systems.

(Mills, 2011)

“In the course of urban climate development, the near-surface air or (UCL)

temperature shows the most obvious modification compared to the rural area (Oke,

1987). This urban warming is commonly referred to as the urban heat island (UHI),

and it is a good example of inadvertent climatic change.” (Unger et al, 2011)

Guadalajara

Evndence for iitban Swearming/ 16 M mi; hundid lrégieats
é

t2))

WWWALD.IT AU =
¥ =
& - J1
ViEY "TTNE oy - 7 BS .- o
Ds. Y /veSK .:A'--.//:‘ e Calcutta ‘\(’r-
A LA Kuwan G Delhi = BW .2 |4
v Tu ; ¥ y
Sl et/ s Cairds ‘\ \\ V=S
e J Miami y \. i % . @ <— Shanghai
BW d Taipei
................ Q. Bl = = i . i iy o e e DA b = N A e & & o . b
Mexico CIWW( ,~ Ouagadougou  BW Bombay—w ...‘ of Hong Kong
\Q- "®%—sanJuan " | \ Khangum—' /\ o hAm t—— Manila
\ L ) , N7 -B. " Georgetown
v Lagos—% 4 ( 8% Puné Y4/ BK Kuala Lumpur
Y = Aw Chennai Sihgapore
Quit f Ibadan —# - Zegapo
0S \ '
e .‘,Campma Grande ‘ \)
La Paz W ° Dar es Salam g
\ { s ‘ Cw “"' Af pt .
Presidente gy B ow Salvador < BS 11
Prudente ———b." B3, L G_aborone Yogyakarta |, \
RIO de Janeiro . ‘ BW ) >
! BW j Ct
Cimate cf
Reagons Sao Paulo - = Johannesburg Cs
Sama Mana 3
A Porto Alegre
A HUMID TROPICAL CUMATC B anv cumare C WuNID WARA CLIMATE D HUMID COLD CUMATC E Cowg poLAR Cumars
- No Ory Seasan Semiare - No Dry Seasan - No Ory Seasca f;;;kc;"f_'t“’
a1 Ory Seasze [BW] ans Dry Wintar (B8] ory winser [EF] Percercs rom:
8] oy winter * [E5] Ory Summer [D5] oy Somme BB ot 0t Uoctess fuet Foghiands

Fig. 7 - Geographic distribution of climates, highlighting work in (sub) tropical regions.
Source - (Roth, 2011)
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Roth (2007) states:
Over the last 50 years the developing world, much of which is located in
(sub) tropical regions, has seen a dramatic growth of its urban population
associated with serious degradation of environmental quality. (Roth, 2007)
The total number of (sub) tropical urban climate studies, however; is still
small (<20% of all urban climate studies). The available work is further
biased towards descriptive studies rather than process work that seek to

indicate the physical climatology of (sub) tropical cities. (Fig. 7).

An extensive survey of UHI studies evaluated by Stewart (2011) revealed that only

9% of the papers published were for tropical cities.

One of the earliest UHI studies in warm, humid cities was conducted by Nieuwolt
in Singapore. (Nieuwolt, 1966). Since then Jauregui (Jauregui, 1993; 1996) has
published two special bibliographies on tropical UHI studies.

An overview of the energetic processes of tropical UHIs was provided by Roth
(2007). Hefgund thats
URESriensities lareUgenerally- tower-comparéd<td ‘those of temperate cities

withZeomparable' popuitfibn'‘antt show a seasonal variation with lower
(higher) intensities during the wet (dry) season. The amount of net radiation
dissipated by sensible heat during daytime is about 40% which is similar to
values observed in (sub) urban areas of cities located in temperate climates.
Energy partitioning is modulated by water availability and higher
percentage of vegetation promotes latent heat flux at the expense of surface
heat storage. The apparent strong influence of vegetation and water
availability on the energy partitioning irrespective of the climate type,
suggests vegetation to be an ‘effective means to reduce heat storage uptake
during daytime and hence has the potential to effectively mitigate the

nocturnal heat island.’
In recent years, Hung et al, (2006) provided remotely sensed data on local climate

in major tropical megacities (Bangkok, Ho Chi Minh City and Manila). Contrary to

the cases in temperate cities, warm, humid cities appear to have significant urban
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warming during the day and the extent of urban warming appears proportional to

the city size (population) (Table 2)

Table 2: UHI magnitude in selected tropical Asian megacities.
Source: Hung et al., 2006

Bangkok Manila Ho Chi Minh City

Mean Rural temperature (0C)

Day 29.5 26.5 30.0

Night 21.5 20.0 22.0
Magnitude of UHI (oC)

Day 8.0 7.0 5.0

Night 3.0 2.0 2.0
Longitudinal extent of urban effect
(km)

Day 33 25 25

Night 30 20 20
Latitudinal extent of urban effect (km)

Day 48 45 22

Night 40 30 15
Footprint area of urban effect (km2)

Day 1243 883 431

Night 942 471 236
Population (millions) in 2000

11 9903 6.5
Kataoka ct al. D)itormpandd the obseradd tempertiturdsiin * Asian cities to

that of the Qdi temperdtirefromHonr grids’surfounding th ties. Up to 2°C
warming ¢an b h ' many tropieat- '3 1d the trends in
urban warming have accelerated in recent years. Tokairin et al. (2010) found that in
Jakarta the sea breeze developed at an earlier time of day compared to 40 years ago
and a converging flow developed over the city core. This together with the
advection of heat from the surrounding area led to 77 Wm > of heat (equal to 44%
of the sensible heat flux from the ground surface into the atmosphere). Another
remotely sensed tropical UHI study conducted in Manila, Philippines (Tiango et al,
2008) indicates cliffs and plateaus in local temperature and these were related to the

amount of green cover. (Emmanuel et al, 2011)
2.4 Urban Heat Island studies in Colombo, Sri Lanka

Colombo’s Urban Heat Island is well documented, especially by Emmanuel.

Emmanuel (2004), examined the historic trends in thermal comfort in the Sri
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Lankan primate city of Colombo and correlated them with land cover changes. The
land cover was calculated from time-series aerial photographs in terms of “hard”
cover (buildings, paved areas and roads) and “soft” cover (trees, green areas and
bare lands). The period selected for analysis included pre-rapid (up to 1977) and
rapid urban phases (1978 onwards) in the city. (Emmanuel, 2004) It was found that
an increase in the hard land cover, reduced the level of thermal comfort, particularly
at night-time. This factor was seen to be significant, especially at the suburban
station. The relative importance of land cover in city centre vs. rural areas was
clearly visible. Hard cover had more effect on thermal discomfort in city centre than

in rural areas.

Emmanuel and Johansson (2006), analysed the “influence of urban morphology and
sea breeze on the microclimate of Colombo”. Five urban measurement sites were
chosen together with a corresponding rural site. (Fig. 8)

They found that:

. Temperature differences between the urban sites reached 7 K on clear days in

spite of the relatively wet period of measurement.

. Urba;i—,iﬁaorphology hdd d vighificant anipact o daytinieair temperatures

. Maxigah] datly ®émperature decreaséd withbimdreasing! HM/W ratio.

. The fett of Seh breezd waklevidert

. Sites open to the sea were significantly cooler than other urban sites.

. In contrast to the daytime variations, only small intra-urban temperature

differences were found at night.

While the 2006 study examined existing sites of differing morphology, Emmanuel
and Fernando (2007), used a micro-'scale urban simulation program, ENVI-met, to
compare Colombo, Sri Lanka and Phoenix, Arizona, USA. The study examined -
“the sensitivity of air temperature and mean radiant temperature (MRT) of built-up
urban cores to urban-area geometry (the density of buildings), thermal properties of
human-made surfaces (albedo) and green cover (street trees)”. Air temperature and
MRT are indicative of human thermal comfort, and their rural/urban gradients
signify the urban heat island (UHI) effect. It was found that, “although high albedo
values lead to low daytime temperatures in both cities, the best thermal comfort,

quantified by both the air temperature and MRT, was found in a more high-density
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development. Thus, density enhancement is a viable UHI mitigation option in built-

up areas of warm climate cities”. (Emmanuel & Fernando, 2007)
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Fig. 8 - Positioning of measurement equipment within urban
canyons.
(Source: Emmanuel et al, 2006)

2.5  Design strategies to ameliorate urban warming in warm, humid cities

This section reviews the approaches to mitigate and adapt to the negative effects of
UHI. This is deemed the next steps in the sequence to create climate sensitive urban
spaces, as an application agenda for acquired knowledge in the area, especially in
the tropics.

Grimmond et al. (2010) establish that:
Without cool winters, urban populations in tropical regions may be exposed

year-round to the negative consequences of urban warmth. Ventilation is
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critical in the tropics. Designs, through manipulation of geometry (height
and width of buildings, building and street orientation and street width) have
to consider ways to increase wind penetration and provide shade during
thermally critical times of the day to enhance thermal comfort (Emmanuel,
1993, 2005; Ng et al., 2006, 2009). The high zenith sun angles in the tropics
require a combination of building heights and geometry with elements such
as canopies, awnings and vegetation. The time when shading is beneficial
depends on the general weather pattern in the tropics, the typical dimensions
of city blocks in a particular city and people’s activity patterns (Lam et al.,
2008).

The abundance of natural vegetation in the humid tropics can be utilized to
provide shade and evaporative cooling. At high zenith angles roofs are the
most thermally active building surface. Vegetated roofs can enhance thermal
comfort by insulating buildings, and can improve air quality, reduce storm
water runoff intensity, improve run-off water quality and create new habitat
for wildlife, and hence have been used extensively in many climatic regions
(RQ‘s:gnfcld &t als 29980 Rosenfeld etiaty 21 998y Onmira et al., 2001; Kohler
et a&()(ﬁ; Bieotieiseng 2003s8¥ong.| 2003 aimanet al., 2003; Saiz et al.,
2()06%’?1(05{11“@0 etval L2007 Mentens., 2006; Carter et al., 2007). Similarly,
vegetation provides thermal benefits, removes air pollutants and absorbs
CO,, relieves human stress, mitigates run-off intensity during storms and

modulates urban flood events.

The design strategies to ameliorate urban warming in warm, humid cities can be

grouped into four focus areas;

o o @

o

Manipulate urban geometry to shade
Promote the urban wind flow for thermal comfort and pollution dispersal
Increase vegetation cover

Increase thermal reflectivity (albedo) of urban surfaces
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a. Manipulate urban geometry to shade

Evidence from the warm, humid tropics as well as from cities with warm, humid
summer conditions indicate that shade (either caused by buildings or trees) to be the
single most important design parameter in determining local warming/cooling, as
the radiative flux from direct sunlight has a strong influence on the heat balance of
the body. (Taylor & Guthrie, 2008)

In the high-density settings of Hong Kong, Yang et al. (2011) found that on a
diurnal basis, ‘the semi-enclosed plot layout with high density and tree cover has
the best outdoor thermal condition.” Tan et al. (2013) found in Singapore, that the
effect on MRT is significant by shade cast by trees and buildings during daytime
and does not differ considerably in the absence of sunlight. Therefore, any attempt
at lowering the MRT should logically be done only in daytime. (Tan et al., 2013)
Similarly, an annual outdoor thermal comfort study in Taiwan (Hwang et al., 2011)
found that outdoor thermal comfort is best when a location is shaded during spring,
summer, and autumn. Whether the shade comes from trees or shading devices make
little difference. Noting the benign neglect of street level shading in contemporary
urban planh;i;ng and_désignl i [hob clivhates [Brélh (2008) statésl that in hot climates
with high rﬁént loads/ et adiant batdneé may'be'mode important than convective
exchange. ““Phis Tas Yorehitet leFHet on pedestrian comfort than the minor
modifications to air temperature usually reported n street level measurements.
(Emmanuel et al, 2011)

The worst street-level comfort conditions in warm, humid regions are associated
with wide streets lined with low-rise buildings and no shade trees (Erell, 2008). The
most comfortable conditions are associated with narrow streets and tall buildings,

especially if shade trees are also present. (Emmanuel, 2011)

The "Shadow Umbrella"

An urban approach to shade enhancement was first proposed by Emmanuel (1993).
The concept, called “shadow umbrella” utilises the urban massing to shade the areas
between buildings. Emmanuel (2005) details the procedure and presents design

strategies derived from this concept.
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The fundamental step in arriving at such a 'shadow umbrella' is to establish the
shadow angles. In order to develop an urban massing that can shade itself depends
on the following factors; Date of the year; Time of the day; Location; Building/site

orientation and dimensions. (Emmanuel, 2005)

In the case of tropical regions, the sunrays reach from all directions, including north
and south. The northern-most solar exposure occurs during the summer solstice
(June 21 or thereabouts) and the southernmost exposure will be on the winter
solstice (December21 or thereabouts). While these two days determine the northern
and southern extremities of sun positions, respectively, cut-off times on each of

these days determine the eastern and western extremities. (Emmanuel, 2005)

_\é’_ Jun21 09.00
N

Dec 21 09.00
\C|>/
NA

Ny |

Jun21/‘|7.@%_

/l\

17
Dec 21 17.00 _/Q\_

Fig. 9 - An ’ideal’ shadeable urban block. (Source: Emmanuel, 1993)
With the establishment of the times at which shading is to be provided, the four
corners of a perfectly shaded commercial city block, for example, can be

determined. Fig. 9 shows how these four positions of the sun (09.00 hrs. on June 21,
17.00 hrs. on June 21, 09.00 hrs. on December 21 and 17.00 hrs. on December 21)
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can be developed into an 'ideal' shadeable urban block. The sloping planning the

figure is the 'shadow umbrella'.

Emmanuel (2005) summarises the generic approach detected from the 'shadow

umbrella' as follows;

. Buildings will be tall on the north and east

. Buildings on the west will be the smallest

. It is preferable to leave a wide margin on the western side of the block. This
space can be used to plant trees, etc., that could offer additional shading.

. The centre of the block can be left open. This opening can be either parallel to
the north/south sides of the block, or a U-shaped court.

b. Promote the urban wind flow for thermal comfort and pollution dispersal

Ventilation has been a key strategy for thermal comfort and pollution dispersal in
hot climates from ancient times. However, the low levels of wind speeds in the
tropics due to the passing of the inter-tropical convergence zone twice a year makes
it necessary to carefully map out the ventilation strategy at a city-wide level to
induce sufﬁéigm atr iovnetit, both'l fordpolhition dispersion. as well as thermal
comfort. I-w’ill also éithanée the 'cobhhg poteéntiablot lnaturalty ventilated buildings
(which is“the’ most' commbn 'Approheh™to indoor cooling in the warm, humid
tropics). Hong Kong’s approach to a citywide ventilation strategy via the ‘Air
Ventilation Assessment’ (AVA) method (Ng, 2009) best exemplifies such a

planning assessment method. (Emmanuel, 2011)

Ng (2009) suggested that ventilation strategies for pollution dispersal and thermal
comfort need to consider both city-wide as well as street-level measures such as
breezeway/path (city wide scale); building plot coverage, building orientation
relative to streets, heights of building in relation to one another and building

permeability.
Streets can be oriented along the prevailing wind directions to provide a constant

low speed aeration path. To enhance the ventilation in the streets perpendicular to

the prevailing wind directions, wider streets (lower H/W) or higher buildings on the
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downwind side of the street to encourage downdraughts can be used. Alternatively,

wind-catching structures can draw wind into these streets. (Taylor & Guthrie, 2008)

Chan et al. (2001) found that non-uniformly building heights provide better
ventilation and tall buildings do not necessarily promote blockage. A wider canyon
promotes better mixing of air and canyon geometry should be restricted to threshold
value for skimming flow and maximum relative canyon length to height ratio - L/H
- should be kept at five. (Ali Toudert, 2005)

Another strategy to induce street-level ventilation is to use the differences in surface
temperatures of vertical surfaces of buildings in high-density areas. For example,
Yang and Li (2009) found that the surface temperatures of walls in high density
Hong Kong increases with height during the day and reverses at night, leading to
ventilation induced by thermal buoyancy that could be 2-4 times stronger than

mountain slope flows. (Emmanuel et al, 2011)

C. Increase \"'CQClﬂliOﬂ Cover

The impoptgincc ot tifbanl grdehery VO T ilitiaiil , cofifortilat &treet level is long
recognised;“.-ﬂowever ettorts!te usel'grecnery 'to' ameliordte irban warming need to
be cognizantof the Schle of tHel effect due to different kinds of greenery, limitations
of its use and the unintended consequences that might arise by their haphazard

deployment. (Emmanuel, 2011)

Urban greenery to tackle local warming in warm, humid cities may take the form of
green roof, green walls, surface green (such as lawns) or street trees. Although the
effects of green cover manipulations on street level air temperature remains muted,

its effect on thermal comfort is significant. (Emmanuel et al., 2011)

The results of studies in Beijing, China by Zhao et al., 2010, indicate that mesoscale
urban planning indicators can explain the majority of the urban climate differences
among the sites considered. For example, green cover ratio and floor area ratio can
explain 94.47 to 98.57% of the variance for daily maximum surface temperature,
green cover ratio and building height can explain 98.94 to 99.12% of the variance

for daily minimum surface temperature, and floor area ratio, green cover ratio and
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building density together can explain 99.49 to 99.69% of the variance for time of
peak surface temperature. Furthermore, green cover ratio is identified as the most
significant urban planning indicator affecting the urban thermal environment. (Zhao
etal, 2011)

Perhaps a meta-review conducted by Bowler et al., (2010) on the purported effect of
urban greenery best sums up the findings to-date. Noting the nature of
observational studies on urban green effect (small numbers of green sites), Bowler
et al., (2010) concluded that ‘the impact of specific greening interventions on the
wider urban area, and whether the effects are due to greening alone, has yet to be
demonstrated.” Further empirical research is necessary in order to efficiently guide
the design and planning of urban green space, and specifically to investigate the
importance of the abundance, distribution and type of greening. It is also necessary
to be mindful of the interference urban greenery could cause to street-level pollution
removal, especially on the leeward side of urban canyons (Gromke et al., 2008;
Salim et al., 2011) as well as the enhanced water use that might be required to

maintain the green cover (Gober et al., 2010). (Emmanuel, 2011)

d. lncé};e thermalré fléttwvity (albed o) o urbas surfades

Extensive 1se 0f high*albedb hdtetials s been advocated as a means of mitigating
the urban heat 1siand, especially in warm-climate cities. The implicit assumptions of
this strategy are that by lowering canopy layer air temperature, cities will enjoy a)
reduced air conditioning loads in buildings and b) improved thermal comfort for

pedestrians in outdoor urban spaces. (Erell et al., 2012)

In the typically low wind speeds prevalent in tropical cities, the effect of facade
materials and their colours assume greater significance. Priyadarshani et al. (2008)
found that low albedo facade materials in Singapore led to a temperature increase of
up to 2.5°C at the middle of a narrow canyon. Emmanuel and Fernando (2007)
found that high albedo could make sunlit urban street canyons up to 1.2°C cooler in
Colombo, Sri Lanka.

However, it is important to keep in mind that albedo enhancement strategies, like

urban greening, are more likely to show improvements in air temperatures than
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thermal comfort (Emmanuel et al., 2007). From an urban design point of view,
mitigation options ought to focus on thermal comfort enhancement (including the
MRT) rather than merely attempting to control air temperatures (Emmanuel &
Fernando., 2007).

Erell et al., 2012 cautions, 'although use of high-albedo materials in urban surfaces
may reduce the air temperature to which pedestrians are exposed, this change has
only a small effect on their thermal balance with the environment: The reduction in
surface temperatures, which leads to reduced long-wave emission, is offset by
increased reflection of solar radiation. The net effect of increasing the albedo of
urban surfaces may thus be a small increase in the thermal stress to which
pedestrians are exposed — rather than the expected improvement in thermal

comfort'.

Yet, in other contexts, highly reflective surfaces have resulted in extreme
overheating in adjacent buildings and surfaces. Futcher and Mills (2014), writing on
the context of London, “too many buildings are being designed without due
consideratign, of theifl immpaetl om0 the/ Mideri built evitoninkit. Minds have been
concentr ateg%n the 1sduel Byl the! ihpaet 6f 20 Feréhureh!Street -aka the walkie-
scorchic “em its nelghbours When'Gight reflected by its concave glass fagade

scorched buildings and objects.

2.6 Climatic maps, developing urban climatic guidelines, and implementing

mitigation measures for local planning practices

“Facing the global issue of climate change, it is also necessary to include the
changing climatic considerations holistically and strategically in the planning

process, and to update city plans.” (Ren et al., 2010)

Urban Climate Map (UCMap)

The urban climatic map (UCMap) is an information and evaluation tool to integrate

urban climatic factors and town planning considerations by presenting climatic
phenomena and problems into two-dimensional spatial maps (Baumiiller et al.,
1992; VDI, 1997; Scherer et al, 1999).
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It consists two major components:

Urban Climatic Analysis Map (or Synthetic Climate Function Map) (UC-AnMap)
Fig. 10 demonstrates the information layers that are a part of the UC-AnMap. The
analytical map brings together, climatic elements; geographic terrain information;

greenery information; and planning parameters in a GIS (Geographic Information

System) based platform.
Analytical Maps of Climatic Elements Geographic Terrain Information Greenery ';fmlion
Air temperature . Planning Parameters

'/ Atmospheric Humidity e

/ Wind Velocity & Direction P 88 ks s
Fog/Mist . ,A_‘_“,§91!1vveﬁeg 7 4  BuidngiloMep

-

Define the Climat and Cold-air Collection Areas
Urban Climatic Analysis Map
(Synthetic Climate Function Maps)

The UC- R&?I%p istan mtegrated plarmmg -action-oriented assessment base that
could be operated at the city or the district scale. On the basis of the analysis
obtained from the UC-AnMap, similar climatopes are grouped into zones to present

the sensitivity of certain land areas affected by land use changes. (Ren et al. 2010).

VDI 3787 Bla 1 /Part |

OPENSITES
Open e th sabcant s actety

‘Opensdes wthless sgnifcant cematic activty
o smct reigtons upto poputed 3eas of sty
1 Lowsmastity weh nespectio rterertcn whichchanges uae

— Bultup areas wih Lnchons of reevanceto.
m-ﬂqnmds—ummn

tomtorsicaton of wse

Inoa of ol o e port of wew of stan chrae
Streets with high emssions of polutants and nase.
forplarning e arca Sfecdby P steet

Cllmatlc Analy3|s Map ) o Recommendation Map for Urban Planning

Fig. 11 - UC-AnMap and UC-ReMap. (Source - Baumiiller et al, 1992 as cited in Ren 2010)
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Fig. 11 shows an example for the two maps by Baumuller (1992). It highlights
problem and climate sensitive areas in the city that a multi-disciplinary teams need

take heed of, for development and amelioration.

The UCMap system has been adopted by many cities around the world. A

comprehensive review is seen in (Ren et al., 2010).

Among many advantages of the system the main disadvantages, in relation to the
current study is seen in the need for future studies to focus on climate change
impacts, recommendation maps that incorporates such concerns and in the context

of extensive data and data collection regimes needed for the analysis maps,

Local Climate Zones

The new “Local Climate Zone” (LCZ) classification system provides a research
framework for urban heat island studies and standardizes the worldwide exchange
of urban temperature observations. (Stewart & Oke., 2012) It was developed to help
to fill a crucial void in UHT methodology; the lack of an accepted protocol to gather
and report heat islandldbseivatipn® in'vhe Cahopydayer]

“Such a protocol shduld build-or'éxisting guidelines, conventions, and frameworks
in urban climatology. The LCZ system does that, and provides a simple division of
urban and rural landscapes into morphological classes, from which a standardized
definition of heat island magnitude is derived. This approach moves the field closer
to a cohesive and workable set of ‘rules’ to assess UHI magnitude in the canopy

layer and to allow objective comparisons of UHI magnitudes in different cities”.
(Stewart & Oke., 2012).

Detailed in Table 3, are recent studies using the LCZ system for Mapping, Siting of
data collection points, Comparative studies and thermal comfort, among other
applications. The strength, therefore, the growing use of the system lies in the
"comprehensive nature of the classification system with its thorough coverage of all
likely urban land use/land cover classes meaning that a given LCZ class is

comparable across many different cities". (Stewart, 2011)
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Table 3 - Previous work using LCZ classification as the primary tool

Author(s), year [City [Parameter(s) studied

Mapping and UHI Studies

Villadiego and Velay- Barranquilla, Colombia [Thermal comfort, thermal sensation.
dabat, 2014

Perera et al., 2012 Colombo, Sri Lanka [UHI.

Perera et al., 2013 Colombo, Sri Lanka [UHI.

Perera and Samanthilaka, [Colombo, Sri Lanka [UHI.

2014

Middel et al., 2012 Phoenix, AZ Daytime cooling efficiency and diurnal energy
balance. ENVI-met.
Middel et al., 2014 Phoenix, AZ Urban form, landscaping and air temperature.

[Emmanuel and Loconsole,
2015

Glasgow, Scotland

Mapping, ENVI-met, air temperature, surface
temperature, thermal comfort. Green
infrastructure for overheating adaptation.

Bechtel et al., 2012

Hamburg, Germany

[UHI. Remote sensed classification. GIS.

[Acero et al., 2014

Multiple cities

Mapping/comparative database for climate
change impacts.

Unger et al., 2014a

Szeged, Hungary

Mapping. GIS.

Alexander and Mills, 2014

Dublin, Ireland

/n situ stations and mobile traverses.

Land-cover / land use maps as basis.

Siting of Weather Stations

Siu and Hart, 2013

Hong Kong, china

LCZ for classification of weather-station siting.

Wong, 2014

Peng anc

(Thomas e/ al, 2014

Grimmond, 2013
Leconte [5203
Historic

Hebbert, 2014

Hong Kong, China

INaAcy | Frahdé

LCZ for classification of weather-station siting.

D A1t cpmcatner nnd TQ

ther-station siting.
HI.

n FOOfS

ethod.

A historical perspective on similar systems.

Scherer and Endlicher,
2014

A historical perspective on similar systems.

Thermal Comfort/Climate Change/Vulnerability Impact Studies

[Puliafito et al., 2013

Mendoza, Argentina

PET, air temperature. Green roofs, mobile
measurements.

Perera and Langappuli,
2013

Colombo, Sri Lanka

MRT.

[Perera and Weerasekara,
2014

Colombo, Sri Lanka

MRT. Outdoor thermal comfort.

Miiller et al., 2013

Oberhausen, Germany

Climate change adaptation, PET, ENVI-met.

Dubois et al., 2012

Quebec City, Canada

UHIE, urban indicators, climate change
adaptation, air temperature, ENVI-met.

(Kaveckis and Bechtel, [Hamburg, Germany Urban vulnerability assessment framework.
2014 [Uses Metronamica, a raster-based land-use

model, which uses cellular automata (CA).
LCZ validation

Coseo and Larsen, 2014

Chicago, IL

[Used LCZ urban variable measures to match
eight Chicago neighbourhoods to LCZ classes.
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An exemplar approach is adopted by WUDAPT (World Urban Database and
Access Portal Tools), where the primary objective to "develop a database that uses

consistent descriptors and gathers information at a suitable scale" (WUDAPT,
2014b)

The World Urban Database and Access Portal Tools (WUDAPT) is an initiative to
collect data on the form and function of cities around the world. The impact of cities
on the climate at urban, regional and global scales is a topic of considerable debate.
Much of the relevant research to date has been focused on mapping urban centres
using demographic and administrative information, often supplemented by remote
sensing. However, these data provide no information on the internal make-up of
cities, which is important for understanding their impact on the environment as well
as their vulnerability to change. The most recent report from the Intergovernmental
Panel on Climate Change (IPCC) notes the dearth of information on urban areas.
The WUDAPT initiative is designed to fill this gap. (WUDAPT, 2014a)

The LCZ scheme is integral to the process. The WUDAPT protocol is based on the
classificatians of crties using LEZs jand, then, deyelopgd jusing remote sensed
applicationgiéiith vitdhb logal knowledge antelassdymg -andyalidating training data

needed.

LCZ classification plays a pivotal role in this thesis. Where its application in the
experimental context of Colombo establishes the needed impetus for developing

strategies for planning and policy.

Urban design and planning strategies

Urban design and planning strategies targeting the amelioration of urban warming
in warm, humid cities are rare. It is even rarer to see an explicit link being made
with urban warming strategies and the adaptation to global/regional warming in the

region. (Emmanuel et al., 2011)
A global survey of Urban Sustainability tools were presented by Criterion Planners

(2014) (Fig. 12). The survey exemplifies the dearth of initiatives in the tropical

regions.
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Exemplar efforts among cities with warm climates for UHI mitigation and global-

warming adaptation is seen for Japanese cities. The policy framework, termed;

Comprehensive Assessment System for Built Environment Efficiency (CASBEE),

approach the problem from the scale of the individual to the city scale. (Fig. 13)
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Fig. 13 - Major urban heat island mitigation measures. (Source: Yamamoto 2006)

Japan’s ‘Outline policy framework to reduce UHI effects’ adopted in March 2004
(cited by (Yamamoto, 2006)) aims to:

Reduction in anthropogenic heat release (reduction and substitution)

Building and plant energy efficiency

Building insulation and shade

Greening of buildings

Reflective surfaces

District cooling systems and reuse of waste heat

Improvement of artificial surface covers (reduction of sensible heat transfer
and expansion of latent heat transfer)

Reflective pavements and water retention
Green cover and open spaces
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3. Improvement of urban structure (improvement and integration of advection

currents)
. Building morphology and land use manipulation
. Greenery

2.7  Research Gaps

As stated at the start of this chapter, the literature review is extended to Chapter 3 -
Research Design, especially to encompass work done using the LCZ system and
ENVI-met. Each of these major components of this thesis is explored in terms of
morphology - climate links. The separation of the two chapter elements are
envisioned as two-parts of the same approach - the theory (Chapter 2) and the

application (Chapter 3) - both essential to the discussion.

In relation to the above - research gaps - are identified and explored as the core

issues in this thesis.

Protocols f@ekC7Z deplovment in data® scarce tropics

The LCZ 5)7§€em was developed as a set of protocols that allow more meaningful
reporting of ""t‘he UHI phenomenon, across cities of different geographies and
climates. In recent studies, the LCZ scheme has gained acceptance as means to use
observational data for classification and mapping. The ability of the system to be

applied quickly - in a data scarce context - is seen as one of its main advantages.

The establishment of a set of protocols for the deployment of LCZ as the base data -

- needs to be explored.

This links to the primary research problem - “lack of a strong morphological and
climatic base for urban design, planning and policy to be established upon - in the

warm humid tropical settings".
Further, the research question of - "What is the microclimatic background condition

that climate sensitive urban policy needs to be based upon''? - is derived from

this research gap.
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Sensitivity analysis of what are key design parameters for the mitigation of UHI and

outdoor thermal comfort in the tropics

The primary aim of the thesis is to create climate sensitive urban public spaces by
exploring urban design-climate links. Therefore, the task encompasses both factors -
thermal comfort in the urban outdoors and climatic effects of such strategies on the
local warming (UHI). Mean Radiant Temperature (MRT), as opposed to air

temperature is used as the measure for the analysis.

Research that brings together morphology and UHI have been explored extensively.
Similarly, the microclimate and morphology. Sensitivity analysis of urban variables

on these factors have been dealt with.

The exploration of the sensitivity of urban indicators for both thermal comfort and
UHI amelioration - in a future background climate warmed by global warming -

needs consideration.

The research question of;
What are the key urbaviciioitphology variables (Géomeétiicand Surface Cover)
that will d&ne and drivé thée decisivin> making proeess,)'at both the existing as

well as a Warthed urban mierbllim#te? is derived from this research gap.

Conversion of findings into planning strategies

Conversion of research findings in terms of microclimate and morphology into
planning and policy is rare, especially in the warm humid tropics. A majority of the
studies stop at the theory and do not translate into planning and policy. Most draw
conclusions on the existing background conditions, both physically and

climatically.
Further, research explores the basic element of the "urban canyon' in most
morphology-microclimate studies. A consideration of the planning / precinct / block

scale needs consideration.

Studies that look ahead to an urban context affected negatively by global warming

are deemed necessary.
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The research question of;

What are the planning and policy implications that can be generated to adapt

to or roll-back the negative effects of a warmed urban microclimate? - is

derived from this research gap.

Similar study approaches in literature

Several researchers highlight the significance of the research gaps discussed above.

The introduction to the research problems and literature pertaining to the same were

discussed in Chapter 1, where writings of Mills, Oke and Emmanuel set the stage

for further exploration of the topics.

Grimmond et al, 2010 in a needs analysis for Climate and more Sustainable cities

highlight the following, (among other factors), are deemed directly relevant to the

this research;

Data

Need Ji;({f)}‘mcct ddtareqtitomentsvie allow transiatiomldticésearch findings into
urban“bﬁﬂding desigh) foels! and‘guidelinésforldifferént climate zones and
classésof urban Yant-uke.

Need to ensure that data are provided in a format that 1s usable for a broad
range of practitioners without compromise to scientific accuracy and integrity.
Need to ensure metadata to describe instrument, siting, quality assurance and
control features and documentation are complete and comparable by creating

and using a standardized urban protocol.

Tools

Need to develop tools to allow models to be able to accommodate the wide
differences in data availability depending on the application from research to
operational situation.

Need to develop tools that allow competing and unintended impacts of
proposed sustainable design to be assessed (for example, will urban greening
reduce temperatures but increase humidity, resulting in no net increase in

comfort levels?).
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Masson et al, (2014), explore a similar study for Toulouse, France, where they
explore " Adapting cities to climate change: A systemic modelling approach". A
crucial area highlighted is in the approach to "Impact assessment" by the use of
"indicators". The interdisciplinary approach used here allows a wide range of
evolution paths and impacts to be considered and assessed. The indicators used for
assessment are based on both the data provided to create the scenarios (results from
the participatory approach and data necessary as input to the models) and data
simulated by the different models. Some indicators may be a mix of these two. The
major indicators that were estimated for each adaptation strategy and climate
warming scenario are; Economic and socio-economic indicators; Urban form

indicators; Micro-climate and comfort indices; Energy consumption indicators.

Summary

The chapter explores critical concepts in literature to highlight research gaps and

develop research questions.

The rescar%ucslions are Highti ghtéd4s3

. "Whatss'the microelimatié backgréund condition that climate sensitive urban
policy needs to be based upon'?

. What are the key urban morphology variables (Geometric and Surface Cover)
that will define and drive the decision making process, at both the existing as
well as a warmed urban microclimate?

. What are the planning and policy implications that can be generated to adapt

to or roll-back the negative effects of a warmed urban microclimate?

These questions establish the primary topics in the Research Design in the next

chapter.
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3.0 Research Design

3.1 Introduction to the chapter, the research design and Colombo, Sri

Lanka as a case study

The main aim of the research is in bridging the gap in urban design-climate links,
being translated into guidelines for real-world applicability for the warm
humid tropical climate of Colombo, Sri Lanka, in a background climate
affected by Global Warming.

The research design is focussed in answering the three main research aims /

questions detailed out in Chapter 1.3;

1.  What is the microclimatic background condition that climate sensitive urban

policy needs to be based upon?

2. Whaggke the key urban ‘morphology ‘Variables{Geometric-and Surface Cover)
that Wﬁf'dcf‘inc and drivethe decision making process, at both the existing as

well as'a warmed urban microclimate?

3. What are the planning and policy implications that can be generated to adapt

to or roll-back the negative effects of a warmed urban microclimate?

Methodological steps for each of these questions are outlined in detail in Section 3.2
and Section 3.3 in this chapter. Each of the ‘process steps’ generate the needed input

parameters for the next step of the research process.
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3.1.1

Introduction to the research design

The introduction to the chapter is further elaborated by addressing each research

question, its constituent components and culminates by tabulating as a matrix the

process steps together with the methods adopted to reach its objectives.

What is the microclimatic background condition that climate sensitive urban

policy needs to be based upon?

What is the existing and therefore the predominant urban fabric morphology
of the city of Colombo?
What is the comparative microclimatic effects of such a morphology in terms

of 'Local Warming'?

Encompassed in Section 3.2 of this chapter - "Classifying, Simplifying and

Understanding the Climatic Context - for Colombo, Sri Lanka", it approaches

these

questions by adopting the following steps as a process where the data

generated from the preceding section, generates the needed input for the next.

P;ﬁﬁ_@ss "Step" Method

3.2.1 |\Gi@ssying Toocal ClimateZotes™ ["LCZ classification system

3.2.2 | CI&ssifying " "“Local ™~ Warniiing | SHIM (Surface Heat Island Model)
effects” of the urban fabric application

3.2.3 | Detailed categorisation of the | Analysis of data generated in
mapped local level urban climate | previous sections
characteristics effecting Colombo

3.2.4 | Analysis and discussion.
Establishing the focus for further
study.

2. What are the key urban morphology variables (Geometric and Surface Cover)

that will define and drive the decision making process, at both the existing as

well as a warmed urban microclimate?

a.  Which of the variables are most sensitive to effecting Mean Radiant
Temperature (MRT)
Section 3.3 - " Computer Simulation of climatic contexts - existing and

modified building morphology - using ENVI-met " - In this the second part of
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the process, the critical LCZ typology identified in the first section, are modelled
using the computer simulation software ENVI-met. The simulated cases explore
existing and projected morphology changes in the existing climatic context as well

as for the projected 'global warming' perspective.

Process "Step" Method
3.3.1 | ENVI-met - the model, A comparison of on-site measurement of
Input variables, output climatic data with ENVI-met simulation.

possibilities, Limitations
and validation

3.3.2 | Simulation Matrix - Site | ENVI-met simulation

definition, existing and Explores series of urban morphology options
projected morphology to both establish variable sensitivity and gain
insight into the amelioration possibilities.
Thus, links to the third question relating to
"implications".

3.3.3 | Analysis Protocol Statistical analysis using IBM SPSS
(Statistical Package for the Social Sciences)
software.

3. What are the planning and policy implications that can be generated to adapt to

or roll—bzick, the nedativelgtieetd oy warinedviitban inictd¢kihate?

The third g;’éearch afiy 11$) 10 “thelinterpretatior 61! e ihdings into applicable
planning dndpolicy This 1d 'dedlt with-ift detail in Chapter 5. The needed impetus
for such analysis and discussion is encompassed 1n the "simulation matrix" of

morphology options in varying background climatic conditions. (Table 14)

3.1.2 Introduction to Colombo, Sri Lanka as a case study

Colombo, Sri Lanka (6°54°’N, 79°52’E) (Fig. 14) is drawn upon as case study for
the application of the research process. It serves as typical example of a warm
humid tropical city, affected by the Urban Heat Island phenomenon and facing the
negative effects of a globally warmed climate. Outlined below is an overview of
the city; its geography in relation to Sri Lanka, its history, approaches to planning -
historically and future projections, and its climate (existing and in a globally

warmed scenario)
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Fig. 14 - Sri Lanka and the location of
Colombeo. (source - www.asia-atlas.com)

y's \5%%’7%’64&?-9§-rﬁ%lgﬁment was primarily based on its small
seaport used by Moor, Arab, Persian and Chinese sailing vessels in ancient times.
Following the occupation of the coastal provinces of Ceylon (as Sri Lanka was
known in Colonial times) by Portuguese, Colombo became the centre of the
Portuguese rulers and after the annexation of Kandyan Territory by the British in

1815, it became the capital of the whole island.

The Portuguese occupation of Colombo ended with the siege of 1656 when the
Dutch captured the city. The Dutch occupied Colombo and other parts of the
coastal Ceylon from 1656 to 1796, a period of 140 years. Thereafter, the British
captured Colombo in 1796.

With Sri Lanka gaining Independence from the British in 1948, Colombo was

retained as its capital city, until Sri Jayewardenepura, Kotte was named the capital
city of the country in 1982.
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Colombo is fast changing in terms of land use patterns and building morphology.
This factor is further highlighted in the Urban Development Authority Projected
Zoning Plan for 2020.

Proposed Zoning Plan (2010)
City of Colombo

Map No. 01 Zoning Plan - 2020

Urbsn Council

mmmmmmmm

() Becuonic Thesg E—— =
Fig. 15 -Peoposed ZAdning Plan (2000} It Fig. 16 - Proposed Zoning Plan (2020
(source - uda.lk) (source - uda.lk)

The plan for 2020 superseded the plan for 2010 with the adoption of the City of
Colombo Development Plan (Amendment) of 2008. (Fig. 16) The main difference
from the previous (2010) (Fig. 15) is seen in terms of the definition of the urban
fabric morphology for the city. It changes from that of a ‘maximum permissible
height’ based strategy to a ‘Floor Area Ratio (FAR)’ based strategy. The plan also
saw a redefinition of the land use zoning together with the permissible uses within
the zones. It is deemed the newer zoning allows for greater flexibility, therefore
brings a certain heterogeneity to the built fabric, although the main objective seems

to be to free land for development, especially in the port related activity zone.
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Planning History

Brief outlines of 'Physical Plans' that have been developed for Colombo since
Independence are presented here;

Patrick Abercrombie Plan - 1948 - focussed on Colombo and its surrounding
regions. The main problems highlighted in the Abercrombie Plan were the high
concentration of economic, trade and port related activities in the city and their
effects. Decentralization of activities was one of the main objectives of the Plan.
Zoning Proposals were introduced in the Plan including Character Zoning and

Density Zoning. (Munasinghe, 2013)

Colombo Master Plan Project (UNDP - 1978) - moved away from the satellite town
concept. A massive 100-mile linear coastal conurbation stretching from Negombo
in the North to Aluthgama in the South was envisaged. (Gunaratna, 2012) The
establishment of the Urban Development Authority (UDA) as a planning
organization was a direct outcome of the Colombo Master Plan. (Munasinghe,
2013)

City of Ck)lQith Developniét Plan -VI98351t1¢vabled the IDAMo define zoning and
building reg}étions. The Yeglations; ‘eited as theVUrbat Development Authority
Planning dndBuilditig Reghlatibns'- 1686 (Gazette of Democratic Socialist Republic
of Sri Lanka Extraordinary No 392/9 of 10th March 1986 formulated under the
Urban Development authority law no. 41 of 1978 of the National State Assembly)
formed the basis for development. It is still applied in areas of the island that are not

covered by the subsequent plans.

City of Colombo Development Plan - 1999 - had two major advantages which the
earlier plans did not: a strong environmental predication; and, considerable
exposure to stakeholders, which had led to responsive modifications. (Gunaratna,
2012)

City of Colombo Development revised - 2008 - City of Colombo development Plan
(amendment)-2008 is a plan to amend the City of Colombo Development Plan of
1999.
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In relation to this study, the amendment plan had the following key changes to that

of predecessor;

Urban structure

building height application / restriction)

and building lines for specific streets in the city)

building regulations) (Appendix A)

— DSD Boundaries

I susiness
B commercial
- Education
- Govemment ( Institutions ) \
B Heartn
I ndustries / Distribution
- Open Land
- Other
Residential
7 Roads
I Transport
Water Bodies
Marsh/Barrow pit

=~ : ( v,
o 05 1 2 3 4 \ p P v ' H

Fig. 17 - Colombo Municipal 6ouncil - Land use 2013.
Source - (JICA, 2014)

Redefinition of Planning zones (permitted land use, relaxation of zone based

Application of specific street widths and width between buildings (street lines

Redefinition of the Specifications for Development - 'Form C' to Form 'Cl'

and Form 'C2' of the two development plans (Building height to FAR based
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Colombo is predominantly residential. According to a survey by CoMTrans Study
Team (2014), the Colombo Municipality area has over 42% residential land use,
while 3.5% i1s commercial and 4.5% for business. (JICA, 2014)(Fig. 17) This results
in an overall low building density in many areas of the city except in the central
business district of Colombo Fort and Pettah. The Indian Ocean on the western
edge, creates a natural limits to the city together with extensive marshlands to the
east. The form of the city centres on the port and the major North / south vehicular
artery - Galle Road, where the urban fabric is more mid-rise with a growing trend

for high-rise developments taking hold.

