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ABSTRACT

Urban form has the potential to influence urban climate. This in turn affects climate
vulnerability. Urbanization characteristics pertinent to this relationship include
imperviousness, reduced concentration of vegetation, increased density-aplardas,
and a socigeconomically vulnerable population. The City County of Naiiskiapidly
urbanizing nore reactive thathroughanticipatoryphysical planning regimelogether
with the cityods unique biophysical and
susceptible to climate related hazaise objectives of the studycludedexaminng the
evoluion of Nai r o ptheblimatiutretds and gatternand the relationship
between urban form and climafehe study hypothesized that urban fosignificantly
influences climate vulnerabilityThe surveyused adescriptive case study desifpr the
period between 1988 and 20IBhe main variables were urban form, socioeconomic
characteristicsand climateThe elements of urban form were landcover, soil, elevation,
slope and Normalized Difference VegetationIndex. The parameters of climateere
average annuahaximum,average annuahinimum, highest annuaandlowest annual
temperatures, and rainfallvith the unit of analysias sublocationgjata werecollected
using observation cl&lists, selfadministeredjuestionnairesandarchival review Data
analysis methods included creasdbulation, change detectioanalysis timeseries
analysis,correlation,and regressiortlypothesis was tested at%5confidence interval.
The findingsrevealedan evolving urban forrandchanging climatic patternsrbanform
evolution manifeste@ds 14®% increasein built-up areas46% reduction in vegetation
cover, and a21% reduction in the Normalized Difference Vegetatlodex With the
current trends held constaBf48 projections revealed 21% reduction in open spii%,
reduction in Normalized Differendéegetatiorindexand44% increase in BulUp Area.
Climatic trends and patterns showed a 5 ravesage annumthinimum andlowest
annuatemperaturebetween 1988 and 2018th 5% - 14%increase ithe minimum and
extreme temperature valués the year 2048The correlation and regression analyses
showed in descending ordeormalized Difference Vegetation Indexorest and Buit

Up Areaas the influencerof climate Theserelationshipded to varying levels dtooding

and thermal stressulnerability at the sublocation leveNinety five percentof the
sublocations showed moderate to very high thermal stress vulneralillgronly 13%
showed low vulnerability to floodingThe studyfindings strongly by suppontd the
Integrated Urban Ecosystems Theory amtVocated for theriangulation research
approach in climate vulnerability assessnstatlies. Irecommendedn overall strategy

of ecosysterbased urban planning and developmintake advantage of ecosystem
services offered by thgreen urban systemBhese would be realized througlmstributive
open space planningreen and blue systeptanning
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CHAPTER ONE

INTRODUCTION

1.1Background to the Study

Climate change risks all life on earffihe world has experiencabnspicuouslimatic

anomaliesn the recent pasimosty linked toachanging climatend variability Climate

anomalieghreatenall countries irrespective ofthe level of developmentFor instance,
between 2007 and 2009, thiited States of AmericdJS.A.) underwentthe worst
floods since 1993, Kenyand Chinahad the worst drought in 20 yeaesd 50 years
respectivelyand Southern Australia ahe highest temperatures in 70 ye@ieMullen

& Jabbour, 2009)Reid et al (2009)furtherarguesthatthechange is inevitablaswe are
beyondthe tipping pointEvenif all emissioneasedclimate changshalloccur,and its

impacts will be felt for time to come

Notwithstanding the countries exhibitinthe highestvulnerability arein the developing

world (Hoornweg, 2012)For examplein Africa, thelntergovernmentdfanel onClimate
Change (IPCC, 20079) estimatedthat in the year2020, over 75 million peoplewere
affected by climate chang€he arerage temperature increase is expected to be one and a
half times higher than global averadg€avan et al., 2014YThe most likely to bafflicted
arethe pooest and marginalized communitieecause otheir vulnerable geographic

locationsand low adaptive capacifiReid et al., 2009)

Urban areas are at there of climate actiorsince they hostarge population densities
contribute to and are affected by ciite anomalie$UN-Habitat 2011 Solecki et al.,
2015 Bai et al., 2018)This is besideshe challenges ofirbanizationin compounding
environmentaldegradation(Dame, Sbhmidt, Mdller, & Nusser, 2019)Urban area®
contributionto climate change includéserelease oGreenHouseGas(GHG) emissions
hosing of the most vulnerable populatioaad reduction of carbon sinkSolecki et al.,

2015 United Nations 2015) Nonethelesshiey remairsusceptibléo climate change and



variability because of the manifestations of urbanizaf@nmmond et al., 203;,&Zhou,
Leng, Su, & Ren, 2019)