Climatic context - existing and future projection (A2 climate change scenario)

The Koppen-Geiger classification classifies Colombo as “Af” — Tropical Rainforest
Climate. Colombo is constantly moist showing no seasonal differences in terms of a
dry or cold season and experiences year-round rainfall, especially with the effects of

the Asiatic monsoon.

The backggl,_“éy’nd cliplate:cr'Hixisting\clinate vsag “GloballyWarmed' climate

The priméﬁZ}i&cus ofGhelfesdarchlis 30 seg, howsthelmaodifted morphology of the
built fabrié—ﬁjifém help'ameliorate 'the fegative effects of UHI in general and outdoor
thermal comfoit in particular. This aspect becoimnes even more critical for a global,
regional and local context that has warmed due to the effects of global warming. In

this regard, the research adopts two background climate scenarios;

Existing climate - the existing climate is interpreted as the climate that now
prevalent. It is represented as the 30 year average temperature trends for Colombo.
The primary data is ascertained from the ‘urban’ weather station at the Colombo
City Airport (Rathmalana) (Lat: 6° 49'N; Lon: 79° 52'E; Elevation: 5Sm asl; WMO
Station ID: 434670). This is the same data that will be used to drive the Surface
Heat Island Model (SHIM) model in the next section. (Appendix D)

Future climate - This explores a background climate that has warmed due to the
effects of global warming. Its particular effects are deemed evident in the local level
characteristics as well. In order to establish a benchmark for such a future scenario,

the research adopts the A2 projection scenario, developed by the Meteorological
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Department of Sri Lanka. A2 describes a very heterogeneous world with high

population growth, slow economic development and slow technological change
(IPCC, 2000). The projected Year is taken as 2100.

The A2 climate scenario makes the following assumptions in its projection

(Samarasinghe, 2009);

. World -
. Economy -
. Population -
. Governance -

. Technology

Differentiated

Regionally oriented; lowest per capita growth
Continuously increasing

Self-reliance with preservation of local identities

Slowest and most fragmented development

Mean Temperature Projection for 2100 - Sri Lanka

Eriyagama et al, (2010) summarised that: “There is general consensus among future

R |

projecti

century, altho

E4

study t ﬂfdy’”

PN QP ¢ 1

‘11 1 . . 1 1

the twenty-first

he1 projected magaudd 1 of acmperatanekincrease differs from

ble A (Biiyacama s€al (20703

Table 4 — Future Projection Studies for Sri L.anka - (Source — Eriyagama et ai.,2010)

Source Model Scenario | Base year | Change at end of the twenty-first century
(unless otherwise stated)
Cruz et al., 2007 |JAOGCM A1F] 1961-1990 | +5.44°C (South Asia)
[PCC 2007 B1 1961-1990 | +2.93°C (South Asia)
Kumar et al., 2006 [RCM A2 1961-1990 | +2.5 to +4°C (Spatially across Sri Lanka)
PRECI
( c1S) B2 1961-1990 | +2 to +3°C (Spatially across Sri Lanka)
Islam and RCM A2 1961-1990 | +2.5 to +4°C (Spatially across Sri Lanka)
Rehman. 2004 (PRECIS)
Basnayake et al., [Statistical A1F1 1961-1990 | +2 to +3°C (range by three models for Sri
2004 [Downscaling Lanka as a whole)
of GCMs 0
(HadCM3 B1 1961-1990 | +0.9 to +1.4°C (range by three models for
CSIRO C’GM) Sri Lanka as a whole)
A2 1961-1990 | +1.7 to +2.5°C (range by three models for
Sri Lanka as a whole)
De Silva. 2006b  [Statistical A2 1961-1990 | +1.6°C by 2050s (Sri Lanka)
Downscaling 0 .
of GCMs B2 1961-1990 | +1.2°C by 2050s (Sri Lanka)
(HadCM3)
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tMean Temperature: 2100 Mean Temperature: 2100

r Oceantndefined r Oceanfndefined
1M17-131 11.7-131
131-145 131-145
b 145-159 e 145-153
159-17.3 158-173
17.3-188 17.3-186
186-200 186 -200
200-214 200-214
214-228 214.228
2265-242 228-242
242-256 242-256
256-270 25B6-270
270-254 2r0-254
254-298 284 -295
298-311 298-3141
2M1-325 3M1-325
boundany. vec boundary.vec
Hillshade Hillshade
Show details Show details
Image generated using SimCLIM Image generated using SimCLIM
Fig. 18 - North/East Monsoon Ty in 2100 Fig. 19— South/West Monsoon Tyee, in 2100
(A2). Source - (Samarasinghe, 2009) (A,). Source - (Samarasinghe, 2009)

According to observed and potential impact scenarios for Sri Lanka, developed by
Basnayake et al of the Department of Meteorology (Fig. 18 and Fig. 19), suggest
that, under an A2 climate change scenario, Sri Lanka’s Mean Temperature would
rise as much as 2.4°C by the year 2100. (Samarasinghe. 2009) (Table 5)

5- Mean Temperature change scenario under A, Scenario (Annual)
‘ Sourcd (SantarddingheS2009)

Incremeﬁié_ﬁvér the huséline
2025 2050 2075 2100
0.4°C 0.9°C 1.6°C 2.4°C

Rainfall Projection for 2100 - Sri Lanka

According to (Eriyagama et al., 2010); “rainfall projections for Sri Lanka within
this century appear to be confusing and sometimes contradictory. These projections
are summarised in the form of seasonal and spatial projections in Fig. 20 for ease of
understanding. The majority of models project higher Mean Annual Precipitation,

but a few project lower Mean Annual Precipitation”.

Rainfall projections are for both the North/East Monsoon as well as the South/West
Monsoon. The overall Rainfall change is for Colombo is seen as 303 to 58 1mm for
the North/East Monsoon and 1689 to 1967mm for the South/West monsoon. (Fig.
21 and Fig. 22)
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Mean Annual Precipitation

/\

Higher Mean Annual Precipitation

Lower Mean Annual Precipitation

N

Higher Southwest
Monsoon Precipitation
Higher Northeast
Monsoon Precipitation

Higher Southwest
Monsoon Precipitation
Higher Northeast
Monsoon Precipitation

Kumar et. al 2006 (PRECIS:

Cruz et. al 2007 (AR4 models);

v

Lower Southwest
Monsoon Precipitation
Lower Northeast
Monsoon Precipitation

Ashfaq et al. 2009 (RegCM3);

A2 and B2); De Silva 2006b (HadCM2:A2); Basnayake et. al 2004 (CGCM
Islam and Rehman 2004 Basnayake and Vithanage AlTF1,A2and B1)
(PRECIS: A2); 20043 (HadCM32:A1 and B1)

Basnayake et al. 2004
HadCM3, CSIRO: ATF1,
A2 and B1);

Basnayake andVithanage
2004b (HadCM3:A2)

Fig. 20 - Summary of annual and seasonal rainfall projections for the 21st Century
(Source — Eriyagama et al., 2010)

Precipitation: 2100 Precipitation: 2100

' OceanUndefined ' Oceantndefined
26 - 303 24 - 302
303 - 531 302 - 579
b 581 . 858 . 579857
858 - 1136 857 - 1134
1136 -1413 1134 - 1412
1413 - 16390 1412 - 1689
1690 - 1968 1689 - 1967
5 1967 - 2244
Tor 2244 - 2522
2522 -2798
3 2799 - 3077
J077 - 3354
5354 - 3632
3332 - 3909
3909 - 4187 4309 - 4187

boundamy. vec
Hillshade

boundary. vec
Hillshade

Image generated using SimCLIM

Show details

Show details

Image generated using SimCLIM

Fig. 21 - North/East Monsoon Rainfallin 2100

(A»). Source - (Samarasinghe 2009)

Fig. 22— South/West Monsoon Rainfall in
2100 (A;). Source - (Samarasinghe 2009)

Basnayake, 2004; forecasts that the January (Northeast monsoon) rainfall is
projected to decline in the A2 scenario, while the June (Southwest monsoon)
rainfall is projected to increase. (Table 6)

Table 6 - Rainfall change scenario under A, Scenario (Annual)

Source (Samarasinghe. 2009)

Rainfall change scenario in North/East monsoon
under A2 Scenario (AR3)

Rainfall change scenario in South/West monsoon
under A2 Scenario

Increment over the baseline Increment over the baseline

2025

2050

2100

2025

2050

2100

25mm

54mm

143mm

175mm

402mm

106 1mm
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3.2 Classifying, Simplifying and Understanding the Climatic Context - for

Colombo, Sri Lanka

This component of the research was published as;

Perera, N.G.R., Emmanuel, M.P.R. and Mahanama, P.K.S. (2012). Mapping
Local Climate Zones and relative Warming Effects in Colombo, Sri Lanka,
proceedings of ICUCS — 8th International Conference on Urban Climates, 6—10
August 2012, Dublin, Ireland.

3.2.1 Classifying “Local Climate Zones”

Classification protocol

The land-use/local climate classification system defined as the Local Climate
Zone (LCZ) developed by lain Stewart uses observational data to differentiate

climate zones.

The climate zone classification systems were not originally designed for mapping,
it was designed to classify and standardize urban heat island observation sites,
whether Llpb%ill or rufaly€iked Yot mabiled (Wnger etlal;aA2044). Since the main
objective i§_._f§ simplify- the ' ttban!fabrie t6 representa' more generalised urban

area, mapping is deéhied 'a good apptoachto do so.

LCZs are defined as ‘regions of uniform surface-air temperature distribution at
horizontal scales of 10% to 10* metres’ (Stewart & Oke, 2009).Their definition is
based on characteristic geometry and land cover that generates a unique near-
surface climate under calm, clear skies. The factors considered include vegetative
fraction, building / tree height and spacing, soil moisture and anthropogenic heat

flux.

LCZ has 17 climate zones as shown in Fig. 23. The zones defined as building and
land cover types are combined to create sub categories. These have been validated
in Sweden, Japan and Canada (Stewart, 2011) (Appendix B - LCZ datasheets)

The sequential process adopted is based on the guidelines for classifying heat
island field sites into local climate zones developed by lain Stewart (2011)

Step 1 — Define the area of influence
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Built types

Definition

Land cover types

Definition

N

w

»

w

o

o

<)

N

o
*

-

. Compact midrise

Open high-rise

v

Open midrise

T

. Open low-rise

. Large low-rise

/4 -
B
. Sparsely built

* 2
#

-

10. Heavy industry

L

Y

ye

. Compact high-rise

. Compact low-rise

4

Dense mix of tall buildings to tens of
stories. Few or no trees. Land cover
mostly paved. Concrete, steel, stone,
and glass construction materials.

Dense mix of midrise buildings (3—-9
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Dense mix of low-rise buildings (1-3
stories). Few or no trees. Land cover
mostly paved. Stone, brick, tile, and
concrete construction materials.

Open arrangement of tall buildings to
tens of stories. Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of midrise buildings
(3-9 stories). Abundance of pervious
land cover (low plants, scattered
trees). Concrete, steel, stone, and
glass construction materials.

Open arrangement of low-rise buildings
(1-3 stories). Abundance of pervious
land cover (low plants, scattered trees).
Wood, brick, stone, tile, and concrete
copstruction materials.

Dén3g mix ot single-staryPpiildings,
Few’ormd trees. Land"cover mastly’
hard-packed, Lightweighi gonsieuctidh
matérials (e.'g.,'wood, thatcehy;
corrugated metal).

Open arrangement of large low-rise
buildings (-3 stories). Few or no
trees. Land cover mostly paved.
Steel, concrete, metal, and stone
construction materials.

Sparse arrangement of small or

medium-sized buildings in a natural
setting. Abundance of pervious land
cover (low plants, scattered trees).

Low-rise and midrise industrial struc-
tures (towers, tanks, stacks). Few or
no trees. Land cover mostly paved

or hard-packed. Metal, steel, and
concrete construction materials.

A. Dense trees

B. Scattered trees

D. Low plants

y

E. Bare rock or paved

F. Bare soil or sand

G, Watei

Heavily wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Lightly wooded landscape of
deciduous and/or evergreen trees.
Land cover mostly pervious (low
plants). Zone function is natural
forest, tree cultivation, or urban park.

Open arrangement of bushes, shrubs,
and short, woody trees. Land cover
mostly pervious (bare soil or sand).
Zone function is natural scrubland or
agriculture.

Featureless landscape of grass or
herbaceous plants/crops. Few or
no trees. Zone function is natural
grassland, agriculture, or urban park.

Featureless landscape of rock or
paved cover. Few or no trees or
plants. Zone function is natural desert
(rock) or urban transportation.

Featureless landscape of soil or sand
cover. Few or no trees or plants.
Zone function is natural desert or
agriculture.

Large, open water bodies such as seas
dnd lakes, or small bodies such as
rivers, reservoirs, and lagoons.

VARIABLE LAND COVER PROPERTIES

Variable or ephemeral land cover properties that change
significantly with synoptic weather patterns, agricultural practices,

and/or seasonal cycles.

b. bare trees

S. snow cover

d. dry ground

w. wet ground

Leafless deciduous trees (e.g., winter).
Increased sky view factor. Reduced
albedo.

Snow cover >10 cm in depth. Low
admittance. High albedo.

Parched soil. Low admittance. Large
Bowen ratio. Increased albedo.

Waterlogged soil. High admittance.
Small Bowen ratio. Reduced albedo.

Fig. 23 - Definitions for Local Climate Zones (Source - Stewart & Oke, 2012)
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In Ian Stewart’s outline for field site selection is based on measurement conditions
influencing the station set up in an urban context to be studied. These encompass;
height above ground, building morphology, tree density, boundary layer stability,

period of observation and wind direction.

Quantification of transitional urban—rural areas or along breaks in land-use and filed
sites or source areas located on or near the border of two (or more) zones is
problematic. The ideal situation would be to relocate the sensor to encompass a
single LCZ type. Land cover and exposure at that location should be representative
of the designated LCZ: for compact built zones (e.g. LCZs 1-3), ‘representative’
implies a sheltered street canyon with paved ground; for open built zones (e.g.
LCZs 4-6), it implies an exposed setting with vegetated ground, scattered trees, and
nearby buildings. (Stewart and Oke, 2012).

The approach here is to understand the city in terms morphology and its influence.
Therefore, the ‘area of influence’ selection, adopts ‘urban blocks’ as the primary

defining element for the study.

The selectigx%'of an-trban'bloek ladta particular>defined ‘lement allows effective
simulation#the envisioned Y AeXt stéps’ in the research. The urban block offers a
definite boundary, be it street, a green area or water body. Factors encompassing
geometric and surface cover characteristics are better defined and easily quantifiable

in a situation where the boundaries and area are well established.

The primary advantage is for mapping purposes, where LCZs are identified as more
recognizable regions in the urban fabric. Therefore, offers better applicability for

planning and urban design.

The approach is now widely adopted for mapping studies. The most prominent
being the WUDAPT protocol, outlined in Chapter 2. The primarily elements for
creating ‘training sites’ - for establishing input parameters for the remote sensed
component - are urban blocks. The remote sensed classification then uses a grids to

simplify and classify the urban context.
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The research primarily uses a detailed map of Colombo (in Autodesk AutoCAD
format generated from Geographic information system (GIS) data for Colombo,
2010) to establish the urban blocks for LCZ definition. The map includes urban
blocks and building outlines, roads, water bodies and land Contours. (Fig. 24). The

verification and modification of the block boundaries was done using on-field

surveys and Google Earth Imagery.

railway .' =T
tracks /

Fig, 2 M)re" Ve samnle‘area 'of thel'\Détai rating the typical

Step 2 — Collect site metadata

Metadata refers to the state of the urban context around a particular measurement
site. The recording the surrounding of a measurement site ensures the consideration
of the effect of the existing built fabric in relation to future changes on a particular
site, measured at a future date. The protocol to be adopted is defined by Oke (2004)
and Aguilar et al, (2003).

In this situation, the objective is to establish and simplify the nature of the urban
fabric itself. The data collected adhered to the ‘Zone Properties’ defined in the
‘Local Climate Zone’ Data sheets developed by Stewart, 2011 [Appendix B & 3.3(a
& b)] Outlined in Table 7; are the methods adopted to observe each property.
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Table 7 - Urban block meta data and data collection methods

Property Definition Method adopted
Sky View Factor Ratio of the amount of sky hemisphere visible Fish-eye Lens
(SVF) from ground level to that of an unobstructed Photographs, Field

hemisphere

surveys

Aspect ratio (H/W)

Mean height-to-width ratio of street canyons
(LCZs 1-7), building spacing (LCZs 8-10), and
tree spacing (LCZs A-QG)

Detailed maps, Field

surveys, Google earth

Building Surface
fraction (BSF)

Ratio of building plan area to total plan area (%)

Detailed maps, Google

earth, Field surveys

Impervious Surface
fraction (ISF)

Ratio of impervious plan area (paved, rock) to

total plan area (%)

Detailed maps, Google
earth, Field surveys

Pervious surface

Ratio of pervious plan area (bare soil, vegetation,

water) to total plan area (%)

Detailed maps, Google

fraction (PSF) earth, Field surveys
Height of Geometric average of building heights (LCZs 1-| petailed maps, Field
Roughness 10) and tree/plant heights (LCZs A-F) (m) surveys, Google earth
Elements (HRE)
Terrain R Davennort ef al_’s (2000) classification of - LCZ data
class e EHECLYC ICTTAIN IOBEANCSS, & 3 Al | 3
{8 FRGToNicFReses & Dissertationd
Surface admiiltan data sheet as
material density. Few estimates of locai-scaie
admittance exist in the literature; values given
here are therefore subjective and should be used
cautiously. Note that the “surface” in LCZ A is
undefined and its admittance unknown.
Albedo Ratio of the amount of solar radiation reflected LCZ data sheets based
by a surface to the amount received by it. Varies [ 1 fe1d survey
with surface color, wetness, and roughness. observations
Anthropogenic heat | Mean annual heat flux density (W m ) from fuel[ A per LCZ data
flux combustion and human activity (transportation, [ phaets

space cooling/heating, industrial processing, and
human metabolism). Varies significantly with

latitude, season, and population density
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Step 3 — Select LCZ
The relevant Local Climate Zone for each block is selected by correlating the

observed data with that of the selection guideline developed by Stewart, (2011).

The guidelines are broadly categorised according to (Fig. 23 and Appendix B);

e Zone definition - Physical characteristics that all zones in this class possess

e Zone illustration — Typical views of the built fabric portrayed using sketches
and images

e  Zone properties — Parameters that are deemed to drive the Urban Heat Island

phenomenon.

Step 3b — Sub-classify Zone

The selected LCZ category for each urban block is then sub-classified, by
combining LCZ classes where necessary. (Fig. 25) The sub-classification depends
on how the site properties differ from the nearest equivalent in the data set. As
defined, consideration is given to building types, special building properties, land

cover types and seasonal land cover properties.

ey v
Bt i | .
| 25%%%%°
.8 A0 MM f':f.v.v.a.'.l
=
2 N — LCZ 6
8 LCZ4 Lczs LCZs Open lowrise
a Open highrise Large lowrise Open midrise
2 +
3
7 + + + MA LA
% % b 4 wi' Yy W*
N 90 000t vyt vy Yy
S l,* ? ﬁ‘i’ ‘; 3 b. bare trees
= 11N o
ks R Q 9 ® : & o
5 LCZ3 LCZB LCZF
N Compact lowrise Scattered trees Bare soil or sand

8. snow cover

A 4 \ 4 \ 4 \ 4

2]
@ g
@ =1 i ,pr, e " ﬁ.‘? &gﬂ
3 CASL o WAV
o LCZ 3, LCZ 8g LCZ 5¢ LCZ 6,
S’ Compact lowrise Large lowrise Open midrise Open lowrise
with open highrise with scattered trees with bare sand with bare trees & snow

Fig. 25 — LCZ subclasses to represent combinations of “built” and “land cover” types.
(Source — Stewart and Oke, 2012)
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3.2.2 - Classifying “Local warming effects” of the urban fabric

Likely local warming effects of the urban fabric classified according to LCZs are
simulated using the Surface Heat Island Model (SHIM) developed by Johnson et al.,
(1991). The SHIM is a simple force-restore model that simulates the nocturnal
cooling of an urban canyon (walls and street) under ‘ideal’ conditions of calm
winds and clear skies. SHIM is initiated at the time of sunset and requires several
inputs to run the model. These include initial surface temperatures, emissivities,
thermal admittance, and deep temperatures for each canyon facet, incident long-
wave radiation (L|) at the top of the canyon and the canyon height to width ratio
(H/W). The model is set up to calculate surface cooling for each of the canyon
facets and also calculates the surface radiation budget (L*) for each of the facets
(Szpirglas et al, 2003) (Fig. 26)

(a) RURAL
INCOMING LONG-WAVE
ADIATIO!

L8,

A
V\ % y.4 : 2

Fig. 26 — Rural / Urban surfaces
(Source — Johnson et al., 1991)

As seen in Fig. 26, the model is based on a two-layer approximation of soil
temperature changes (a small top surface soil layer that responds to near-periodic
daily forcing and a deep soil layer underneath that does not respond to periodic
forcing). The surface forcing is due to radiative changes during the day as well as
the restoration by the deep soil layer from below. This forcing is ‘idealised’ thus, no

possibility exists to account for variable cloud cover or frontal conditions. A
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detailed view of the model and its validation can be found in (Szpirglas & Voogt,
2003) and (Brazel & Crewe, 2002)

Szpirglas and Voogt assessed the model performance under varying weather
conditions. It was found that "There was a close agreement between observed and
modelled temperatures for days with clear skies and light winds. The agreement
declined with an increase in wind speed, as high wind speeds caused rapid cooling
in the observed surface temperatures. The results suggest that SHIM may be usefully
applied under wind conditions of <1.5 m s-1 in its present formulation". (Szpirglas
& Voogt, 2003) The validation of the model showed that days that included

scattered clouds resulted in poor model performance.

Turbulence and advection are not incorporated. It is assumed that all cooling takes
place due radiative heat loss. No account of evaporative heat transfer is possible.
However, the SHIM is an excellent tool to isolate the effects of urban geometries
(density, height: width ratio and the sky view factor) as well as surface thermal
propertics. It thus enables us to explore the urban warming potential of rapid
changes in urban growth @priamised byDdenselydarratigedibuildings with excessive

thermal cap%ﬁes. (Emmdndiel et alllZ1d )

The governing force-restore equation used by SHIM for the nocturnal cooling of a

homogeneous substrate with layer thickness D is given as:

dT (D;,t) V20
at

Where T(Di,t) is the temperature of a layer i at time t, TD represents a “deep

L, — Q(T;(D;, t) — Tp)

temperature” that is constant, p is the thermal admittance of the soil, Q is the angular

frequency of the heating wave and L* is the net long-wave radiation

SHIM requires initial values of the surface temperature (T), deep soil and/or
building temperature (TG or TB), surface thermal admittance (p), sky view-factor
(vs) and surface emissivity (€) for all of the surfaces to be simulated in addition to

the incoming long-wave radiation to the total system (L]).
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Values for each were determined by various means as outlined below together with
the values defined by the individual LCZs. These measured values were also used

as metadata for the classification of LCZs.

T  Measured directly or a measured near-surface air temperature was used as a
surrogate, (using Technotherm 9400 Surface Temperature Probe)

Ts  using synoptic weather station data.

Tg  Estimated from building interior set point temperature (assumed to be 27°C)

n  Estimated from published values (e.g. Oke, 1987)

Y Calculated from fisheye lens photographs

€ Estimated from published values (especially Arnfield, 1982 and Oke, 1987)

L| Calculated using the empirical formulae of Idso and Jackson (1969) (with
measured humidity and air temperature, (30 year average data recorded at the
weather stations stated below). Lo/s T* =1 - 0.261 exp [-0.000777(273 - T)*]

(deemed applicable for all latitudes and seasons)

The numerical model was run in a Microsoft Excel environment based on data
measured gnla stabléldaie (Fanvaryt 04]20111) i1 Colombo 181 Lanka. The SHIM
model 51m1§:1}non restitst ave [Cempared-with the rate ofldoolmg at a ‘rural’ station
(using dat From the §ynoptie Wehthét stition at the Colombo International Airport
(Lat: 7° 10'N; Lon: 79° 52'E; Elevation: 8m asl; WMO Station 1D: 434500) and an
‘urban’ weather station at the Colombo City Airport (Lat: 6° 49'N; Lon: 79° 52'E;
Elevation: 5m asl; WMO Station ID: 434670).(Appendix D)
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3.2.3 Detailed categorisation of the mapped local level urban climate

characteristics effecting Colombo
The detailed categorisation utilises the application of the two processes detailed
above in Section 3.2.1 and 3.2.2. The results and discussion of the sequential

processes presented below.

Mapping “Local Climate Zones” - results and discussion

The relevant LCZ for each block is selected by correlating the observed data with
that of the selection guideline developed by Stewart et al., (2012)

The survey of LCZ typologies relevant for Colombo showed that much like many
cities in developing countries Colombo is dominated by residential and mixed-use
zones. Although large areas of Colombo remain low rise, these urban blocks are
seeing an infusion of mid-rise and high-rise blocks. Fig. 27 demonstrates
representative images of typical LCZs in Colombo. Most of the zones classify as
LCZ3 — Cdiiipact Lowttisg {8 180 NG Z2 & ampact [Midiise (8.9%) and LCZ8-
Large Lovs/{mé (237 tategoriashE€Zd & Compract Idigh-nse (0.3%) and LCZ4 —

Open ng—h-_l,l.SL (190)Viormi La IVigity<lSimall fraction of Colombo’s built fabric. A

significant percentage falls under the category LCZ7- Lightweight Low-rise
(4.9%). (Fig. 28 and Fig. 29)(Table 8)

Table 8 - LCZ and Sub-Classification Patterns for Colombo

LOCAL CLIMATE ZONE Sub-Classification Category

Zone Number Zone Title 112(3|4|5(6|7|8|A|B|C|D|E|F|G

compact high-rise X

compact mid-rise X

compact low-rise

o

open high-rise X

sl R el kel
P
P
P

open mid-rise

open low-rise

lightweight low-rise

o

R R R R e

large low-rise X

dense trees X

scattered trees X

bush, scrub

low plants X

bare rock or paved X

bare soil or sand X

Qlmm|g|la|wm|>|c|x|an|un|n|w]|o]—

water X
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LCZ2. Source: Dissanayake, 2015)

loratuwa, Sri Lanka.
ses & Dissertations

LCZ3. (Source: Dissanayake, 2015) LCZ G, LCZ8, LCZ7. (Source: Muthugala, 2011)

LCZ data key denotes: 1 — compact high-rise; 2 — compact mid-rise; 3 — compact low-rise; 4 —open high-rise; 5 — open mid
-rise; 6 — open low-rise; 7 — lightweight low-rise; 8 — large low-rise; A — dense trees; B — scattered trees; C — bush, scrub;
D — low plants; E — bare rock or paved; F — bare soil or sand; G — water.

Fig. 27 - Typical LCZs of Colombo - representative images
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Fig. 28 - LCZ map of Colombo.

LCZ data key denotes -1- Compact Highrise,2 — Compact Midrise, 3 — Compact Low-rise, 4-Open
High-rise, 5-Open Midrise, 6-Open Low-rise, 7-Lightweight Low-rise, 8-Large Low-rise, A-dense
trees, B-Scattered Trees, C-Bush, Scrub, D-Low Plants, E-Bare Rock or Paved, F-Bare Soil or Sand,

G-Water
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The process of sub-classification of the primary LCZs is seen as an important step
in relation to cities like Colombo, which has grown with time as opposed to being a
planned city. A significant proportion of the LCZs needed to be sub-classified to

project a better representation of its characteristics. (Fig. 29)

The sub-classification of the compact fabric series sees a sub-classification with
LCZs of mainly the building series. While the open fabric series is sub-classified
with LCZs of the land-cover series. This is most evident in LCZ8, where the nature

of the open ground is significant.

LCZ3 with sub-classification LCZ7 is noteworthy, where these areas would have
been previously categorised as Lightweight Low-rise or shanty areas in the city, has
now developed with more permanent materials. The development has not changed

its plot structure; therefore maintain a high aspect ratio.

Surface Heat Island Model (SHIM) Application

Table 9, cg}ll% the mput)values ! forteach Strfaee [#éat! Island Model (SHIM)
calculatio=2Fhe valtes' follow the datasources outlined in Section 3.2.2 in this
chapter. Typical Microsoft Excel based mput screen shown in Appendix E. The
numerical simulation demonstrates input value format, output data and graphs

signifying the cooling of the canyon surface.

The categorisation is presented in the form of a matrix of LCZs modified by the
morphology, surface characteristics of the urban fabric and the local level warming

intensity ascertained by the SHIM models as shown in Table 10.

The categorisations and sub-categorisations in Table 10 and the key in Fig. 28 and
Fig. 29, refer to the nomenclature as defined in Fig. 23. The shaded diagonal depicts
LCZs that are not sub-categorised. The y-axis shows the primary categorisation of
LCZs, while the x-axis shows the sub-categorisation LCZs. The values depicted in
the intersects detail the UHI intensity difference between the LCZ and the

representative / control 'rural' LCZ.
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Fig. 29 - Sub-Classified LCZ map of Colombo. (Source - author)

LCZ data key denotes -1- Compact Highrise,2 — Compact Midrise, 3 — Compact Low-rise, 4-Open
High-rise, 5-Open Midrise, 6-Open Low-rise, 7-Lightweight Low-rise, 8-Large Low-rise, A-dense
trees, B-Scattered Trees, C-Bush, Scrub, D-Low Plants, E-Bare Rock or Paved, F-Bare Soil or Sand,
G-Water
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Table 9 - Input data for Surface Heat Island Models (as defined in section 3.2.2) (Source - Author.)

category sub- floor wall floor wall HW | Twl  Tw2 Urban Rural  temp
category  emissivity  emissivity | admittance  admittance temperature | temp  diff u-
dif dif r

1 0.95 0.895 1205 2200 6 | 35 382 0.84 5.24 4.40
2 3 0.85 091 1524 2000 2 | A3 355 1.68 5.24 3.56
2 4 0.85 091 1524 2000 35 | 43 382 1.10 5.24 4.15
2 7 09 0.85 1524 1900 1.5 [ 343 355 2.03 5.24 3.22
2 0.85 091 1524 2000 3 | 43 355 1.28 5.24 3.96
3 2 0.85 091 1700 2000 1.5 | 343 355 1.92 5.24 3.33
3 4 0.95 091 1700 2200 1.6 | 43 355 1.94 5.24 3.30
3 5 0.95 091 1700 2000 14 | 343 355 211 5.24 3.13
3 6 0.95 0.91 1700 2000 075 | 43 355 2.99 5.24 2.26
3 7 0.9 0.8 1600 1800 2 |43 355 1.74 5.24 3.50
3 0.85 091 1754 2000 1.3 | 43 355 2.06 5.24 3.19
4 0.895 1600 2100 35 | 355 343 1.09 5.24 4.16
4 0.895 1575 2000 3 |35 343 1.22 5.24 4.02
4 0.895 950 2200 45 | 355 382 1.12 5.24 412
4 0.895 1675 2200 45 [ 35 382 0.89 5.24 4.35
5 091 1524 2000 2 | 43 343 1.78 5.24 3.47
5 091 1700 2000 35 | 43 355 1.1 5.24 414
5 091 1090 2000 25 | 43 343 1.81 5.24 3.43
5 091 950 2000 25 | 43 343 1.93 524 3.31
5 091 1719 2000 25 | 43 343 1.45 5.24 3.79
5 091 700 2000 25 | 43 343 217 5.24 3.07
5 091 1524 2000 25 | 343 343 1.53 5.24 37
6 091 1600 2000 05 | 343 343 3.61 5.24 1.63
6 0.91 1700 2000 075 [ 343 355 2.95 5.24 2.29
6 0.8 1500 1800 03 | 343 343 4.35 5.24 0.89
6 091 1200 2000 06 | 343 343 4.03 5.24 1.21
6 091 1090 2000 06 | 343 343 4.21 5.24 1.03
6 091 950 2000 06 | #3 343 4.4 5.24 0.80
6 091 700 2000 06 [ 343 343 5.16 5.24 0.09
6 (R D7 2000 0.1 B4B.ATIK ¢ 3.37 5.24 1.87
7 0.35 1448 600 4 321, 343 421 5.24 1.04
7 (A 1448, AQ0 s 1 13 01832 4.93 5.24 0.31
8 045 1700 1000 05 [ 343 382 3.77 5.24 1.48
8 045 %06 1000 04 | 343 382 3.9 5.24 1.29
8 0.7 1700 1200 04 | 343 382 3.87 5.24 1.37
8 045 1700 1000 035 | 343  30.2 4.05 5.24 1.19
8 045 1600 1000 06 | 343 382 3.68 5.24 1.56
8 045 1090 1000 03 | 43 382 4.67 5.24 0.57
8 045 950 1000 03 | 343 382 4.73 5.24 0.52
8 045 1719 1000 03 | 43 382 4.09 5.24 1.15
8 045 700 1000 03 | 43 382 5.04 5.24 0.20
8 045 1700 1000 03 | 343 382 414 5.24 1.10
A 1182 5.36 524 012
B 1182 5.33 524 009
C 5.24 5.24
D 0.93 938 5.89 524 064
E 0.91 1719 4.21 5.24 1.04
F 0.76 700 6.14 524 090
G 0.97 1553 4.63 5.24 0.62
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Table 10 - Urban — Rural Temperature Difference
LOCAL CLIMATE ZONE (LCZ)- Sub Category
1 2 3 4 5 6 7 8 A B C D E F G

1 |4.40

2 3.96 | 3.56 | 4.15 3.22

3 333[3.19[3.30[3.13 226 [ 3.50

4 4.16 | 4.02 | 435 4.12

5 347|414 (371 3.43 331(3.79]3.07
= 6 1.63 229 [1.87]0.89 121 1.03 0.80 0.09
g 7 1.04 0.31
N 8 1.48 129137 ]1.19 1.56 | 1.10 0.57 0.52]1.15]0.20
= A -0.12
< o
2 g 0.09
]
o D -0.64
;g E 1.04
&) F -0.90
S e 0.62

3.2.4 Analysis and discussion - establishing the focus for further study.

The basis for analysis is centred on the matrix (Table 10) developed by LCZ
mapping and application of SHIM presented in the preceding sections. The
objective of the analysis is to establish a focus on the critical patterns to create

effective limitations to the research.

DiscussidAt __-5:‘"
Significantifban warming can beiseen atsites with high-rise developments and also
where they are present within other LCZs as a sub-category. Although in Colombo

these sites are few and far between amounting to only 0.3% of the built areas
considered. (Table 10)

Areas with the largest intensity of urban growth, LCZ3 - Compact Low-rise and
LCZ2 — Compact Mid-rise are greatly affected by the mixing of the built fabric with

a range of 1.5°C difference in UHI intensity between the categorised typologies.

The lowest intensity is seen from the Land Cover type LCZs. The land cover sub-
categorisation becomes significant in LCZ8 — Large Low-rise and LCZ6 - Open
Low-rise, where LCZ8 areas form a large part of the city, mainly along the cities

canal system.
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The areas with the highest built area fraction, LCZ7 — Lightweight Low-rise areas
are affected significantly by the material properties modelled. (Thermal admittance
and Emissivity). Significant areas of the city have seen previously LCZ7 areas
develop into LCZ3, while maintaining the built surface fraction and H/W ratios.
LCZ7 areas have a UHI Intensity of only 0.3°C, while LCZ3 areas with a LCZ7 sub
category have a greater intensity of 3.5°C. (Perera et al., 2012)

LCZ Analysis — Critical Local Climate Zone Selection

Analysis of Zone classification to the UHI intensity is further explored by using a
simple scatter plot that compares the local warming differences of each LCZ

category. (Fig. 30)

The graph (Fig. 30) clearly demonstrates the critical LCZ categories are from LCZ1
- Compact High-rise to LCZ5 — Open Mid-rise. LCZ1- Compact High-rise and
LCZ4-Open High-rise, though greatly affected by UHI form a small part of
Colombo’s urban fabric. Yet, with the rapid development of Colombo these LCZs
deserve consideration. In Colombo’s context, LCZ5 is a variation of the built area
fraction QTLCZZ and |t iwill bevaddressedain>the | simulations encompassing
Lcze. (IS)

lTemperature Difference - Urban to Kural
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Fig. 30 — Analysis of zone classification and UHI intensity (Source - Author)
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In consideration of the above, it is deemed that LCZ2 — Compact Mid-rise and
LCZ3 — Compact Low-rise are significant in terms of both UHI intensity and the
area they occupy in Colombo’s urban fabric. Therefore, they can be identified as

critical patterns that need to be concentrated upon.

The research direction being primarily focussed on morphology, the LCZ patterns
are narrowed to a range between encompassing LCZ2 and LCZ3. LCZS5 is excluded
as it is considered as a change in the building spacing in comparison to LCZ2, rather
than a morphology change. It is envisioned that the Built to open surface fraction
will be explored in developing simulation cases within the selected LCZs in the next

stages of the research.

3.3 Computer Simulation of climatic contexts, existing and modified

building morphology and using ENVI-met

Analysis and discussion of existing and projected urban growth areas highlighted as
critical in theLC 7\ mieippiing] lis based it Computerlsimalations using ENVI-met.
The simulg;hs involvelalddties! ofcofban¥fabric S6ptiotiotdS enhance the adaptive
possibilitiéstef changés withid 'the Eitical LCZ2 pattern. Analysis outlines what
works aid how sensitive are urban morphological factors in controlling / adapting to

local warming.

3.3.1 ENVI-met - the model, Input variables, output possibilities, Limitations

and validation

ENVI-met, the holistic microclimate modelling system. ENVI-met is a three-
dimensional microclimate model designed to simulate the surface-plant-air
interactions in urban environment with a typical resolution down to 0.5 m in space

and 1- 5 sec in time. (envi-met.info). (Fig. 31)
Ali-Toudert & Mayer, 2006 state:

The major advantage of ENVI-met is that it is one of the first models that

seeks to reproduce the major processes in the atmosphere that affect the
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microclimate, including the simulation of wind flows, turbulence, radiation
fluxes, temperature and humidity, on a well-founded physical basis (i.e. the
fundamental laws of fluid dynamics and thermodynamics). ENVI-met
simulates the microclimatic dynamics within a daily cycle in complex urban
structures, i.e. buildings with various shapes and heights as well as vegetation.
Its high spatial and temporal resolution enables a fine understanding of the
microclimate at street level. It also requires relatively few input parameters,
and calculates all important meteorological factors, e.g. air and surface
temperatures, wind speed and direction, air humidity, short-wave and long-
wave radiation fluxes, as well as the mean radiant temperature needed for

comfort analyses.

Longwave Radiation Main Model: Atmosphere (3D)
(Sky, Environment, Vegetation) -Windu, v, w
- Temperature 8
Shortwave Radiation - Humidity ¢
(incl. Shading) - Turbulence E, ¢
Processes at - Scalars
Heat Flux Rooftops and
through Walls Facades
and Roofs
Y, .1\ Vegetation
Walls /Roofs R oy A
bl - Evapo L Transpiratic
i ;}; ":,E:g Hr @ { \ - Shading
Bl o rtatio Natural Surfaces
- Temperature T
Sealed Surfaces - Humidity g
~Temperatura T P ¥ j ] II
a B T : L 4 o B 3 & v 4a N L a °
BT v e ta g e poat 2t et e v o2 s, T T, T i Soil Model (1D, 3D) * =~ _ *
N -Temperature T &
«—> Heat Conduction /~"» |ongwave Radiation -Water Content
Q Transfer Heat / Humidity ——» Shortwave Radioation

© 2013 Michael Bruse & Team

Fig. 31 — ENVI-met Overview (Source — www.ENVI-met.com)

The initial component of the simulation is the simplified model of the urban fabric
morphology. It includes buildings - expressed as multiples of a standard grid,
therefore plan dimensions and height, trees, man-made and natural surfaces

(including water). (Appendix F)

Input data required to initiate ENVI-met simulations are expressed as two parts;
basic data and optional data. Basic data encompasses;

. Wind Speed in 10 m above ground [m/s]

. Wind Direction (0:N..90:E..180:S..270:W..)
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. Roughness Length z0 at Reference Point

. Initial Temperature Atmosphere [K]

. Specific Humidity in 2500 m [g Water/kg air]
. Relative Humidity in 2m [%]

Optional data are input as parameters that define the nature of; Soil Data; Time
(simulation time and time steps); Building properties (U-values, Albedo, Internal
Temperature); Predicted Mean Vote (clothing, activity etc.); Cloud data;
Turbulence. (Appendix G)

The model includes the simulation of:
. Flow around and between buildings

. Exchange processes at the ground surface and at building walls

. Building physics

. Impact of vegetation of the local microclimate
. Bioclimatology
o  Pollutait dispersion

(envi-mcl.i&é)

The main limitations of the sofiware are seen in the simplification of the urban
fabric into uniform modules of a certain size. The modules take the form of ‘grids’,
therefore building foot prints and vertical scaling are multiples of the chosen grid,
limiting the representation of the heterogeneous nature of the city fabric. Similarly,
“the properties (such as albedo and U-value) are applied equally to all walls and
roofs respectively. Further, the heat storage term for the buildings, which calculates
the time lag, is not included in the energy balance of the building surfaces. Due to
this fact, the thermal mass of vertical constructions, which causes delayed heat
dissipation, is not taken into account for buildings, as it is for ground paving and

soils.” (Spangenberg et al, 2008)
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ENVI-met - validation

ENVI-met was validated for Sri Lanka by Emmanuel & Fernando, 2007. Fig. 32
compares the ENVI-met simulations to actual measured data for Pettah, Colombo.
The model tends to over-predict the air temperature at night (average absolute
difference during 19:00 to 05:00 h = 0.27°C; root mean square error RMSE = 1.06°
C) and under-predicts during the day (average absolute difference during 07:00 to
17:00 h =1.83°C; RMSE =2.73°C).

35

Pettah, Colombo
334

31
294

27 1

Measured

i L L T T S PR g S R

é‘"’? Fig. 32— ENVI-met -Measured to predicted, Pettah (Colombo)
Yt (Source'— Emmanutl& Ferndndo,2007)

Excessive night-time temperature predictions of ENVI-met were aiso pointed out in
previous works (e.g. Ali-Toudert & Mayer, 2006; Emmanuel et al, 2007;
Spangenberg et al, 2008; Janssen, 2006). One reason for the error is the absence of
regional exchange processes. This could be significant in the Colombo case where
the Indian Ocean lies only 0.5 km northwest of the modelled area. Another reason
could be the absence of thermal mass of buildings in the model. Furthermore, it is
not possible to change the thermal properties of individual buildings (only an
average value for the entire area could be given as a model input). (Emmanuel &
Fernando, 2007)

Validation studies was conducted for Colombo, within the confines of the modelled
urban area. (Fig. 33) The validation was done for two selected sites on 08.02.2014
and the comparative ENVI-met simulation was completed for the same day. The

measurement sites were a part of study by Udawattha & Perera, 2014.
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WEATHER STATION

&

HOBO

Fig. 33 — Positions of selected sites within representative study area

Weather station site;
The validation uses the Davies Vantage Pro Wireless Weather Station (WS) for
data collection. (Fig. 34)
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Fig. 34g=ENVI-mef.- Measured to Predicted (Air Temperature 5 ’(3) .- Weather Station

. zsff j? : (Source - ‘Author)

The modétFends (9 over-predict 'thé dir temperature at night (average absolute
difference during 19:00 to 05:00 h = 0.38°C; root iean squaie eiror RMSE = 1.36°
C) and under-predicts during the day (average absolute difference during 07:00 to
17:00 h = 1.03°C; RMSE = 2.84°C). Some hours was lost during the measurement,

therefore was excluded in the analysis.
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Fig. 35 — ENVI-met - Measured to Predicted (Air Temperature - °C) - Scatter Plot - WS
(Source - Author)
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Fig. 35 shows a simple scatter plot to explore the relationship between measured
and predicted. The values show a R? value of 0.9017 signifying a strong agreement

between the two sets of values.

Hobo data logger site;
The data was collected using a HOBO temperature humidity data logger for

measurement. (Fig. 36)
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Fig. 36 — ENVI-met - Measured to Predicted (Air Temperature - °C) - HOBO. (Source - Author)

Here as in the previous measurement sites, the model tends to over-predict the air

temperatur_ﬁfg?i\g night (averagelabsolute diffetenceidusing 191000 05:00 h = 0.35°C;

root meah’Se rb errfoRMISHE 1199260 and underpredictsiduring the day (average
absolute difference duringl07:001tec!7:00 h = 1.24°C; RMSE = 3.33°C). Fig. 37
shows a 79% agieement between the two data sets. Considering the simplified
nature of the model, the similar error patterns in previous and current validation
studies for Colombo, it is established that the ENVI-met results are useful even with

the above-cited limitations.

Predicted Air Temperatune
a ra [ W oW w w
] o o G & Fa b

(=)
o

=]
L

25 26 27 28 29 30 31 32 33

Measured Air Temperature

Fig. 37 — ENVI-met - Measured to Predicted (Air Temperature - °C) - Scatter Plot - HOBO.
(Source - Author)
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ENVI-met - previous work

ENVI-met has been widely used as the primary tool for microclimate studies in
many of the climate zones in the world. The following - Table 11 - is presented as
an outline of recent representative sample of the range of application possibilities,
validation studies and parameters used for analysis. The major findings of the

individual studies are also outlined in Appendix H, as a detailed version of Table 11.

Backeground Climate Consideration for ENVI-met model - Existing and Globally

Warmed climatic contexts

A key consideration for the simulation regime is the input of background climatic
input parameters that would generate the envisioned, comparative sensitivity of

variables in each of the contexts.

Outlined in Section 3.1.2 of this chapter, is an insight into the existing climate and
the project climate under a A2 climate change scenario. In this context, the
comparative simulations adopt a 2.4 °C increase in initial atmospheric temperature
as well as initial soil temperatures for the ENVI-met models. Other input data is
kept as it is}iﬁr}i,thc existing §eehariol model alt isvdeemicd [thiaf tie utilisation of Mean
Radiant Te!&érature (MRID) a8 the Primdryvariableés/allowd for the consideration of

the other parameters'in' the hodél A%tndepth definition of MRT is presented later

in this chapter.

As (Emmanuel et al., 2007) states “The inter-monsoon period between March and
May is the most uncomfortable; temperatures are at their peak, the relative humidity
is high and wind speeds low because of the formation of a convergence zone.
During this period, the minimum and maximum air temperatures are between about
25 and 32 °C, respectively, and the average relative humidity is around 85%.” “The
number of hours of sunshine is between 8 and 9 from February to March, and

between 6.5 and 7 for the remainder of the year.”

Thus, all simulation models adopt the 15th of April (for the year 2013) as the most

critical time of the year and therefore the worst-case scenario to be designed for.
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Table 11 - Previous work using ENVI-met as primary tool

2012)

Author/s - year City Climate zone Parameter/s studied
(Koppen—
Geiger climate
classification
system)
ENVI-met Validation and Simulation Software Combinations
(Santo, Maggiotto, Stocker, Lecce, Italy Csa Validation of ENVI-met /
Carruthers, & Di, 2012) Air temperature
(Francisco, Assis, & Assuncao, Belo Horizonte, Brazil | Aw Validation of ENVI-met /
2012) Air temperature / Relative
Humidity
(C. Peng & Elwan, 2012) Cairo, Egypt BWh Air Temperature / Wind
speed / Relative Humidity /
MRT / PMV
(Johansson, Spangenberg, Sao Paulo, Brazil Cfa/Cwa Temperature of Equivalent
Gouvéae, & Freitas, 2013) Perception (TEP) / Air
Temperature / Wind speed /
Relative Humidity / MRT
Vegetation
(Fahmy & Sharples, 2008) Cairo, Egypt BWh SVF/MRT /PMV
(Yang, Lau, Qian, & Taylor, Shanghai, china Cfa PET
2011)
(Frohlich & Matzarakis, 2012) Freiburg, Germany Cfb Vegetation / SVF / PET
(Carfan & Galvani, 2012) Sdo Paulo, Brazil Cfa/Cwa PMV /MRT / Wind Speed
(Yuan, Chao, & Edward, 2012) Beijing, China Dwa Wind Speed / PMV
(Srivani on/ Air
I sl Llnpodecater At ANspeatideea Wy .,,.,...{..::,': ure
(L. L H. Peng &9 [ Hotig IE¢ v on/PET
13981 Floctdanie ocoe Xr [ hiccortatingic
Wind o | }
(Fahmy ) | Cairo, Egypt RT /PMV
(Yuan et al., 2012) | Beijing, China Dwa Wind Speed / PMV
Urban Design / Morphology / Building Height
(Ali-Toudert & Mayer, 2006) Ghardaia, Algeria BWh PET
(Emmanuel & Fernando, 2007) Colombo, Sri Lanka Am /BWh MRT / Air temperature
Phoenix, Arizona,
USA
(Emmanuel, Rosenlund, & Colombo, Sri Lanka Am MRT / PET
Johansson, 2007)
(Rosheidat, Hoffman, & Bryan, Phoenix, Arizona, BWh air temperature / MRT /
2008) USA operative temperature / SET
(Carfan, Galvani, & Nery, 2012) | Ourinhos, Sao Paulo Cfa/Cwa Building height / Air
State, Brazil Temperature
(Middel et al., 2012) Phoenix, Arizona, BWh LCZ / Air Temperature
USA
(Drach, Emmanuel, & Kriiger, Glasgow, Scotland Cfb Air temperature
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Mean Radiant Temperature
Ali-Toudert (2005) defining MRT states:

A critical issue in assessing the human comfort outdoors is the need for the

mean radiant temperature (MRT), which sums up all short-wave and long-
wave radiation fluxes absorbed by a human body. MRT is the key variable
in evaluating thermal sensation outdoors under sunny conditions regardless
of the comfort index used (e.g. Mayer and Hoppe 1987, Jendritzky et al.,
1990, Mayer 1993, Spagnolo and De Dear 2003). MRT is, per definition, the
uniform temperature of an imaginary black enclosure in which an occupant
would exchange the same amount of radiant heat as in the actual non-
uniform enclosure (ASHRAE 2001b). However, its calculation in outdoor
spaces is not evident, particularly in complex urban environments. This,
certainly, explains the usual focus on air temperature and air humidity in

comfort related studies, as these are easier to measure. (Ali-Toudert, 2005)

Theoretically, MRT applicable outdoors is given by the following formula (Fanger

1970); - -0.25
) F
Where thefsatgoundingsaiid |divided) info r each of these
surfaces:;
E; ;Vm' Ei=op & T4 long-wave radiation component
D; ;Nm' diffuse and diffusely reflected short-wave radiation
F; angle weighting factor
1 ;Nm' direct solar radiation impinging normal to the surface
fr surface projection factor which is a function of the sun’s
position and the body posture
O (=0.7) absorption coefficient of the irradiated body surface for short
-wave radiation
&, (=0.97) emissivity of the human body
o5 (5.67.1 0°W/m~“K" | Stefan—Boltzmann constant
)

The calculation of the angle-weighting factor Fi is the most problematic aspect
when dividing the environment into several surfaces. A procedure for calculating

the angle factors is given by (Fanger 1970) for simple shapes, but the task becomes
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much more complicated for complex urban forms. Simplifications are thus
necessary. (Ali-Toudert, 2005)

Ali-Toudert & Mayer, (2006) states: “To date, there is no reliable instrument for
integral measurement of MRT outdoors, even though a number of tests have been
made, e.g. (Krys & Brown, 1990). An accurate on-site measurement technique
exists [(VDI, 1998), (Hoppe, 1992)] including all radiation fluxes, angle factors,
human shape, etc., but it is costly and time-consuming.” In this respect, ENVI-met
gives a good approximation of MRT at street level (Bruse, 1999) (Ali-Toudert &
Mayer, 2006)

3.3.2 Simulation Matrix - Site definition, existing and projected morphology

Site definition

With the research focus on Colombo, Sri Lanka as a case study - simplification and
mapping of LCZs; application of SHIM for local warming implications of LCZs;
and the identification of critical LCZs for further study - the primary task here is to

select reprg}@%ative utban Hocksto tesOtlie effedts of ichanging morphology on the

sensitivityi Aramietsis (0efined 11eSISHE dptes ThTHBIRS1 4).

e
Ealiel (opdg Oy Havelock road
i B = =2 e o Y —

xS

5

ses

L Rre Vi ol Sence. § L4 : e

Fig. 38 — Selected site area - shows open spaces and major roads . (Source - Google Earth)

Thus, the representative site selected encompasses the critical LCZs identified in
the previous section. It also cuts across Colombo's main transport arteries; Marine
Drive, Galle Road, R A de Mel Mawatha and Havelock Road. The main roads are
North / South oriented. The selected area also includes Dickman's Road as a
significant east/west oriented street. A distinct pattern of minor streets allows for
the clear definition of urban plots. The site has the Indian Ocean to the west and

one of the largest open spaces, the Havelock park area to the east. The selected area
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has varying density, surface and vegetation cover characteristics that augment the
selection as a representative area for warm humid Colombo. (Fig. 38). A detailed
description of sites selected shown in Fig. 39 and Fig. 40. Site details and
morphology, measurement points, for all simulation cases are presented in Fig. 41,
Fig. 42, Fig. 43, Fig. 44, Fig. 45 and Fig. 46.

Existing and projected morphology

The morphology changes draw on previous work relating to canyon geometry and
urban block shape. These concepts are simplified to examine their overall effect.

The shadow umbrella concept is a prominent example.

The objective is to explore a systematic variation in morphology to ascertain the

effect of individual urban morphology variables on the Mean Radiant temperature
(MRT).

. Variation is limited to the range between the maximum LCZ3 to the
maximum allowable for LCZ2

. Optiomns keepwithinselgcted (LCOZs onlys Fhus, sestrigfing a LCZ change that
will @’@e the i Lintensityup,-as.seen imthe. LG Z classification analysis.

. TheYegs@lore a changeyin the surface cover of the non-built areas of an urban
block. Where, the open surfaces are simulated two cases one with open soil
and the other with a 'grass' cover.

. The built surface fraction is kept constant for all morphology options.

. Tree cover and vegetation in the urban environment is recognised as
important, yet, it is not explored. This is due to the fact that the research
focuses on the morphology changes, which can be used to ameliorate the
urban outdoors and can be controlled by urban design.

The following matrix of cases shown in Table 12 strives to paint a clearer picture.
The matrix outlines the options simulated. Overall the 96 individual ENVI-met
models encompass a combination of 4 cases, 4 sites and 6 models. Each model had
9 receptor points to explore temperature variations within the model, generate 864
data sets (or points of measurement) for analysis. (Fig. 41, Fig. 42, Fig. 43, Fig. 44,
Fig. 45 and Fig. 46). Influence on receptor points assumed as a circle of 100m
diameter as shown in the figures. (Appendix I - Morphology / Physical Details of
Receptor Point Data)
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Site 01

Between the Sea / Marine drive and
Galle Road

(circles show receptor points - it is assumed that each
receptor point encompasses an influence area of 100m
diameter)

Site 02

Between Galle Road and R A De
Mawatha

(circles show receptor points - it is assumed that each
receptor point encompasses an influence area of 100m
diameter)

Fig. 39 - Simulation Site01 and Site02 (Source - Author)
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Site 03

Between R A De Mawatha and
Havelock Road - R A de Mel Mw
edge.

(circles show receptor points - it is assumed that each

receptor point encompasses an influence area of 100m
diameter)

Site 04

Between R A De Mawatha and
Havelock Road - Havelock Rd
edge.

(circles show receptor points - it is assumed that
each receptor point encompasses an influence
area of 100m diameter)

Fig. 40 - Simulation Site03 and Site04. (Source - Author)
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Fig. 41 - Existing Buildings (all sites) - m1. (Source - Author)
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Fig. 44 - LCZ2 (all sites) - m4. (Source - Author)
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Fig. 45 - LCZ3 (all sites) - m5. (Source - Author)
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Fig. 46 - Shadow umbrella (all sites) - m6. (Source - Author)
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3.3.3 Analysis Protocol

The primary objective is to analyse the behaviour and sensitivity of the morphology
variables in relation to the MRT of the urban outdoors. IBM SPSS (Statistical

Package for the Social Sciences) - Statistics - Version 22 is utilised for this purpose.

IBM SPSS is a widely used program for statistical analysis. Here it is used mainly
for Bivariate and Linear Regression statistical analysis, with MRT as the dependent
variable. It is also used to generate graphs (regression plots) that will allow

comparison and prediction.

Regression analysis was used as the main tool to explore the relationship between
urban planning indicators (termed morphology variables in this study) and climate
indicators was adopted by researchers like (Giridharan, 2005), (Zhao et al, 2011),
(Yang et al, 2010) and, (Srivanit & Kazunori, 2011b)

The Pearson's correlation coefficient and 1-tailed test of statistical significance is
used for anglysis inlalheasess
éﬂé

Chok (20 IH¥states:
The Pearson’s correlation coefficient is a common measure of association

between two continuous variables. It is defined as the ratio of the covariance
of the two variables to the product of their respective standard deviations,

commonly denoted by the Greek letter p (rho):

Cov(X,Y)
Oy Oy

p:

The Pearson’s correlation coefficient ranges from -1 to +1. A positive
monotonic association (two variables tend to increase or decrease
simultaneously) results in p > 0, and negative monotonic association (one
variable tends to increase when the other decreases) results in p < 0. p of 0
corresponds to the absence of the monotonic association, or absence of any
association in the case of bivariate normal data. However, for bivariate

distributions other than bivariate normal distribution, the Pearson’s correlation
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can be zero for dependent variables. For example, it can be ‘0’ for the

variables with non-monotonic relationship, e.g. ¥ = ¥ (x=(-1. 1))

The absolute value of p indicates the strength of the monotonic relationship
between the two variables. p of 1 indicates a perfect linear relationship, i.e. Y
= a+bX. (Chok, 2010).

The strength of the relationship is better seen as follows;

If Pearson r=

+.70 or higher - Very strong positive relationship
+.40 to +.69 - Strong positive relationship
+.30 to +.39 - Moderate positive relationship
+.20 to +.29 - Weak positive relationship

+.01 to +.19 - No or negligible relationship
-.01to -.19 - No or negligible relationship
-.20 to -.29 - Weak negative relationship

-.30 to -.39 - Moderate negative relationship
-40 to - 69 c Strohg npasative tetatiéhship

-.70 or higfe??' - Verg stranginegative; reldtionship

I-tailed test 1s used for the reason that the analysis seeks to establish a clear

understanding if there is a difference and if so, is it higher or lower.

Data variables

The data generated in ENVI-met is combined with those of the urban context
(calculated manually - Appendix I) to form a dataset that encompass variables
shown in Table 13.

The inclusion of the morphology variables is in line with the approach to adopt the
LCZ classification as a basis for simplification. The variables are as defined as the
range of values of geometric and surface cover properties inherent in each LCZ

shown in Appendix C.
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Table 14 - Data Analysis Series - Description and Objectives

Series Description Relationship to study objective
(Section in Chapter 4)
Total Case Total The series analyses variables for all[The objective is to ascertain the
series (24 hrs.) sites, models and receptor points, |overall sensitivity of the
(Section 4.1) ’ under specific climatic background [variables, within a varied

’ conditions. combination of patterns.

Day As above. As above.

(4.1.2) The data included is for the Explores the sensitivity of
daytime hours between 6.00 to variables for the sunshine hours
18.00hrs. of the day.

[Night As above. As above.

(4.1.3) The data included is for the Explores the sensitivity of
daytime hours between 0.00 to variables when the sun's
6.00hrs and 18.00 to 0.00hrs. influence is not present.

Peak As above. As above.

(13.00hrs) Explores the sensitivity of

(4.1.4) variables for the warmest hour of

o the day.
Site Case series The series analyses variables for  IThe objective is to see if the

(Section &

Model C
Series

(Section 4.3)

N,

}
Hholudestall

91 LS,

modélscand Yéceptot

mder-speeifie,climatic

lllUl})llUlUg)’ 1110UUcC1d allu uicil
correlation to MRT change.
Includes all sites and receptor
points.

‘the variables

[chapge & ‘erent sites in the

to see 'if' and
therefore 'how' the Changing
background conditions effect the
correlation between the
morphology variables and MRT.

Receptor case
series

(Section 4.4)

As Individual

Explores the variable correlation

How do individual receptors for a

canyon characteristic.

Explores the variable correlation
for the center of the block and
street orientation.

The analyses include all sites.

receptors for individual receptor points. The [simulated urban block compare,
(4.4.1) analyses include all sites. under varying background

o conditions.
As Street As above. Simplifies / As above. How do the differently
orientation lamalgamates the receptors to oriented streets compare in their
(4.4.2) represent a certain street / urban  [correlation of variables with

MRT?
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The total data set is then categorised into selected cases to focus on a series of
scenarios for analysis, comparison and better understanding of the sensitivity of
morphology variables under different conditions. These data analysis series are as
defined in Table 14 and also outlines the objective of each analysis series in its

relationship to the study.

Sections that present the Results and Discussion in Chapter 4 are indicated in the

matrix, for clarity.

The dependent variable in all of these scenarios is the MRT value of the urban

outdoors.

Summary

The chapter encompassing the Research Design, approached the task in creating the
needed impetus to answer the research questions generated in Chapter 2 of this
thesis. :

>
As stated atrhe outdet’ OF this-Hapter the results and analysis of each of the prior
questions and therefore output data, feed the next question and establishes the input
data and parameters. In this regard, the chapter included the ‘Mapping of LCZs and

constituent Local warming effects’ as an essential part of the research design.

The research design for the ‘Sensitivity Analysis’ of the parameters encompassing
those defined in the LCZ classification and focused on the morphology variables
are defined in Section 3.3. The chapter concludes in defining an analysis protocol
utilising statistical tools to identify comparative patterns in the existing climatic

context as well as in a globally warmed background in the year 2100.
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4.0 Results and Discussions

The analyses encompasses a series of scenarios where the primary objective is to
ascertain the sensitivity of specific variables, in a changed microclimate. The
research is focussed on warm humid Colombo, Sri Lanka as a case study. Mean
Radiant Temperature (MRT) is taken as the indicator of thermal comfort in the

urban outdoors in general and streets as public spaces in particular.

The data generated by the ENVI-met simulation models and manual calculation (as
defined in Table 14) are first analysed utilising Bivariate Analysis to determine the
relationship between the variables and MRT. The tables presented for each case
series in the presentation of analysis data, extracts these individual case analysis and
tabulates them for comparative clarity. It is discussed in terms of the correlation of

variables and statistical significance to MRT.

MRT to Time relationship is communicated using regression curve fits to plots the
relationship. As in the bivariate analysis, individual analysis results are
superimposég;i5 graphtcally” >to.) produce’ @@ 'eomparative’ image for clarity of

commu nicaﬁgn.

As detailed in Section 4.1.1, multiple regression and stepwise regression is used to
identify the most prominent variables effecting MRT in the urban outdoors for
thermal comfort and UHI mitigation. Here, as in the previous presentation of

analysis data, individually generated data are tabulated for comparative purposes.
4.1 Total Case Series - Total, Day, Night and 13.00hrs. analysis

The main objective of the analysis is to ascertain the association of the variables of
urban morphology that can be controlled by urban design, with that of the changing

background climate conditions.

The cases, as defined in Table 14encompass;

. casel - existing background climate with open soil (in pervious areas)

92



"(P31183-1) [9A3] §0°0 AU} J& JUBDGIUSIS SI UOHE[ILIO)) "

"(Pa1e)-1) [9A3] [(°( Y} J& JUBOYIUSIS ST UONL[OLIO)) "y

000’ 000’ 000" | 980" | 000° 000" | 000" | 0000 | 0000} 0B00 | LS 100" | €00 000" | 140" | 9duedyrusIg
WLE€1- | ,011- [ ,,950- | 610 [ ,.€80" | ,,¥80- | ,,001" | ,.bTS- | ,,8CL= . ¥87] CI0- [ ,.Sv0" | ,.6€0" | ,,1S0- [ ,bTO- | UONELIOD | oS0
000’ 000’ L80° | 000 000" [ 000 | 0000 | 0000 00002 +60° 100" | 200 000" | €90 | 9ouedyIUSIS
WO | LTI 610- | ,,280° | ,.€80- | ,.6ST" | ,.9€5- | .0/ Fv87] g10-| ,¥p0 | ..1¥0 | ,,050- | 120-| uonepmo) | ¢ased
000 000 000" | zor' | 000 000 | 000" [ 0000 | 0000 | 00Q0 | LET" 200 | 910 000" | L£0 | 2douedyusIS
v ..001- | ,,080- | 810 | ,.vL0 | ,.vL0- | ..S¥1 | ..L09- | ,.8CL shwew®i} <10~ ,.000° | ,0€0° | .. ¥O- | ,ST0- | uomemo) | zoses
000 000 01 | 000 000" | 000" | 0000 ik v60° 200 | 900 100" | +S0° | douedoyusig
Wl | ,.001°- 810~ | ,.€L0" | L bLO- | ..S¥1 | ..¥19- 310~ | ,.6€0" | ,.5€0" | ,.900- | Tzo-| uonepio) | yased
qvd | d¥H dSD | dSd dSI dsd | dAS [orb b L | igm | peadsm 0\ A n osed

danjerddwd I, JurIpey] UBdJAl 0} SI[QBLIE A JO UONEB[I.LIO)) - SALIIS ISB)) [€I0 L, :ST d[qEL

93



. case2 - existing climate background with green (50mm of grass) surface
cover (in pervious areas)

. case3 - globally warmed climate background with open soil (in pervious
areas)
. case4 - globally warmed climate background with green (50mm of grass)

surface cover (in pervious areas)

The main emphasis being the correlation to Mean Radiant Temperature (MRT) as
the dependent variable in all cases. The results compare all sites, models and
receptor points, particular to each case. The Pearson's correlation coefficient and 1-
tailed test of statistical significance is used for analysis in all cases as defined in

section 3.2.4

Correlation Analysis -
Table 15 shows the comparative correlation of MRT for each climate background
case. The data used for the analysis encompasses all sites, models and receptor

points, defined in the previous section.

It is observed for most of the variables, the correlation coefficient is weak. The
morphologyi;;\;r'_al‘ial)lcs (SYFsIBSE) LISHOPSH) G SEF SHMREARAR) in particular have

'no or negligi .']c relatiGAsSHipI1to MRE:

A very strong coirelation, (either positive or negative) is seen in - temperature (T),

Specific humidity (q). A strong correlation is seen in - Relative humidity (q.rel)

Comparatively, correlations increase for the Global Warming cases (case2 and 4)
over the existing background cases, approximately in the 0.01 range. Yet, the
changes are not distinct enough to do not exceed the correlation levels. 'Green
cases' for both existing (case2) (g) and global warming (case4) (ggw) background
conditions have minimal or no impact on the MRT change. This is seen for all

variables considered.

Statistical Significance -
Most variables are statistically significant, with p-value < 0.001 for most
morphology variables considered. The variables u, wDir, PSF are not statistically

significant.

94



Relationship between Mean Radiant Temperature and Urban Morphology

Variables

Sky-view factor (SVF) -

SVF demonstrates a positive correlation with MRT. The differences between the
cases show an increase in the rate of change for the global warming cases. The
green cases do not show significant change in comparison. SVF has the strongest
correlation to MRT in comparison to the other variables that can be changed by

urban design is concerned. (Fig. 47)

MRT MRT

Case | e— Case 1 m—
340,007 340,004
Case 2 Case 2

335.00M Case 3 m— 335.00 Case J m—
Case 4 m— Case 4 m—
330.00 330.007
325.007 325.00
320.00M 320.00
315.007 315.007
e mm_\

305.00M 305.007

300.007 300.007

295.00M 295.00M

290,00 7 " T T T T T 29000 T T T T
00 10 20 §E88 40 5B [ 480 7By 4 cB0) 430 o0 20 4 40 45 50 5 0

SVF.bldg Building surface fraction

Fig. 47-“",-.*'SfVF to MRT relationiship Fig. 48~ BSF to MRT relationship

Building surface factor (BSF)-
BSF demonstrates a negative correlation with MRT. The differences between the
cases show an increase in the rate of change for the global warming cases. The

green cases show minimal or no change. (Fig. 48)

Impervious surface factor (ISF)-

ISF demonstrates a positive correlation with MRT. The differences between the
cases show only a minute increase in the rate of change for the global warming
cases. (Fig. 49)

Pervious surface fraction (PSF)-

PSF is not significant as per the Pearson correlation matrix generated in the

analysis. There is minimal or no change in the correlation across the different

models, therefore the rate of change, remains almost constant.
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MRT

340,007 340,007
Case 25 Case 21

335.00 Case 3 m— 335.00 Case 3 m—
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330,00 330,00

325.007 325007
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315.004 5007
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305.007 305.007
300.007 300.007
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Case 1 —
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Fig. 49 - ISF to MRT relationship

MRT

310 un-\

Case 1 ee—

290 00

T T T T T T T T T T
15 20 25 30 35 40 45 50 55 B0

Green surface fraction

Fig. 50 - GSF to MRT relationship

Green surface factor (GSF)-

GSF demonstrates a negative correlation with MRT, therefore with an increase in
GSF the MRT intensity is reduced. This factor is known in many studies and as
highlighted in Section 2.5 the surface temperature of a comparative green surface
can help reduce MRT. The differences between the cases show only a slight

increase in the rate of BhaggS oy the globdbwariiing>ddse. dRigdsS0).

Height of rowghness eléments-(HRE)<
HRE demonstrates a negative correiation with MRT. The differences between the

cases show an increase in the rate of change for the global warming cases. The

MRT MRT
Case 1 m— Case 1 —
340,004 340.00
Case 2 Case 2
335 .00 Case 3 me— 335.00 Case 3 e—
Case 4 m—— Case 4 m—
330,00 330.00
325,00 325,007
320,00 320,00
315.00 315.00
305.00 305,007
300.00 300.00
29500 295 .00
290.00 T 1 T T T 1T 1 T 1 000717 T T T T T T T T T T 1T T 1T T T T T T 1
3 3 a 12 15 18 21 24 2730 12 3 4 5 6 7 B 9 10111213 14 15 16 17 1819 20 21

Height of roughness elements

Fig. 51 - HRE to MRT relationship

FAR

Fig. 52 - FAR to MRT relationship
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green cases follow a similar trend, where there is no effect in comparison to the

existing background cases. (Fig. 51)

Floor area ratio (FAR)-
The Floor area ratio (FAR) demonstrates a negative correlation with MRT. The
differences between the cases show a slight increase in the rate of change for the

global warming cases. The green cases follow a similar trend as stated above. (Fig.
52)

Discussion

Overall, the variables that could be controlled by urban design, have an impact on
the MRT intensity in the microclimate. The correlation is strongest for SVF in
relation to the morphology variables considered. The effect of the changing
morphology is clear. An increased ability for the built fabric to create shade (BSF,
HRE, FAR) and reduced exposure to the solar radiation in terms of SVF, results in a
reduction in the MRT intensity. In consideration of the surface characteristic

variables an increase in GSF is beneficial.

Analysis ¢ dzita using @Gidgression B@msesfitds sHotnmria Bighs3 (R” value of 0.016).
Comparative=thterpolated - Hrbd ¥dr déades show two distinct trends, that of the

existing cases and those of the global warming cases. The gieen cases of the

MRT

Case 1 ne—
340.00
Case 2

Case 3 m—

Case 4 Se—
330.00

320.00+

310.00

300.00

29”-”%&@@4 PP R . A L L
aaaaaaaaaaaaaaaaaaaaaaaaaaa
DDDDDDDDDDDDDDDDDDDDDDDDDDD

Fig. 53 - All cases - MRT to Time relationship
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climatic backgrounds show no change and thus follow a similar trend to the open

soil cases.

The effect of the change in MRT between existing and global warming cases is
clear in the nighttime hours and to a lesser extent in the middle of the day. The peak
MRT occurs at 13.00 hrs. It is interesting to note that the hours in the day where the

microclimate warms and cools, overlap for both existing and global warming cases.

4.1.1 Relationship between urban morphology variables and climate
variables to Mean Radiant Temperature (MRT)

The multiple regression method is used to explore the relationship between all
variables and MRT. Here the categorical variables in the data set are excluded. The
'"Time' variable although deemed significant is also not taken into the regression
model. The focus therefore is only on the morphology and climate variables. Table
16 shows the comparative coefficients for the four background condition cases that
are simulatéd.

é‘"’g.

The Variabl"éléf.entcred (Tablel 6y danéxplain 73.6% to 74.1% of the MRT change in
the urban outdoors for the different cases. The applicability of the variables shows
an increase in R” value for the global warming background scenarios. The
significance level of variables differs between models. Yet, in all models, the

Impervious Surface Fraction (ISF) is dropped.

The stepwise regression method is used to explore the strongest relationship
between the variables and MRT. (Table 17) Stepwise regression is a modification
of the forward selection so that after each step in which a variable was added, all
candidate variables in the model are checked to see if their significance has been
reduced below the specified tolerance level. If a non-significant variable is found, it
is removed from the model. Stepwise regression requires two significance levels:
one for adding variables and one for removing variables. (NCSS Statistical
Software, n.d.) The criteria used; probability of F to enter <= 0.05 and probability

of F to remove >= 0.100.
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The overall adjusted R? values of the models remain as generated in the multiple
regression models. The R” too remains the same except in Case4 where it is lower
in the stepwise regression analysis. Therefore, it can be seen that the ability for the
variables to explain changes in MRT remains relevant in changing background

conditions.

There is a clear pattern of significant variables for all cases. v, w, wSpeed, T, q,
g.rel, SVF and HRE are common to all cases. The variables PSF and GSF become
significant only in Case2, showing that they no longer impact MRT in a globally

warmed background.

With a focus on the morphology variables, the Sky View Factor (SVF) and Height
of Roughness Elements (HRE) are highlighted as the key variables that can explain
the MRT change. Thus, can be utilised as key contributing variables to control the

negative effects of global warming, UHI and thermal comfort.

4.1.2 l\”’lo?gglology variabids ¥n(relatiohicto théitimelof d ay:

The follox*{;ffﬁig analysis Ysertes ‘explore-the three distinct zones seen in the MRT
change during a particular day. That 1s Day, Night and that of the peak period. The
objective is to investigate a possible correlation change to that of the total day. Day
is defined as 06.00hrs. to 18.00hrs.

Day
Table 18 shows the comparative correlation of MRT for each climate background

case. The data used for the analysis encompass all sites, models and receptor points,
for the hours of the day between 06.00hrs. to 18.00hrs.

As with the total day series discussed above, for most of the variables, the
correlation coefficient is weak. The morphology variables in particular have 'no or
negligible relationship ' to MRT.

. Very strong relationships seen in - T

. Strong relationship is seen in - relative humidity (q.rel), Specific humidity (q)
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In relation to the total case, the correlation of 'q' has weakened. As seen in the total
case, variable correlations increase slightly for the global warming cases over the

existing climate cases. Correlations remain the similar for green cases.

A significant increase in correlation to MRT is seen in Height of Roughness
Elements (HRE) and Floor Area Ratio (FAR). This is to be expected with the
increased ability of the urban fabric to create shade during the day time hours of the

day.

Statistical Significance -

Most variables are seen as statistically significant, with p-value < 0.001 for most
morphology variables considered. The variables w, wDir, PSF are not statistically
significant. Thus, highlighting that variables that govern shading takes precedence

over wind direction and nature of the natural surface.

Discussion
As seen in the total day case series, overall, the variables that could be controlled by

urban desiéjg have’ AnVihpddt ©h heTaottretationl WithIIMRT intensity in the
3

microclinjate’

A stepwise regression run for the 'day' ime hours indicate a similar pattern of key
variables as seen in the 'total' case. The v, w, wSpeed, T, q, q.rel and SVF remain
significant. (Table 19)

The HRE that was significant for all models in the ‘total’ case series becomes
significant for the global warming background cases only. The BSF that did not
occur in the previous models become significant for the existing condition cases
(casel and case2). Similarly, PSF becomes significant only in case3. Of the
morphology variables, the only variable that is significant throughout the cases is

SVF, signifying SVF as the key variable for MRT control in the ‘day’ time hours.
Overall, the R? values of the regression models reduce considerably in comparison

to the 'total' cases, by over 5% in all cases, signifying other variables not considered

in the model are deemed to have an effect.
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Night
The analysis explores the correlation of MRT for the nighttime hours between
0.00hrs to 6.00hrs. and 18.00hrs. to 0.00hrs. The objective is to investigate the

effect on the microclimate when there is no direct exposure to the Sun. (Table 20)

Correlation Analysis-

Correlations with MRT for the variables considered differ significantly in relation
to the 'total' and 'day' cases, where, variables that can be controlled by urban design
show distinct strengthening of the relationship.

. Very strong relationships seen in - SVF (for case3 and 4 only)

. Strong relationships seen in - T, q, SVF (2 and 3), HRE (3 and 4), FAR

. Moderate relationships seen in - BSF, ISF

The 'green' cases differ in their correlation to MRT. This trend was not seen in the

'total' and 'day' cases. For most variables, the coefficient of correlation increases.

There scems to be an overall pattern where, the variables that had strong
correlation(s‘;l-iq‘ve redu¢edSwile, thoselthatl Weredy caklargiiomistrong.
. Incregé.‘in corrédation HFARHRE; ISF-BSF-SME.G¥Speed, v

. Redtretron in ¢orrelation-'qLF; Wir, w,

Statistical Significance -

As with the other series considered, most variables are seen as statistically
significant, with p-value < 0.001 for most morphology variables considered. The
Pervious Surface Fraction (PSF) becomes significant, where it was not for 'total' and

'day' cases. The variables u, q.rel (case4) are not statistically significant.

Discussion

The morphology variables have better coefficients of correlation at 'night'. Yet,
morphology is used primarily as a strategy to ameliorate daytime heat gain. To
clarify, Fig. 54 plots the effect of SVF on the MRT of the urban outdoors.

The correlation of the data analysed show that the correlation within comparative

cases increase from total, to day, to night, to 1pm.
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MRT
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340,00

Case 2

33500 Case 3 e—
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Fig. 54 - All cases - time of day comparison

SVF to MRT relationship

Here it is clearly seen that the SVF is most effective at reducing MRT at 1pm, while

it is least effective at night.

It is important to note that the correlation coefficient between SVF and MRT for

nighttime, fein

2

ains Lpositives1 As copposed to vaanegativel relationship that would

promote aftine radiationloss reeominended inSmost dtudies. The reason for the

anomaly ifitth#s study'hiay'lié-ialkhe!idéntified over prediction of nighttime values
by the ENVI-iet siimulation model. Literature cites this is due to the limitation in

the model that ‘buildings lack thermal mass’.
4.1.3 Predicting the relationship between MRT and urban design variables
for 'night-time’ hours

The objective is to generalise the variables in relation to MRT. The process adopts a

stepwise regression used in the previous sections. (Table 21)
A stepwise regression run for the nighttime hours indicate a differing pattern to that

of the 'total' and 'day' cases, as it is seen in the bivariate correlation discussed above.
(Table 20)
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Here only v, T, SVF and HRE of the key variables as seen in the 'total' case remains
related. The relationship of Specific humidity (q) and relative humidity (q.rel), for
case4 differs to that of the other cases, where q.rel drops off and is replaced by q as
the relative variable. Impervious Surface Fraction (ISF) and Wind direction (wDir)
which was removed during stepwise regression analysis of the 'total' and 'day' cases
becomes significant in explaining the variation of MRT in the 'night'. The
morphology variables SVF, HRE and ISF are identified as significant to the

relationship.

Overall, the R? values of the regression models are strongest for the 'night' analyses.
The ability of the variables to explain the MRT change reduces for the global

warming cases in comparison to the existing background cases.

4.1.4 Predicting the MRT in relation to the urban morphology variables for
the peak hour of the day

The analysigiis furfherifoensed, onlthelpeakibaur, dfithé dayk {Table 22) The peak
hour is takenvas 13L00hesr Theccriterion $oi selactian lisibased on the evaluation of
the total day=eegression plots)(Fig L58), lwhere the particular time of day shows the

greatest MRT intensity.

As seen in the Table 23 (for case3), the correlation of MRT to the variables

considered are stronger than the other time intervals considered, especially the

variables that can be controlled by urban design. In comparison, the influences of

the climatic variables decrease in correlation.

. Very strong correlation is seen in; SVF and FAR.

. Strong correlation (negative or positive) is seen in v, wind speed, T, BSF, ISF
and HRE.

Other variables with a weaker correlation are excluded. It is noted that, unlike the

'night' case analysis, surface cover fraction characteristic variables are significant.
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Stepwise Regression analysis encompassing the above is shown in Table 24;
The variables that explain the behaviour of MRT at 13.00 hrs. are limited to v,
wSpeed, SVF, BSF and PSF. The adjusted coefficient of determination for these

cases varying from 79.8% for casel to 80.8% for case3.

Discussion
It is interesting to note that only v [Wind speed v-component (south to north)] and

SVF remain relevant for all models considered.

4.2 Site Case series

The objective of the analysis series is to ascertain the effect of the variables when
the measurement sites change. The sites, as mentioned in the research design
(3.2.3), were chosen as a cross section across major roads. The sites vary according

to the distance from the sea.
The analysis: adopls aIease VEisey approdehl dnl kedpingl Wit theprimary objective of
exploring % effect! CGhatOthe: morphology Lvkriables lon!SMRT, for changing

background c-hmate ScenaTrios:

All sites - (under casel background conditions) (Table 25)

Correlation Analysis-

Following the pattern of the total case series, most correlation coefficients are weak.
. Very strong relationships seen in - T, q

. Strong relationships in q.rel. Except for sitel, where it is 'very strong

negative', but, only strong for the other sites.
The correlation weakens as s1, s3, s2, s4.
There are significant changes in correlation between sites. In addition, a definite
pattern of change is not evident in relation to the distance from the sea. Yet, the

correlation between variables for sitel (the site closest to the sea) is distinct in

comparison.
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Statistical Significance -

. Most  variables are seen as
statistically significant, with p-value
< 0.001, including most morphology
variables considered.

. PSF is significant for site2 only.

. Other variables become significant

for differing sites.

Thus, as in the comparison of correlation
coefficients, there is no set pattern of

change for differing sites.

Considering MRT change for individual
sites, the interpolated lines for all sites
show sitel as the warmer site with the
site2 the cooler. site3 and site4 show a
similar tre_r_ﬁé‘f'tg sitell) Bdtwaden 109 00hrd (X6
11.00hss

o) fortal-sites Vary Sihitdrty
for the nighttamid morning' houts. (Fig!'55)

Variables - (Fig. 56, 57, 58, 59, 60)

Analyses of the variables show that sitel
shows minimal effect on MRT in relation
to the variable change. site2 shows the
greatest change for most variables. site3
and site4 show similar characteristics to

each other.

The implication of this is that variable to
MRT relationship is effected by the

geographical placement of the urban plot.

MRT

340.00)

335.00

33000

32500

32000

315007

310.00

305.00

300.00]

29500

Site 1 ——
Site 2

Site 3 ———

=1
o8

DDDDDDDDDDDDDDDDDDDDDDDDD
aaaaaaaaaaaaaaaaaaaaaaaaa

Fig. 55 - casel—site series - MRT to Time

relationship

MRT

340007

33500

330,007

325007

32000

Site 1 ——
Site 2
Site 3 ——

Site | —

T T T T T
a0 20 30 40 a0 60 70 80 20 1.00

340,007

335.00M

330.00

325007

320007

35007

31000

305.00M

300.007

295.007

SVF.bldg
Fig. 56 - casel—site series - MRT to SVF
relationship

Site 1 ———
Site 2
Site 3 ——
Site 4 S———

T T T T T

35 40 435 50 55

280,00
30

Building surface fraction

Fig. 57 - casel—site series - MRT to BSF

relationship
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All sites - (under case2 background MRT

conditions) (Table 26) :::: Esé :
Correlation  Analysis and  statistical m.w S —
significance - 250

case2 follows a similar pattern to casel =

Variables - ——

Correlations of variables to MRT for ™

case2 follow a similar pattern to that of =

casel, for all variables considered.

All sites - (under case3 backeround
conditions) (Table 27)

Correlation Analysis -

Most correlations are weak.

Very strong relationships seen in - T,

q.
o  Strongsiclationships®est in © k.nél
The corre weakens! dslisite1L1s1te3

site2, site4 ===

of

coefficient between cases (casel & 2 to

In  comparison the correlation
case3 & 4) show that it increases for all
variables, except in q.rel, where it reduces.
Yet, the correlations remain strong and

significant.

Statistical Significance -

As in the previous cases, a specific pattern
of change for variables is not evident.
Differing variables become significant for

different sites.