Urbanization has 2 facets:rise in urbanpopulaceand landuse changeslhe global

population n urban areas was 30% in 195@%in 2018 and projected toeach 66% by
2050(UN, 2015) Accelerated thanizatiorhas contributed ta rise in urbatand area by
a factor offive since the mieRd" Century This has led tourban spraw(Yuan et al.,
2019)

The rates of urbamation are highest ilow and middleincomecountriesmostlyin Africa,
parts of Asia and Latin America. Their rapid growth has occurredaolgeftime frame
(Hoornweg, 2012)For instanceup to the 190QsAfrica only hadtwo major cities but
between 1950 and 2000, this numbeewto 37. In Asiaand Latin America, the growth
of the number of citiesosefrom 28 to 192 and 7 to SEspectivelyin the same period
(Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007a)

The taditional driver of urbanization hs been ruralurban migration in search 6
employment opportunitiefayawardhan, 201.7However, lhere is an emerging trend of
climate change driven urbanization where people migrate from zangsto avoid the

impacts of clnate changsuch aslrought(Wilkinson, 2016)

Economic rather than social and environmental goals have shaped the urban s\gsoundi
All urban neighbarrhoodshavein response to urbanizatiomodified their environments
(Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007Bhese modificationsnclude
topographical changeslearing of vegetatignpaving of surfacesand locaion of
structureghat therresult in precise geometric patte(@ll, Handley, Ennos, & Pauleit,
2007) Forests, grasslands and streaans replaced witldeficient natural environments
(Whitford, Ennos, & Handley, 200HHough, 2004 Yao, Cao, Wang, Zhang, & Wu,
2019) This affects the climate, hydrologyand biodiversity(Whitford et al., 2001)It
altersbiodiversity typologiesesulting in a widevariety of native andboreignspecies and

habitatsMduller, Ignatieva, Nilon, Werner, & Zipperer, 2013)



The gatial configurabn of urban aregsthdr physical structure utilization and
developmentof land influence how they react to climatic parameterand in part
contributes to a unique urban climgt&tead, 2014Environmental Protection Agency,
2008a;Bridgman, Warner, & Dodm, 1995) For instance he urban building éomple
geometryinfluences increased heat stordigen concrete surface$heconversion from
soil and vegetation tionpervious materialdecreasglatent heat fluxe§Oke, 1988Erell,
Pearlmutter, & Williamson, 2012)t also leads t@ gainin solar radiation absorption
because othe lower albedo of urbasurfacesand reduced wind speeds caused by the
roughemrban fabriqOke, 1995)The solar gain alongside other factors Etadhe Urban
Heat Island effectFokaides, Kylili, Nicolaou, & loannou, 2016)

Urbanizationalsoalters hydrological processesth a higherprobability ofprecipitation

in a city because ofirbarrmodified atmospheric gases which increase the condensation
nuclei( Lu et al., 2019)Reduced vegetation cover results in less evapotranspiration and
rainfall interception.Greatersurface sealing decreases infiltratihmereby increasing
speedvolumeand appearance tinaé runoff (Gill et al., 2007. Thisenhanceshe risk of

both riverine floodingandsewer overflowgBridgman et al., 1995)

Climate change causes occurrences of extreme weather suehtasprolonged and
heavy rainfall, longer drought, cold waves and heat wédesrnweg, 2012Henson,
2011 Konisky, Hughes, & Kaylor, 2016)rhe interactionsbetween urbanizatiomynique
urban climate and climate charggmtributeto undermining sustainable developmsinte the
ecosystenservicescontrol household air and watéBolund, 1999 McDonald, Marcotullio,

& Guneralp, 2013)This isshownby a studythatclaimed that 29 largest cities in the Baltic
Sea region required ecosystem support of areas at leastlB00 times larger than the area
of the citieshemselve¢Folke,Jansson, Larsson, & Costanza, 199fgdynamics that occur
in urban areas influence rural areas through the ecological fodt@mbin & Geist, 2008)
Urbarization determing how climate manifests urban areaandthe waysurban dwellers

experience thenpacts



1.2Problem Statement

Rapid urbanization comes witthe conversionof urban surfacedrom permeable
vegetateczoneso built-up impervious surface Qobal statisticsquantify theincrease of
impervious surfaces &0% (Gong et al., 2020)The reduced vegetah andincreased
imperviousnesexposecities to environmental degradaticand unique urban climatic

patterns

This situation is further aggravated by climate change and localized climate variability.
Climate change and variabilimanifest asextrema of precipitation and temperature.
These interact with the urban fabric at the leveltanfluse andlandcover Therefore,
inadequacies in one systenméoundthe climaterelated hazards.arge winerableurban

populationin the developing worlevorsens the risk

Kenyais experiencingan increase inaverage annuahinimum temperatureseduced

rainfall in the long rainy seasons and increased rainfall in the short rainy seasons. These
changegan be traced bac¢& the 1960Nairobi, K e ny a,sthelargaghand ambng
thefastestgrowingcitiesin East and Central Africdt hassimilar characteristicto other