290 00

T T T T T
5 10 15 20 25 30 35 40

Impervious surface fraction

Fig. 58 - casel—site series - MRT to ISF

340007

335007

330,007

325007

320004

relationship

Site 1 e————
Site 2
Site 3 ——

Site 4 E————

T
3 3 a

T
12 15 18 21 24 27 30

Height of roughness elements

Fig. 59 - casel—site series - MRT to HRE

340,007

33500

330,007

325007

320,007

315007

31000

305.00M

300007

295007

relationship

MRT

Site 1 ————
Site 2
Site 3 ——

Site | —

290,00

T T T T T T T T T T T 1
12 3 4 5 6 7 B 9 1011 12 13 14 15 18 17 18 18 20 21

FAR

Fig. 60 - casel—site series - MRT to FAR

relationship
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MRT change for individual sites- MRT

Site 1 e——
340.00

The overall MRT change for case3 (Fig. stez

335.00

61), during the day follows a similar

330.00

pattern as the existing background (casel) =so

condition. The intensity difference in =]

315007

background temperature of the 'global |

warming' cases is seen clearly. Here too, s

as in casel, sitel is the warmest and site2

is the cooler.

ooooooooooo
ooooooooooooooooooooooooooo

Variables - Fig. 61 - case3—site series - MRT to Time

As in casel, analyses of the variables relationship

show that sitel shows minimal effect in MRT

Site 1 ————
340,007

relation to the variable change. site2 Stz

33500 Site 3 —

shows the greatest change for most ... e

variables. site3 and site4 show similar =
characteristics. SVF to MRT relationship

is taken as@rjgxalnple. (Figs6D) [ /

All sites™ _i.i-'(under casedV- bdekstound ™
conditions) (Table 28)

320007

290,00 T T T T T T T T T T
oo 10 20 30 40 50 60 70 80 80 1.00

Correlation  Analysis and  statistical SVF bldg
significance-__case4 follows a similar  Fig. 62 - case3 - site series - SVF to MRT

relationshi
pattern to case3 P

Variables - As with the correlation analysis, case4 follows the same pattern as

case3 for all variables considered.

Sitel cases compared

Correlation analyses (Table 29) show there is minimal or no change between the
existing, (open soil) (casel and 3) and green surface cases (case2 and 4). This is
found true for both the existing and global warming background cases. All
variables show an increase in correlation with MRT when the cases change from

the existing to global warming background. The effect of the global warming
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background change is seen in the peak
daytime and the nighttime hours only (Fig.
63). Comparison of variables across cases
shows an increase in the rate of change in
relation to MRT. Where the relationship is
positive, the rate of change between cases
widened (Fig. 64), while, where the
relationship is negative the rate of change
narrowed (Fig. 65). This is seen especially
in the FAR to MRT relationship.

Site2 cases compared

As with the sitel cases there is minimal or
no change between the open soil and
green surface cases for both the existing
and global warming background -cases.
all
correlatiog;'

warming :cfg;}s:increase. {Pdble 30)CPSE,

For variables  considered, the

ctween Néxisting Y 101 globil

which was™aet significant ih' the 'other'sites

become significant for site2.

Site3 cases and Site4 cases

The analysis of background cases within
individual sites yield similar correlation
patterns to each other. (Table 31 and Table
32)

Correlation Analysis -

Most correlations are weak.

. Very strong relationships seen in -
T,q
. Strong relationships seen in - g.rel

MRT

Case 1 ee—
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335.00 Case 3 m—

Case 4 —
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=]
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Fig. 63 - sitel cases - MRT to Time
relationship

MRT
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Fig. 64 - sitel cases - SVF to MRT relationship

MRT
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Fig. 65 - sitel cases - FAR to MRT relationship
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There is none or minimal change in correlation between existing to green surface
cases. Correlation increases in all other morphology variables considered. The

coefficient of correlation is strongest for SVF.

Statistical Significance -

Not significant - u, v, w, wSpeed, PSF, GSF. wDir (for site4 only)

Statistical significance increase (between background conditions)- BSF, PSF (for
site3 only), GSF (for site3 only)

Discussion -

Case4 (green global warming) background scenario to individual site comparison

The analysis explored in the preceding sections are summarised in Table 33, as a
means to ascertaining a probable relationship of individual sites to that of the
overall scenario. The table sorts the strength of the correlation between MRT and

the variable, in descending order.

Table 33 : case4 (green, global warming) background scenario to individual site - correlation
comparison

T q q.rel SVF BSF ISF PSF GSF HRE FAR
sitel sitehl site] 3ite Sl te® biigx Siicp 3it site4 site3
site3 Site3 site3 sife3 easgh - | .site3 sife2 site3 site4
case4 54| caséd~~| cased = [Féased ™ iten Sitef' ] case4 | case4nlicased
site4 sifel sitbd §ita site3 case4 site3 site2 site2
site2 site4 sitel sited sitel site4 site4 sitel sitel

Correlations of variables at each individual site do not show a definite pattern of
variance with those of the overall case4 scenario. sitel is distinct terms of both the
climatic variables and morphology variables. As with previous analysis, the warmer
sites have stronger correlation to climatic variables, while the cooler sites have
stronger correlation to the morphology variables. The exception seems to be in the
surface characteristic variables, where the correlation to MRT is comparatively

weak, with only the GSF being strong.
Table 34 shows the same summarisation for the night-time hours.
Unlike the total day case scenario, the overall scenario correlation for the climatic

variables is weakest at night-time. Especially for T and q.rel. The comparative

behaviour of the overall scenario with those of the individual sites, do not show a
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pattern for the morphology variables for the same night-time hours, as was seen in

the total day scenario.

Table 34 - case4 (green, global warming) background scenario to individual site - correlation
comparison - night

T q q.rel SVF BSF ISF PSF GSF HRE FAR
site3 sitel site3 site2 sitel site4 site4 sitel site3 site3
site4 case4 site4 site3 site2 site2 site2 case4 case4 sitel
site2 site3 site2 case4 case4 case4 site3 site4 site4 case4
sitel site2 sitel sitel site4 sitel case4 site2 sitel site4
case4 site4 case4 site4 site3 site3 sitel site3 site2 site2

The correlation of the morphology variables for individual sites, maintain a similar

hierarchy to that of the total day. Distinct differences are seen for sitel.

Discussion -

The characteristics seen in site]l have distinct differences to those of the other sites.
This is seen in the relationship between MRT and morphology variables as well. It
can be said that the proximity to the sea is what drives the distinct effect on the

behaviour of the variables considered in sitel. Though it has the advantage of the

sea bre Witl ificant impervious

surface (Marin uvd) afoing LitsOurbarOblodckvédgey linakesl itdthe warmest overall
(240

site, during®he day timé-hours!of the day

site2, though 1t shows the iowest intensity of MK, mainly for the peak hours of the
day. The variation of the relationships, in particular to the morphology variables, is

closer in their behaviour to that of site3 and site4.

site2 is the coolest during the day. It can be ascertained that this is due to the fact
that site2 has the benefit of the sea breeze and also shading from the adjacent
blocks. site3 and site4 are situated further from the sea, therefore the effect of the

ocean breeze is reduced.
Comparatively the sites show minimal variation for the night-time hours.
Correlations of variables at each individual site do not show a definite pattern of

variance with those of the overall case4 scenario, for both the total day and night-

time periods.
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4.3 Model Case series

The series analyse the behaviour of selected variables specific to morphology
models defined in the research design (3.2.3). The models are compared on a case-
by-case basis to ascertain the effect of the changing background condition on the
variables. The objective is also to establish the best-case scenario for mitigating the

negative effects of a warmer microclimate.
The models analysed are for all sites and receptor points. Therefore seeks a
generalised overview of the effect of the changed morphology on the predictor

variables.

All models - (under casel background conditions) (Table 35)

Correlation Analysis -
Most correlations are weak.
. Very strong relationships seen in - T, Specific humidity.

. Strong relationships seen in - relative humidity

Hierar(*/zz'c_g%’/zan geli-cdbrrélation?
Table 36 éxpiores the ¢hanging tidrpholdey with that of the correlation between the

predictor variables and MRT.

The behaviour of the climatic variables shows a definite pattern. The correlation is
strongest for the LCZ3 (m5) model, while it is weakest for the High edge model
(m3).

Table 36: casel models - Hierarchical Change in correlation to MRT

Variables | Hierarchical Change in correlation to MRT (weaken from left to right)
Climatic variables

T - m5 ml mé6 m2 m4 m3

q - mS5 ml mé6 m2 m4 m3

q.rel - m5 ml mé6 m2 m4 m3

Morphology variables

SVF - m4 m2 mb ml m3 mS5

BSF - mé4 mo6 m3 m2 m5 ml (not significant)
ISF - m2 m4 m6 m5 m3 m1l(not significant)
PSF - not significant for all models

HRE - mbé m2 not significant for other models

FAR - m2 m4 mé6 | ml | m5 | m3(not significant)
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Unlike the climatic variables, the morphology variables do not show a definite
pattern in their correlation to MRT. Although, for many of the variables the LCZ2
(m4) and High centre (m2) models show stronger correlations. The correlation

coefficient for SVF is strongest in all models.

Statistical significance -
Variables are seen as statistically significant, with p-value < 0.001 for most
morphology variables considered.

Not significant -u, w, wSpeed, wDir (only m1), PSF, GSF

MRT

340.00)

335.00)

330.00)

325.00

320,00

315.007

310.00)

305.00

300.0077

Time

Fig. 66 -'case[=——model series - MRT to Time

relationship
Analyses of the overall MRT change for each model during the day, show distinct
differences. (Fig. 66) The warmest models are the base case (m1) and LCZ3 (m5).
The coolest models are LCZ2 (m4) and the High Edge model (m4). The variation
patterns between models apply for both day and night time hours, albeit at varying

change of rate.

The highest differences are seen when the sun is at its peak. This is envisioned to be
caused by the varying ability of the urban fabric to shade the outdoors. Even for
morphology models that achieve this during the early and latter part of the day, the
built fabric loses this ability when the sun directly above the street / open space,
thus driving the MRT to a higher threshold.
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All models - (under case2 background conditions) (Table 37)

Correlation Analysis -

Most correlations are weak.

. Very strong relationships seen in - T, Specific humidity

. Strong relationships seen in - relative humidity

The variables, both climatic and morphology follow a similar pattern to that of the
casel scenario. Except for specific humidity (q) where m4 shows a weaker

correlation than m3.

Statistical significance -
Not significant - u , v (only m2), w (only m3,m4,m5), wSpeed (m2 only), wDir,
PSF, GSF (m2 and m4 only).

The MRT change for each model during the day, show no difference to the pattern

that was seen in casel. (Fig. 67)

MRT

mmmmmmmmmmmmmmmmmmmmmmmmmm
aaaaaaaaaaaaaaaaaaaaaaaaaaa

Fig. 67 - case2—model series - MRT to Time
relationship

All models - (under case3 background conditions) (Table 38)
Correlation Analysis (Table 38) -

Most correlations are weak.
. Very strong relationships seen in - T, q

. Strong relationships seen in - g.rel
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Statistical Significance -
Not significant - u, v (only m4), w (only m4, m6), wSpeed, wDir (ml only), PSF,
GSF

All models - (under case4 background conditions) (Table 39)

Correlation Analysis -
Most correlations are weak.
. Very strong relationships seen in - T, q

. Strong relationships seen in - q.rel

Statistical Significance -
Not significant - u, v (only m4), w (only m4, m6), wSpeed, wDir (ml only), PSF,
GSF

The patterns seen for both case3 and case4 follow similar patterns to those of casel
and case2. The overall behaviour of the variables in relation to the changing
background conditions do differ. Although, the global warming cases show an
increased ¢éfrA1_jelution to/ MRITY the [Green suttacedCaseslldédnot differ from the

existing cases.

Comparison of casel (existing) and case4 (green global warming) for all models

The analysis explores the existing background case models with those of the global
warming cases. The objective of the comparison is to ascertain how the modified
morphology models in a warmed context, would behave in comparison to the

existing microclimate conditions.

Fig. 68. Shows the existing case (ml— casel) depicted by the black line. Analysis
shows that most morphology options can reduce the overall MRT in the urban

outdoors for much of the daytime hours.
The models that are warmer than the existing case are the global warming case

scenario of the existing climate (ml— case4) and that of LCZ3 (m5 — case4). The
model that shows the lowest MRT intensity is LCZ2 (m4 - case4).
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Fig. 68 - casel (ml) to case4 (all models)
comparison- MRT to Time relationship

All models are warmer at night. m5 and m3 models are nearest to the existing
situation, especially for hours between 18.00hrs. to 22.00hrs. The largest variations

of these models are seen between 03.00hrs. to 06.00hrs.

Discussion

Urban mor, Ho“logy chatiges ‘dan Help mitighte vifeven Irolbbaek the negative effects

caused to t \;icroclimate by slobalwaimiing. - Thethigh-/density options, especially

when they areat the'edge of thelSttedt (113 and m4) have a better ability to cool the

outdoors.

Morphology changes do not help reduce MRT for the night-time hours as much as
for the day. The cooler LCZ2 model (m4) comes closest to MRT trend shown in the
existing case (casel - m1). The green surface cases (case2 and case4) have little or

no effect on the MRT, even when morphology changes.

Morphology variables show a weak correlation to MRT for all models. The

strongest correlation is seen in SVF.
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4.4 Receptor case series

The objective is to determine the sensitivity of the variables in relation to where the

measurement point occurs, relative to an urban block.

Receptor point - a term generic to ENVI-met, denotes a measurement point in the
simulation model. The simulation software generates specific data for each receptor
point that is defined. As outlined in the research design, (Table 14) the analyses is

approached as two parts;

. As individual receptors

o As street orientation

4.4.1 Individual receptor series

All receptors- (under caselbackground conditions) (Table 40)

Table 40 shows the;receptors forcthe major directions together with that of the
centre of tt@%lock

Correlation Analysis -

Analysis of the correlations shows a distinct difference in the receptor at the center
of block (r1). The variables of r1 have the strongest correlation for SVF, HRE and
FAR.

19 - (south-west) showed the lowest correlation for SVF, ISF, HRE and FAR.

The other receptors don't show a distinct pattern in their variation.

Statistical Significance -

BSF is 'not significant' for all receptors. While ISF and PSF is only significant for
12 - (east).
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All receptors- (under case2 background conditions) (Table 41)

The case2 receptor correlation (Table 41) follows a similar pattern to that of casel.

All receptors- (under case3 background conditions) (Table 42)

Overall, the variables follow a similar pattern to that of casel and case2, although

the correlation increases for case3 (Table 42).

All receptors- (under case4 background conditions) (Table 43)

Unlike other comparison between cases analysed in the preceding sections, case4
receptor point, correlation data vary in comparison to case3. That is, the 'green' case
in a global warming background condition (case4) differs to the 'open soil' case
(case3), in relation to the correlation coefficient values of the variables considered.
(SVF, HRE and FAR). The variables that are not significant are not included in this

analysis.

The main differences are seen in r5 (south) and r6 (north-east). Changes are also
seen in 17 (north-west) and r8 (south-east), but to a lesser extent than that of r5 and
16. &

4.4.2 Streetorientation' series

The comparison analyses the receptor points in groups to ascertain the effect of the
changing morphology on the microclimate of the differently oriented streets. They

are simplified to north-south oriented streets, east-west oriented streets and as the

Fig. 69- Typical representation of ‘streets’ that
bound an urban block
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center of the urban block. (Fig. 69) The comparison is also extended to encompass

streets on particular direction of a block. e.g. - north-south street on the west of a
block

All streets- (under caselbackground conditions) (Table 44)

Fig. 70 demonstrates the change in MRT throughout the day for all street receptors.
The center of the block (c) has a distinct difference to those of the streets bounding
the sites (east-west /south (ew s), east-west / north (ew n), north-south / east (ns e),
north-south / west (ns w)) the center being considerably cooler throughout the day.

Understandably, the warmest trend is seen in the north-south streets on the west side

of the block (ns w), especially in the afternoon hours. Similarly, the east-west

MRT

340,00+

335.00

2
330.00 /

325.00 / ~
320,00 / \ A
\ 4

31500 [ !

\ 4

Fig. 70 - casel—all streets comparison
- MRT to Time relationship

oriented street on the south side (ew s) too is comparatively warm throughout the

day.

The microclimate changes in the nighttime hours for the street cases follow a

similar trend, while the center of the block is considerably cooler.

Correlation Analysis -

The variable correlation to MRT (Table 44), follow a similar trend as above where,
the center of the block has the strongest correlation. The warmer receptor groups
have the weaker correlation. SVF has the strongest correlation among morphology

variables.
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Statistical Significance -

The surface characteristic variables are not
significant, except in the north-south/east
where ISF and PSF become

significant. The PSF is also significant in

street,
the north-south/west oriented street.
All streets- (under case2 background
conditions) (Table 45)

case2 (Fig. 71) follows a similar pattern to

that of casel (Fig. 70). The overall
behaviour of MRT throughout the day, too

follow a similar trend to that of casel.

All streets- (under case3 background

conditions) (Table 46)

The trend Lmes folloma bvsifnilay pattSrnofol Lk

of the day and the nighttime hours (Fig.
72).

The comparison between case2 and case3
(Fig. 73) show that the rates of change as
well as the values correspond, for the
hours where the microclimate is rapidly
warming up and cooling. (Day - between
07.00hrs. to 10.00hrs and night - 16.00hrs.
to 18.00hrs.). All the street receptor
combinations show similar trends and

values, within this period.

Jand™ 6HsED) T le 1 Grgletd !
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Fig. 71 - case2—all streets comparison
- MRT to Time relationship
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Fig. 72 - case3—all streets comparison
- MRT to Time relationship
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Fig. 73 - case2 to case3 streets comparison
- MRT to Time relationship

138



“(Pa[TI-1) [9AS] SO'(Q Y} JB JUBDIJIUTIS SI UONB[ALIO)) "4

“(Pa11®)-1) [9A3] 10’0 Y} J© JUBDLJIUSIS SI UOTIB[AII0)) "y

000’ 000 | 85z [ 481" [ ssz | Lzo® | 000" | 000" | 000° S9T LTT ser | ILU 170" 2ouedyIusIg
..001- | ,,160- | 910- | 120" | 910" | ,9%v0- | ..801" | ,.,065- | ,.0IL 10~ 810’ LT0" | €20~ | w0 UONE[ALIO]| [INOS Md
000’ 0000 | 680" | Sty [ €100 | 9000 | 000" | 000" | 000" 8c¢ 0€T 6ST | 950" | oIl QouedyIudIg
LLEL- | L 0Tl- | Teo- [ Too | ,€S0° | L.190- | ,.6vL | 6T | .I¥L L0’ 810’ 910" | 8€0- | 60 UONB[ALIOD| [HOU Md
000’ 000" | 6€1" | 870" | 08T | S00° | 000" | 000" | 0000 90’ 870’ LSy | ozt | Loor QouedyIudIg
LU= [ ,,60- | 920 [ L0v0" | v10° | ,,290- | 611 | ,.L¥9- | .¥SL L£O- L0v0°- €00 | 820" | ,.680- UONR[OLIOD|  JSAM SU
000’ 000 | ¥2o° [ 10" [ 900" | 11" | 000" | 000" | 000 yTT 861" 000" | 8LI’ 150° 20UBdYIUTIS
LI [ L0101 | 870 [ 150 [ ,,090 | 620~ | .61 | ,.L€S- | ,.LOL 810~ 020’ L1001 | T2o- | 6€0- UON[OLIOD|  JSED SU
000’ 000’ Iey [ ooy | cez | sze [ 0000 | 000" [ 000 9t T80 €0 | v€0° | 600 20UBDYIUTIS
LOLL- | L,8L1- | 8000 | 8000 | ST0 | 610 | ,9LL | ,.6S€- | ,.ISL £00°- 890" LLO- | L9L0- | ,.660- UONB[ALIOD| 9 AN
UvVAd | @4H [ A4SD [ ASd | 4ASI | dASd | AAS | prb HgM | pIadsm M A n s8I
dunjeaddwd |, JueIpry] GEIALD) SI[(BLIBA JO UONE[ILI0)) - SALIIS UONBIUILI() }I.1)S - $3sed - L dIqe L
“(pa1eI-1) [9A] 00 AU} J& JULIYIUTIS ST UOHBOIIO)) "4
“(PA[1EI-]) [9A] [(°0 AU} J& JULDYIUSTIS ST UOHB[ALIO)) "y
000’ 000’ €7¢ vIT 20’ 000’ 000’ 000 91 10° | 6zl | zsor oouBdYIUBIg
W00 | €60 | @ 110 610" | ,Lv0- | 011 [ ,.196- | 1T 20’ .SSO" [ LT0- | 6£0- UONB[2LIOD|  [IN0S Md
000’ 000’ T 970’ 020’ 000’ 000" | 0000 SS 0se | €Tl | 6L¥ AOUBIYIUTIS
L0C1- | o1 | v L10° | 090" | ,0S0- | ,.€¥L | ,.829- | ,.8LL €00° 600~ | 820 [ 100 UONB[OLIOD|  [JOU Md
000’ 000’ 920’ 344 LOO’ 000’ 000’ 000 90T see | 90¢ | z£o! AOUBIYIUTIS
WOl | 860 | @ LVO | L100 | L,.650- | 1Tl | ,.929- | .I¥L 020~ 010" | TI0" | ,S¥0™- UONB[2LIOD|  1SoM su
000’ 000’ 010’ S00° 660’ 000’ 000’ 000 ST 000" | I61" | €or AOUBIYIUTIS
WEIL= | L L01- | & | ,,950- | ,,290° | 1€0™- | 9%l | ,.609- | ,0€L 910’ 560" | 120- | 0€0™- UONB[21I0)|  ISed su
000’ 000’ vl 89T LIg 000’ 000’ 000 €60° 070" | $90" | 900 20UBdYIUBIS
WlLU- | 6L | v 600’ 920" | 020 | LLLU | ,.L9€- | .¥SL SSo° 980" | €90- | ,.SOI- UONB[ALIOD| 9 ANudd
dvd | TAH [ 4SO | 4ASd ASI asd AAS | Rrb b ngm | paadgm M A n ased

damerddwd I, Juripey UBIJA 0) SI[QBLIEA JO UOHJB[ALI0)) - SALIAS UOIIEIUILIQ }II)S - €3SBI - 9f J[qe ]

139



For the center receptor too, the rapid warming and cooling hours of the day are

closer in value than those of the peak and night hours. Case3 is warmer for the
hours that differ.

All streets- (under case4 backeground conditions) (Table 47)

Although, the behaviour of the street receptors show a similar trend (Fig. 74), case4

differs to case3. This factor was not seen in analyses series considered up to this

stage. case3 and case4 usually corresponded in both value and trend.

The comparison between cases (Fig. 75) show that for case4 streets show differing

characteristics during the day.

Centre receptor (c) - case4 is slightly MRt

340004

cooler during the day, but show

335.00M

= w8 £ &

similar values during the night. w000
North/south-east receptor (ns e) - =]

320,007

cased is cooler for the second half of

500

the day. For the morning hours, it iS s
s f

slightbgwarmer]

NoxfiEebtith-west Geteptbr - eHsel 550 |

warmt

“for the''second- Half-of -the .
day, but cooler for the morning Time
hours. The peak value for this Fig. 74 - case4—all streets comparison

e e - MRT to Time relationship
receptor combination is the warmest

MRT

for all receptors. Conversely, it is

340.00

also the coolest for the morning s

hOUrS 330.00
32500

East/west - north receptor - shows

200]
little or no variation between cases. sso
The maximum variation, though *°*]
minimal is seen between 09.00hrs. |
and 11.00 hrs. 2500

East/west- south receptor - shows *®

ooooooooooo
ooooooooooooooooooooooooooo

little or no variation between cases.

Fig. 75 - case3-case4 streets comparison

Overall, it is minimally cooler, yet > i !
- MRT to Time relationship
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following a similar variation pattern to that of case3. East west streets along
the south boundary of an urban block are warmer throughout the day than
other street edges. It is only minimally cooler than that of the North/south-

west receptor for the afternoon hours.

Correlation Analysis -

For both case3 and case4, the cooler streets have the stronger correlation to the
variables SVF, HRE and FAR. The warmer receptor groups have the weaker
correlation. The hierarchy of the variables, in relation to MRT does not change

between cases.

Statistical Significance -

The surface characteristics are not significant for most streets.

. BSF - shows an increase in correlation for case4 and is significant for the (ns
w), (ew n) for both cases. (ew s) becomes significant for case4 only.

o ISF - (ns e) is significant for both cases, while ew north becomes significant
for case4 only.

o PSF v{;i-s_‘signiﬂcant for (s ©)land(hs wijonlyyforlbothicases. The correlation
dccre%s in caséd-in ‘omparisen ¢ dasel.

. GSF=ae%significant oty foY the ns‘e) street receptors.

Discussion

The warmest value is seen in the afternoon hours of the north/south oriented west
facing (ns w) street. Although, the east/west oriented south facing (ew s) streets are
warmer for the more hours of the day. Overall it is clear that the streets and
therefore edges of an urban block are effected by its orientation and canyon

geometry, as also seen in cooler centre receptor values.
The increased 'green surface cover' in the global warming background scenario, has

a cooling effect on the microclimate for all receptors, especially in the afternoon

hours. This was not seen in the total series, site series or model series analyses.
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4.5 Summary of findings - similarities / variations to other studies and links
to LCZ classification

The analyses encompassed a series of scenarios where the primary objective was to
ascertain the sensitivity of  specific variables, in a changed microclimate. The
research is focussed on warm humid Colombo. Mean Radiant Temperature (MRT)
is taken as the indicator of thermal comfort in the urban outdoors in general and
streets as public spaces in particular. Each pattern highlighted from the case studies
are equated to existing knowledge and to its relationship to the LCZ classification
and local warming findings generated in preceding sections (Chapter 3) of this

thesis.
Specific patterns highlighted across the case study series;

1. In general, night-time shows better correlation with MRT

2. The rate at which MRT changes for the hours that the microclimate rapidly

warms aad cools during the day-shqw little or nQ.variation between cases.

=) J I ) .
3. AmongSpecific cases, cased - green global warming scenario shows stronger

correlation of variables with that of MRT.
4. The Sky View Factor (SVF) shows the strongest correlation to MRT.

5. The characteristics of the surface cover in general and 'green' surface cover in
particular, has little or no effect in reducing the MRT intensity in the urban

outdoors.

6. Overall context to Individual site correlation characteristics do not show a

distinct pattern.
7. In general, taller buildings at the edges of urban blocks have a positive impact.

8. Within urban blocks, variations are clear in terms of orientation and canyon

geometry.
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1. In general, night-time shows better correlation with MRT

The greatest consequence of the change in
MRT

the microclimate conditions, warmer by

340.00)

2.4 °C, is seen in the 'night-time' hours of

the day.

330,00

320.00

The data was generated for a single day in

310.00

April was analysed for its MRT change in

relation to a 24-hour period. Interpolated

300.00)

regression curves (Fig. 76) show distinct

time zones within the day. 'Night-time' “ S8 i g8 882 0222222820882

ooooooooooooooooooooooooooo

defined as the period where the suns
Fig. 76 - Total case series - overlapping
warming and cooling zones - MRT to Time
relationship

radiation is not an influence, the warming
and cooling hours of the day (shaded grey
in Fig. 76) and the peak hours.

In all casc:‘sftfudy seribd Vv édfigated [(ovéralll gite, middeandireceptor series), the
pattern shﬁd a similar trend between cases!>when'!the! Background conditions
changed frontthe 'existing' 6" \glébatwarming' scenario. The MRT intensity seen in
the 'global warming' case always exceeded that of the 'existing' case for the night-

time hours.

The coefficient of correlation between morphology variables grew stronger at night-
time, while the correlation to climatic variables weakened. Therefore, it shows that
in terms of correlation, the adoption of morphology variables to ameliorate negative

effects is applicable for both, daytime and night-time.

This is especially seen in the Model/ Case series (Fig 4.22), where the morphology
models of case4 was compared to that of casel. Here, though the MRT intensity of
many of the morphology models was lower than the existing condition during the
day, the values always exceeded the existing for the might time hours. This is found

to be true even for an urban context with an extensive 'green' surface cover.
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The main implication of this is that, though modified morphology options can help
adopt to, or even roll back the negative effects of a warmer microclimate during the
daytime hours, the influence is deemed inadequate for the night-time hours, where

the microclimate remains warmer than the existing case.

Similarities / variations to other studies -

The distinct patterns seen in the night-time highlighted in the analysis are found true
for other studies in the tropics. Thus, confirms established thinking on the area.
Presented below are selected studies that give insight on these factors of warmer

night-time hours and parameters that drive the phenomenon.

Night-time local warming is typical of the UHI phenomenon. It has been shown,
that UHI is strongest under clear skies and calm winds. Emmanuel (2006) states;
“Although the nocturnal UHI is well studied, the daytime urban climate has
received less attention. In general, the urban—rural differences are smaller by day
than by night, and the city can be either warmer or cooler than the rural

surroundings” (Emmanuel & Johansson, 2006).

Giridharan%%%) i Hong' Kong, 'folid that; “Durikg 'the extended summer, critical
variables that"could’ mitigate) & heléturhal UHI are NRDF (total non-residential
area to total fioor area ratio of the development), location quotient, sky view factor

and vegetation above 1m in height”. (Giridharan, 2005).

Location quotient (LQ) is basically a way of quantifying how concentrated a
particular industry, cluster, occupation, or demographic group is in a region as
compared to the nation. It can reveal what makes a particular region “unique” in

comparison to the national average. (Economic Modelling Specialists Inc., )

The LQ, is defined by Giridharan (2005) as the territorial population that has an
impact on the UHI of a particular place. In his study, he represents the territorial
impact through the LQ. If the LQ value is high, the territorial development impact
on a proposed development is high. Generally the lower the LQ, larger the thermal

stress on the environment.
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LQ = (PP/PR) / (PL/PT)
. PP- Population in the project

Persons per sq.km
No Data
1-100

. PR-Total population within a 300m 10100
radius of the project. E?ggé]i_lggggo

. PL-Total population in the local
area.
PT-Total population of the territory
(Glrldharan 2005)

I 20001 - 144600

Trincomalee
e\

Puttalam|

%S:ucaloa

. .. . S N ara Eliy: }ﬁbnarqgal;j
comparison to other cities in the country. S i U
/ R

In consideration of LQ in the context of
Colombo, Sri Lanka, it is assumed that the

impact on UHI will be very high in

Colombo is the primate city of Sri Lanka

and therefore has the highest population

and population density. . 10 Kiomerrs

(Fig. 77) Fig.. 77 - Sri Lanka population density
(Source - columbia.edu)

Tan (2013), observed MRT fluctuations in the urban environment in relation to

urban consntuents such as.greenerny rand (large water hodies. While proven to

effectlvclyézﬁucc the ambieat Aemperaturceofits: susroymdings throughout the day,

green CO\{@{ ”_‘-nd wiateryda bnetraffget] JMRT significantly after nightfall. They
conclude that the '"MRT does not differ significantly in the absence of sunlight and
therefore any attempt to lower MRT should logically be done only in daytime'. (Tan

etal, 2013)

Links to LCZ classification and local warming;

The effect on the night-time conditions were clearly seen in the local warming
highlighted in the LCZ classification in section 3.2.3.The numerical simulation
using the SHIM analysed the rate of which the urban fabric could release the stored
radiation in the night-time hours. A change in LCZ from a low-density zone to a

higher density zone always pushed the UHI intensity up.
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2. The rate at which MRT changes for the hours that the microclimate rapidly

warms and cools during the day show little or no variation between cases.

For most analysis series, the MRT rapidly warms between 06.00 hrs. to 10.00 hrs.
and rapidly cools between 15.00 hrs. to 18.00 hrs. (Fig. 76) The analyses show that
rate of change is relatively similar for the period between 07.00 hrs. and 10.00 hrs.
In all four background climate cases, which includes the 'global warming'
background case, show a similar trend. This also holds true for overall, site,

morphology models, receptor series simulated.

The MRT intensity differences are distinct for night-time and at the peak hours of
the day.

The implication is that, even in a future scenario with a marked change in
background temperature, the MRT of the particular time interval, (07.00 hrs. to
10.00 hrs. and 15.00 hrs. to 18.00 hrs.) remains relatively unaffected.

Therefor&,;i‘,r{-l}pmnparison 165the’ existing situidtion, fotlupddlBdhours of the day, the
microclimag%does not-diffet Bdversety-making thetthsklof iitigating and adapting
to global “warming that" mutheasiér Yet, the question arises; will this have
implications outside these hours? Can the warming and cooling be controlled /

lessened to have a positive effect in the night-time and peak hours of the day?

3. Among specific cases, case4 - green global warming scenario shows stronger

correlation

Overall the correlation between MRT and the morphology variables strengthen in a
microclimate affected by global warming, thereby enhancing the capacity for
prediction. Correlation to MRT is strongest for the 'green global warming' climatic
background scenario (case4) for all analysis series considered. Oke, (1987) found
that urban geometry is “a fundamental control on the urban heat island”. This is

seen true for a future, warmed climate too.
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4. The Sky View Factor (SVF) shows the strongest correlation to MRT

Only v [Wind speed v-component (south to north)] of the climatic variables and
Sky View Factor (SVF) of the morphology variables remain relevant for all
simulation case scenarios considered. Therefore, in a morphology-based approach

to reducing MRT in the urban outdoors, SVF needs to take precedence.

Similarities / variations to other studies -

Various studies show that sky view factor as an important tool in urban geometry
manipulation (Oke, 1987). Oke, demonstrated that there is a strong relationship
between many high-density city populations and the sky view factor. Theoretically,
sky view factor will be low where density is high. Oke identifies the following
formula “expressing the urban heat island intensity as a function of the
SVF” (Givoni, 1998): dT =15.27-13.88*SVF

“The above formula expresses the hypothesis that the urban heat island is caused by
reduced radiant heat loss to the sky from the ground level of density built urban

centres, whete the hoatisland plishoviiensn 1isvebserved. did: theasured, due to the
restricted vﬁz of the SkytT (Giktoni, 1998 W, 2009)

The findings of the sensitivity analysis confirm the impact of SVF as a primary

variable for UHI mitigation and outdoor thermal comfort.

Links to LCZ classification and local warming;

The LCZ classification and local warming analysis was focused on the night-time
cooling capacity of the urban surfaces. In this instance the LCZs with higher SVF
was the slowest to cool, thus, showing an increased intensity in the temperature

difference.
The implications of this is in utilising higher density built edges and urban blocks

(with lower SVF) for shading of the public spaces during the day and its impact on
the reduced cooling ability of built morphology in the night-time hours.
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5. The characteristics of the pervious surface cover in general and 'green' surface

cover in particular, has little or no effect in influencing the overall correlation of
variables with MRT.

Simulations adopting a change in pervious surface cover, specifically where the
open soil covered non-built areas of a urban block was replaced by a 'green’' surface
with a uniform 50mm thick dense grass cover, had little or no effect on the
correlation of variables with that of MRT. This was seen for both the existing case

scenario as well as the 'global warming' scenario.

PSF was seen as not significant' for most analysis series. Yet, ISF and GSF were

shown to be statistically significant.

Thus, other driving factors are more predominant in relation to the MRT change,

than the nature of the pervious surfaces.

In terms of the correlation of morphology variables, the 'green' cases saw an
increase ingthe strendthvafl théycoelficieits! batwieenlthe. pedl soil' case to 'green'

case, in thé%hge of 0:001VThis was feund to-Betrieforboth existing and global

warming Seefarios'’ The - ‘cotrelatiot--of the climatic variables experienced an
opposite effect, where the correlations weakened between 'open soil' and 'green'

cases. The correlation change in the climatic variables were more pronounced.

The implication of this is that, of the morphology variables, the three-dimensional,
geometric variables take precedence over the surface characteristic variables. (see
Table 15)

Similarities / variations to other studies -

(Oke et al, 1981) shows that although many types of surfaces abound in urban areas,
only two matter in terms of the heat island: natural and manmade. Within the
manmade surfaces, they found little correlation between types of surfaces and heat

island effect.
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(Middel et al., 2012) exploring Urban form, landscape design, and microclimate in
Phoenix, Arizona, states; "This implies that pervious surfaces with or without grass

can balance temperatures locally".

Noting that the urban geometry factors have not received as much consideration in
explaining the spatial temporal distribution of urban heat islands as have surface
materials, (Todhunter, 1990) takes the position that at a microscale, explicit
considerations of urban geometry are more important. At the mesoscale, however,
he argues that both the geometry and surface thermal characteristics play an equal
role. (Emmanuel, 1993)

Links to LCZ classification,

The LCZ classification explored the effect of the surface cover, especially for the
LCZs that had extensive open area between built forms, as a sub-categorisation of
the LCZ. The transformation of the UHI intensity was generated mainly by the
change in the input values for emissivity and thermal admittance of the urban
canyon materials. A sub categorisation with LCZs of the natural series (A-dense
trees, B—Scéﬁtc}'eci Treesy CrBush OScrab) 'D:Uswl Plahts) BiBare Rock or Paved, F-
Bare Soil _‘L‘___"T’:_Sand. GLUNAter)-as Ithe 'Sedonddry Seategory | generally reduced the
intensity OfSHIL. An'cxception!to ‘the'pattern is seen in LCZ-E (Bare Rock or
Paved) where 1t pushed the intensity up. (see Tabie 10). As mentioned in the earlier

section, the local warming utilises temperature as the measure.

Here the difference is between LCZ-F (Bare soil or sand) and LCZ-D (low plants)

in terms of nocturnal cooling capacity and therefore UHI intensity is distinct.

6. Overall context to Individual site correlation characteristics do not show a

distinct pattern.

Variables of individual sites vary in their correlation to those of the overall context,
therefore deemed site / zone specific. This is true for both the total day and night-

time periods.
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The characteristics seen in sl have distinct differences to those of the other sites.
This is seen in the relationship between MRT and morphology variables as well.
Yet, behaviour of variables for site2 shows similarities to those of site3 and site4.
Thus, it can be seen that the proximity of the site /zone to distinct features in the

context (like the ocean in this case), affect the overall behaviour.

Similarities to other studies -

The study done in Colombo, Sri Lanka by (Emmanuel & Johansson, 2006b) found
that, 'There was also evidence of a sea breeze effect; sites open to the sea were
significantly cooler than other urban sites. In contrast to the daytime variations, only
small intra-urban temperature differences were found at night. (Emmanuel &
Johansson, 2006)

The current research, based on simulation as opposed to the on-site measurement
approach adopted by Emmanuel & Johansson, reports the sea front site as warmer.
It is important to note the key variables reported was temperature for the

measurement based study and MRT for the current simulation study.

Emmanuel%OOS) extensively discusses Curban-designl strategies based on the

relationship=#6 naturdlfeatures- atd attdséape control.

Links to LCZ classification,

The LCZ classification encompassed morphology aspects with local level warming
on clear, calm days. Therefore, no variation in UHI intensity is reported within
similar LCZs in different locations in the city. This is due to the fact that, surface
temperatures measured on site, in order drive the SHIM simulation was generalised

for particular materials.

The implications of this is that strategies to control morphology and thereby MRT
reduction, need to be site / zone specific rather than for the overall city context. The
questions that arise are; would area specific urban design guidelines be needed? If

so what will generate the said urban design guidelines?
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7. In general, taller buildings at the edges of urban blocks have a positive impact

It was shown that urban morphology changes could help mitigate or even roll back
the negative effects caused to the microclimate by global warming. The high-
density options, especially when they are at the edge of the street have a better
ability to cool the outdoors. The key is in the ability of the building morphology to
shade the outdoors. The higher density options allow better shading possibility.

Morphology changes do not help reduce MRT for the night-time hours as much as
for the day. The cooler, high density, LCZ2 (m5) model (Fig 4.22) comes closest to
the existing MRT trend.

Morphology variables show a weak correlation to MRT for all models. The

strongest correlation among variables considered is for SVF.

Similarities to other studies -
Studies on street canyon geometry and its relationship to thermal comfort in the
street are extensively istadied] im termsl ofdhading, isingaklietation and buildings,

matermhtyg«;% albedofantdGientilatibnsaitd Pollutier-dispetshl:

On the temporal scale, Tomita et al. (2006) showed that the effect of urban
geometry (i.e. SVF) and thermal properties (such as thermal conductivity) affect the
UHI at different times of the day; the effect of thermal properties is apparent in the
early evening while urban geometry exerts its influence both during the daylight
and evening hours. The link between urban geometry and daytime air temperature
in warm climates is well documented. The effect of aspect ratio on the maximum
temperature was explored by Ahmed, (2003) and Johansson, (2006) in varying
contexts of hot humid Dhaka, Bangladesh and hot dry Fez, Morocco respectively.
In both these studies it was shown that an increase in the aspect ratio of the urban
canyon resulted in lowering of the air temperature. A similar study in Colombo, Sri
Lanka, Emmanuel and Perera (2002) concluded that a deeper canyon is cooler by 2
to 6°C and create an increase of over 3 hours of comfortable time in a typical day.
In hot, humid Colombo, Sri Lanka, Emmanuel & Johansson (2006) found intra-
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urban differences in maximum daily temperatures of up to 7 K between sites of

different urban geometries. (Emmanuel & Fernando, 2007a)

Further, (Emmanuel & Fernando, 2007b) found in Colombo and Phoenix that,
urban density (taller buildings) has a positive mitigating effect, although it was
found that it had a greater effect on MRT than air temperatures. Since MRT is
critical to outdoor thermal comfort, it is likely that high density development will
lead to lower thermal discomfort in the heavily built sections of these cities. This is
especially true in the daytime hours where many human activities take place in

urban street canyons. (Emmanuel & Fernando, 2007b)

Thus, the results of the sensitivity analysis of parameters confirm established

knowledge for the tropics.

Links to LCZ classification,

The LCZ classification explored urban blocks of specific geometry and morphology
for categorisation. The numerical simulation using SHIM adopted a canyon shape
and mzltel‘i,gi~1£b_§1seci onthis¢hdsification) Thid halysid showied ghat it was the higher
density opL@s that!'genbrated the“ldastOpossibilityicto release the stored solar
radiation. “Fes, making thesé PEZsthel tnost critical in terms of UHI intensity they

demonstrate.

The critical aspect here is that the LCZ classification used air temperature, while the
simulations adopted MRT as the key variable. Therefore, though the high-density
options generate a rise in nocturnal UHI, it is the best-case scenario to reduce MRT

in the urban outdoors.

8. Within urban block variations are clear in terms of orientation and canyon

geometry

The orientation of the public space and the canyon geometry is known to be crucial
for comfort in the urban outdoors. It is clear that spaces with the least potential to

negate the solar radiation is the worst affected. The warmest value is seen in the
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afternoon hours of the north/south oriented, west facing street (ns w). The east/west
oriented south facing streets (ew s) are warmer for the more hours of the day,

mainly due to the exposure to the sun in the morning hours.
Morphology variables show a weak correlation to MRT for all receptors.

Thus, it is evident that in the microscale, the varying morphology and orientation of

the street needs to be considered in the formulation of strategies for amelioration.

Similarities to other studies -

As with the preceding section, much has been written on this aspect.

The 'shadow umbrella' concept developed by Emmanuel is exemplar effort in this

regard. An outline of the concept is presented in Chapter 2.

Links to LCZ classification,

A survey and categorisation of street canyons by (Perera & Weerasekara, 2014)
based on LCZ classifi¢atidnlin’ Chaptepi3llahd {Perétal 68 8lSA2012) identified the
predominagéénwn combidations and therrorichtatidnrad fltows (Fig. 78);

. LCZ3 - LCZ3 (Compact Low-rise- Compact Low-tise) - (33.19%)

. LCZ3 - LCZ8 (Compact Low-rise- Large Low-rise) - (11.01%)

. LCZ2 - LCZ2 (Compact Mid-rise- Compact Mid-rise) - (6.6%)

. LCZ2 - LCZ3 (Compact Mid-rise- Compact Low-rise) - (6.3%)

The potential for the simplification of the urban context using the LCZ

classification is clear, making the process of generating strategies for amelioration

more generic and applicable.

153



($10T “eIedaseIoop) 2 BIAIOJ - 90IN0S) "90UALIND0 Jo Aouanbaij pue suoreurquiod 77 - 8/ ‘S

suoiued jo sedA | weeyQ

Electronic Theses & Dissertations

www.lib.mrt.ac.lk

Wi &9 LY WS I8 S Fr Lv 9w S B L T ST WD BT LT 9T ST L JBE AT UT 9T BT T 6T IT MR LL 99 % Oy BN

T R i__..-_ TN

=
=
<
—
-
St
&)
ﬁa
=
=
ot
st
W
S
o
W‘A
o —
92!
S
o
Bl
=
-

WY

1]

154



Summary

The Chapter - Results and Discussions - presented the outcome of a research design
focused on the sensitivity analysis of variables, encompassed in the LCZ
classification system. The focus was on both the existing climatic context and that

of the globally warmed background climate.

The discussion concludes with summary of findings, its similarities or variances to

existing knowledge and its links to the LCZ mapping presented in Chapter 3.

The Chapter establishes the base from which implications for Planning and Policy is

generated.
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5.0 Implications for urban planning and policy

The chapter is focussed on addressing the third research question generated in the
two initial chapters of the thesis. The approach encompasses the primary objective
of - “bridging the gap in urban design-climate links, being translated into guidelines
for real-world applicability for the warm humid tropical climate of Colombo, Sri

Lanka, in a background climate affected by Global Warming”
The research question is stated as;

What are the planning and policy implications that can be generated to adapt

to or roll-back the negative effects of a warmed urban microclimate?

Planning and Policy implications are based upon two primary domains established

in the research;

. The research based its approach on the simplification of the context by
applyéﬁg the LCZ classification system for greater generality and applicability
.

acr@s®stnilar contexts and climates.

. The research highlights the sensitivity of morphology variables in a
background climate warmed by global warming. Therefore, any approach to
ameliorate or rollback the negative effects should encompass the

manipulation / control based on these variables.
The research utilised Colombo, Sri Lanka as the experimental context to explore the

research questions. The application and generalisation of planning and policy

directions are also based on the City.
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51 Planning implications

Analyses and discussion for planning implications of the findings in the previous
chapter draw upon the Urban Development Authority, City of Colombo
Development Plans, briefly outlined in Chapter 3.1.

The urban development authority (UDA, 1999 and 2008) strategy for land use,

approach the planning and regulation of the city urban fabric under four major

areas;
1.  Zoning Plan and Planning regulations
2. Density regulations

3. Building regulations

4.  Development guide plans (DGP's)

The suggested guidelines / exemplars follow a similar strategy in their definition
and are based primarily on the Local Climate Zone Classification and the range of
values of thé}paramcters /Sifriablesicosiered bipthie TZ.

5.1.1 Zoning Pian and Planning regulations

UDA development plans for Colombo in 1999 and 2008 define the context into
broad zones, based primarily on land use. While the 1999 plan defined density in
terms of building height [defined as Height of roughness elements (HRE) in the
current research] and restricted functions within zones, the 2008 development plan
adopts a Floor Area Ratio (FAR) based approach. The allowable function / activity
within a zone restriction seen in the 1999 plan was relaxed to certain extent,

encouraging a much more mixed land-use.

The research findings establish Sky View Factor (SVF) as the most significant
morphology variable for mitigating and adapting to local level warming in the warm
humid climate of Colombo, Sri Lanka. The effectiveness of SVF is further

strengthened in a globally warmed background climate as demonstrated in the
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research, as evidenced by the strong correlation between MRT (established as the
primary variable for thermal comfort and UHI study) and SVF. Therefore, any
approach to creating climate sensitive public spaces, should be based on SVF
thresholds.

Local Climate Zones and context specific guidelines for UHI mitigation and

climate sensitive public spaces

Given the consideration of urban morphology, activity, thermal properties and
building geometry, LCZ mapping could provide a superior basis for climate-
sensitive and context-specific urban planning. While the current planning approach
is issue specific (such as zoning — in terms of activity, density — in terms of floor
area ratio, or morphology parameters — such as building height, setback, etc.), an
LCZ-based approach could integrate several key planning parameters and provide

the rationale for a context-specific planning approach.

a. LCZ mapping and identification of critical areas

The r8skarch Showedhids OV Mapisitg oflanutbhim condext, albeit the whole
City; g;} far rargingOatantapestCThe mosblUmpoitant factor is, in a LCZ
mapped conteXt 8" theVfori'-atd ‘therefore variances in the built fabric are
easily identified. The climatic nature of the classitication offers a distinct

opportunity for intervention at both the geometric and the climatic realms.

i Identification of critically stressed areas
The occurrence of zones classified as LCZ1 for example has a negative effect
on UHI. LCZ1 could be expected to be hotter, given the concentration of

anthropogenic heat in limited areas of the city.

The development projections for the City are not encouraging with greater
number of areas earmarked for intensive development. (see Section 3.1.2 -
Fig. 3.3). Yet, the option of a high-rise development (HRE > 25m in the LCZ

system) is difficult to be avoided from a city context.
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LCZ1 — compact high-rise can be avoided by utilising Open-set High-rise
(LCZA4) as a better, alternate option, zoned as spaced out planned areas of the
city. Thus, avoiding high-rise 'walls' in key areas of the city. (see Table 10).
Although the LCZ4 too leads to comparatively high UHI intensities, the
negative effects can be controlled by converting them into LCZ4 sub
classified with surface cover LCZs, such as LCZB or LCZD. (see Section
3.1.4 and Table 10)

Sub classification of critical LCZs as the secondary zone can have a lesser
impact, given that the characteristics remain closer to the primary - lower
density, less UHI intensive - LCZ. The heterogeneity created by such an
urban block, thus differences in SVF, has the advantage of shade
possibilities in the day time and better radiation loss in the night. (see Section
4.5;4)

Controlling / restricting LCZ change that drives the UHI intensity by large
margins

Thev;Lf‘C_Z classifisation Lof Fhel ity ol Colonibd shoived.the majority of the
city ﬁCZ2 Le73‘and4 CZ8:dtalse showed'achatige of zone from a lower
to a“Hsher density’ pushdsithe'UHT intensity up. (see Table 10). The greatest
change 1 UHI intensity of 4.09°C 1s seen when LCZ7- lightweight low-rise
is transformed in to LCZ1- compact high-rise areas. (Perera et al., 2013) This
was demonstrated in a study by Perera et al., 2013 investigating the UHI
effect of the UDA 2020 plan for Colombo. The differences hold true as inter

LCZ differences discussed above.

This phenomenon of underserved areas being transformed into high-rise
housing developments are seen in most of the developing world, and
Colombo is no exception. The main objective seems to be to free
underutilised land for development, the strategy could have a negative impact
on the climate. A similar impact applies to LCZ8 (large low-rise, typically
warehouses in the city) that change into LCZ1 or LCZ4, creating a UHI

intensity increase of 3.3 °C and 3.25 °C respectively.
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A socially accepted strategy in the attempt to re-house the under-served
settlements is to adopt high-density walk-up housing. For example,
transforming LCZ7 into LCZ3 will increase the UHI intensity by 2.88 °C;
however, this seems to be the least harmful change. Transforming of more
compact areas of the city, namely LCZs 2, 3 and also LCZS5 to either LCZ1 or

LCZ2, seems to experience a lesser impact in terms of UHI intensity.

To avoid such negative consequences, patterns that have limited impacts can
be adopted. The change of LCZ7 into open low-rise (LCZ6: 1.56 °C change)
or large low-rise (LCZS8: 0.79 °C change). Options for such developments
include educational or similar institutional functions, high-end housing areas,

mixed developments with large green spaces and reduced vehicular traffic.

Preservation of LCZs in the built fabric

A LCZ-based zoning approach highlights areas that need preservation.
Examples could include zones such as LCZ2, LCZ3 and LCZS8, further
de\r'el;é‘-fment ofiIwhichlywould/lGatselvtlie dddreadél ket their heat island
magh de Fér'example many-oldertparts' of'the'city iow being re-purposed
in térme’ of ke WithUlitHé  ot“nd" impact on the overall morphology and
therefore the LCZ; this seems to be the best strategy in terms of UHI
mitigation, since almost all transformations to higher densities have negative

impacts.

It would also highlight areas that could be further developed and/or re-
categorized without a severe climatic impact. The LCZs could be changed to
create a reduction in the UHI intensity. For example, when LCZ6 areas are
transformed in to LCZ8 (a reduction of 0.77 °C can be achieved). This is
currently seen in Colombo, where traditional residential areas are being
transformed into mainly educational institutions, while maintaining the open
spaces (high PSF, GSF) and low building heights (low HRE).
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Local geographical location (its proximity to large natural features like the
ocean, lakes, parks etc.), relationship to the rest of the city, development

potential and current LCZ classification in their definition.

The LCZ classification showed that the land cover series LCZs cool faster
than those of the built series. It also showed that mixing of the fabric (sub
classified LCZs of the surface cover series) show lower UHI intensity. (Table
10)

The sensitivity analysis demonstrated that Sky View Factor and Ventilation
[Wind speed v-component (south to north)] are major drivers of MRT

magnitude in the urban outdoors. [see Section 4.1 and 4.5 (4)]

The research highlights urban blocks adjacent to natural open spaces react
differently to those that are relatively land-locked. Although these sites are
generally negatively affected during the day, they cool at a more rapid pace at
night . Thus, fulfils a main objective of UHI amelioration. [see Section 4.2
and 45 (6)]

The Fesearch 8190 shows i %etths of the surface cover characteristics, the
critical factor 1s that the ground needs to be permeable. The nature of the
permeable cover, whether grass covered or open soil, has little or no effect on

the overall MRT reduction. (see Section 4.5; 5)

The planning implications of these is that any approach needs focus on
creating / maintaining key open spaces in the city; use them as heat sinks (low
SVF areas for night time heat loss) and sources of ventilation enhancement (as

signified with the correlation strength of the wind speed component)

The canyon geometry and orientation of urban blocks - covered by SVF in
this thesis - is deemed important facilitate these factors in the urban fabric.
Thus, on a more local scale, the between buildings play a large role on how

urban outdoor spaces are impacted. (Section 4.5; 8).
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Any planning intervention need to consider these zones as an integral part of
the whole.

b. LCZ based Planning Parameters for UHI mitigation and climate sensitive

public spaces

The LCZ classification incorporates geometric, surface characteristics together with
thermal, radiative and metabolic value ranges in their selection. (see Appendix B
and C) Implementation of city scale LCZ-based interventions result in achieving
characteristic morphology patterns, and the incorporation of climate characteristics
within the selection. The inclusion of zone specific anthropogenic impacts give
insight into the advantages / repercussions in an existing as well as for a projected

future scenario.

i LCZs as Zoning precincts - defining a LCZ specific morphology and future

maximum development.

Parargéers withint-a [LCY ‘cah bedontrolled to'achicve 'a desired effect. Critical
areaSef the ¢ity ean latidpt mbre! Specific and stricter controls, while other
areas can be defined as ranges. 1hese parameters can take the form of LCZ

specific Density and Building Regulations (discussed in the next section)

The LCZ mapping and local warming impact (Chapter 3.1.4 and Table 10)
discussion was highlighted in the UHI effect of different LCZs. The LCZ map
of Colombo also showed a recognisable form to the city in the way it has
developed. With the projected development for the city it is important to
consider zones not only in terms of land use, but in a climatically sensitive

manner.
Section 5.1.1 (a); explored in detail, the approach to LCZ mapping and

identification of critical areas, with Colombo as an exemplar for its

application. It identified a range of LCZ based ‘Zoning Precincts’, that
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C.

demand a set of controls for their success. These, controls depend on the

character and it relationship to both the natural and built fabric of the city.
Previous UDA development plans offer a zone wise definition and / or

restriction to drive / maintain the needed morphology character, here too, a

similar approach can be utilised.

Exemplars for utilisation

This section presents a typology of probable ‘Precincts’ based on Colombo as the

experimental context. The precincts exemplify the needs in an approach to climate

sensitive urban planning in a future, globally warmed background climate. They

draw upon the findings of this research to do so. Probable zones are depicted in Fig.

79

Major precincts can be identified as follows;

1.

2
3.
4

Sea ffaht predinit

Majo‘«‘.Nbrth/south artery ‘prechcts:

Majdr"—if'l-j;ast / west artery prechrcts

Open space precincts - Beira Lake, Viharamahadevi Park, cemetery/golf

course precinct

As outlined above, each of these precincts focus on or is defined geographically by

a natural open space or built edge of significance. Each of these precincts is detailed

out for Colombo, as a generalised approach that can be replicated in cities of similar

climatic and geographical setting.

Sea Front precinct

Colombo's western edge dominated by LCZ2 and LCZ3, bounded by the sea

for its entire length, poses a unique set of opportunities as well as problems.
The precinct is bound by the marine drive on the West and the Galle Road on
the East) (both major vehicular arteries). (Fig. 79, Fig. 80 and Fig. 81)
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Sea front precinct
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Major east/west precincts - railway
reservation- (Colombo 15)

R drive’ (Colombo 03 junc-
& = =2 - tion / Station road, Horton

Place)

etery and golf course precinct

» 9‘7 .,
fb |I|1‘7 !\l\\-ml%
Major east/west precincts - Roads - ) W E l--
(Colombo 04 junction / Station road w‘ s" = i'\@
Baudhaloka Mw) \i‘i‘“ 7.0 !b.q"
s gy 105
EX\ 7
‘,:\“‘ !N n%@ Fajor north/south precincts - Roads

1] =/ NBaseline roa
P el A

2

Major east/west precincts - Roads - (Colombo
06 junction / Station road , High Street)

Major east/west precincts - Canals - (Colombo 04
canal)

Major north/south precincts - Roads - Galle rd

Fig. 79 - Conceptual - Map of Colombo showing exemplar / probable zoning of precincts
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il.

iii.

.

It is also seen as the fastest developing part of the city, with an alarmingly
increasing number of LCZ4 being infused within the built fabric. This is due
to the Marine drive, where previously, narrow, east/west oriented, dead-end
streets that culminated with the railway line as the edge, has now opened up
with the possibility better access and thus, through traffic. The zoning
regulations restricting the use of the marine drive and height restrictions
defined in the UDA plan of 1999 have also been relaxed with that of the 2008
revision to the plan. Restrictions according to plot subdivision extent, plot

coverage, for example are particular to this zone in comparison to the others.

Restrictions for the possibility of 'tall building walls'. Especially along the
western edge of the precinct

Although the research emphasises this the best option for shading, this edge is
the most exposed (see section 4.5; 8). A totally built wall also reduce the
possibility for the rest of the block and city being ‘opened’ up to the natural
edge. The blocks in the precinct could be restricted to ‘open-set’ typologies -
LC7Z4,1.C7Z5,1.CZ6 and LCZ8. Sub-classification is deemed advantageous.

("0}775;}1316 denstip-urban'blockswithin the precinict'to'ensure building height
vari&itton and therefort? shidindetthancement and SVF differentiation.

SVF differentiation can encourage a baiance between shading (low SVF) in
the day and radiation loss in the night (high SVF). (see section 4.5; 1, 2, 4).
Density and building regulation based on the LCZ to encourage the
heterogeneous mix envisioned. Sub-classification within the precinct can be
encouraged with either the LCZs of the built types or the land cover types.
Recent zoning regulations stipulate a BSF of not more than 50% for new

developments beyond a certain threshold.
SVF based setbacks and strategies for street level shading
Built edges along the precinct is deemed critical for the blocks as well as the

urban fabric beyond the zone

Maximizing the permeable surface cover along either side of the marine drive
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Arcades and shade on street edge

Fig. 82 - Conceptual North/South Artery Section, Colombo (Galle Road)

University of Moratuwa, Sri Lanka.
Electronic Theses & Dissertations
www.lib.mrt.ac.lk

Shorte:

Encourage Arcades and shade on street edge

pervious
surfaces

Fig. 83 - Conceptual North/South Artery Section, Colombo (Marine Drive)
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The exposed, impervious surface of the marine drive can have a negative
impact on the adjacent blocks as well as the rest of the city. It can also negate
the positive impact of the ocean. The presence of pervious surfaces are
important (see section 4.5; 5). LCZB and LCZD as an sub-class as opposed to
LCZE - which has become the norm for current developments - can be

utilised.

Major North/South artery precincts

The North South vehicular arteries that connect the city dominate the form of the
city of Colombo. Of these, the Galle Road, the Baseline Road and the Marine Drive

are prominent. The Duplication Road and the Havelock Road are the other
significant streets. (Fig - 79, 81, 82, 83)

The research highlights the advantage of tall buildings on the edge of urban blocks.
(see section 4.5; 7, 8)

The critical aspect of the strategies adopted need to encompass reducing the SVF

throughout,:‘t‘hc‘ lengthldoh\the Sidhiculanaéiiesl (§8e sectiomidl8 M, 8)

1.

1ii.

.

P@/‘il;l?g;e'r urban’ bloek-conteptfor-tall, shade providing buildings on edges
and open spaces within the interior of the blocks.

Unlike the Sea Front precinct, tall buildings on edges of urban blocks become
advantageous. Yet, it needs to follow the precautions highlighted, where the
permeability of the edge is important. LCZ2, LCZ5 with a mix of LCZ3,
LCZ4 and LCZ5 of the built types; LCZB and LCZD of land cover types can

be advantageous.

Shading for wide streets to ameliorate the negative effects of extensive
impervious surfaces.

Setbacks and the nature of the street edges for maximum, street level shading
Maximum permeable surfaces and vegetation cover on edges and the centre

island of the street.

As defined in the Sea front Precinct
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c. Major East/West artery precincts

The East/West arteries are seen as critical in creating a connection to the coast and
other prominent open spaces in the city. They form the important breaks in the built
fabric that has developed along the North/South arteries. Unlike the North/South
arteries in the city, these streets are not as continuous and the connection to the

coast is not always clear. [see Chapter 4.5 (4)]

Wider streets for open space connection

Encourage / reguljte overhangs fo
shade

el LEVRBL AT Al | Kt
T 7 2 ’ |
=) Jfectronte Theses ¢
Arcadesi:sel round lev
s MW LIS T \L ¥

Maxin - .
LOCOUrdge succt 1ICvel snading

Fig. 84 - Conceptual East/West Artery Section, Colombo

The existence of East/West streets that connect the major North/South arteries
highlighted in the earlier section offer a good opportunity for them to be developed
effectively. (Fig. 84)

i Street widths and setbacks to achieve maximum shading and open space
connections

1.  Maximum permeable surfaces and vegetation cover on edges and the centre
island of the street.

As defined in the Sea front Precinct
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d. Open space precincts - Beira Lake., Viharamahadevi Park, cemetery/golf

course precincts

ASTER FLAN

eisure SRR o e

b4 " connea

M Li

S

> X i oo sk
EM it Parks steric walk

A “__\/‘ .7 \ AR Flinessfounge $
Fig. 85- Biera Lake - Master Plan Proposal.
Source - defence.lk

Fig. 86 - Colombo Walkability Improvement Proposal. | e

Source - cmc.1K || = emnmor

—— Galle Rnad & Duplieafion Rnad

GIS Unit

1D Center
Golombo Municipal Gouncil

The key open spaces in the city are already the focus of development plans.
The current master plans highlight low density, green belt development and
muegsd publiélispaces asOstrategics LFha. LOZ ntapping of Colombo also
showéwzat these-aréas' lare primdrily reomipadt) ‘'open-set and large low-rise.

(LCZ3AL.CZ6, 28 of -the baitt types and LCZA, LCZB and LCZD for the
land cover types) (Fig 3.8 & 3.9)

The Metro Colombo Urban Development Project is cited as an example. Fig. 85 and
Fig. 86 show public space improvement around key areas of the city.

In a city scale climatic perspective, these constitute the key natural, open areas of
the city and therefore, the heat sinks that can help ameliorate the ill effects of the
UHI phenomenon. [see Chapter 4.5 (6)]

i Connecting with major arteries and open spaces in the city (Fig. 79)

These can be existing and proposed roads, waterways, railway reservations.

ii.  Increasing / maintaining high permeable surface cover in the precinct
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As with earlier section (b) the general morphology of the zones can be established
as particular LCZs. The uniqueness of the particular precincts in their relationship
to open areas and orientation of the public spaces could be controlled by the
variables within the ranges defined by the LCZ classification, as LCZ and precinct

specific planning and building regulations.

As enhancements to the UDA plans shown in Fig. 85, 86; proposals presented in
Fig. 81, Fig. 82 and Fig. 83, especially in relation to the nature of the street edge is

conceptualised as essential in its attempt to create climate sensitive public spaces.

5.1.2. Density Regulations

UDA plans for Colombo in 1999 defined building density parameters to guide the
scale of the built fabric and the intensity of activities within a particular zone,
primarily based on the maximum and minimum heights of a possible development.
It also utilised BSF and FAR to regulate. The 2008 amendment, shifted focus to a
strategy l)qééd_()ll FARIYetSthe densityoidgulations dit nafinone specific as seen in
the ear]ier;‘p}.’én. The(éxdéptiva tolthé above’issdanl lintdelected zones (special
primary reéﬁéﬁtial and sea'front zoneforexample) where minimum plot extent and

coverage has been defined for sub-divisions of land aiter 2008.

. Density control using urban block or precinct based density criteria, based on
LCZ zoning. (see Table 10)

. SVF as the primary defining variable in a LCZ based zoning. [see Chapter 4.5
(4)](Fig. 88, Fig. 89)

. Within particular blocks, it is important to establish density and density
boundaries according to orientation and aspect ratio. [see Chapter 4.5 (7, 8)]
(Fig. 88, Fig. 89)

As highlighted in the preceding section, a city zoned as precincts of specific LCZs

and therefore zoned in a climate sensitive manner, needs to adopt detailed

approaches for specific blocks. Although, this is regarded as a departure from the
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simplified approach to classifying the urban fabric; it is deemed necessary to

incorporate a particular city context.

This raises the question, how urban planners and designers will incorporate the
social and economic needs and priorities of the city together with such a strategy.
As highlighted in the zoning implications discussed, the suggested climate
sensitivity requirements, existing city structure, and zoning approaches correspond
in many aspects. Therefore, the introduction of strategies can adopt a similar

approach, familiar to both planners and implementing agencies.

The LCZ system incorporates the probable type of land use, activity zone in general
in its categorisation, together with insight into anthropogenic activity that can affect
a zone. (see Appendix B) The simplification and categorisation process therefore,
include consideration of such socio-economic perspectives. Similarly, in looking at
a future scenario, designers can use this adopted process to predict the climatic
effects of a development driven by socio-economic needs. The key parameters /
variables that research adopts are particular to both climatically and socio-
econornica?%driven proeesses (see Table a1 8l@nd. AppendikiBj

o/

Value ranges®of geomettic ahd Surfidee ‘eover properties for LCZs, developed by

Stewart (2012) allow the needed flexibility to achieve the above. (see Appendix B)

LCZ classification system also adopts a final step where the primary LCZ classes
are sub-categorised for greater applicability. As seen in Table 10 in Chapter 3, these
sub-categorisations have an impact on local level warming. Thus, is deemed an

approach to develop more specialised zone specific density controls.

The 'shadow umbrella' approach is a good example, where the block shape is
consciously modified in reaction to the orientation of the constituent parts of the
block. It also considers functional use categorisation as well. This is highlighted in
the research findings, where, 'Within site variations are clear in terms of orientation

and aspect ratio'. (Fig.88)
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5.1.3. Building Regulations

The current building regulations focus on the space around buildings for individual
plots of land. The specification for development (tabulated as Form C in 1999,
Form C1 and C2 in 2008) (Appendix A) encompass;

. Minimum land extent
. Minimum width between building lines of a public Street/Road
. Minimum width of private Street/Road

. Maximum permissible FAR

Form C2 of 2008, further define the following according to the building type (low-

rise, mid-rise etc.) and the number of floors.

. Minimum site frontage

. Maximum Plot coverage

. Open space around the building
e Minigim Rear §pace

. Minig;%ﬁ oné-side padé

. Minfraath space’on'eath-$de

The 2008 amendment to UDA building regulations are for individual plots, zone
specific regulations are limited to minimum land extent (special primary residential,
sea front zone), maximum plot coverage (sea front zone) and maximum building
height (special primary residential) for specific zones. (Fig 3.3) Other zones adopt

Form C1 and C2 as common regulations.
Here, as the research highlights the need for zone wise interventions, the regulations
or its implementation strategy the 'Form C' would also be for a block or a LCZ

precinct.

The primary objective of these regulations should be to reduce overall MRT by

exploring within site variations in terms of SVF, orientation and aspect ratio.
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Define SVF, FAR, HRE, BSF to control / establish block maximum as per LCZ,

rather than common regulations.

Canyon geometry is seen as key to managing the MRT intensity in streets.
The current regulations adopt 'street lines' and 'building lines' to control the
width of the street. (Appendix A). The existing regulations govern individual
plots. An approach precinct scale intervention can establish / relax 'building

line' regulations for streets of specific orientations within the considered zone.

Greater flexibility within urban blocks to will allow taller buildings on the
edges (see Chapter 4.5; 7) and plot specific decision making in terms of open
spaces around individual buildings. (rear space, side space to be re-defined as

overall open space within a building)

Adoption of SVF based regulations for specific zones. (e.g. sea front precinct
- east/west streets need to maximize connection to open spaces. Major North/
South artery precinct - maximize street shading)

5"’3

Exploring a révisitto e Stantlard-light plane ' option of old.

The 'standard light plane' was a strategy for lighting and ventilation of
buildings adopted in the 1986 building regulations. (Gazette of Democratic
Socialist Republic of Sri Lanka Extraordinary No 392/9 of 10th March 1986).
The regulations still control development many parts of island outside
Colombo and is the precursor to the 1999 and 2008 UDA regulations. The
‘standard light plane’ means a plane drawn upwards and outwards from the
exterior face of the building at the lowest floor level of the room at an angle
of 63 2 degrees to the horizontal and not impinging on any building wall or
other obstruction. (UDA, 1986). The maximum width of a sunshade or eave

intersecting the light plane was limited to 1m.

In the context of this research the light plane can be interpreted as relative to
SVF. Where the light plane is applied in an individual building plot, the SVF
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is increased, creating a greater possibility for night-time radiation loss.

Daytime overheating is a necessary consideration.

Therefore, as an extension to the preceding point citing plot specific open
spaces; (see Fig. 82, Fig. 83 & Fig. 84)

Relaxation of building line, with imposition of the 'standard light plane'
regulations for other open spaces. Particularly the 'rear space'. The relaxation
can be approached as thresholds, applicable for each distinct LCZ. Thereby,
fulfil the need for street level shade and SVF increment for night-time

radiation loss as discussed in the preceding discussion.

Surface cover property introduction into zone regulations, should include
streets as an integral part of the zone. Thus, create zone level decisions that
will define the overall PSF, ISF and GSF particularly in public spaces.
Regulation of individual plot level surface characteristics is deemed
impractical.

5.1.4. Dévelopment Guidé pins
UDA development guide plans are defined for special focus areas in the city.

The overall approach to the earlier section derives an approach similar to the
development guide plans proposed for a particular area or zone. In this sense, a city
zoned as per LCZ classification could encompass particular zones that need to adopt
zone specific strategies as well as zones that adopt general strategies for climate
sensitive urban spaces. This aspect was discussed at length in preceding sections,

therefore deemed ingrained in their proposed guidelines. (Fig. 79)
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5.2 Policy implications
5.2.1 Policy implications of a Local Climate Zone based Planning Strategy
The policy implications of achieving the planning strategies discussed in the

preceding section is important for overall applicability in an urban context.

Protocols for mapping the urban area using the Local Climate Zone classification

system
Precinct / Local scale climate mapping and maps are crucial for strategies /

interventions at that particular scale. It is at this scale that outdoor thermal comfort

and building level energy use can be influenced for greater effectiveness.

City scale microclimatic measurement regimes or simulation models are intensive
in terms of resource, cost and time. Approaches like on site measurements cannot
dispel the influence of anthropogenic and material aspects in their focus on
particular \rfati;}bleS. Theyeanriot tookvdtiead tovasglobally. sattded scenario.

‘?';-

Herein laystdhe advantage 69 théll.odal €limate Zone classification. It is local in

scale, climaiic in nature and zonal in representation. (Stewait & Oke, 2012)

Observational data is used to quickly and effectively classify the urban context into
distinct morphological and climatic zones, which can be compared across cities of
similar geographies and climates. It offers a basic package of urban climate
principles for architects, planners, ecologists, and engineers. The system conveys
these principles through spatial scales (micro, local) and design elements (e.g.,
building height, “green” cover ratio) that are relevant to the many cognate

disciplines of urban climatology. (Stewart & Oke, 2012)
The danger is in the over simplification of the context, especially in using them as

planning zones. Stewart and Oke originally developed the scheme primarily for

establishing a common protocol for UHI reporting.
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The LCZ system is inherently generic and cannot capture the peculiarities of every
urban and rural site. Its view of the landscape universe is highly reductionist, and,

like all classifications, its descriptive and explanatory powers are limited. (Stewart
& Oke, 2012)

Zoning policy for the city to be based on Local Climate Zones - for future

development and climatic backerounds

As highlighted in the earlier sections, LCZ classification incorporates geometric,
surface characteristics together with thermal, radiative and metabolic value ranges

in their selection.

The adoption of such LCZ based zoning has advantages of implementing city scale
interventions that not only have characteristic morphology, but the incorporation of
climate characteristics within the selection. It also gives insight into the probable

anthropogenic impact of a zone.

The sub—cqféf'rg)l‘isz1ti011 and Svithin! zone ldefiiition “ofl propeérties allow the desired
heterogene_gs_ and Fdesign iflexibility “toCthe’ ltabricd LEhis, also maintain the

socioeconomfe effettivettess in'a'ststainable urban system.

The ability to use observational data for the LCZ classification in resource poor

contexts in a time efficient manner is an added advantage.

The main drawback to the zoning is seen in the next section of the process where

zone specific guidelines need to be defined.

Policy on LCZ specific definitions and standards for climate sensitive urban

outdoors
The range of values defined within the LCZ system establishes these same criteria
as the base value for a particular zone. Therefore, policy standards and technical

benchmarks are automatically established.
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It is in the interpretation of the value ranges embedded in the LCZ system to the
context of a city that creates the most queries. Particularly in establishing zone

specific density and building regulations.

LCZ datasets are developed from generalized knowledge of built forms and land
cover types that are universally recognized, not from specialized knowledge of local

topography and climatology in individual cities. (Stewart & Oke, 2012)

This raises questions as to the effectiveness of the defined value ranges in the urban
context of a particular city; it effectiveness for a globally warmed background
scenario; the method in which the values, value ranges or benchmarks will be
defined, in a specialised zone application; the probability and extent to which sub-
categorisation is allowed; and thus, the manner in which the values will change. It is
in this area that a problem of equity would arise in terms of which plot (in an urban
block that is made up of several individual plots) gets to exceed the zone norms.

These issues are discussed in detail in section 5.2.2 in this chapter.

Quantitativggesign outdelines-that! pracritioners>can leasdviapply in terms of the

basic desifrErequirethents for’stistaindble™urban public space creation.

These quantitative guidelines can be in the form of simpie ratios and indexes as
used in a density regulation system at zone scale and the building regulation system
at the individual plot scale. This avoids the need for a comprehensive modelling
regime for their approval. A more stringent system of evaluation can be adopted for

large-scale intervention.
The planning implications were based primarily on the morphological aspects of the

context. Relevant constituents pertaining to materiality, urban vegetation and

transport were not taken into account.
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5.2.2 Policy on socio-economic and governance mechanisms

The challenge of incorporating Planning and Policy approaches presented in the
preceding sections are seen primarily with relation to socio-economic and
governance perspectives. It is clearly understood that any development strategy,

must incorporate these factors for its realisation.
(a) Socio-Economic Impacts
Socio-economic impacts are envisioned at two levels of the urban fabric; at the city

scale - where distinctive precincts are defined; and within the precinct - where the

built elements (the blocks) and the open spaces (the streets) need consideration.

City-scale intervention- the Precinct

As presented in Section 5.2 and Fig. 82, the primary objective was to create

precincts of characteristic morphology that adhere to its context.

These preg&is car-markddiifor T4 based Ldéfivitionli¢hdhge in their character
could f\l‘eeié;i;él1l’l‘€llt level devVelopment dad control future intervention in achieving
the desired zoning. Thus, not effecting the current socio-econoimic potential of the
precinct. Yet, in some cases, the ‘freeing’ of current socio-economic status could be
problematic (such as, in poorer parts of the city). A variance in the tax regime to
encourage potential development to adhere to projected city scale intervention
strategies, both for the current climatic background and that of a context warmed by

global warming can be encouraged

Precinct-scale intervention

Precinct-scale intervention is approached as two elements of the same scheme, yet
defined separately for clarity of discussion. These elements encompass;

o Block shape

o Street shape
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Block shape

Zoning of precincts are approached with an urban block as its core module. The
urban block also becomes the unit in classifying LCZs. Therefore, a scheme that is
based on the same element for classification, definition and implementation is

deemed more effective.

Most zoning and building regulations use building plot extent and street
characteristics to control. Here the emphasis on the total urban block, therefore,

creates queries as to — How? - equitable development can be facilitated.

A LCZ-based methodology is based on thresholds of the key LCZ Parameters and
therefore is more flexible than a n approach based on individual plots/streets. This
approach could therefore offer room for the preservation of current socio-economic

positives of the neighbourhood, provided these thresholds are not exceeded.

This flexibility allows shaping of the block to create more climate sensitive in-
between spaces [t lalga vallswisy for flexibilityiiial thel extétifilaid way building can
occur Withga specific-block! Lo create-soéro-eCondinid e§uiity an incentive and / or
tax based“approach’ tan' beehdbhirdwed" to maintain overall block shape, while
infusing heterogeneity within the parameters. (e.g. utility rate surcharge for non-
compliance or vice-versa). A Dbetter defined implementation scheme to
accommodate and evaluate the flexible options of the intervention will need to be
developed hand-in-hand, given the complexity as opposed to known, conventional

mechanism.
Street shape
The “Street’ or ‘Public space’ between buildings are deemed crucial at all levels for
climate sensitive shaping of the city. The shape of the urban canyon influences

both the block (due to its edges that abut the street) and overall city form.

A similar incentive / tax based scheme presented above, can be encouraged for
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adhering to defined street shape / canyon geometry. Such an approach can be
extended to encompass varied street orientations. (e.g. north/south east facing

streets vs. north/south west facing streets)

(b) Governance Mechanism

The section discusses the Governance Mechanism for implementing the LCZ based
planning and policy for climate sensitive urban public spaces. It is approached as a
cyclic and therefore, continually developing methodology for greater applicability

and equity.

Suggested governance mechanism is taken in stages, outlined below;
o Planning and Policy Stage
e Design and Compliance Stage

e Monitoring Stage

Planning a%&é?olicv stage

The LCZ _é@SSiﬂcation system forms the base of the decision making process.
Planning and Policy for a particular city is envisioned as a mechanism for
amelioration of the existing context as well as a means of projecting urban fabric

morphology characteristics of a city for the future.

It is important to establish LCZ based planning and policy guidelines as mandatory
and / or prescriptive means of developing the climate sensitive city form. It needs to
be based on specific information encompassing; local expertise, existing fabric,
geographical and climatic nuances in establishing goals for future form and

development needs

Ensuring maximum access to information is crucial for success. These can take the
form of accessible maps for all stakeholders. (Planners, designers, developers,
citizens, residents etc.); digital data-bases (e.g. Geo-Wiki) encompassing data layers
for urban scale and building scale intervention / adherence; and an option matrix

that drives decision making by the city and individuals
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Design and Compliance Stage

The design and compliance stage is deemed pivotal for the process, especially in
terms of decision making and resource utilisation. As stated in the preceding
section, the availability of information resources and compliance guidelines are
important. The approach can be - once all stakeholders are agreed (at the Planning
and Policy Stage) on the acceptable thresholds of key LCZ variables, these will

provide an open and transparent basis for checking compliance

Information resources can be in the form of an established database of readily
accessible, detailed maps projecting the planning and policy of the local level
administration; an empowering of local level approval agencies with needed human
resources to guide development initiatives; a comprehensive rating matrix of urban

parameters to aid decision making. (e.g. (CASBEE 2013))

Compliance information that encompass established LCZ based norms as checklist
for compliance and decision making; precinct specific values ranges to allow
flexibility of design options: established and therefore clear socio-economic
decision migking opQUs: 14§18 FIVOEE (PAYS, O City | corlpgnsates schemes); a
checklist @hbmissions fonievalhation at Hhothcpghanand; building scale. (e.g.
microclima"t-‘.‘_if.cf__.ilm)act. anthropogeniciampact etc.) can drive better decision making

at the design stage.

Monitoring Stage

The monitoring stage will ensure the planned, climate sensitive city to be monitored
for its success and / or failures. The primary advantage of the LCZ based scheme is
highlighted here. Where, the morphology based application and adherence protocol

allows quick evaluation of a particular situation.

To achieve this a continually updated / maintained digital database (as mentioned in
the preceding planning and policy stage) of city characteristics, together with a
monitoring network for microclimate impacts of envisioned planning intervention
can be utilised. It needs to include socio-economic data feedback, thus establish

possibilities for fine tuning of the approach.
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Summary

The chapter addresses the third research question of the thesis, encompassing the

approaches to link the findings into planning and policy.

The primary mode to do this was the Local Climate Zone system and the sensitivity
of parameters for the amelioration of UHI and the creation of climate sensitive

public spaces.

While the planning discussion drew upon the city of Colombo as a case study of
utilisation, the policy component attempts to build a more generalised approach that
can be easily adopted similar climate / morphology cities. The discussion also
extends to socio-economic conditionalities that create a more equitable and just

urban planning policy.
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6.0

Conclusions

The thesis explored avenues for achieving the aim of “Bridging the gap in urban

design-climate links, being translated into guidelines for real-world

applicability in a background climate affected by Global Warming.

The study was focussed on the warm humid tropical climate of Colombo, Sri

Lanka - as an experimental context for the research.

This chapter brings together the summary of findings, summary of contributions,

methodological challenges and directions for future research.

6.1

Summary of findings

In the opening chapters of the thesis, research gaps were identified based on the

literature review generating three main questions in formulating a methodology to

approach, téfé%‘-prinmry ajm_of the research. - The summary of findings for each

question Mdwidually, is presented as a summary of detailed analysis and discussion

covered in the preceding chapters.

1.

What is the microclimatic background condition that climate sensitive

urban policy needs to be based upon?

The primary methodological approach to the question utilised observational
data to map Local Climate Zones in Colombo.

It is shown that the City of Colombo, Sri Lanka, is a warm, humid city
affected by Urban Heat Island, with intensities up to 4.40 °C over the ‘rural’
site selected.

The city context is dominated by LCZ3 - Compact low-rise, LCZ2 - compact
mid-rise and LCZ8 - Large low-rise.

Results and analysis reveal that almost all LCZ zone changes from a lower
density classification to a high density classification, push the UHI intensity to

a higher level than the existing.
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What are the key urban morphology variables (Geometric and Surface
Cover) that will define and drive the decision making process, at both the

existing as well as a warmed urban microclimate?

Sensitivity analysis of what are key design parameters for the mitigation of
UHI and Outdoor Thermal Comfort in the tropics were based on the
simulation of existing and projected urban fabric morphology in background
climatic contexts of both existing and a future warmed scenario (warmer by
2.40 °C in the year 2100). The simulation uses the tool ENVI-met and adopts

MRT as the dependent variable in a series of cases for analysis.
Specific patterns highlighted across the case study series;

In general, night-time shows better correlation with MRT

The rate at which MRT changes for the hours that the microclimate rapidly

warms and cools during the day show little or no variation between cases.

Allloggéspecific cdsed Seased - preetidglobal watmingldcéhario shows stronger
corxafation of variables With! that"st-MR T-
The Sky View Factor (SVF) shows the strongest correlation to MRT.

The characteristics of the surface cover in general and 'green’ surface cover in
particular, has little or no effect in reducing the MRT intensity in the urban

outdoors.

Overall context to Individual site correlation characteristics do not show a

distinct pattern.
In general, taller buildings at the edges of urban blocks have a positive impact.

Within urban blocks, variations are clear in terms of orientation and canyon

geometry.
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3.  What are the planning and policy implications that can be generated to
adapt to or roll-back the negative effects of a warmed urban

microclimate?

The approach to question 3 is a conversion of findings into planning and
policy, with Colombo as the experimental focus of the discussion. The main
emphasis 1s on a protocol that deploys a LCZ based approach for climate

sensitive urban design in data scarce tropics.

The discussion on planning implications was based on LCZs as planning
precincts on the city scale and was detailed down to density and building
regulation thresholds of a urban block within an overall approach to climate

sensitive public spaces.

Policy implications brought together the salient factors for a LCZ based

planning strategy and its approach to socio-economic and governance

p ti f tainabl h to UHI mitication and climate-
sensitive 1) $piace ]
=
6.2 ouliiiiial ‘y Ul Lviiuiyvuuivin

Theoretical Contribution

The theoretical contribution of the thesis is the conceptual framework, based on
which the study of urban design - climate links are explored. It establishes a
protocol that can be generalised in its application in seeking the relationship
between global warming and local warming in general and climate sensitive urban

design in particular.

The frame work, based on three questions, apply to all stages in a protocol for
achieving the needed outcomes of a climate sensitive approach to urban
development. The questions transform into specific areas of emphasis in research,

synthesis and application stages of a design approach.
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The pivotal component of the conceptual framework is the Local Climate Zone

classification system.

The overwhelming advantage of the ‘Local Climate Zone’ based strategy is that the
LCZ ‘classes are local in scale, climatic in nature, and zonal in its
representation’ (Stewart & Oke, 2012), encompasses a protocol that can be rapidly
mapped and yet be comparable across similar urban contexts. The benefit of such a

system for data-scarce developing cities is emphasised.

Empirical and Policy Contributions

The thesis advances the study of urban design-climate links through the following

contributions;

1. Mapping of “Local Climate Zones” and relative Warming Effects in

Colombo, Sri Lanka

Theggassiﬁcation ofiitban fiekLSitos InteEOZ3] 1itiliSing the “urban block’
as the-eore component. offered possibilities for the rapid mapping of urban
coitexis in iclation to both climate and uiban moiphology in data-scarce
tropical cities. The use of observational data enabled a quick yet relevant
classification of the city context and therefore allowed further application

studies to be based upon the mapping.

The analysis of the LCZ map of Colombo in terms of UHI and UHI intensity
as a comparison between local climate zoning reveals the effect of urban
morphology on local level warming. Therefore, establishes the basis for

climate sensitive application and future research.