cities in the developing worlduch asrapid population growth, increasing vulnerable

urban populationincreasing imperviousurfacesand reducing vegetated areas

Nairobiis experiencing instances of flooding andrease in minimum temperaturde
rapid populationgrowth haded tourban sprawl andhfill development in lowedensity
areassuch adJpper Hill, Kilimani and LavingtonneighbourhoodsImpervious paving
and structures have replaced previowslgetated surfaceBuildingsmaterialswithin the
Central Business District (CBDjavechanged over time from concreteglassfacades
thatreflectsolarradiationtherebyincreasing air temperaturéhe impermeable surfaces
increase urban temperaturesguce stormwater percolation and limit evapotranspirative
cooling. For instance, theity has experiencedn averagencrease of2 °C in annual
minimum temperatures betwe&860and 2000(Makokha & Shisanya, 2010purface

sealing hasesulted in about3% chance of flooding evetwo years(Muli, 2011).



Notwithstandingheclimatic challengesthereareglobal gapsn practical and theoretical
approaches tonanagng climate changefFrom the practicalperspective, the focusas

beenon coastal cities at &hexpense of inland cities which also fersdrmous populations
The theoretical defiency is the lack of a strong linkage betweednan form and the role

played byecosystems imanaging climatand climate changenpacts.

Current studies, reportaand policies onlocal climate impactsand adaptation have
identified general impacts and vulnerabilities that affect the entire country. Those that
have looked at specific sectdr@ve concentrated @griculture ad touism. Investigation

of climate vulnerability and adaptation in urban aregsamong otheré&wuor, Orindi,
andAdwera,(2008)andOpijah, MikhabanandN g 6 a (2009 laave focused on coastal
townsor identified the relationship between human activities and changing urban climatic

trends.

Kenyads disaster management system faces
data, legal and institiasinal frameworks, humasapacity equipmentandpoor integration.

The Kenya National Adaptation Pléwasalso identifiel a gap in the enabling poy for
adaptation in the sector of populatiombanizationand housingPlanningin Nairobihas

mostly been reactive. For instance, the curraty masterplarwasdue for review and

revision in the yea?00Q Curiously, he succeeding masterplan which wasnpletedn

2014has not been gazettéa implementation

The close link be we en r egi on al climateivanabilitg anduidamizatiomb i 6 s
patternsare expectedto intensify thec i t wildesability. The improvement ofurban

climate resilienceequires alear understanding of the natuiegation,and magnitude of
vulneraility . The studysoughtto investigatdh o w N a urlbaonfdrm i isfluencing its

climate

1.3Purpose of the Study
The empirical findingsof the study, gained through case study suraeg useful in
understanding the relationship between urban form development and climate

vulnerability, thereby contributing to sustainable development.
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1.4 ResearchObjectives

1.4.1Main Objective
To investigate the influencedfai r obi 6 s urban form on
between 1988 and 2018

1.4.2 SpecifidObjectives
The specificobjectives of this studwere
(i) Toexaminethe evolution of urban form withitihe City County of Nairobi
betweerthe years 988 and 2018
(i) To assesslimate trends and patteimsthe City County of Nairobbetweerthe
years1988 and2018.
(i) To determinehe relationship between urban form and clinchigngein the City
County of Nairobbetweernthe years 988 and 2018
(iv) To developa climate adaptatiostrategyfor the City County of Nairobi

1.5 Study Hypothesis
With the relationship between urban form and climate expressed in Equdtitmelnull
hypothesigHo [Equation 1.2] portends that urban foraoes nosignificantly influence
climatechangevulnerability inthe City County oNairobi. The alternate hypothedisla
[Equation 1.3] portends thatirban form influenceclimate changevulnerability inthe
City County of Nairohi
6w Gt | 60 QUdIYAD 061 Qf & n O¥Y OGO 0@ (1.1)
Where

A CVis climatevulnerability.
A ais a constant
A NDVIis Normalized Difference vegetation Index.
A eiserror.
"0 QLA IQQ QiDE QEEQ DA EQH i) 0 'Q (1.2)

'Od TOE D@ QEIEIQQQ QihE QEXQQUOQQE 0 (1.3)
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1.6 Study Significance

Previous studies Kenya have focuseah nationwideclimate vulnerability. This leaves

a gap in mediunscale climate adaptation recommendations. This study meets that gap by
looking at climate change vulnerability at the smallest administrative unit (the
sublocation). Athis scale, the recommendations range from small to medium scale and
therefore easy to implement. Implementations can be at the household, community,

neighbourhood, or city scale.