2. Sensitivity analysis of what are the key design parameters for the

mitigation of UHI and Outdoor Thermal Comfort in the tropics.

The LCZ classification system encompasses critical urban parameters in
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their definition. A sensitivity analysis focussed on Geometric and Surface
Cover characteristics, together with climatic parameters allows an in-depth
understanding of which parameters are critical in an approach to create
climate sensitive urban public spaces. The sensitivity of the parameters are
explored as applicable in existing climatic contexts as well as in a context

that has been warmed by the negative effects of global warming.

The analysis employing a series of morphology options extend the level of
understanding of which parameters matter most in the attempt to formulate

planning and policy in creating a climate sensitive city.

A "Local Climate Zone' based approach to Climate-Sensitive Planning
and Policy in the Warm Humid Climate of Colombo, Sri Lanka

Planning

Tllc:‘tihgsis predentssd soncéptual 9eticonipitchetisivelser ot guidelines for UHI
111iti§;%i011 in-d-tropicalccity! CFhe gaidélings! encompass; Zoning Plan and
Plaﬁ.ﬁii;hg regulations: U iDensity-  regulations;  Building  regulations;
Development guide plans in its attempt to be compatible to the existing
development projections by the Urban Development Authority for Colombo,

utilised as the experimental context for application and discussion.

The primary component of the planning approach is the zoning of the city’s
urban context as precincts defined according to the LCZ typology
classification. The characteristics within a defined LCZ precinct / urban

block allow for the specific definition of density and building regulations.

Policy

Policy recommendations are presented as two components; Policy
implications of a Local Climate Zone based Planning Strategy and Policy on

socio-economic and governance mechanisms.
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6.3

Policy implications focus on the means of incorporating the envisioned
conceptual planning strategies into the decision making process in the future
development of the city. The main advantage of the policy recommendations
is a protocol for rapid evaluation, application and monitoring in a data-scarce

tropical city.

Methodological Challenges and Future Research

Limitations and Methodological challenges

The methods and techniques used in this thesis have yielded satisfactory results,

reinforced by the fact that the findings adhere to established knowledge in tropical

climates.

In reference to the limitations stated in chapter 1;

The study is limited to the hot warm humid city of Colombo, Sri Lanka.

The tjgfg’;ps is anlelinddiel sgnsitivel Gilsan ipublicdpace] liheiefore the research is
limit_i;%?io the latban) danopy! Jayier Ot L dhalydes! lfhelloauses and effects of
chanéiﬁg’ morphology'at- &1 Sf-height above the ground, termed street level.
The height that a person on the sireet would perceive the environment.

Local climate mapping to ascertain the critical ' Local Climate Zones' in
Colombo, are simulated for conditions of calm and clear skies.

The study was carried out for a particular day in April (simulation date
15.04.2013), since this month is deemed the most critical time of the year and

therefore the worst case scenario to be designed for.

The main methodological limitations are seen in the simplification of the urban

morphology, the simulation and the limitation of the simulation period. Each of

these aspects are discussed at length in the respective sections in Chapter 3 -

Research Design.

Avenues for Future Research

The main avenues for future research are seen in the widening of the scope of the

current research.
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Develop contextually validated MRT / PET thresholds for thermal
acceptability / preference specifically for Colombo.

Simulation and analysis for the complete range of Local Climate Zones,
across varied cities typologies in Sri Lanka.

A widening of the scope of urban morphology options, fuelled by a more
comprehensive look at the shadow umbrella concept.

The inclusion of urban vegetation in the method, thereby encompass an
analysis protocol involving not only SVF created by buildings, but rather both
buildings and trees.

An exploration of the materiality aspects of the urban fabric.

Options for combining LCZ with other social and economic priorities

Further, the data generated in the current research can contribute to several future

studies;

The effect on local level wind movement, within simulated morphology
patterns

Mca@gquiant TempératircCpatternscail differentiheights @bove the street, and
its ré‘a.’gi.'(;)nship tolenergyuse! inbuldings ! MR ¢rbss! sections across critical
urbafFeanyon Y eoietrics.

Shadow patterns created in the urban outdoors and potentiais for public space
design.

The effect of shading on Daylight Integration in buildings.
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6.4 Conclusion

The thesis contributes to the primary aim of”’- “Bridging the gap in urban design-
climate links, being translated into guidelines for real-world applicability in a
background climate affected by Global Warming - by presenting a conceptual
framework for achieving these outcome, based on the Local Climate Zone

classification system.

The contributions and recommendations for - a Local Climate Zone based -
planning and policy offer an approach to ameliorate the negative effects global
warming, the urban heat island and outdoor thermal comfort in a holistic and
sustainable design approach for the creation of climate sensitive city contexts in

general and public spaces in particular.
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Appendices

Appendix A
Form “C” - City of Colombo Development Plan - 1999 - (Source - UDA)

1 2 3 4 5 6 7 8 9 10 11 12
Class of | Extent Max. Max. Min. Min. Rear |Space on|Spacein Plot Floor Are Other
Building| (Square |Number| Height |Width of] Read Space other Front Coverage # Ratio Requirements

Metres) |of Floors|(Metres) Site width | (Metres)| Sides [(Metres) Non Non
(Road | (Metres) (Metres) Res. Res. Res. Res.
frontage)
(Metres)
Low
Rise

-A 150-249 | 2(G+1) 7.50 6 03 2.3 - 01*  |g5% 80% 1:1.50 1:1.50 Nil

-B 150-249 | 3(G+2) | 11.25 6 06 3.0 - 01* 65% 80% 1:2.00 1:2.25 Nil
Interme

diate
Rise

-A 250-399 | 5(G+4) | 18.75 8 06 3.5 - 01*  |e5% 80% 1:3.00 1:3.75

-B 400-749 | 6(G+5) | 22.50 10 09 4.5 = 01 65% 80% 1:3.75 1:4.50

-C 730-999 | 8(G+7) | 30.00 15 09 5.0 - 02 . o

&, 65% 80% 1:5.00 1:6.00
Middle | 1000-1999 [12(G+11)[ 45.00 30 12 6.5 6.5 03 65% 70% 1:7.50 1:8.00
rise Lift and stand
High 2000 & 13 & |46.00 & 40 12 10.0 10.0 03 50% 50% To be issued | by generator
Rise above above | above with
Preliminary
Planning
Clearance
iilt form, ct it = context of local areas may have a

Note: The Urban bu
ontinuit

C

&

nment when the
EpAN.spaces around. the

character of the street and the natural environment wi

ith the built and natural e

Plot caveregafolew blibdings

Max

GP

- fhaximum

=) are enforced until
orrn and the character of
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Appendix A
Form “C1” and “C2” - City of Colombo Development Plan (Amendment) - 2008
(Source - UDA)

Specifications for Development

Form C1
Row Minimum Land Minimum width between Minimum width of Maximum
No Extent (sq.m.) building lines of a public private Street/Road permissible
Street/Road (meters) (meters) FAR
1 150 less than 250 = 3.0 1:1.5
2 150 less than 250 - 45 1:1.75
3 150 less than 250 B 6.0 1:2.0
4 150 less than 250 - 9.0 1:2.5
5 150 less than 250 12:2 12.2, 1:3.0
6 250 less than 400 12.2 6.0 1:3.5
7 400 less than 500 12.2 9.0 1:4.5
8 500 less than 700 12.2 9.0 1:5.0
9 500 less than 700 15.0 12.2 1:55
10 700 less than 900 15.0 12.2 1:6.0
11 900 less than 1000 15.0 12.2 1.7.0
12 900 less than 1000 22 12.2 1:7.5
13 1000 less than 1500 22 12.2 1:3.0
14 1500 less than 2000 22 12.2 1:9.0
15 1500 less than 2000 24 12.2 1.9.5
16 1:10.0
17 £ i 3006 | 2 1:12.0
15| g ond sbovi Y L1 o1 D127 0TS S Unlimited
Building 42=Maximaiyy |y Minimiinl 1] AGxm I the building
categ
floors frontage (%) Minimum space
5 & (m) Rear one side | on each side (m)
including space (m) | space (m)
ground floor
Ground floor 6.0 65 23 - s
Low Rise 2 6.0 65 23 - -
3 6.0 65 3.0 - -
4 6.0 65 3.0 - -
5 8.0 65 3.0 2.0 -
Inter- 6 10.0 65 4.0 2.0 -
mediate 7 14.0 65 40 30 -
Rise 5 16.0 65 40 3.0 -
9 22.0 65 5.0 - 2.0
Middle 10 26.0 65 5.0 - 3.0
Rise 11 30.0 65 50 - 30
12 30.0 65 5.0 - 30
13 350 50 6.0 - 40
High Rise 14 35.0 50 6.0 - 4.0
15-20 40.0 50 6.0 - 6.0
21 & above 40.0 50 6.0 - 6.0
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Appendix B - Local Climate Zone - Data Sheets. Source - Stewart, 2011

LOCAL CLIMATE ZONE CLASSIFICATION SYSTEM

Stewart ID. 2011. Redefining the urban heat island. Unpublished doctoral dissertation. University of

British Columbia, Vancouver, Canada. hi

LCZKEY
ZONE DEFINITION

s://circle ubc.ca’handle/2429/38069

KEY TO DATASHEETS

ZONE NAME =

Form: Description of building morphology. land cover, construction matenals, tree geometry, and human activity.
Function: Land uses most likely associated with this zone. Locarion: Expected location of the zone (core, penphery:
city, countryside). Correspondence: Comparable zones in the wban classification systems of Oke (2004) and Ellefsen

(1990/91).
ZONE ILLUSTRATION
Land cover

Low plants
&:torw

ZONE PROPERTIES
Sky view factor v,

0-1

Aspect ratio H'W

0-3

Mean building/tree height z,
0-50'm

Terrain roughness class

Building surface fraction 7,
0-100%

Impervious surface fraction 1,

0-100%
Pervious surface fraction 7.,
0-100%

Surface admittance u
0-3,000' Tm™s"* K’

Albedo a

0-05

Anthropogenic heat flux Q;
0-400" Wm*

High-angle photographs (© Can Stock Photo Inc)

Cap——y

Low-level photagmpl!s ( ©Can St'ock Photo Inc.)

orsity of Moratuwa, Sri Lanka
tronic Theses & Dissertations
v.lib.mrt ac.lk

Fraction of sky hemisphere visible from ground level. Vanes with height and spacins of
burldings and trees. Affacts swrface radiational heating/cooling.

Mean height-to-width ratio of street canyons (LCZ 1-7), bullding spacing (LCZ 8-10),
and tree spacng (LCZ A-F). Affects swrface anflow and radiational heating/cooling.

Geometric average of bulding heights (LCZ 1-10) and tree/plant heizhts (LCZ A-F).
Affects swrface reflectiaty, flow regmmes, and heat dispersion above ground.

Davenport et al. (2000) claszaification of effective terram roughness (z) for city and
country landscapes: 1-“sea” (z;~ 0.0002 m): 2~“smooth™ (z;~ 0.005 m); 3—“open
(z,~0.03 m); -J-Wughlvopen (z,~0.10 m); 5—"rough” (z,~ 0.25 m); o—\*enf
rough” (z,~ 0.5 m); 7—"“skimmmg™ (z,~ 1.0 m); §—chaotic” (2o~ 2 m). Affects
surface reflectivaty. flow rezimes. and heat dispersion above ground.

Proportion of ground swface with building cover. Affects surface reflectivity, flow
regimes, and heat dispersion above ground

Proportion of ground swface with impervious cover (paved, rock). Affects surface
reflectivity, moisture availability, and heating/cooling potential.

Proportion of ground swface with pervious cover (bare soil, vegetation water). Affects

swrface reflectivity, moisture availability, and heating/cooling potential.

Ability of swrface to accept or release heat Affacts swrface heat storage and heating/
cooling rates. Values give typical range for swfaces m each LCZ (e.z., buildings,
roads, soils, water). Vanes with soil wetness and matenal density.

Swrface reflectivity at local scale, under a clear nudday =ky. Affects swface radiztional
heating potential. Vanes with surface wetness.

Mean annual anthropogemic heat flux density at local scale. Heat sources include
vehicle engines, mdustrial/domestic combustion processes, space coolingheating, and
human metabolism. Vanes sigmficantly with latitude. season. and population density.
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COMPACT HIGHRISE

DEFINITION

Form: Dense mix of tall buildings to tens of stories. Buildings free-standing, closely spaced. Sky view
from street level significantly reduced. Buildings of steel, concrete, and glass construction. Land cover
mostly paved; few or no trees. High space heating/cocling demand Heavy traffic flow. Funcfion:
Commercial {office buildings, hotels); residential (apartment towers). Locafien: Core (downtown. central
business district); periphery (highrise subcentre, highrise sprawl). Correspondence: UCZL (Oke 2004);
Del and D8 (Ellefsen 1990/91).

ILLUSTRATION
High angle

Low level

PROPERTIES
Sky view factor
0.2-04

Canyon aspect rafio
=2
Mean buildingdwizhr
=25m g
Terrain ron
8 :
Building suifacePaction | | |

40 - 60 % 0 21 4

Impervious suiface fracnon | L i

40— 60 % 0 20 40 60 BD 100
Pervious surface fraction [ I I

=10% 0 20 40 &0 80 100
Suiface admittance [ [ | B |

1,100 — 2,200 Tm™ s'"? K 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo [ I I ]
0.10-0.20 o 0.1 0.2 0.3 0.4 0.5

Anthropogenic heat flux [ T— R R |
50 — 300 W m™ 0 100 200 300 200
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COMPACT MIDRISE

DEFINITION

Form: Attached or closely spaced buildings 3-9 stories tall. Buildings separated by namrow streets and
inner courtyards. Buildings uniform in height. Sky view from street level significantly reduced. Heavy
building materials (stone, concrete. brick. tile) and thick roofs and walls. Land cover mostly paved; few or
no trees. Moderate space heating/cooling demand. Moderate to heavy traffic flow. Funcfion: Residential
(multi-unit housing: multistorey tenements): commercial (office buildings, hotels, retail shops): industrial
(warehouses, factories). Locafion: Core (old city, old town; inner city, central business district); periphery
(high-density sprawl). Correspondence: UCZ2 (Oke, 2004); A1, A2, A4, Dc2 (Ellefsen, 1990/91).

ILLUSTRATION

High angle
Low level
PROPERTIES
Sky view factor [ I = | I ]
03-06 0 2 4 6 8 1
Canyon aspect rafio I T T T T T T ]
075-2 & 0 2. 4 .8 8 4 2 3
Mean buildingh { SR EE R e o P | i I ]
10-25m (3§ 4 T 2 39 40 50
5n [ I I I I I |
6—7 : 1 2 . 4 5 6 7 8
Building suiface fraction [ I I T 1 I ]
40-70% 0 20 40 60 80 100
Impervious susface fraction [ I e — I I ]
30}—7 50% ety 0 20 40 60 80 100
Pervious sutface fraction | I I I ]
<20% 0 20 40 60 80 100
Surface admittance [ I T o | ——1 | R | I ]
1,000 -2200 Tm~ s"* K 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo (I | I I ]
0.10-0.20 0 0.1 0.2 0.3 0.4 0.5
Anthropogenic heat flux I ] I I ]
S Wt E 0 100 200 300 400
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LCZ COMPACT LOWRISE
DEFINITION

Form: Attached or closely spaced buildings 1-3 stories tall. Buildings small and tightly packed along
narrow streets, often without discernable alignment. Sky view from street level significantly reduced.
Heavy building materials (stone, concrete, brick, tile) and thick roofs and walls. Land cover mostly paved:
few or no trees. Moderate space heating/cooling demand. Low-moderate traffic flow. Function:
Residential (single-unit housing. high-density terracerow housing): commercial (small retail shops).
Location: Old or densely populated cities, towns, villages. Core (central or mner city): periphery (high-
density sprawl). Correspondence: UCZ3 (Oke, 2004); Dc3 (Ellefsen, 1990/91).

ILLUSTRATION
High angle

y 4

Low level

PROPERTIES

Sky view factor

02-06

Canyon aspect ratio

0.75-15

Mean build

3-10m

Terrain 1o

6 g

Building suiface fracrion I I I I I I ]
40-70% - 20 40 60 80 100
Impervious surface fraction [ I I ]
20-50% 0 20 40 60 80 100
Pervious surface fraction ] I I I ]
<30% 0 20 40 60 80 100
Surface admittance [ I I ]
1,000 -2200 Jm™ 5" K 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo (| I I ]
0.10-0.20 0 0.1 0.2 0.3 0.4 0.5
Anthropogenic heat flux [ ___________Hmm I I ]
<75 Wm™ 0 100 200 300 400
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LCZ OPEN HIGHRISE 4

DEFINITION

Form: Buildings tens of stories tall, set in open, geometric arrangement. Buildings uniform in height,
width, and spacing. Sky view from ground level significantly reduced. Heavy buwilding materials
{concrete, steel, stone, glass) and thick roofs and walls. Foofs typically flat. Scattered trees and abundant
plant cover. Moderate-low space heating/cooling demand. Moderate traffic flow. Function: Residential
(apartment blocks, highrise housing estates, mmltistorey tenements). Locafion: Periphery. Densely
populated cities. Socialist-style cities. Correspondence: Dol (Ellefsen, 1990/91).

ILLUSTRATION
High angle

i |

Low level

PROPERTIES
Sky view factor
0.5-0.7

Canyon aspect ratio
0.75-1.25

Mean buildin
=25m
Terrain ron
T8 )
Building snifadefacriol

I

20— 40 % ! &1

Impervious surjace fracnon | I —— L I ]
30— 40 % o 20 40 &0 80 100
Perviens surface fraction L I T I I ]
30 - 40 % ] 20 40 [-11] BO 100
Surface admittance | [ [ TA—[ N [ ]
L.100 —2.000 JTm= " K! 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo T I I |
0.12-023 0 0.1 0.2 0.3 0.4 0.5
-lmhrapogmrr heat flux [ I I I I
< 50 W m 0 100 200 300 400
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OPEN MIDRISE

DEFINITION

Form: Open arrangement of builldings 39 stones tall. Sky view from street level slightly reduced. Heavy
building materials (concrete, steel, stone, glass) and thick roofs and walls. Scattered trees and abundant
plant cover. Low space heating/cooling demand. Low traffic flow. Funcion: Residential (mmlti-unit
housing, mmltistorey tenements, apartment blocks); instiitional (research/business parks, campuses);
commercial (office buildings, hotels). Locafion: Periphery. Correspondence: UCZE (Oke, 2004); Do
(Ellefsen, 1990/91).

ILLUSTRATION
High angle

i!"gz?

Low level

PROPERTIES
Slhy view factor
0.5-038

Canyon aspect ratio
0.3-0.735

Mean buildin
10-25m
Terrain ron
i-6
Building s fae
20 -40% 0 0 0
Impervious suiface fracnon | L e L I ]
30 - 50 % 0 20 40 &0 BO 100

Pervious surface fraction (| I I |
20 -40 %5 o 20 40 [:11] 1] 100

Surface admittance | [ 5Pt | PO | [ |
1,000 —2.200 Tm™ s"* K 0 500 1,000 1,500 2,000 2,600 3,000

Surface albeds T [ I I
0.12-0.25 o 0.1 0.2 0.3 0.4 0.5

Anthropegenic heat flux 1 I I I ]
=25 Wm™ 0 100 200 Jo0 400
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LCZ OPEN LOWRISE 6

DEFINITION

Form: Small buildings 1-3 stories tall; detached or attached in rows, often in grid pattern. Sky view from
sireet level slightly reduced. Building matenals vary (wood, brick, stone, tile). Scattered trees and
abundant plant cover. Low space heating/cooling demand. Low traffic flow. Funcrion: Fesidential (single
or multi-unit housing, low density terrace/row housing); commercial (small retail shops). Locanon: City
(medium density); periphery (suburbs). Commuter towns. Fural towns. Correspondence: UCZS (Oke
2004); Do3 (Ellefsen 1990/91).

ILLUSTRATION
High angle

. o -L-'*-l'li'ﬁ
PO

Low level

I o B e OO

PROPERTIES
Sky view factor
0.6-09

Canyen aspect ratig
0.3-0.75
Mean buildin
I-10m g
Terrain rong,

i-6 : 2 3 4 6 7 &

Building sufecsfaction I L9 § LN | I I |
20 -40% 0 21 40 B0 B0 100
Impervions suiface fracnon. [ sy i I ]
20 -50% ] 20 40 60 an 100
Perviens suiface fraction [ I N I ]
30 - 60 % o 20 40 60 a0 100
Surface admittance [ [ I ]
1,000 -2200 Tm™ 5" K 0 500 1,000 1,500 2,000 2,500 3,000
Suiface albedo (| [ [ |
0.12-0.23 0 0.1 0.2 0.3 0.4 0.5
Anthropagenic heat flux (— I I I I
<25 Wm™ 0 100 200 300 400

212



LCZ LIGHTWEIGHT LOWRISE 7

DEFINITION

Form: Single-story buildings set in compact (often formless) arrangement. attached or closely spaced.
Buildings separated by narrow roads and alleys. Little or no consolidated infrastructure. Sky view from
ground level significantly reduced. Lightweight building matenials (thatch. wood, bamboo. corrugated
metal); thin walls and flat roofs. Few or no trees. Land cover hard packed (bare soil, sand). Population
density high. Space heating/cooling demand nil. Low traffic flow. Funcfion: Residential (informal
settlements, low-cost housing. shantytowns, squatter settlements. mobile housing): agricultural (small-
holder lots). Location: Periphery of large, developing cities. Extended metropolitan regions. Inner city.
Rural towns.

ILLUSTRATION
High angle

Low level

PROPERTIES
Sky view factor
0.2-05

Canyon aspecgano

1-2 fﬂ;

Mean buildis §,~ t

2-4m i
Terrain roug
4-5

Building susface fraction
60-90%

Impervious surface fraction I I I ]

<20% 0 20 40 60 80 100
Pervious sutface fraction = I I I ]
<30% 0 20 40 60 80 100

Surface admittance

| |
500 1,000 1,500 2,000 2,500 3,000

400 - 1,800 Jm™ s"* K" 0

Surface albedo [ I | I ]
0.15-035 0 0.1 0.2 0.3 0.4 0.5
Anthropogenic heat flux = I I I ]
<35Wm™ 0 100 200 300 400
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LARGE LOWRISE

DEFINITION

Form: Large, low buildings 1-3 stories tall, separated by extensive paved surfaces. Buildings extend
cutward not upward; roofs flat. Sky view from ground level slightly reduced. Building materials vary
(steel, concrete, metal). Few or no trees; land cover mostly paved. Moderate-low space heating/cooling
demand. Moderate-heavy traffic flow. Funcfion: Light industrial (modem warehousing); commercial
(shopping cenfres, storage facilities); transportation hub (air, rail, truck, ship). Locafion: Penphery.
Correspendence: UCZ4 (Oke, 2004); Del, Dod (Ellefsen, 1990/91).

ILLUSTRATION
High angle

-

_/ _/—/
Low level

PROPERTIES

Sky view factor

=07 1
Building aspect ratia ]
01-03 : 3
Mean buildin jl‘-ﬁ"- [ I I I ]
3_10m F ,- 9 18 v 5 40 50
]"fu::rirr re I*a it il 5 I I I [ ationl I I |

: 3 1 2 3 E 5 6 T B

B:I:Mrug suifecsRaction I I I I [ I I |
30 -350% 0 20 40 61 B0 100
Impervious surjace fracnon | I [ I I ]
40— 50% o 20 40 &0 80 100
Perviens surface fraction [ I I I I
= 20 % o 20 40 [:11] B 100
Suiface admittance | [ [ — - S [ |
1,000 - 2,000 Tm™ " K o 500 1,000 1,500 2,000 2,500 3,000
Suiface albedo | [ | I [ I |
0.15-023 0 0.1 0.2 0.3 0.4 0.5
-lrIrJ'Irapagmrr heat flux [ I I I I
=< 50 W m 0 100 200 300 400
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SPARSELY BUILT

DEFINITION

Form: Small or medinm-sized buildings widely spaced across matural landseape. Full sky view from
ground level. Building materials vary. Scattered trees and abundant plant cover. Space heating/cooling
demand negligible. Low traffic flow. Function: Residential (single or multi-umit housing); commercial
(retail shops, office buildings); msttutional (research/business parks, campuses); agrncultural (farms
country estates). Locafion: Periphery (low-density suburbs). Extended metropolitan regions. Newly
developed urban tracts. Fural towns. Lightly settled countryside. Correspondence: UCZT (Oke, 2004).

ILLUSTRATION
High angle

.1 w
= T ]
Low Jevel

B s s

PROPERTIES
Sky view factor

=08

Building aspect rafia
0.1-023
Mean buildi
F-10m
Terrain ronglise
5_6 :
Building 1
10 -20 %
Imperviviis siigface fracion
=20 %

Pervious surface fraction
60 - 80 %o

Suiface admittance

1,000 — 2,200 Tm* 52 K1
Susrface albedo

0.12-0.25

Anthropegenic heaf flux

< 10Wm™

I!:-“.I'-:-"
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HEAVY INDUSTRY

DEFINITION

Form: Highly irregular mix of low and midnse industrial stroctures (tanks, towers, stacks). Structures
openly spaced on hard-packed surfaces. Sky view from ground level slightly reduced. Building materials
vary (steel, concrete, metal). Few or no trees. High demand for space heating/cocling. Large quantities of

waste heat and afmospheric pollutants released from mechanical and chemical processing (smelting,
pulping, distilling). Low traffic flow. Funcfion: Industnial (factones. refinenies. mills, plants). Locanion:
City or country.

ILLUSTRATION
High angle

V% 7

Low level
PROPEERTIES
Sk view factor
0.6-09
Building aspect ratio
0.2-03
Mean buildingdeizhe
5-15m 3

I %\
Terrain 1ol :e 155
-6 AP

Building =u -_ﬂi&gﬁ:-; tiar

I

20-30% 0 | &il

Impervious surface fracnon . [T @ @y I I ]
20 -40% ] 20 40 &0 B0 100
Pervious surface fraction [ I | I I ]
40 -50% 0 20 40 &0 a0 100
Susrface admittance | [ I I N A
1,000 — 2,500 J m™ 5'2 K-! 0 500 1,000 1,500 2,000 2,500 3,000
Susrface albedo T [ I |
0.12 - 020 0 0.1 0.2 0.3 0.4 0.5
Anthropogenic heat flux [ I I T
= 300 W m™ 0 100 200 00 400
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| OV /
DEFINITION

DENSE TREES

A

Form: Heavily wooded landscape of deciduous and/or evergreen trees. Trees closely spaced across
pervious ground (low plants). Sky view from ground level significantly reduced. Few or no roads or
buildings. Space heating/cooling demand nil. Low or no traffic flow. Function: Natural forest (equatorial.
tropical midlatitude). Tree cultivation (dense orchards. plantations). Urban recreation (wooded parks,
greenbelts). Location: City or country.

ILLUSTRATION
High angle

Low level

Ty

PROPERTIES
Sky view factor
<04

Tree aspect ratio
I

Mean iree height
3-30"m
Terrain roiy ss class

Building su

raction

Impervious surface fraction
<10 %

Pervious surface fraction
=90 %

Surface admittance

1.000 — 1.800 J m* s'"* K1
Surface albedo

0.10-0.20

Amhn:pogenic heat flux
0Wm-

= 3 I I ]
0 2 A4 .6 .8 1
T T T T T T 1
0 2 4 6 8 1 2 3
[ I I I | I ]
0 10 20 30 40 50
C I I [ I i I [—
1 2. 3 5 6 7 ¢ 8
[ I [ I I T ]
0 20 40 60 80 100
I I I | I ]
0 20 40 60 80 100
[ I I I I I
0 20 40 60 80 100
[ | | ]
0 500 1,000 1,500 2,000 2,500 3,000
[ | I [ ]
0 0.1 0.2 0.3 0.4 0.5
[ | | | ]
0 100 200 300 400
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LCZ

DEFINITION

SCATTERED TREES

B

Form: Lightly wooded landscape of deciduous and/or evergreen trees. Trees scattered across pervious
ground (low plants). Sky view from ground level slightly reduced. Few or no roads or buildings. Space
heating/cooling demand nil. Low or no traffic flow. Function: Natural forest (savannah. parkland, high
latitude). Tree cultivation (orchards, groves, plantations). Urban recreation (parks. green spaces).

Location: City or country.

ILLUSTRATION

High angle

PROPERTIES
Sky view factor
05-038

Tree aspect ratio
0.25-0.75

Mean iree height
3-15m

Impervious surface fraction

<10 %

Pervious surface fraction

=90 %

Surface admittance
1.000 - 1.800 J m™ s'? K!

Surface albedo
0.15-025

Anlhrqpogen ic heat flux

0Wm™

80 100
| ]
80 100
I T
80 100

| ]
2,500 3,000

I ]
0.4 0.5

M LN <r <N
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| 0y /

DEFINITION

BUSH, SCRUB

C

Form: Open shrubs, bushes, and short, woody trees on pervious ground (bare soil or sand: sparse plant
cover). Full sky view from ground level. Few or no roads or buildings. Space heating/cooling demand nil.
Low or no traffic flow. Function: Desert scrubland; interior scrubland: Mediterranean scrubland. Tree
cultivation (orchards/plantations of dwarf or bush trees). Agriculture (unimproved pasture). Location:

City or country.
ILLUSTRATION

High angle

Low level

7L BCTE SRWO0 WL N

PROPERTIES
Sky view factor
=09

Tree aspect rafio
025-1

Mean plant height

gss class
Faction
1ce fraction

Pervious surface fraction
=00 %

Surface admittance

1.000 - 1.800 J m* s'* K
Surface albedo
0.15-030

Anthropogenic heat flux
0Wm~

[E—
1
|

0 ) 3
|| I I I I ]

0 10 20 30 40 50
i e T s I

2 0 4 5 6 7 8

[ ] | I 1 I ]

0 20 40 60 80 100
I | I [ I | ]

0 20 40 60 80 100
[ I I I I I

0 20 40 60 80 100
[ | | | ]

0 500 1,000 1,500 2,000 2,500 3,000
[ I e — I ]

0 0.1 0.2 0.3 04 0.5
[ I I ]

0 200 300 400
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| Y/
DEFINITION

LOW PLANTS

D

Form: Featureless landscape of pervious ground, predominantly low plant cover. Few or no trees. roads.
or buildings. Full sky view from ground level Space heating/cooling demand nil. Low or no traffic flow.
Function: Natural grassland (savannah. steppe). Agriculture (pasture. arable farmland). Urban recreation
(grassy parks, green spaces). Location: City or country. Correspondence: UCZ7 (Oke 2004).

ILLUSTRATION
High angle

Low level

PROPERTIES

Sky view factor

=09

Tree aspect ratio

<0.1

Mean plant height
<1lm -

Terrain 7‘4711@52&’55 clas
3-4 : JE% |
Building st r?uvn'au
<10 % :
Impervionss
<10 %
Pervious surface fraction
=00 %

Surface admittance

1.000 - 1.800 J m™* s'* K
Surface albedo
0.15-025
.4ntlqupogenic heat flux
0Wm-

a

firface fraction

I 1
2 1
| ]
6 3
I ]
0 10 20 30 40 50
& I DEATIIWA . NT . e |
1 2 3 4 5 6 7 8
TN 1 1 1 | ]
0 20 40 60 80 100
= i T T T ]
0 20 40 60 80 100
[ I I I | [—]
0 20 40 60 80 100
[ I I | ]
0 500 1,000 1,500 2,000 2,500 3,000
[ T [— — I T ]
0 0.1 0.2 0.3 04 0.5
[ I I ]
0 100 200 400
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LCZ BARE ROCK OR PAVED E

DEFINITION

Form: Featureless landscape of impervious ground. predominantly rock. paved. or hard packed. Ground
cover varies (gravel. laterite. exposed bedrock: asphalt. concrete). Few or no trees, plants. or buildings.
Full sky view from ground level Space heating/cooling demand nil. Low or no traffic flow. Function:
Natural desert (cold, rock): geological shield. Transportation (car parks. container ports, freight terminals.
airport aprons). Location: City or country.

ILLUSTRATION
High angle

Low level

PROPERTIES
Sky view factor
=09

Tree aspect rafio
<0.1

Mean plant height
<0.25m {2
Terrain ro1ig

) , 4 ? g 4 5 6 7 8
Building s raction | T I [ I I ]
<10% (] 20 40 60 80 100
Impervious surface fraction | I [ [ I J——
=90 % U 20 40 60 80 100
Pervious surface fraction I I I I I ]
<10% 0 20 40 60 80 100
Surface admittance [ I I [ | e | |
1.300 - 3,000 J m™ s'? K 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo [ I T | | [ ]
0.15-0.30 0 0.1 0.2 0.3 04 0.5
Antllrgpogenit heat flux [ I I T ]
0OWm- 0 100 200 300 400
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| &Y/ BARE SOIL OR SAND F

DEFINITION

Form: Featureless landscape of pervious ground. predominantly soil or sand. Few or no trees, plants.
roads. or buildings. Full sky view from ground level Space heating/cooling demand nil. Low or no traffic
flow. Function: Natural desert (hot). Agriculture (plowed or fallow fields). Barren land. Location: City or
country.

ILLUSTRATION

High angle

Low level

PROPERTIES

Sky view factor

=09

Tree aspect ratio

<0.1

Mean plant height
<025m

Terrain rouddifess clask |

1-2 . S
Building E @ j}ucn’on
<10% WOes

Impervioussusfice frattion
<10%

Pervious surface jraction I [ i I I I
=00 % 0 20 40 60 80 100
Surface admittance [ I I I ]
1.000 - 1.800 J m? s'* K 0 500 1,000 1,500 2,000 2500 3,000
Surface albedo [ I —— —] I ]
0.20-035 0 0.1 0.2 0.3 0.4 0.5
.-mrlqupogenic heat flux [ I | I ]
0W m™ 0 100 200 300 400
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| Y/ WATER G

DEFINITION

Form: Large. open water bodies such as seas. lakes, and bays, or smaller bodies like rivers, reservoirs.
and lagoons. Few or no roughness features. Full sky view. Function: Natural water systems. Recreation.
Transportation. Industry. Location: City (urban lakes, rivers, harbours) or country.

ILLUSTRATION

High angle

Low level

PROPERTIES

Sky view factor [ T—
=09 0 1
Tree aspect ratio [ ]
<01 0 3
Mean plant height | ]
<025m 0 50
Terrain roughness class [ [ [ I [ [ I [

1 1 2 3 4 5 6 7 8
Building sigh fraction | — 1 [ I I ]
<10% | 2‘15 | s 20 Al G4 80 100
Impen mus—‘fﬁrgﬁfc:’ fraction | I [ I [ | ]
<10 % & 0 24 40 60 80 100
Pervious surface fraction [ I I I I ||
=00 % 0 20 40 60 80 100
Surface admittance [ I I | E] I | ]
1.500 Tm? s'2 K 0 500 1,000 1,500 2,000 2,500 3,000
Surface albedo [ I I I ]
0.02-0.10 0 0.1 0.2 0.3 0.4 0.5
Anthropogenic heat flux [ I [ I ]
P 4 0 100 200 300 400
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Appendix C - Values of geometric and surface cover properties for local climate zones.

All properties are unitless except height of roughness elements (m). Source - Stewart & Oke, 2012

Building Impervious Pervious Height of Terrain

Local climate zone  Sky view Aspect surface surface surface  roughness roughness

{(LCZ) factors ratio® fraction® fraction? fraction® elements’ classs
LCZ 1 0.2-04 =2 40-50 4060 = |0 =25 g
Compaoct high-rize
LCZ 2 0.2-06 0.75-2 40-70 30-50 =20 10-25 &7
Compoct midrise
LCZ 3 0.2-0.6 0.75-1.5 40-70 20-50 =10 3-10 &
Compact low-rise
LCZ 4 0.5-07 0.75-1.25 2040 30-40 30-40 =25 7-8
Open high-rize
LCZE 05-08 0.3-0.75% 2040 30-50 20-40 10-25 L&
Open midrize
LCZ & 0.56-09 0.3-0.7% 2040 20-50 30-60 3-10 L&
Open low-rise
LCZ7 0.2-05 1-2 &0-90 < 20 <30 1-4 4-5
Lightweight low-rize
LCZ 8 =07 0.1-0.3 30-50 40-50 <20 3-10 bt
Large low-rize
LCZ 9 =08 0.1-0.25 10-20 <20 &0-80 3-10 L&
Sparsely built
LCZ 10 0.6-09 0.2-05 20-20 2040 40-50 L5 L&
Heavy industry
LCZ A . £ 81 31-30 g
Dense trea:
LCZ B -{, ) e AR orels <ld i 3-I5 L&
Scottered treas & 4 7
LCZ C i it i) =10 01 <2 4-5
Bush, scruk
LCZ D =09 <01 <10 =10 =00 <| 3-4
Low plants
LCZE =09 =01 =10 =00 =10 =0.25 1-2
Bare rodk or paved
LCZF =09 =0.1 =10 =10 =00 = 0.25 1-2
Bare soil or sand
LCZ G =09 <01 <10 =10 > -
Water

* Ratio of the amount of sky hemizphere visible from ground level to that of an unobstructed hemizphere

* Mean helght-to-width rato of street camyons (LCZs 1-7), bullding spacing (LCZs 8-10), and tree spacing (LCZ s A-G)

= Ratio of bullding plan area to total plan area (%)

* Ratto of Impervious plan area (paved, rock) to totzl plan area (%)

* Ratlo of pervious plan area (bare soll, vegetation, water) to totzl plan area (%)

! Geometric average of bullding heights (LCZs 1-10) and tree/plant heights (LCZ= A—F) (m)

& Davenport et al's (2000} classification of effective terraln roughness (z,) for city and country landscapes. See Table 5 for class descriptions
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Appendix C - Values of thermal, radiative, and metabolic properties for local climate zones.
All values are representative of the local scale. Source - Stewart & Oke, 2012

Local climate zone Surface Anthropogenic
{LCI) admittance*  Surface albedo® heat output*

LCZ I 1.500-1.800 0.10-0.20 50-300

Compoct hegh-rise

LCZ2 1.500-2.200 0.10-0.20 <75

Compoct mdrise

LCZ3 1.200-1.800 0.10-0.20 <75

Compoct low-re

LCZ 4 1.400-1.800 0.12-0.25 <E0

Open hegh-rse

LCZE 1.400-2.000 0.12-0.2% <15

Open midrise

LCZ & 1.200-1.800 0.12-0.25 <]5

Open low.re

LCZ7 B00- 1,500 0.15-0.35 <35

Lightwesght low-rise

LCZe 1.200-1.800 0.15-0.28 <E0

Large low-rete

LCZ9 1.000-1.800 0.12-0.2% <l

Sparsely [t

- Univérsity of Moratuwa, Sri Canka.

LCZA Eleggtronic Theses, & Dissertations

Dense tre-- www.lib.mrt.ac.lk

LCZB 1,000-1,800 0.15-0.25 0

Scottered trees

LCZC 700-1.500 0.15-0.30 0

Bush, scrub

LCZD 1.200-1.600 0.15-0.28 0

Low planes

LCZE 1.200-2.500 0.15-0.30 0

Bare rock or paved

LCZF &00-1.400 0.20-0.35 0

Bare sod or sond

LCZG 1.500 0.02-0.10 0

Worer

* Abity of turface to Mcept OF release heat () m-® ¢ K). Varies with sod wetnett and
material denty. Few etomated of kocul-scake JOMITLINGE 0L IR the ITratung. vakset ghisn
hang arg theredons subjectve and thould be used caunoutly. Notw that the “purface™ ia LCZ A
it undefmed and s JAMTTINGE WRkNoWN

* Rano of the amount of solar radaoon reflected by 3 turface to the amount received by It
Vartes wath gurface color, wetnest, and roughness.

* Mean annual heat flux density (VW m) from fuel combustion and human acthity
(transportation, tpace cooling Meatng. Industrial procesting. human metabolism). Vares
significantly with lttude, season, and population dentity.
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Appendix D - Weather Station Data for Urban and Rural site comparison

Colombo-Ratmalana regicnal data - Urban simmlation.

EnergyPlus Weather Converter ¥W7.2.0.006
Statistics for LTEA Colombo-Ratmalana 434670 SWERAEPW
Location — COLOMBO/FRATMATL ANA -TEA
{N 6% 49} {E 79 527 {GMT +6.0 Hours}
Elevaton -- 5m above sea level
Standard Pressure at Elevation — 101265Pa
Data Sowree — SWERA

WO Station 434670

- Dhsplayving Design Condihons calculated from this weather file.

- The following design temperature stafishics are caleulated based on THIS weather file ONLY
- and may not be representative of a long-term pencd of record normally used for

- design temperztures. Also, note that dew point temperatures are listed where

- wet-bulb temperatures are noymally presented.

- Heating/Coching Degree DaysHowrs caleulated from this weather file are later in this report.

- Monthly Stafizhes for Dry Bulb temperatures “C

Jam Feb Mar Apr Mavy Jun Jul Auwg Sep Oct Nov  Dec
Maxdmm 324 326 331 327 330 312 306 319 330 316 335 320
m
Day:Homw 231 915 201 191 23:0 315 415 11:1 141 4:12 221 291
r 5 2 2 5 5 2 5 2
s ML University o Mordthwd, Sriankd *ISSESEEEE
Day:Hou | F) 11k lcnteoraes Theses o DASSCristio®.o 160 2:0 230
bl e 261V AIITAG IS s 5rs 91 76 2 T
Avg
- Mz Dy Bulb temperature of 33.5°C on Nowv 22
- Minimm Dy Bulk temperature of 17.3°C onFeb 11
- Monthly Statistics for Dew Point tensperatures “C
Jam Feb Ma Apr Mxw Jun Jul Aug Sep Oct Nov  Dec
r
Maxma 280 262 28 271 X3 274 251 261 260 260 260 256
m 2
Day:How 231 18:1 71 21 812 1:15 121 3512 14:1 821 924 418
r 2 i 2 g 3 5
Afiniwwn 130 143 18 217 219 200 221 - 210 30 122 173
m 2 11.0
Day:How 3:18 712 31 T18 150 150 2:23 231 141 1940 281 231
r 2 4 3 2 2 9 2 2
Daily 22 X5 33 MT 53 M3 IE 133 235 1B5 124 B

Avg 5

- Maxanmum Dew Pomt temperature of 28.2°C onMar 7
- Minivrmymn Dewr Poant temperature of -11.0°C on Aug 23
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- Average Howly Statistics for Dry Bulb temperatures °C

Jan Feb Mar Jun

Jul Oct

Nov Dec

263 275 268 262 259 265 258 244 242

3:01- 4:00 31 244 267 260 255 263 255 238

§:01- 6:00

21:01-22:00
23:01-24:00

85 24 239 255 %7 %66
48 243 263 274 273 273

30.5 283
S
86 94 278
2.8 230 2.1 6.6 28 270

6 6

6 6 6 6

259 .4 26. 252
58 264 273
277

9 296 291
%4

289

74 271 273 213
264 262 266 261

6 6

233 2.5
254
273
292 293
285 284
265 264
254

253 245

Resonatd BIYRESLG pEMoratawa, Sri Lanka.

-
1:01- 2:00
3:01- 4:00
5:01- 6:00
7:01- $:00
9:01.10:00
1:0:00

13:01-14:00

15:01-16:00
17:01.18:00

19'01-20 00
’1301- 2:00

22 25 23.3 ‘46 25.0 ’4’

220 221 231 245 248 241

) Flec’rmmc Theqeq & T)Iqqerm’rmnq

Jul Au
‘38 6 ’34 23.7

237 236 233 233

230
222 228

U4 247 241 236 26 28

24 233 246 252 282

B8 238 235 231
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- Monthly Snnstes for Relamve Humudity %

h?ﬁhﬁﬁnhhhmmhﬂﬂﬁﬂh

DII.HII !"D 11} 4:l'.l 4:14 IW 206 906 112 519 M

Ih:':r.Ehl 5: ’-"1 EH 1&1 : .‘ l?‘ﬂ I&l

M:Fﬂmhﬂdm:m!ﬁ
.'I'u .Fth _Mar _Ap

lll]'l.- 2100 H 8 90 9l

A:01- 400 S 84 82

£:0]- 600 91

T:01- 8:iMh

9011000 T& T2 T 77T 80 T W T V5

11:01-11: ﬂ'l.'l '54 67 65 0 75 e Tl T‘
PaE=n1-12

: Uﬁwe%lty’&f M‘orahlw% Si Laa%k

« Monthly Wind Dhrection % {MN=l) or 360 E=%], S=]181], W=2T0}
Jan Feb Mar Apr A Jun Jul

NorthEast 43 1

SonthEazt 0 1
SoumthTWest
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- Monthly Stati=tics for Wind Speed m/s

Jan Feb Mar Ap May Jun Jul Aug Sep Oct No Dec
r

- Maxdoum Wind Speed of 25.4 m/s on May 11
- Mimumum Wind Speed of 0.0 m/s onJan 12

- Average Howly Statistics for Wind Speed m's

1:0-2:00 21 08 07 12 19 23 18
3:01-4:00 20 08

_
£:01-6:00 20 06 05 2.1

-msoo 24 12 14 21 24 23 5~}
26 16 us us 23 25 24 1s 24 1
28 Umversity.of Morattiwar, Sri Lankal.?

2 ﬁéctlz-Qm&‘i“ hé,s%s &gDi’gseffﬁauéﬁs ,2
07 M e T R T
15:0116:00 32 37 s 3.2 31 28 A3 23 %
—

1701-18:00 29 29 23 2.7 18 33

2
4

3:01-4:00 91
5 01-6:00 98 142 188 46 105 28
7:01- 8:00 98 17 24 142 188 46 118 205 105 28 36
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9911000 € 14 16 30 1% 7 1 18 35 57 3 @l
e T S 5§ 205 252 212 54 17

13‘01-14-00 113 4 9 54 lSS 254 58 215

15:01-16:00 128 58 los 62 m 353 59 234 .43 24 6
17:01.18:00 S0 177 245 60 238 236 20 8
19:01.20:00 152 S 112 50 177 245 60 238 236 220 82 259
21:01.22:00
Min Hour 9 6 9

- Monthly Statistics for Liquid Precipitation mm

2268 2364 2583 2786 2868 2849 2861 2972 2848 2768 2631 2359

- Maxamum Divect Normal Solar of 8161 Whine* on Feb 12
- Average Howly Statistics for Direct Normal Solar Radiation Whinm®

“Jan_Feb Mar - Jun  Jul
101-200 0 O O O O O O O O O O 0
38-48 0 O O 0. O 0 0 O ©0 O 0 O
£01-600 0 O O O O O O O O ©0 0 0

7:01-3:00 , 156 1 so g6 e 8 135 11
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11:01-12:00 3530 359 574 491 360 325 301 335 428 391 380 467
13:01-14:00 a21
298 319
17:01-18:00 219 2 183 115 142 93 124 140 9 90 S8 85

o
o

19:01.20:00 0 O 0 0 0 O 0 0 o0 0
0 0 0 g8 @& O

|

.
o
o
(=3 - =)
(=3 - k=]

21:01-22:00 O

(=3 - =4

23:01-24:00 0 0 0 0 0 0

-
-
-
-
-

Min Hour 1 1 1 1 1 1 1
Average Howrly Statistics for Diffuse Honzontal Solar Radiation Whim®

Jan Feb Mar r May Jun Jul Oct Nov Dee

o

0 IR I S i T R
3:01-400 0 O 0 0 2 9 & 0 9 9 9
£:01-6:00 0 O 0 0 0 o 0 o0 o0 o0 o0 O

1:01.2:00 O O 0

|

7:01-8:00 S0 47 63 9 92 8 77 76 88 8 8 63
9:01-10:00 194 209 207 239 257 243 242 259 274 252 243 204

ﬁl §£In§i‘f‘érs§% o%&dé%%t&zgg,_fgri Tankas. ses 315
ott. ai) lotlfrodfl THEscHR isifripniy (3N

2anvaw. libemrtoac. lks 319 326 324 315 308005000

247 279 292 278 282 278 285 271 247

> <

17:01.18:00 101 13 18 107 6 74

19:01-20:00 0

o

0 0 0 g 9. & 0 @
0 0 0 9 8 a9
0 0 0 0O 0 0 o0

21:01-22:00 0O

o

23:01-24:00 0O

(=2

Min Hour 1 1 1 1 1 1 1 1

.

Average Howrly Statistics for Global Honzontal Solar Radiation Whim*

Jan Feb Mar Apr May Jun  Jul Oct Nov Dec

1:01-2:00 0 0 0 0 0 0
3:01-4:00 0 O 0 0 0 0 0
§:01-6:00 0 O 0 0 0 0 0
7:01-8:00 62 112 111 91 107 119 112

9:0110:00 433 478 534 519 431

231



11:01-12:00 737 793 84 785 682 666 636 681 153 740 683 J01
13:01-14:00 765 838 913 770 756 647 673 730 701 742 708 670
15:01-16:00 522 610 610 538 506 453 484 S11 503 432 426 453
17:01-18:00 153 190 183 166 157 158 170 169 128 99 74 93

19:01-20:00 0 O 0 0 0 o 0 0 o0 o

o

o
(=3 -~ X=2

21:01-22:00 0 0 0 0 Q0 B .4 0 0

23:01-.24:00 0 O 0 0 0 0 0 0 0 o0

o
o

e
—
=
—
=
—
.
—
e
—
—

Min Hour 1

Average Howly Stanistics for Total Sky Cover %

69 74 70 71

32 71 62
= 4° Uquvegﬁsnysg)f Ms’orafng? SIZ"t-Lai‘ﬂ{a“ F

-, Edectronicsd heses &szsertatl(ms 70

V‘ﬁvwﬁbfﬁ’taslk 7475 77 73 35—
777 6 T _

1-1 ”
11:01.12:00 54 48 43 72 80 76 68 T3

13:01-14:00 55 44 46 67 T3 75 70 73 69

15:01-16:00 56 46
m
19:0130:00 S0 4456 7 68 : 7
002200 44 44 6 7
101240038 9 62
Abin Hour 7 5.2
 Avesage Howly Statistics for Opagua Sky Coves %

Feb Mar i

1:01- 2:00

3:01- 4:00 39




7:01-8:00 34 35 26 46 69

263 266 211 2715 282 281 279 274

» gigund tenipiypipey kPl HTOVIBR YRR 2 By Pbipdlegperatmes object to

T 1 Elesctanis Thesss& Disseriationse: susce
Peatres g o4 etk bl for GroundTenperanue: Deep.

- Calculations use a standard so1l diffusinaty of 2.3225760E-03 {m**2/day}

- 6299 annual (wthy file) cooling degree-days (10°C baseline)
- 0 anmmal (wthr file) heating degree-days (10°C baselne)

- 3379 annual (wthr file) cooling degree-days (18°C baselne)
- 0 annual (wthr file) heating degree-days (18°C baseline)

- Climate type "Af" (Koppen classification)**

- Tropical wet (no dry season. rainforest, hot all year, lat. < 10%)

- Heating may not be requured

- *¥Note that the Koppen classification shown bere 15 denved algonthmically from the source
weather data.

- It may not be mdicative of the long term climate for this location.

- Climate type "1A" (ASHRAE Standard 196-2006 Climate Zone)**

- Very Hot - Hunud, Probable Kappen classificaton=Aw:, Tropical Wet-and-Dry

- ¥¥Note that the ASHRAE classification shown here 15 denved algonthmically from the source
weather data.
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Colombo — Katunavake regional data - Rural simulation.

-EnergyPlus Weather Converter V7.1.0.010
Stansties for LKA Colombo-Katunayake 434500_SWERA
Location - COLOMBO/KATUNAYAKE - LKA

{N 7° 10} {E 79° 52"} {GMT +6.0 Howss}
Elevanon -~ Smabove sea level
Standard Pressure at Elevation -- 101229Pa
Data Sowrce -- SWERA

WMO Station 434500

- Monthly Drybulb and Mean Comncident Wetbulb Tenperatures °C

JaFebMarAprMayJu JnlﬂSepO«l\ovDec
TCoincident 233 234 251 27 276 273 265 258 26 25

Coincident 234 236 257 268 273

241

&%) FElectronic Theses & D1ssertat10ns
- Montr. RIS i Tl [Py Appeay o4

Drybulbrange- 96 99 82 72 55 45 39 44 49 57 71 87
DB %

Drybulb = Mean Daily Dry Bulb Temperature Range

Drybulb range - DB 5% =Mean Daly Dry Bulb Temperatwre Range Comeident wath 5%
Design Dry Bulb Temperature

Wetbulb range - DB 5% = Mean Daily Wet Bulb Temperature Range Cowncident with 5%
Design Dry Bulb Temperature

- Monthly Statistics for Dry Bulb temperatwes °C
Ju Jul

201 231 215 252 912 201 15 412 504 302 112 305
5 5 1 2 1

150 2:06 140 30:0 19:0 252 231 142 110 260 250 1422
, b 6 6 1 - 1 2 6 6 6 -
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- Maxaomun Dry Bulb temperarure of 48.0°C on Apr 25
- Maninum Dry Bulb temperature of 19.0°C on Jan 15

- Monthly Statistics for Dew Point texperatures °C

Jan  Feb Mar Apr May Jun

Day:Hou 252 415 518 10:1 261 261 160 141 140 302 121 612

- Maxapmon Dew Pomnt temperanure of 31.0°C on Oct 30
- Mininmm Detw Point temperature of -0.7°C on Feb 13

- Average Howly Statiztics for Dry Bulb temperatures °C
1'-' Mar _Apr May Jun Jul _Aug Sep Nov _Dec

Jn
27 352 260 264 261 259 247 239 234
Emwm ﬁﬁﬁomm‘m; &4L 5.4

Bloctions :F Iigsessse m&aﬁu% 263 258 253

ww“shbmn%ggu;ss 282 282 280 281 273
390 288 288 289 28

11:01.1- : ;o s 310 31@ 294 293 294 294
13:01.1
17:01-18:00
19:01-20:00
1:0:00

23:01-24:00
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5:01-6:00 214 196 223 232 248 239 241 .33‘" 230 235 231 222

7:0 :00

9:01-10:00
11:01-12:00
13'01-14-

17:01-18:00

21:01-22:00

- Monthly Stan=tics for Relative Humsdity %

Jan  Fabh  Afar  dne .\!a Jom Ju! Auns Sep ©Oct Nov Dec

e%lec&manh%%esq& Ql&seﬂatl%s 100 1:

WWW hbmrtac 1ké
66 63 59

63

132 151 1000 212 41 41 415 351
B 2 9 5 - <

- Average Howly Relative Humadity %

1:00.2:00 S 78 8 88 9 8 88 87

3:01.4:00 90 80 89 89
_
501-6:00 93 83 9l 387 89 § 92 93 9
7.01-8:00 86 80 § 8§ ‘

9-01-10-00 6 69 0 77

n.ol-n-oo 59 56
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15:01-16:00 55

7
17:01.18:00 64 ' s 78 78

1 7 73

19:01-20:00 74 70
_

21:0122:00 79 73 78 82

33:01-24:00 83 77 83
_
MinHow 13 15 12 15 12 12 13 12 12 14 12 14

Universi g of Moratuwa, Sri Lanka.

S"Elecfromc PRSREs & Dissertations

! grirMar [fen  Jul Auz Sep Oct Nov Dec
3302 04 23 33 30 36 21 16 1ﬁ
101-*00 21 01 03 23 32 36 35 21 1.1
_
3:01-4:00 22 16 0.1 22 29 85 3§ 22 1.1
—
5:01- 6:00 11 00 01 29 31 36 21 16 08 13

—
7:01-8:00 2.7 10 04 27 42 42 39 24 17 24

_
9:01-10:00 37 4l 49 2

1:01.12:00 -

13:01-14:00
15:0-16 00

17:01-18:00 50 ' o 44

_
19:01-20:00 34 22 39 48 44 35 28 22 23

_
21:01-22:00 3.1 33 36 44 41 28 22

W
23:01-24:00 24 26 02 06 22 35 4l
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- Average Howly Stansnics for Wind Direction * {N=0 or 360 E=90,5=180.W=270}

101.2:00 45 13 33 116 203 189 18 114 116 4 27
3:01-4:00 49 118 189 190 163 124 103 36
5:01-6:00 29 122 177 175 180 111

7:01- 8:00 176 179 189 116 60
9:01-10:00 73 204 208 215 141 111 87 37
11:01-12:00 149 138 185 193 237 27 221 185 125
13:01-14:00 146 139 193 237 238 248 242 226 220 208 125
15:01.16:00 179 178 204 242 208 247 240 26 249 215

17-01-18W 208 182 226 180 228 243 226 238 233 208 211

180 218 243 25 234 236 zos 171
161

17 17 1s 14 2 2 15 EIEEE
i 7

Diffuse Avg 2293 2407 2500
2926 2806 2536 2233

~ Maxiomam Direct Normal Solar of 7736 Whizz* on Dec 23
- Average Howly Statistics for Divect Normal Solar Radiation Whiny®

Jan Feb Mar Jun  Jul Oct Nov Dec
1:00-200 0 O O O O ©O O O ©O O O0 0
3:01-400 0 0 O O O O O O O0 ©O0 0 0

5:01-6:00 0 0 0 0 0 0 0 0 0O 0 0 0

7:01-8:00 88 107 166 167 116 74 63 65 108 123 169 131
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1:0-1:00 570 620 3 ,
15:01-16:00 486 517 515 370 339 325

17:01-18:00 184 220 114
M“—
*1-01-: 0 0 0
23:01.24:00 o0

M‘-Hour

&Jnmers OP Mcmatuwa 1

Bickroidh Tehsci e Diciifoniss LI

25vwaeg libpanrisac B 303 327 307 329 305EN2s3N
311 317 342 345 348 346 394 378 331 326 276
) Y

13:01-14:00 289 301 303 350 368 373 354 399 337 377 327 294
12:01-16:00 243
17:01-18:00 98 115 114 115 114 107 136 129 101 ! !

19:01-20:00 0

21:01-22:00 0 O 0 0 0 ¥ o o e 8 8

23012400 0 0 0 0 0 0 0 0 0 0 0 0

1:01- 2:00
3:01- 4:
5:01- 6:00
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119 116

ToLs00 sS4 60 % 10691 11s
9:01.00:00 453 482 537 324 471 430 419 430 08 510 500 459

1215

nzox.mo

o O o o o0 o0 o0 o o0 o

19:01-20:00 0
20012:00 0O 0 O© O O O O O O O O O
2:01.22:00 0 0

_—-—-—
23:01.24:00 O

- Average Howly Statistics for Total Sky Cover %%

Eﬁmvu‘sﬂ;o of &Ioraiuwg Sti Lanka;.;

e éges & sscfaighs &
WWdlb mn ae lk 4 61
41 74 74 63 67

llOl-l.OO 35 i -5 59 69 73 57+ 7165

13:01.14:00 8 e 1

15:01.16:00 47 46 45 7 74
m
17:01.18:00 60 59 55 73 82 §_ 818771 7M

35 67 74 7
-n_———_

21:01-22:00 30 47 73 76 4 67 73 6 4l

_
23:01-24:00 47 76 74 717466 67 37

_
__Mia Hour B.-41. .9 10

- Average Howly Statistics for Opague Sky Cover %




7:01- 8:00

941-10-00

1:0112:00 45

13:01-14:00 39 34

15:01-16:00 39
701180045 _49

19:01- o-oo 35

~1loo 34 40 4s 57" 3
23:01.2400 39 35 43 57 10
MinHour 6 6 1 6

- Monthly Calculated "undisturbed” Ground Temperatures** *C
m

_Jan_Feb Mar

2 372 27 6 " ’S'O ’S'O 278 275 271
ﬁmwmtys@f Mczramwa oﬁrl bankars pmmaTsSw2IE
#Tne) SGeTaie Th\eos%esé?i?ﬁasseﬁa&ﬁrﬁr peratres object 1o
- t rahups < m em )
computs bul =i ﬂoﬁi mﬁb P(

- The temperatures for 0.5 m depth c:mbemed for GroundTemperatue::Surface.

- The tenperatures for 4.0 m depth can be used for GroundTemperatures:Deep

- Calculations use a standard so1l diffusmaty of 2.3225760E-03 {m**2/day}

- 6337 annual (wily Sle) cooling degree-days (10°C bazeline)
- 0 annual (wthr file) heating degree-days (10°C baselme)

- 3417 anomal (wthr file) cooling degree-days (18°C baseline)
- 0 annual (wihr file) heating degree-days (18°C baseline)

- Climate type "Af" (Koppen classification)**

- Tropical wet (no dry season. rainforest, hot all year, lat. < 10%)

- Heating may not be required

- #**¥Note that the Koppen classification shown here 15 denved algonthmically from the source
weather data.

- It may not be indicative of the long term climate for this location.
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Appendix E - Surface Heat Island Model - Typical Excel Based Input / Output Screen.
(Input values - green box - shown in Table 3.4)

FORCE-RESTORE MODEL FOR SURFACE TEMPERATURE PREDICTION
Urban Simulation
MNotes: 4 reflections incorporated, symmetrical canyon, wall properties identical, each facet modelled

Surface Temperatures (deg C): Tf - Temperature of canyon floor, Tw - temperature of canyon wall, Td - deep temperature for indicated facet
Ldsky - incident longwave radiation from sky (W m™) - measured at top of canyon - may change with time

MODELLED EQUATIONS

£=££'—Q(T—Ta’) Basic Equation e i
dt ¢ 0
dl;  2s; 4 4 4
o = [\p gL +v, 8,0, +wv, 8, 0T, —ol, ]— QT,-Td,) Temperature of the canyon floor
o 2o f, r,* T,'-or, ‘|-, -1 T f n#1
ar = - Voo &r T W, 84,04, TW 4 E,010, ol ( e w ) emperature of canyon wa
., _ 2o, .. L+ T, + ' -or, ‘-0, -1d,) Temperature of I #2
i e Woar Ls TV, 84, O Ly, W4, 8r0L; Gl i - emperature of canyon wa
HALF-HOURLY RESULTS =]
(Hrs)  |Ldown (W Time (Hrs)
Sfc Conditions Initial Temperatures fram ) -, from Sunset Thoor(t) Twall1(t) Twall2(t) L™ floor(t) L™ wall1(
" 1205 TF 285 0 406.12 lEEes 000F 2B&0y 33550 ae38200d | Al . " 5 387E-08
& 0.95 Tdf 27.9| 1 T 0508 28900 N ek B Jmol|lL L 7 1 l. 4523E09  5.075E-08
M 2200 Tw1 355 2 1.00 2914 3429 3 4 523E-09 5.075E-08
2y 0.895 Tdw 304 3 1.50 29 1) 3348 35.13 4 4
HIW 3 Tw? 382 4 2000 2R3 0  PLRIIA I 192 1 .71
Ldsky 415.33 Tdw2 30.4 5 2500 293" 5251 3307 -32.3% Cooling of Canyon Floor
6 300 2926 3254 33,23 -34.25 o h '
CONSTANTS 7 IS ETEY TEA? | BT VYT Iy =uu
dt 30 8 400 WROOW Y M5 SA37 536.35" - 50% +
o 5.6TE-08 9 50 2899 3168 32.03 6 b 2? ) MR AP * o
o) 7.27E-05 10 28.89 3146 31.73 2 26.0 1 A A I N
Kelvin 273.15 ] 28.80 31.26 31.48 g 24.0
G600 2870 3108 31.46 2 220
VIEW FACTORS 6.50 2861 30.93 31.07 E )
VFs  0.164398987 7.00 2852 30.79 30.91 = 200
VFEwf | 0417800506 750 2844 30.68 30.76 3 18.0
VFww | 0.832050294 8.00 2837 3057 30.64 £ ’
VFfw | 0.083974853 850 2830 30.48 30.53 @ 16.0
9.00 2824 30.40 30.44 140 4 i i i . .
CALCULATED COEF 950 2819 30.33 30.36 ’
of  199864.1217 10.00 2814 3026 30.29 0 2 4 6 8 10
Cdf 13535370.9 Time from Sunset (hr)
cw 364897.1516 0.36
Cdw  24712793.34
Interpolated
Time (s Time (hrs) ki k2 k3 kd TH(t) Tdft) k1 k2 k3 k4 Twilt)  Twidit) k1 k2 k3 kd Tw2(t) Tw2d(t)  |Time Ldown  L*floor Lwall 1 L*wall 2
0 0.00 301.65 301.05 308.65  303.55 311.35 303.55 0.00  406.12 39 -0.3 -27.8
30 0.01 8.25E-03 8.24E-03 8.24E-03 8.22E-03 30166 301.05 -1.12E-02 -1.11E-02 -1.11E-02 -1.11E-02 308.6389 30355 -216E-02 -215E-02 -215E-02 -2.15E-02 311.3284565 303.55 0.01 406.1089 -10.6 414 -69.8
60 0.02 8.20E-03 8.18E-03 8.18E-03  8.16E-03 301.67 301.056 -1.11E-02 1.11E-02 -1.11E-02 -1.11E-02 308.6277  303.556 -2.15E-02 -2.15E-02 -2.15E-02 -2.14E-02 311.3069724 303.55 0.02 406.0978 -10.7 414 -69.7
90 0.03 8.14E-03 8.12E-03 8.12E-03  8.10E-03 301.67 301.05 -1.11E-02 -1.11E-02 -1.11E-02 -1.11E-02 308.6166  303.55 -2.15E-02 -2.14E-02 -214E-02 -214E-02 311.2855476 303.55 0.03 406.0868 -10.9 415 -69.6
120 0.03 8.08E-03 8.06E-03 8.06E-03  8.05E-03 301.68 301.05 -1.11E-02 -1.11E-02 -1.11E-02 -1.11E-02 308.6055  303.55 -2.14E-02 -2.14E-02 -214E-02 -213E-02 311.2641818 303.55 0.03 406.0757 -11.0 415 -69.5
150 0.04 8.02E-03  8.00E-03 8.00E-03  7.99E-03 301.69 301.05 -1.11E-02 -1.11E-02 -1.11E-02 -1.11E-02 308.5944  303.55 -2.13E-02 -2.13E-02 -213E-02 -213E-02 311.2428743 303.55 0.04 406.0646 -1 415 694
180 0.05 7T.96E-03 7.95E-03 7T.95E-03  7.93E-03 30170 301.05 -1.11E-02 -1.11E-02 -1.11E-02 -1.10E-02 308.5834 30355 -213E-02 -212BE-02 -212BE-02 -212E-02 311.2216266 303.55 0.05 406.0535 -11.3 416 -69.4
210 0.06 7.91E-03 7.89E-03 7.89E-03  7.87E-03 301.71 301.05 -1.11E-02 -1.10E-02 -1.10E-02 -1.10E-02 308.5724  303.55 -2.12E-02 -212E-02 -212E-02 -212E-02 311.2004368 303.55 0.06 406.0424 -114 416 -69.3
240 0.07 7T.85E-03 7.83E-03 7T.83E-03 7.82E-03 30171 301.05 -1.10E-02 -1.10E-02 -1.10E-02 -1.10E-02 308.5613 30355 -212E-02 -211E-02  -211E-02 -211E-02 311.1793054 303.55 0.07 406.0313 -11.5 416 -69.2
270 0.08 7.79E-03 7.78E-03 7.78E-03  7.76E-03 301.72 301.05 -1.10E-02 -1.10E-02 -1.10E-02 -1.10E-02 308.5503 303556 -2.11E-02 -211E-02 -211E-02 -2.10E-02 311.1582322 303.55 0.08 406.0203 -11.6 416 -69.1
300 0.08 T.73E-03 T7.72E-03 T.72E-03 7.70E-03 30173 301.05 -1.10E-02 -1.10E-02 -1.10E-02 -1.10E-02 308.5394 30355 -210E-02 -210E-02 -210E-02 -210E-02 311137217 303.55 0.08 406.0092 -11.8 AT -69.0
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Appendix G — Detailed input data for ENVI-met simulation — name for simulation column, signifies individual models.

(the graph is a representation for all sites using sitel as an example) (abbreviations — g = green; gw = global warming; hc = high center; he = high edge; su = shadow umbrella)

Main Data Soil Data Timing I TIMESTEPS Building I PMV NESTINGAREA | CLOUDS TURBULENCE
b4 I @ [42] 419 Py 5 D[ =5 S S S[AF[I[CTC[Cc[C[o[2[[II[S] T [ miZ|[ I C S [ 1 3 = C
g 3 g = 5E5[51E| 2 (Elg[ 222 (2|2l2\2)glalelglslsl5|5|5|2]¢8|8|2|5El=|8|s |8 |2 |2|2|2 5] 5 |z
@ o » » olzlalslS| = (32 = = = 122228 2 B BIZ|2Blaleala|l®|al2lS|g2l5e|Z|=|2 |2 |8l8]5 |s] < <

—h » 2] 2] (9] wlo|3 @ | @ @ © |2 |21 |a|a = o o |> S 5] o o
o @ 3 E SIS |23 ) o | @ ) P P F|d |3 |3 |, s |legl@|d8 |8 |8 || 3 [ @ ' A @ 5|5 = o o]
v 2 = = 2lgl18/3|2| 3 |z|z| 3 3 S 1S|z|z|z|2|2|2 2222|223z I|218|8 %823 |Z|alalal3] B S
S 2 2 g |5|%|2|2|~| B |5|5|8 |8 |8 |E|5|5|5|2|2|2|2|z|lzle|lz|le|g |3 |2|5|slR|8lg| TS |& |22 Tla & | 2
3 % 5 S (2|28l S (2121 % | % | % (3122|2858 gDz e |z |7g|l¢|els|"| 5|2 |5 |ol5Z21]2 2| 8
= = E S S|IE|o|2|8| B8 |&|2| 2 2 2 |2|l2|z|lz|e || |8 |e|e|B|2|2|2] & 2 =13 2| s |2 Ol Q |8| 2 <
5 g > > 21l |ls|E| § |€|2]| § s S |5I€|€|€|9z 2|8 |2|2|=|=|=|5 |8 g "R 2|3 |0 |22 T|g| 2 =
= o =4 - = 213|3|x @ I @ @ @ @ c o 2| e 2 o |F|E|2|2|2]|® % ~ 4 c = |2L[C| o |3 3 S)
> = g 2 128 |alZle| 22121 €| 2|2 95|29 |2(8|23|8|2|=2|8|8|8|=|¢% < 3 2218|822 > @ | @
o S < 3 Pl |o| =1 NN =] = = Sl |82 |B S || F|S|5|s|s|s | = - ® S - |2 | S m lw) !
S —~ D 5 | 3 |3 3 S g |8|2a|2|° |5 S| o |e|e | |2 2|7 & < N o > S o= | & |- 5
g ) e Z|Q|m|D 2 S [— = = = - A IR el = 22|k |M|w O =3 o o |I< 2 Tola < @,
3 O I = S |: 4 = 3 S - b K|~ 5 2R |alala 3 =) < = =3 = > | 2 o = =}
] H I 8 Slel|lB|@ a - G = = < I | & § wn s ClE|lz|=|= = ) S > > S x| o ) =
2 < = |5 2(8s| § |= S| 2|2 |2|as|2|8 5 AcIclc 3 g 2 & |2 |T|g 5 = | 3
b = =z - —|w|3]| —= < png < S lzlasl”|T ] Viivias | wop = ) n 2| 3 > | 3 2
< = S|LI% & IS S I~ S |25 2 =3 g =g = |nlgo 8 | 2 Tt g = &
< 2 Tl S © & & |25 Rl * S| Z =R P
=< i |7 & S| 2|2 |gl|3 g d 5L s| & | 5

~ : (=) (=) O | = = M ] T
= 2 = 3 3 [g|T" S " < S| g )
= 215213 Tt ~ h 21 & .

I A= R I 11

1 T

1 S1 S1 14.04.2013 | 18:00:00 6Q | 1. 0 (0.1]305.7,1 7 |§2|305.7|299.8|299.9 75|60 (60 |60|30|900|600|600|30|50(10 5 (2.,300({1.94|. 6 |0.6/0.6/0.3/116| 0 | 0.5 1 0 0|3 2 |1 2 0
2 Slg slg 14.04.2014 | 18:00:00 ) "1 0 |0.1]30b.7)| ¥ il 82%305.71 299.8 || 299.9 .79 160 ||6Q4 60L| 301 960 600} 600364 50 | 10% 5 [ 2 [I300,4+1.94 6|06/0.6|/0.3|116| O | 0.5 1 0 0|3 2 |1 2 0
3 slggw slggw 14.04.2013 | 18:00:00 130’ iﬁ) 0 (0.1]308.7| 7 |82|308.1|302.2|3023|75|60|60|60|30|900|600|600{30|50(10|5 |2 |300({1.94| 6 |0.6/0.6/0.3|116| 0 | 0.5 1 0 0|3 2 |1 2 0
4 slgw slgw 14.04.2013 | 18:00:00 3 £60 ﬂl 0] |0.1] 3087 |N7—*82F 808. 1| BO227 302.3 | (5 |60 {60§.60-30 | 900% 600 | 6004 30§.56,] £ F5 [ 25800 (194 |} 6] 0.6/0.6|0.3|116| 0 | 0.5 1 0 0|3 2 1 2 0
5 slhc slhc 14.04.2013 | 18:00:00 306019 @ (0.1]305.7| 7 |82|308.1|302.2|3023|75|60|60|60|30|900|600|600{30|50({10| 5|2 |{300({194| 6 |0.6/0.6/0.3|116| 0 | 0.5 1 0 0|3 2 1 2 0
6 slhcg slhc 14.04.2014 | 18:00:00 |39 ;E}Q_:‘_l_.g- 0 |0.1| 365+ v+ 82 805.70| 8022 | 2999 [ #5160+ 6060 | 3D~-900 | 600| 60030 |50 (10| 5| 2 [300({1.94| 6 |0.6/0.6|0.3|116| O | 0.5 1 0 0|3 2 1 2 0
7| slhcggw slhcggw 14.04.2014 | 18:00:00 306‘0‘ T9| 0 [0.1]305.7| 7 [827305.730221269.9 75160607 607307900|600(600|30|50|10| 5 | 2 [300|1.94| 6 {0.6/0.6/0.3/116| 0 | 0.5 1 0 013 2 |1 2 0
8 slhe slhe 14.04.2013 | 18:00:00 |{30|60|1.9| 0 {0.1|305.7| 7 |82|305.7|299.8299.9|75|60 |60 |60|30|900|600|600|30|50|10| 5 | 2 |300|194| 6 [0.6/0.6/0.3|116| 0 | 0.5 1 0 013 2 |1 2 0
9 slheg slheg 14.04.2013 | 18:00:00 {3060 |19} 0 {0.1,305.7 7 |82 |305.7 | 302.2 | 302.3 | 75|60 | 60 | 60 | 30 {900 600,600|3050,10, 5 2 300,194, 6 0.6(0.6(0.3/116| 0 | 05 1 0 013 2 |1 2 0
10| slheggw slheggw 14.04.2013 | 18:00:00 {30|60 (19| 0 |0.1|305.7 | 7 |82|305.7|299.8 |299.9|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 ({300({1.94| 6 |0.6/{0.6/0.3|116| O | 0.5 1 0 0|3 2 |1 2 0
11| slhegw slhegw 14.04.2013 | 18:00:00 {30|60 (19| 0 |0.1|305.7 | 7 |82|305.7|299.8 |299.9|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 (300({1.94| 6 |0.6/{0.6/0.3|116| O | 0.5 1 0 0|3 2 |1 2 0
12| slhcgw slhcgw 14.04.2013 | 18:00:00 {30|60 (19| 0 |0.1|305.7| 7 |82|305.7|299.8 |299.9|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 |{300({1.94| 6 |0.6/{0.6/0.3|116| O | 0.5 1 0 0|3 2 |1 2 0
13| sllcz2 sllcz2 14.04.2013 | 18:00:00 |{30|60|19| 0 |0.1|305.7| 7 [82|305.7|299.8299.9|75|60 |60 |60 |30|900(600|600|{30|5010| 5| 2 |300{194| 6 [0.6(0.6(0.3|116{0 | 05| 1 0 [0]3] 2 |1 2 0
14| sllcz2g sllcz2g 14.04.2013 | 18:00:00 |{30|60|{19| 0 |0.1|305.7| 7 [82|305.7|299.8299.9 75|60 |60 |60 |30|900(600|600|{30|5010| 5| 2 |300{194| 6 [0.6(0.6(0.3|116{0 | 05| 1 0 [0]3] 2 |1 2 0
15| sllcz2ggw | sllcz2ggw | 14.04.2013 | 18:00:00 |30 |60|1.9| 0 |0.1|305.7| 7 | 82| 308.1|302.2 |302.3|75|60 |60 |60 |30|900|600|600(30|50|10| 5| 2 |300(1.94| 6 |0.6/0.6{0.3{116| 0 | 0.5 1 0 0|3 2 |1 2 0
16| sllcz2gw sllcz2gw | 14.04.2013 | 18:00:00 {30|60({1.9| 0 [0.1|305.7 | 7 |82 |308.1 |302.2|302.3|75|60|60|60|30|900|600|600|{30(50|10|5 | 2 (300/194| 6 |0.6/0.6{0.3(116| 0 | 05 | 1 0 [0]3] 2 |1 2 0
17| sllcz3 sllcz3 14.04.2013 | 18:00:00 {30|60|1.9| 0 |0.1|305.7| 7 [82|305.7|299.8 2999 |75|60 |60 |60|30|900(600|600|{30|5010| 5| 2 |[300{194| 6 [0.6(0.6(0.3|116(0 | 05| 1 0 [0]3] 2 |1 2 0
18| sllcz3g sllcz3g 14.04.2013 | 18:00:00 {30|60|{1.9| 0 |0.1|305.7| 7 [82|305.7|299.8299.9|75|60 |60 |60|30|900(600|600|{30|5010| 5| 2 |[300{194| 6 [0.6(0.6({0.3|116(0 | 05| 1 0 [0]3] 2 |1 2 0
19| sllcz3ggw | sllcz3ggw | 14.04.2013 | 18:00:00 [30|60(1.9| 0 |0.1|305.7 | 7 |82 |308.1|302.2|302.3|75|60|60|60|30|900(600|600|{30(50|10|5 | 2 (300|194| 6 |0.6/0.6/0.3(116|0 | 05 | 1 0 [0]3] 2 |1 2 0
20| sllcz3gw sllcz3gw 14.04.2013 | 18:00:00 {30|60(19| 0 |0.1|305.7| 7 |82|308.1|302.2|302.3|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 (300({1.94| 6 |0.6/{0.6/0.3|116| 0 | 0.5 1 0 0|3 2 |1 2 0
21 slsu slhe 14.04.2013 | 18:00:00 {30|60 (19| 0 |0.1|305.7| 7 |82|305.7|299.8 |299.9|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 (300({1.94| 6 |0.6/{0.6/0.3|116| 0 | 0.5 1 0 0|3 2 |1 2 0
22 slsug slsug 14.04.2013 | 18:00:00 {30|60 (19| 0 |0.1|305.7| 7 |82|305.7|299.8 |299.9|75|60|60|60|30|900|600|{600|{30|50|10|5 |2 (300({1.94| 6 |0.6/0.6/0.3|116| O | 0.5 1 0 0|3 2 |1 2 0
23| slsuggw slsuggw 14.04.2013 | 18:00:00 {30|60|19| 0 |{0.1|305.7| 7 {82|308.1|302.2 (3023 |75|60|60|60|30|900(600|600|{30|50|10| 5 |2 |300{194| 6 [0.6(0.6(0.3|116{0 | 05| 1 0 [0]3] 2 |1 2 0
24| slsugw slsugw 14.04.2013 | 18:00:00 |{30|60|19| 0 |0.1|305.7| 7 {82|308.1|302.2 (3023 |75|60|60|60|30|900(600|600|{30|5010| 5 | 2 |300{194| 6 [0.6(0.6(0.3|116{0 | 05| 1 0 [0]3] 2 |1 2 0
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Appendix H - ENVI-met - Previous study areas — Detailed version of Table 11

Author/s - year | City Climate Parameter/s Major finding
zone studied
(Koppen—
Geiger
climate
classification
system)
Validation and Simulation Software Combinations
(Santo et al., Lecce, Csa Validation of | Conclusion - Although overall temperature trends are captured, ENVI-met shows some inertia in
2012) Italy ENVI-met / cooling during the night
Air
temperature
(Francisco et Belo Aw Validation of | ENVI-met validation; The outputs generated by numerical simulations were consistent with the
al., 2012) Horizonte, ENVI-met / available field observations in the study area
Brazil Air
temperature /
Relative
Humidity
(Johansson et S&o Paulo, | Cfa/Cwa Temperature The microclimate of six different urban tissues were simulated on a typical summer day in S&o
al., 2013) Brazil of Equivalent | Paulo using a combination of the Meso-scale model BRAMS and the micro-scale model ENVI-
Perception met.
(TEP) / Air Conclusions -
Temperature / e To combine model simulations of different scales may be a good strategy.
Wind speed / e Although the TEP values are above the thermal comfort levels, shaded spaces tend to be
Relative much less stressful.
Humidity / « It is not only the amount of vegetation that is important but also the type of vegetation.
MRT e It is shown that the shade at ground level is better for high-rise than low-rise buildings,
especially if the streets are oriented in a grid SW—-NW and SE-NE.

o Mutual shading by buildings is not enough due to the high solar angles in the tropics and
street trees are needed to improve shade.

¢ A higher amount of shading may have a negative impact on ventilation and low wind speed
has an adverse effect on thermal comfort.

o Shade is a more effective measure in lowering TEP than increasing the wind speed.

o Create horizontal shade — either by vegetation as in this study or by other types of shading
devices is probably an easier and more feasible strategy.

e High buildings may lead to considerable reductions in MRT, and consequently, lower TEP
(i.e. improved thermal comfort).

(C.Peng & Cairo, tBWh Air Developet experimental saftware and gatabasetsimuiation workflow such that indoor
Elwan, 2012) Egypt ) M Temperature / |~environmental simulation of buildings in an urban neighbourhood can be grounded on outdoor
: @;t -,;;ﬁ VWind-¢peed 4 1 -environmentak simutation ofitheqeighbouthoods:-Simulation outputs from this outdoor-indoor
e, Reélative coupling approach were broughttogether by a'\Web-based 3D virtual reality visualisation-
o Humidityy/ modalling platferm.
— MRT' PNV
Vegetation
(Srivanit & Saga, Cfa Vegetation / Explored; adding trees o current green areas and by growing a grass layer on the rooftop of
Hokao, 2013) Japan Air buildings.
temperature Hypothesized that the average maximum temperature would decrease and reach 2.27 °C in the
peak of the summer (at 15:00) when the quantity of trees was increased by 20%.
Conclusion - combining both modification methods led to the largest air temperature decrease
with an average and maximum of 0.24 °C and 2.29 °C, respectively
(L. L. H. Peng Hong Cwa Vegetation / Conclusion - large-scale green-roof installation could bring neighbourhood-wide cooling,
& Jim, 2013) Kong PET mitigate urban heat island effect, and furnish more comfortable thermal environment for urban
residents
(Fréhlich & Freiburg, Cfb Vegetation / The study explored the effect of a redesigned area, reducing tree cover and introduction of
Matzarakis, Germany SVF/PET impervious surfaces.
2012) Conclusion - Spatial distribution of heat stress shows strongest impact on heat stress by changes
in shading, but also strong impact by changes on surface coverage
(Carfan & Séo Paulo, | Cfa/Cwa PMV /MRT/ | The model provided an overview of the urban climate and was used to point out problematical
Galvani, 2012) | Brazil Wind Speed areas within the city (Sao Paulo) and thus seek solutions to minimize the entropic effects and
improve the quality of life.
Conclusion - analysis of thermal comfort index and the Wind flow showed the influence of high
buildings in the local climatic environment
(Yangetal., Shanghai, | Cfa PET This article evaluated the effects of various urban design strategies on summertime outdoor
2011) china thermal conditions, focusing on applications of high-albedo pavement and vegetation.
Conclusions -

e An increase of 0.4 in the ground surface albedo overall reduces the thermal comfort, as
indicated by an increase of 5-7°C in PET during the day with a marginal decrease of less than
1°C at night.

e Increasing greenery cover, especially tree cover, improves thermal comfort during the whole
period under evaluation.

¢ A reduction of up to 15°C in daytime PET is achieved by adding a dense tree cover (LAl %
6.4) over a grass lawn and up to 20°C by adding the tree cover over the hard pavement with
an albedo of 0.2

Wind
(Yuanetal., Beijing, Dwa Wind Speed / | Evaluation of the urban outdoor wind and thermal comfort is conducted based on the numerical
2012) China PMV modelling simulation

Conclusions -

o Strategies for Wind Comfort
(1) Adjusting the function zoning to move the main pedestrians entertainment and relax flow
lines away from poor ventilation areas.

(2) To add additional plants (Trees with high stomatal resistance) in the areas with strong
wind to reduce the wind speed.
(3)Large canopy can be installed above the pedestrian areas for ameliorating the wind
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comfort at the pedestrian level.

o Strategies for Thermal Comfort
(1) Low permeability pavement is the most direct cause of the high air temperature at the
pedestrian level, the applications of those surface types should be reduced.
(2)The number of plants which have significant positive effects on thermal comfort should be
increased.

(Fahmy &
Sharples, 2008)

Cairo,
Egypt

BWh

SVF/MRT/
PMV

The study investigated the microclimatic thermal behaviour of hybrid traditional and modern
street canyon types of urban form in Cairo in order to establish an urban planning tool for
passive cooling
Conclusions -
¢ very dense urban layouts can have a beneficial impact upon outdoor thermal comfort
o If incorrectly orientated, can severely reduce the potential for any wind- driven cooling
because of excessive wind sheltering.

Urban Design / Morphology /

Building Height

(Carfanet al.,
2012)

Ourinhos,
Séo Paulo
State,
Brazil

Cfa/Cwa

Building
height / Air
Temperature

Analysed the effect of building height on the thermal comfort in Ourinhos
Conclusion - The increase in the building height led to positive changes in the studied variables
of local microclimate

(Middel et al.,
2012)

Phoenix,
Arizona,
USA

BWh

LCZ/ Air
Temperature

The impact of urban form and landscaping was investigated exemplarily for two urban forms,
i.e., Compact Low-rise and Open-set Low-rise.

Conclusion - Results show that the effect of building arrangement and of function is a
landscaping on cooling configuration.

Analysis of near surface ambient temperatures from ENVI-met simulations relative to urban
form and design reveals that increasing building density lowers air temperatures.

(Rosheidat et
al., 2008)

Phoenix,
Arizona,
USA

BWh

air
temperature /
MRT /
operative
temperature /
SET

Describes the use of the ENVI-met climate model to help in making decisions about the design
of urban spaces with enhanced thermal comfort in Phoenix. The specific aim of the study is the
simulation of the outdoor thermal conditions
Conclusions -

o the most effective strategy was shading

¢ air movement, while decreasing the ambient temperature did little to decrease the MRT

o water strategy had little effect as it was simulated only as a still water body with limited

evaporation into the air
e shaded high mass materials are preferable to low mass materials

(Emmanuel et
al., 2007)

Colombo,
Sri Lanka

S

o ui
s, 1

Am

MRT / PET

Uses ENVI-met to simulate the effect of different urban design options on air and surface
temperatures, as well as on outdoor thermal comfort.
Conclusions -
e The lowest daytime mean radiant temperatures result from high H/W ratios of streets.
e the increase of H/W ratio from about 1 to 3 leads to a decrease in PET by about 10 °C.
Bifferences i-airiandsurface temperatures,as wetl as PET, are small during the night.
e Strategies that Tead to better air temperature mitigation may not necessarily lead to better
thdrmal .comfort]
e shade“enharicernent through ‘thereased H/W ratios is clearly capable of significant reductions
InPET
o-a ‘eritical urban design task in the humid tropics will be to guide the rapid urban growth
towards efficient ‘shade growth’

(Emmanuel &
Fernando,
2007)

Colomboe,
Sri Lanka
Phoenix,
Arizona,
USA

Am / BWh

MRT / Air
temperature

The study examined the sensitivity of air temperature and mean radiant temperature (MRT) of
built-up urban cores to urban-area geometry (the density of buildings), thermal properties of
human-made surfaces (albedo) and green cover (street trees), in 2 warm-climate cities: Pettah,
Colombo (Sri Lanka) and downtown Phoenix, Arizona (USA)

Conclusions -

o Although high albedo values lead to low daytime temperatures, the best thermal comfort,
quantified by both the air temperature and MRT, was found in high-density development.

o Density enhancement is a viable UHI mitigation option in built-up areas of warm climate
cities.

e Manipulation of thermal properties is an alternative strategy, but the practical utility of high
albedo surfaces is questionable. Urban designers should use mitigation options that are based
on human comfort, which is determined by both MRT and air temperature, rather than simply
attempting to control air temperature alone.

(Ali-Toudert et
al, 2007)

Ghardaia,
Algeria

BWh

PET

The paper discusses the contribution of street design, i.e. aspect ratio (or height-to-width ratio,
H/W) and solar orientation, towards the development of a comfortable microclimate at street
level for pedestrians.

Conclusions -

o The results show contrasting patterns of thermal comfort between shallow and deep urban
streets as well as between the various orientations studied.

o A comparison of all case studies reveals that the time and period of day during which extreme
heat stress occurs, as well as the spatial distribution of PETs at street level, depend strongly
on aspect ratio and street orientation.

e This is crucial since it will directly influence the design choices in relation to street usage, e.g.
streets planned exclusively for pedestrian use or including motor traffic, and also the time of
frequentation of urban spaces.

o Both investigated urban factors can mitigate extreme heat stress if appropriately combined.

(Drach et al.,
2012)

Glasgow,
Scotland

Cfb

Air
temperature

Explores the influence of urban morphology on local/micro-climate change in a pedestrianised
street in Glasgow that is currently undergoing a process of rejuvenation.
Conclusions -
¢ The ability of urban morphology to interfere on the temperature and ventilation is notable.
o Urban planning is an effective tool for designing and introducing protective niches on exterior
spaces, promoting a positive impact on people's outdoor living experience.
e In cold places, these actions may smooth the effects of increased (mostly unpleasant)
ventilation.
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Appendix I — Morphology / Physical Details of Receptor Point Data — Sitel
(Generated manually using AutoCAD based LCZ map of Colombo. The percentages shown correspond to a 100m diameter influence area of Receptor Point)

Site / receptor| Building | Impervious | Pervious | Heightof [FARJareaof| 3m | 6m | 9m [12m|15m|18m 21m|24m| 27m |30m B3mB6mlimperviouspervious|building |green | green surface

Model surface surface surface | roughness circle area fraction(for

fraction fraction fraction | elements green case)
sl c 42.9 7.6 49.5 6.2 2.6 |7854.0(1719.4/701.0 950.0 598.7 |3884.8 | 3370.4 (3884.8 49.5
sl n 40.9 10.0 49.1 10.6 4.3 [7854.0(1154.0/951.1 461.0 643.9 786.5 |3857.4|3210.1 3857.4 49.1
sl e 29.1 29.0 41.9 8.9 2.6 |7854.0|162.1 {1566.8| 81.7 400.0, 74.8 2278.1 |3290.3 | 2285.5 [3290.3 41.9
sl S 43.5 7.0 49.5 5.3 2.3 |7854.01424.8(1580.2{170.3 241.5 551.2 |3886.0| 3416.8 (3886.0, 49.5
sl w 211 40.8 38.1 11.1 2.3(7854.0 1310.3 350.0 3202.6 |2991.1 | 1660.3 [1597.5 20.3
sl ne 29.9 31.6 38.5 13.3 4.0 {7854.0(329.2(617.8|480.3 440.9 477.5 2481.3 |3027.1 | 2345.6 [3027.1 38.5
sl se 35.0 331 319 8.2 2.9 [7854.0(200.0 [1947.5 100.0 502.5 2598.7 |2505.3 | 2749.9 [2505.3 319
sl sw 20.7 21.7 57.6 7.8 1.6 |7854.0|708.0|450.0| 70.2 400.0; 1701.1 |4524.8 | 1628.1 [2081.7, 26.5
sl nw 22.1 335 44.4 16.1 3.6 [7854.0 688.9|273.2 123.2 649.6 2629.6 [3489.4|1734.9 |898.3 114
sllcz3| ¢ 429 7.6 49.5 9.0 3.9 (7854.0{1719.4/701.0 950.0 598.7 [3884.8|3370.4 3884.8 49.5
sllcz3| n 40.9 10.0 49.1 9.0 3.7 [7854.0(1154.0/951.1 461.0 643.9 786.5 |3857.4|3210.1 3857.4 49.1
sllcz3| e 29.1 29.0 419 9.0 2.6 [7854.0(162.1 [1566.8 81.7 1400.0 74.8 2278.1 |3290.3 | 2285.5 [3290.3 41.9
sllcz3 S 43.5 7.0 49.5 9.0 3.9 [7854.0(1424.8/1580.2|170.3 241.5) 551.2 |3886.0 | 3416.8 (3886.0 49.5
sllcz3| w 21.1 40.8 38.1 9.0 1.9 |7854.0 1310.3 1350.0 3202.6 |2991.1| 1660.3 1597.5 20.3
sllcz3| ne 29.9 31.6 38.5 9.0 2.7 |7854.0|329.2|617.8|480.3 440.9 477.5 2481.3 |3027.1 | 2345.6 [3027.1 385
sllcz3| se 35.0 33.1 31.9 9.0 3.2 [7854.0(200.0 [1947.5] 100.0] 502.5 2598.7 |2505.3 | 2749.9 [2505.3 31.9
sllcz3| sw 20.7 217 57.6 9.0 1.9 [7854.0(708.0|450.0| 70.2 1400.0 1701.1 |4524.8 | 1628.1 [2081.7 26.5
sllcz3| nw 22.1 335 44.4 9.0 2.0 |7854.0 688.9|273.2 123.2 649.6 2629.6 [3489.4|1734.9 |898.3 114
sllcz2| ¢ 42.9 7.6 495 27.0 11.6|7854.0(1719.4/701.0 950.0 598.7 [3884.8|3370.4 3884.8 495
sllcz2| n 40.9 10.0 49.1 27.0 11.0/7854.0(1154.0{951.1 461.0, 643.9 786.5 |3857.4|3210.1 3857.4 49.1
sllcz2| e 29.1 29.0 41.9 27.0 7.9 |7854.0|162.1 {1566.8 81.7 400.0 74.8 2278.1 |3290.3 | 2285.5 [3290.3 41.9
sllcz2 S 43.5 7.0 49.5 27.0 11.7|7854.0[1424.8{1580.2|170.3 241.5 551.2 |3886.0 | 3416.8 [3886.0 49.5
sllcz2| w 211 40.8 5 7-_"-; 38.1 2746 e, L7854.0 1310.8 3%Q.0 3202.6 ]2991.1| 1660.3 [1597.5 20.3
sllcz2| ne 29.9 316@\12385 27.0 8.1|7854.0(329.2|617.8 |480.3 440.9 U77.5 I 2481.3 ]3027.1 | 2345.6 [3027.1 385
sllcz2| se 35.0 334 E“P‘?319 21.Q 0154 7854.0 1200.0|1 9455 40040 02.5 2598.7 |2505.3 | 2749.9 [2505.3 31.9
sllcz2| sw 20.7 e 7'757.6 27.0 5.6178%4.0(708.0450.0 | 70.2 400.0 1701.1 |4524.8 | 1628.1 [2081.7 26.5
sllcz2| nw 22.1 444 27.0 6.077854.0 688.9273.2 123.2 649.6 2629.6 [3489.4|1734.9 |898.3 11.4
slhe c 43.1 7.6 49.3 11.9 5.1 |7854.0 2835.1 550.7 598.7 |3869.5 | 3385.8 [3869.5 49.3
slhe n 414 10.0 48.6 15.9 6.6 [7854.0 2011.9 1238.8 786.5 |3816.8|3250.7 [3816.8 48.6
slhe e 29.1 29.0 41.9 224 6.5|7854.0 582.8 1700.3 2278.1 |3292.8 | 2283.1 [3292.8 41.9
slhe s 43.3 7.0 49.7 15.2 6.6 [7854.0 2223.1 1179.2 551.2 [3900.4 | 3402.3 3900.4 49.7
slhe w 23.6 40.8 35.6 19.9 4.7 |7854.0 7324 1123.3 3202.6 |2795.7 | 1855.7 [1597.5 20.3
slhe ne 29.9 31.6 38.5 241 7.2 |7854.0 378.1 1967.5 2481.3 |3027.1 | 2345.6 [3027.1 38.5
slhe | se 35.0 331 31.9 24.2 8.5(7854.0 422.3 2328.0 2598.7 |2505.0 | 2750.2 [2505.0 31.9
slhe | sw 20.9 21.7 57.5 23.2 4.8 |7854.0 348.7 1290.3 1701.1 |4514.0 | 1638.9 [2081.7, 26.5
slhe | nw 221 335 44.4 243 5.4 |7854.0 259.6 1476.7 2629.6 |3488.1|1736.2 |898.3 11.4
slhc c 43.1 7.6 49.3 24.1 10.4|7854.0 550.7 2835.1] 598.7 [3869.5 | 3385.8 3869.5 49.3
slhc n 41.4 10.0 48.6 20.1 8.3 (7854.0 1238.8 2011.9 786.5 |3816.8 | 3250.7 (3816.8 48.6
slhc e 29.1 29.0 41.9 13.6 4.0 |7854.0 1700.3 582.8 2278.1 |3292.8 | 2283.1 [3292.8 41.9
slhc S 43.3 7.0 49.7 20.8 9.0 [7854.0 1179.2 2223.1] 551.2 |3900.4 | 3402.3 (3900.4 49.7
sthc | w 236 40.8 35.6 16.1 3.8(7854.0 1123.3 732.4 3202.6 |2795.7 | 1855.7 [1597.5 20.3
slhc ne 29.9 31.6 38.5 11.9 3.6 |7854.0 1967.5] 378.1 2481.3 |3027.1| 2345.6 [3027.1 38.5
slhc | se 35.0 331 319 11.8 4.1|7854.0 2328.0) 4223 2598.7 |2505.0 | 2750.2 [2505.0 319
slhc | sw 20.9 21.7 57.5 12.8 2.7 |7854.0 1290.3 348.7 1701.1 |4514.0 | 1638.9 [2081.7, 26.5
slhc | nw 22.1 335 44.4 11.7 2.6 |7854.0 1476.7 259.6 2629.6 [3488.1|1736.2 |898.3 114
slsu c 42.6 7.6 49.8 15.0 6.4 |7854.0|879.5 900.0 937.8/1625.0 598.7 [3912.9 | 3342.3 3912.9 49.8
slsu n 421 10.0 47.9 15.2 6.4 |7854.0|716.3 1135.9 462.5/987.9 786.5 |3764.8|3302.7 3764.8 47.9
slsu e 29.5 29.0 415 19.2 5.7 |7854.0(428.4 2914 856.6|744.0 2278.1 |3255.5|2320.3 [3255.5 41.5
slsu s 434 7.0 49.6 14.9 6.4 |7854.0/918.6 925.5 896.3/667.8 551.2 [3894.6 | 3408.2 3894.6 49.6
slsu w 23.6 40.8 35.6 6.5 1.5|7854.0(759.5 1096.3 3202.6 |2795.5| 1855.9 [1597.5 20.3
slsu | ne 29.9 316 385 205 6.1(7854.0(199.1 4439 808.1/897.4 2481.3 |3024.2 | 2348.6 [3024.2 385
slsu se 35.0 33.1 31.9 16.4 5.7 |7854.0(578.9 700.6 879.0{590.1 2598.7 |2506.7 | 2748.6 [2506.7 31.9
slsu SwW 20.9 21.7 57.5 6.2 1.3|7854.0|754.6 885.8 1701.1 |4512.5| 1640.4 [2081.7, 26.5
slsu nw 221 335 444 7.2 1.6 |7854.0|524.7 1211.6 2629.6 |3488.1|1736.2 |898.3 11.4
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Appendix | — Morphology / Physical Details of Receptor Point Data — Site2

(Generated manually using AutoCAD based LCZ map of Colombo. The percentages shown correspond to a 100m diameter influence area of Receptor Point)

Site / [Receptor|Building|Impervious|Pervious| Height of | Far | Area | 3m 6m 9m | 12m | 15m | 18m |21m| 24m | 27m | 30m [33m|36m |Impervious|Pervious Building| Green | Green
model surface | surface | surface |roughness of area surface
fraction | fraction |fraction| elements circle fraction(for
green case)

s2 c 44.6 4.0 51.3 8.0 3.6 |7854.0| 109.7 |2454.8| 62.3 |520.3 |136.9|221.9 316.5 4031.6 | 3505.9 |4031.6] 51.3
s2 n 53.2 9.5 37.3 11.2 6.0 |7854.0 195.3 |1311.1|2161.8|459.5| 52.9 746.6 2926.8 | 4180.5 |2926.8| 37.3
s2 e 41.9 6.4 51.7 10.9 4.6 [7854.0| 1.5 |2253.2| 250.0 | 186.4 600.0 499.8 4063.1 | 3291.1 |4063.1 51.7
s2 S 36.2 11.9 51.9 8.7 3.1 |7854.0 1894.5| 630.5 319.4 935.9 4073.7 | 2844.4 |14073.7 51.9
s2 w 371 311 31.8 12.1 4.5 (7854.0( 300.0 {1209.1 8.8 [295.0(625.4 473.2 24434 | 2499.1 | 2911.4 |2499.1| 31.8
s2 ne 48.2 10.5 41.3 8.8 4.3 |7854.0{ 411.2 | 983.9 (1224.1| 853.3 |291.4 20.9 821.7 3247.6 | 3784.7 |3247.6| 41.3
s2 se 343 144 51.2 11.6 4.0 |7854.0| 300.0 |1398.8| 51.2 178.6 766.0 1134.4 | 4025.0 | 2694.6 |4025.0/ 51.2
s2 sw 34.6 34.2 31.2 17.2 5.9 |7854.0| 19.9 | 435.2 | 617.8 897.9 744.1 2685.2 | 2453.8 | 2714.9 (2453.8| 31.2
s2 nw 42.3 314 26.3 11.2 4.7 |7854.0 654.0 |1 900.2 | 593.6 |993.7(177.7 2466.9 | 2067.9 | 3319.2 (2067.9 26.3
s2lcz3| ¢ 44.6 4.0 51.3 9.0 4.0 7854.0 3505.9 316.5 | 4031.6 | 3505.9 [4031.6|/ 51.3
s2lcz3 n 53.2 9.5 37.3 9.0 4.8 |7854.0 4180.6 746.6 2926.8 | 4180.6 |2926.8| 37.3
s2lcz3| e 41.9 6.4 51.7 9.0 3.8 |7854.0 3291.1 499.8 | 4063.1 | 3291.1 |4063.1| 51.7
s2lcz3 S 36.2 11.9 51.9 9.0 3.3 |7854.0 2844.4 935.9 4073.7 | 2844.4 |14073.7 51.9
s2lcz3| w 37.1 311 31.8 9.0 3.3 |7854.0 29114 2443.4 | 2499.1 | 2911.4 (2499.1 31.8
s2lcz3| ne 48.2 10.5 41.3 9.0 4.3 |7854.0 3784.7 821.7 3247.6 | 3784.7 |3247.6| 41.3
s2lcz3| se 34.3 144 51.2 9.0 3.1 |7854.0 2694.6 1134.4 | 4025.0 | 2694.6 (4025.0f 51.2
s2lcz3| sw 34.6 34.2 312 9.0 3.1 |7854.0 2714.9 2685.2 | 2453.8 | 2714.9 |2453.8| 312
s2lcz3| nw 42.3 314 26.3 9.0 3.8 |7854.0 3319.2 2466.9 | 2067.9 | 3319.2 (2067.9 26.3
s2lcz2| ¢ 44.6 4.0 51.3 27.0 |12.1|7854.0 3505.9 316.5 | 4031.6 | 3505.9 [4031.6]/ 51.3
s2lcz2 n 53.2 9.5 37.3 27.0 14.417854.0 4180.6 746.6 2926.8 | 4180.6 |2926.8| 37.3
s2lcz2 e 41.9 6.4 51-_??; 27.0 111434 %8640 $291.1 499.8 4063.1 | 3291.1 |4063.1 51.7
22l s | 362 | 110 gateth 270 |98 (18540 2844.4 0359 | 40737 | 28444 [4073.7| 519
s2lcz2| w 37.1 311 27.0 1010,/854.0 291114 24434 | 2499.1 | 2911.4 (2499.1 31.8
s2lcz2| ne 48.2 10.5 27.0 13.017854.0 3784.7 821.7 3247.6 | 3784.7 |3247.6] 413
s2lcz2| se 343 144 27.0 9.3 |7854.0 2694.6 1134.4 | 4025.0 | 2694.6 |4025.0f 51.2
s2lcz2| sw 34.6 34.2 31.2 27.0 9.3 |7854.0 2714.9 2685.2 | 2453.8 | 2714.9 (2453.8| 31.2
s2lcz2| nw 42.3 314 26.3 27.0 11.4|7854.0 3319.2 2466.9 | 2067.9 | 3319.2 (2067.9 26.3
s2he c 44.6 4.0 51.3 10.2 4.6 |7854.0 3269.1 236.9 316.5 4031.6 | 3505.9 |4031.6] 51.3
s2he n 534 9.5 371 17.9 9.5 |7854.0 2128.5 2066.2 746.6 | 2912.7 | 4194.7 |2912.7| 37.1
s2he e 41.9 6.4 51.8 16.2 6.8 (7854.0 1975.1 1314.6 499.8 4064.4 | 3289.7 |[4064.4| 51.8
s2he s 37.0 11.9 51.1 16.6 6.1 |7854.0 1682.4 1222.2 935.9 | 4013.5 | 2904.6 [40135| 51.1
s2he w 37.1 311 31.8 19.8 7.4 |7854.0 1156.8 1754.5 2443.4 | 2499.3 | 2911.3 (2499.3| 31.8
s2he ne 48.2 10.5 413 18.6 9.0 |7854.0 1771.1 2013.7 821.7 3247.4 | 3784.9 |3247.4| 413
s2he se 343 14.4 51.3 17.0 5.8 7854.0 1499.5 1194.8 1134.4 | 4025.3 | 2694.3 |4025.3| 51.3
s2he sw 35.3 34.2 30.5 23.1 8.2 |7854.0 605.8 2169.7 2685.2 | 2393.2 | 2775.5 |2393.2 30.5
s2he | nw 425 314 26.1 21.6 9.2 |7854.0 994.1 2345.9 2466.9 | 2047.2 | 3340.0 |2047.2| 26.1
s2hc c 44.6 4.0 51.3 25.8 |11.5|7854.0 236.9 3269.1 316.5 | 4031.6 | 3505.9 [4031.6| 51.3
s2hc n 53.4 9.5 37.1 18.1 9.7 |7854.0 2066.2 2128.5 746.6 2912.7 | 4194.7 |2912.7 37.1
s2hc e 41.9 6.4 51.8 19.8 8.3 |7854.0 1314.6 1975.1 499.8 4064.4 | 3289.7 |4064.4| 51.8
s2hc S 37.0 11.9 51.1 194 7.2 |7854.0 1222.2 1682.4 935.9 4013.5 | 2904.6 |4013.5| 51.1
s2hc w 371 311 31.8 16.2 6.0 |7854.0 1754.5 1156.8 2443.4 | 2499.3 | 2911.3 |2499.3| 31.8
s2hc ne 48.2 10.5 41.3 174 8.4 |7854.0 2013.7 1771.1 821.7 3247.4 | 3784.9 |3247.4| 41.3
s2hc se 34.3 144 51.3 19.0 6.5 (7854.0 1194.8 1499.5 1134.4 | 4025.3 | 2694.3 |4025.3| 51.3
s2hc | sw 35.3 34.2 30.5 12.9 4.6 |7854.0 2169.7 605.8 2685.2 | 2393.2 | 2775.5|2393.2| 305
s2hc nw 42.5 314 26.1 144 6.1 |7854.0 2345.9 994.1 2466.9 | 2047.2 | 3340.0 (2047.2 26.1
s2su c 44.7 4.0 51.3 18.0 8.0 |7854.0| 667.2 692.3 1017.2(1130.9 316.5 | 4029.9 | 3507.5 [4029.9| 51.3
s2su n 53.3 9.5 37.2 17.1 9.1 |7854.0| 693.9 1243.0 757.8 |1492.7 746.6 2920.0 | 4187.3 |2920.0f 37.2
s2su e 41.9 6.4 51.8 20.6 8.6 |7854.0| 683.8 15 1492.5/1111.9 499.8 4064.4 | 3289.7 |[4064.4| 518
s2su S 37.0 11.9 51.1 13.6 5.0 |7854.0| 641.7 1121.7 1088.2| 52.9 935.9 4013.5 | 2904.6 |4013.5| 51.1
s2su w 37.1 311 31.8 16.1 6.0 |7854.0| 600.4 819.4 868.3 | 623.2 2443.4 | 2499.3 | 2911.3 (2499.3| 31.8
s2su ne 48.2 10.5 414 214 |10.3|7854.0| 20.9 1015.2 785.4 (1960.3 821.7 | 3250.5 | 3781.8 [3250.5| 414
s2su se 343 144 51.3 23.0 7.9 |7854.0| 225.0 102.9 1171.1{1195.2 1134.4 | 4025.3 | 2694.3 (4025.3| 51.3
s2su | sw 334 34.2 324 10.6 3.5 |7854.0(1449.6 392.8 419.4 | 364.4 2685.2 | 2542.5 | 2626.2 |2542.5| 324
s2su nw 42.5 314 26.1 12.6 5.4 |7854.0| 894.4 1352.3 772.5|320.7 2466.9 | 2047.2 | 3340.0 (2047.2 26.1

251




Appendix | — Morphology / Physical Details of Receptor Point Data — Site3

(Generated manually using AutoCAD based LCZ map of Colombo. The percentages shown correspond to a 100m diameter influence area of Receptor Point)

Site [ReceptorBuildingllmperviousPervious|Height of | Far |Area of| 3m 6m 9m | 12m | 15m | 18m R1m| 24m | 27m | 30m [33m|36m |ImperviousPerviousBuilding|Green| Green
surface | surface |surface [roughness circle area surface
fraction| fraction |fraction|elements fraction(for|

green case)

S3 C 59.98 5.89 34.13 6.00 |3.60 [7853.98/973.55 [2851.79|793.4992.02 462.40 |2680.74|4710.842680.7| 34.1

S3 N 49.32 13.06 37.61 5.86 [2.89[7853.98[1395.57|1549.23|692.88 [183.20| 53.04 1025.84 (2954.21|3873.932954.2| 37.6

S3 E 40.00 12.70 47.31 4.63 |1.85(7853.98/1591.15(1472.79 77.49 997.07 |3715.47|3141.433715.5] 47.3

S3 S 39.08 21.43 39.49 8.29 |3.24|7853.981135.79 788.08 [745.77{399.57 1683.01 (3101.76|3069.213101.8 39.5

S3 W 4449 | 19.71 | 35.80 | 13.83 |6.15(r853.98/410.32[1195.27|474.57 375.00] 1038.84 1547.89 (2812.09(3494.002812.1| 35.8

S3 Ne 49.71 16.43 33.86 5.73 |2.85[7853.98|1388.16[1684.25|632.02 [200.00] 1290.55 (2658.99|3904.442659.0f 33.9

S3 Se 38,58 | 19.51 | 4191 8.71 [3.36[7853.98/258.20 2142.76| 8.81 [183.20 436.87 1532.48 (3291.65(3029.85(3291.7| 41.9

S3 Sw | 4187 | 3052 | 27.61 8.72 [3.65[7853.98/599.17 [1293.45/503.54 492.36400.00 2396.68 |2168.79|3288.52[2168.8] 27.6

S3 Nw 37.14 26.64 36.22 12.03 |4.47[7853.98|755.81|764.38|178.54 435.84 782.02 2092.63 |2844.76(2916.60[2844.8) 36.2

S3lcz3] C 59.97 5.89 3414 | 9.00 |5.40(7853.98 4710.00 462.40 |2681.59|4710.00[2681.6| 34.1
S3lcz3] N 49.32 13.06 37.61 9.00 [4.44(7853.98 3873.93 1025.84 (2954.21|3873.932954.2| 37.6
S3lcz3] E 40.00 | 1270 | 47.31 9.00 |[3.60[7853.98 3141.43 997.07 |(3715.48(3141.433715.5| 47.3
S3lcz3] S 39.08 21.43 39.49 9.00 [3.52(7853.98 3069.21] 1683.01 (3101.77|3069.2113101.8 39.5
S3lcz3 W 44.49 19.71 35.80 9.00 [4.00 [7853.98 3494.00] 1547.89 (2812.09|3494.002812.1| 35.8
S3lcz3] Ne | 49.71 | 1643 | 33.86 9.00 [4.477853.98 3904.44 1290.55 (2658.99(3904.44[2659.0, 33.9
S3lcz3|  Se 38.58 19.51 4191 9.00 [3.47(7853.98 3029.85] 1532.48 (3291.65|3029.85[3291.7| 41.9
S3lcz3] Sw | 41.87 | 30.52 | 27.61 9.00 |[3.777853.98 3288.52 2396.68 |2168.78|3288.52[2168.8| 27.6
S3lcz3] Nw 37.14 26.64 36.22 9.00 [3.34(7853.98 2916.60] 2092.63 |2844.76(2916.60[2844.8] 36.2
S3lcz2l C 59.97 5.89 34.14 | 27.00 [16.19[7853.98 1710.00 462.40 (2681.59(4710.002681.6| 34.1
S3lcz2l N 49.32 13.06 37.61 27.00 |13.32|7853.98 3873.93 1025.84 (2954.21|3873.932954.2| 37.6
S3lcz2 E 40.00 12.70 47'.3;_1‘1 27.00 |10.80{f853:98 3441.43 997.07 |3715.48(3141.43[3715.5| 47.3
S3lcz2l S 39.08 21.43 3&{?'!%2700 10.55(7853.98 3069.21 1683.01 (3101.77|3069.213101.8 39.5
S3lcz2] W 44.49 19.71 '3&_'.§Q_J (°2£.00 [12.01[7858.98 494100 1547.89 (2812.09|3494.0012812.1] 35.8
S3lcz2l  Ne 49.71 16.43 1%3.86 - '127.00 13.4217853.98 3904.44 1290.55 (2658.99(3904.442659.0f 33.9
S3lcz2| Se 38.58 19.51 T 27.00 [10.42[7853.98 3029.85 1532.48 (3291.65|3029.85[3291.7| 419
S3lcz2] Sw 41.87 30.52 27.61 27.00 |11.31[7853.98 3288.52 2396.68 (2168.78|3288.522168.8| 27.6
S3lcz2| Nw 37.14 26.64 36.22 27.00 |10.03(7853.98, 2916.60| 2092.63 |2844.76|2916.60[2844.8) 36.2

S3he C 59.94 5.89 34.17 9.00 [5.39(7853.98 4707.89 462.40 |2683.69|4707.892683.7| 34.2

S3he| N 4932 | 13.06 | 37.62 | 18.01 |8.88[7853.98 1934.37 1939.41 1025.84 (2954.35(3873.78[2954.4|  37.6

S3he E 39.90 12.70 47.40 16.45 |6.57(7853.98 1836.31 1297.61 997.07 |3722.99|3133.923723.0, 47.4

S3he| S 4234 | 2143 | 36.23 | 19.95 |8.45[7853.98 1301.90 2023.68 1683.01 (2845.40(3325.57[2845.4| 36.2

S3he| W 44.47 19.71 35.83 18.54 |8.24(7853.98 1641.78 1850.60 1547.89 |2813.71|3492.382813.7 35.8

S3he | Ne 50.22 16.43 33.35 20.40 |10.24[7853.98 1446.49 2497.61 1290.55 (2619.32|3944.112619.3| 33.4

S3he| Se 38.50 19.51 41.98 19.49 |7.50 [7853.98 1261.88 1762.22 1532.48 (3297.40|3024.10(3297.4| 42.0

S3he| Sw 41.80 30.52 27.69 21.08 |8.81(7853.98 1079.43 2203.48 2396.68 |2174.39(3282.91)2174.4) 27.7

S3he| Nw | 37.15 | 26.64 | 36.20 | 24.40 |9.06 [7853.98 422.12 2495.81 2092.63 |2843.42|2917.9312843.4  36.2

S3hc Cc 59.94 5.89 34.17 27.00 |16.18(7853.98, 4707.89 462.40 |2683.69|4707.892683.7| 34.2

S3he N 49.32 13.06 37.62 17.99 |8.87 [7853.98 1939.41 1934.37 1025.84 (2954.35|3873.782954.4) 37.6

S3hc E 39.90 12.70 47.40 19.55 |7.80(7853.98 1297.61 1836.31 997.07 |3722.99|3133.923723.0, 47.4

S3he S 42.34 21.43 36.23 16.05 |6.79 [7853.98 2023.68| 1301.90 1683.01 (2845.40|3325.572845.4] 36.2

S3hc| W 4447 | 19.71 | 35.83 | 17.46 |7.76[7853.98 1850.60 1641.78 1547.89 (2813.71(3492.38[2813.7| 35.8

S3hc| Ne 50.22 16.43 33.35 15.60 |7.83(7853.98 2497.61] 1446.49 1290.55 (2619.32|3944.112619.3] 33.4

S3hc| Se 38,50 | 19.51 | 4198 | 16,51 |6.36[7853.98 1762.22 1261.88 1532.48 (3297.40(3024.103297.4] 42.0

S3hc| Sw 41.80 30.52 27.69 1492 |6.24(7853.98 2203.48 1079.43 2396.68 |2174.39(3282.91[2174.4) 27.7

S3hc| Nw 37.15 26.64 36.20 11.60 |4.31(7853.98 [2495.81] 422.12 2092.63 |2843.42(2917.93[2843.4 36.2

S3su| C 59.98 5.89 34.13 | 16.58 [9.95 [7853.98/926.23 1346.63 867.02 [1571.11 462.40 (2680.60(4710.992680.6| 34.1

S3su N 49.34 13.06 37.60 16.04 |7.92[r853.98/877.17 1050.02 836.89 [1111.32 1025.84 |2952.74|3875.4012952.7|  37.6

S3su E 39.95 | 12.70 | 47.36 | 16.30 |[6.51 [7853.98[1272.58 1010.64(854.37 997.07 |(3719.32(3137.593719.3| 474

S3su S 42.36 21.43 36.21 17.25 |7.31(7853.98/618.13 831.87 882.07 (995.11 1683.01 (2843.78|3327.192843.8) 36.2

S3su w 44.49 19.71 35.80 14.20 |6.32[7853.98/799.25 1297.27 732.47665.44 1547.89 (2811.66|3494.432811.7| 35.8

S3su| Ne |[5025 | 16.43 | 3332 | 17.93 |9.01(7853.981005.94 444.19 1222.84{1273.33 1290.55 (2617.13(3946.302617.1] 33.3

S3su Se 38.36 19.51 42.13 10.80 |4.14[7853.98/602.49 1808.64 601.83 1532.48 (3308.54|3012.963308.5| 42.1

S3su| Sw | 4187 | 3052 | 27.62 | 1045 |4.38(7853.98/1316.22 1179.98 527.51|264.66 2396.68 |2168.93|3288.3712168.9] 27.6

S3su | Nw 37.13 26.64 36.22 14.24 |5.29 [7853.98| 746.17 969.51 615.41 |585.22 2092.63 |2845.04(2916.31[2845.0f 36.2
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Appendix | — Morphology / Physical Details of Receptor Point Data — Site4

(Generated manually using AutoCAD based LCZ map of Colombo. The percentages shown correspond to a 100m diameter influence area of Receptor Point)

site [receptorBuilding|lmperviouslPervious| Height of | FAR jareaoff 3m | 6m | 9m | 12m | 15m | 18m | 21m | 24m | 27m | 30m | 33m | 36m |impervious|pervious puilding|green | green
surface | surface |surface | roughness circle area surface
fraction| fraction |fraction| elements fraction(for|
green case)

s4 c 47.6 0.7 51.7 5.7 2.7 [7854.02718.1|722.8 297.8 52.3 4063.1 |3738.6 4063.1] 51.7

s4 n 42.9 22.7 34.4 45 1.9 ([7854.0[2194.9(897.3 |155.7 123.5 1780.0 | 2702.5 [3371.52702.5( 34.4

s4 e 41.0 171 41.9 16.2 6.7 [7854.0/865.4(699.7 | 87.3 752.1|812.3 13429 | 3294.4 [3216.7 3294.4f 419

s4 s 43.9 17.9 38.3 6.5 2.8 [7854.0[1240.61218.8/169.7 | 815.9 1402.6 | 3006.4 |3445.0 3006.4] 38.3

s4 w 34.6 12.7 52.7 4.3 1.5 (7854.0(1545.2/1174.7 997.1 4137.0 |2719.9 4137.0 52.7

s4 ne 37.9 26.2 35.9 6.5 2.5 [7854.0{745.9(990.9 [1239.7 2055.2 | 2822.3 [2976.5 2822.3] 35.9

s4 se 35.3 37.0 27.8 6.4 2.2 [71854.0{602.8 [1698.8| 467.4 29029 | 2182.1 [2768.9 182.1| 27.8

s4 Sw 37.7 22.0 40.4 5.4 2.0 [7854.0|855.4(1919.3| 82.6 [100.0 1726.6 | 3170.0 [2957.3 3170.0f 40.4

s4 nw | 54.1 12.2 337 37 2.0 [7854.0[3300.8/918.4| 32.3 955.9 | 2646.6 [4251.5[2646.6] 33.7
sdlcz3| ¢ 47.6 0.7 51.7 9.0 4.3 [7854.0 3738.6 52.3 4063.1 |3738.6 4063.1] 51.7
sdlcz3| n 42.9 227 344 9.0 3.9 [7854.0 3371.5 1780.0 | 2702.5 |3371.52702.5 34.4
s4lcz3| e 41.0 17.1 41.9 9.0 3.7 [71854.0 3216.7 13429 | 3294.4 [3216.7 3294.4f 419
sdlcz3| s 43.9 17.9 38.3 9.0 3.9 [7854.0 3445.0, 1402.6 | 3006.4 |3445.0 3006.4 38.3
s4lcz3| w 34.6 12.7 52.7 9.0 3.1 [7854.0 2719.9 997.1 4137.0 |2719.9 4137.0 52.7
s4lcz3| ne 37.9 26.2 35.9 9.0 3.4 [7854.0 2976.5 2055.2 | 2822.3 [2976.5 2822.3] 35.9
sdlcz3| se 353 37.0 27.8 9.0 3.2 [7854.0 2768.9 2902.9 | 2182.1 |2768.9 2182.1| 27.8
sdlcz3| sw 37.7 22.0 40.4 9.0 3.4 [7854.0 2957.3 1726.6 | 3170.0 [2957.3 3170.0f 40.4
sdlcz3| nw 54.1 12.2 33.7 9.0 4.9 [7854.0 4251.5 955.9 2646.6 |4251.5 [2646.6] 33.7
s4lcz2| ¢ 47.6 0.7 51.7 27.0 12.9 |7854.0 3738.6 52.3 4063.1 (3738.6 4063.1 51.7
sd4lcz2| n 42.9 22.7 34.4 27.0 11.6 [7854.0 3371.5 1780.0 | 2702.5 [3371.52702.5| 34.4
s4lcz2| e 41.0 17.1 41.9 27.0 11.1 [7854.0 3216.7 13429 | 3294.4 |3216.7 3294.4 41.9
sdlcz2| s 43.9 17.9 38.3;_‘ 27.0 1%.8 [7854.0 3445.0 1402.6 | 3006.4 |3445.0 3006.4 38.3
sdlcz2| w 34.6 12.7 35 9.4"7173854.0 2719.9 997.1 4137.0 (2719.9 4137.0f 52.7
s4lcz2| ne 37.9 26.2 40.21%854.0 2976.% 2055.2 | 2822.3 [2976.5 2822.3] 35.9
sdlcz2| se 35.3 37.0 9.5 [7854.0 2768.9 29029 | 2182.1 [2768.9 182.1| 27.8
s4lcz2| sw 37.7 22.0 10.2¢ 78540 2957.3 1726.6 | 3170.0 |2957.3 3170.0 40.4
s4lcz2| nw 54.1 12.2 33.7 27.0 14.6 [7854.0 4251.5 955.9 2646.6 |4251.5 2646.6| 33.7
s4he c 47.6 0.7 51.7 141 6.7 [7854.0 2688.7 1048.7 52.3 4064.3 |3737.4 4064.3] 51.7
s4dhe n 42.9 22.7 345 17.8 7.6 [7854.0 1711.3 1654.5 1780.0 | 2708.2 [3365.9 2708.2 34.5
sdhe e 41.0 171 41.9 19.0 7.8 [71854.0 1433.2 1783.2 13429 | 3294.7 [3216.4 3294.7| 419
sdhe | s 43.9 179 38.3 18.6 8.2 [7854.0 1607.9 1837.5 1402.6 | 3006.0 |3445.4 3006.0f 38.3
sdhe w 34.6 12.7 52.7 13.3 4.6 [7854.0 2069.8 644.7 997.1 41425 |2714.4 41425 52.7
sdhe | ne 379 26.2 35.9 19.9 7.5 [7854.0 1177.4 1798.8 2055.2 | 2822.6 |2976.2 2822.6| 35.9
sdhe | se 35.3 37.0 27.8 22.2 7.8 [7854.0 742.7 2026.1 29029 | 2182.3 [2768.8 2182.3| 27.8
sdhe | sw 377 22.0 404 20.1 7.6 [7854.0 1136.5 1820.7 1726.6 | 3170.1 |2957.2 3170.1| 404
s4he | nw 54.2 12.2 33.6 15.0 8.2 [71854.0 2826.1 1429.3 955.9 2642.7 |4255.4 2642.7| 33.6
sdhc c 47.6 0.7 51.7 21.9 10.4 [7854.0 1048.7 2688.7 52.3 4064.3 |3737.4 4064.3] 51.7
s4hc n 42.9 22.7 345 18.2 7.8 [7854.0 1654.5 1711.3 1780.0 | 2708.2 [3365.9 2708.2 34.5
sdhc e 41.0 171 41.9 17.0 7.0 [7854.0 1783.2 1433.2 13429 | 3294.7 [3216.43294.7| 419
sdhc | s 43.9 17.9 38.3 17.4 7.6 [7854.0 1837.5 1607.9 1402.6 | 3006.0 |3445.4 3006.0f 38.3
s4dhc w 34.6 12.7 52.7 22.7 7.9 [7854.0 644.7 2069.8 997.1 41425 |2714.4 41425 52.7
sdhc | ne 37.9 26.2 35.9 16.1 6.1 [7854.0 1798.8 1177.4 2055.2 | 2822.6 [2976.2 2822.6| 35.9
s4hc | se 35.3 37.0 27.8 13.8 4.9 [7854.0 2026.1 742.7 29029 | 2182.3 [2768.8 2182.3| 27.8
sdhc | sw 37.7 22.0 40.4 15.9 6.0 [7854.0 1820.7 1136.5 1726.6 | 3170.1 [2957.2 3170.1f 40.4
sdhc | nw | 54.2 12.2 33.6 21.0 11.4 [7854.0 1429.3 2826.1 955.9 | 2642.7 [4255.4 [2642.7) 33.6
s4su c 47.6 0.7 51.7 15.1 7.2 [7854.0(1310.3 524.4 1206.4/697.8 52.3 4062.8 (3738.9 4062.8| 51.7
sdsu n 42.9 227 344 20.6 8.9 [7854.0 9315 1575.4/864.7 1780.0 | 2702.4 |3371.6 2702.4] 34.4
sdsu e 41.0 17.1 419 19.6 8.0 [7854.0{103.0 1072.9 708.5 [1332.0 1342.9 | 3294.7 |3216.4 3294.7| 419
sdsu S 43.9 17.9 38.3 18.8 8.2 [71854.0|777.5 362.7 1040.5(1264.5 1402.6 | 3006.3 [3445.1 3006.3|] 38.3
sdsu | w 38.7 12.7 48.6 12.4 4.8 [7854.0[1035.7 1035.7 268.0 (698.7 997.1 | 3818.7 [3038.23818.7| 48.6
s4su ne 37.9 26.2 35.9 13.8 5.2 [7854.0[420.2 1602.4 160.8 | 793.0 2055.2 | 2822.3 [2976.5 2822.3] 35.9
sdsu | se 353 37.0 27.8 13.3 4.7 [7854.0[1487.5) 706.7 |574.7 2902.9 | 2182.1 |2768.9 2182.1| 27.8
s4su | sw 37.7 22.0 40.4 12.7 4.8 [7854.0/885.1 997.2 992.4| 82.9 1726.6 | 3169.7 [2957.6 3169.7| 40.4
sdsu | nw 54.1 12.2 337 194 10.5 [7854.0(372.1 950.7 2033.8/895.1 955.9 2646.4 |4251.7 [2646.4) 33.7
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