As a developing country, Kenya experiences a deficit in research outpusedoon
solving climaterelated challenges as pointed out in Sessional Paper no. 3 of 2016. This
policy paper advocates for increased research and development on climate change
adaptation and mitigation. The study focuses on adaptation in urban are@sadishen

main climate action initiativesignificantft or t he countryodés devel op

The study exposes the role of both Geographic Information Systems (GIS) and census
statistics in environmental and physical planning. It also explores diverse themasic are
of urban ecology, urban planning and design and climatic modelling. The review of
various crosgutting themes assists in the generation of recent knowledge for academia
and theoretical approaches. With a philosophical approach of positivism, thecampiri
data will add to the pool of information on climate change and metropolitan planning

issues.

Among the gaps and limitations identified are the coverage and consistency of
meteorological data for the city of Nairobi. Further planning for extensivestiictent
collection, storage, and analysis of climatic statistics is advocated for. This will aid in
continuous analysis of vulnerability and a review of adaptation approaches based on

established vulnerabilities.

1.7 Study Justification

Climate change ideading to an increased occurrence of disasters and hazards. For

instance, Nairobi has experienced an alternating flood and drought events and a shift in
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established climatic patterns that affect
adaptation a ideal in increasing the resilience of both the urban dwellers and urban

infrastructure.

The country is reviewing policy, institutional and legal frameworks to be in tandem with
the Constitution of Kenya 2010. This review is geared towards aligning tiogepdo

new tenets of development and the shift into a devolved system of governance. This is,
therefore, an opportune time to mainstream climate change adaptation strategies into

different policy, institutional and legal frameworks.

The study seeks tdlfa gap thatvasidentified by the Kenya National Adaptation Policy

as the lack of enabling policy, especially in the population, urbanization, and housing
sectors. This is through the recommendations on urban planning and development models
sensitive tathe effects of climate change in urban areas and climate change adaptation

mechanisms.

The solution to urban problems requires the collaboration of various demisioers:
urban managers, planning professionals, sociologists, architects, and polifidians.
study takes a comprehensive approach. The combination of biophysical and

socioeconomic characteristics of urban areas covers all aspects of urbanization.

The City County of Nairobh o st s about a tenth of the cou
populatbn is classified as vulnerable even before the consideration of climate chenge
to the geographic and socioeconomic structure that exposes them to multiple risks. Urban

dwellers make up a critical population whose resiliena®portant

It is argued hhatthe next globatonflict will be aboutwater. Climate changaffectsthe
distribution of watetherebyinfluencing rapid ruralrban migrationThis increass the
vulnerable urban populationSuchdistresshas the potentiato cause social arqblitical
conflict. The adaptation approaches recommended by the study would improve the

resilience of urbaareasminimizing the chances abcial andoolitical conflict.



Climaterelated disasters have been on thears®causingnmense damage fwoperty,
livelihoods,and loss of lifeLocallyitisposingc hal | enges to the atta
Vision 203Q specifically, the economic and social pillars by compromising economic
development and sustainabéevironment for sociajustice (Government of Kenya,

2016c¢) This studyidentifies thelocation, natureand magnitudef vulnerabilitiesand
recommendgpreciseurban infrastructuradaptatiorand resiliencéherebyprotecting the

foundations of economic development.

The mostclimatevulnerable communities or populatiomse also the mosat risk
socioeconomiglly. Ther empowerment requires a clear identification of their
vulnerabilities. The study investigates theocioeconomicvulnerabilities of urban
communities in Nairobi antecommends adaptation approaches that woelp reduce

the vulnerability of these social groups.

Urban areasre argued to be major contributors to climate chabhgealso opportune
centres for innovation on climate change action technologies. This study provides a basis
for the development of such innovations as it outlines-gpeaific vulnerabilities for the

city of Nairobi. This allows fothe generatiorof vely distincttechnological approaches

that would bausedin sdving specific challenges facingdividualcommunities or locales

as advocated for in the Sessional Paper No.20d6.

The Constitution of Kenya 2010 guarantees citizens a cleaheatity environmentnd

the right to life among other rights under the bill of rights. Increased vulnerability to
flooding and extreme temperatures exposes people to hazards that compromise those
rights. The recommendations of this study wotihérefore help in protecting the rights

of urban dwellersThey would also assist ienvironmentalprotection through the

adoption of environmentally sensitive approaches to development.

The study shall provida basis forthe revision andimprovementof policy, legl and
institutional frameworks for climate action in Nairobi asitierurban areadt shall also

provide a baselindor future studies in climate change vulnerability in Nairobi. The



baseline data can also be used in future development of vulneraidiites for the city
and the country.

1.8 Study Assumptions

i.  Climate change is past the tipping paastnotecby Reid et al., (2009)As such,
the climate change impacts will be felten if mitigation is undertaken. i@late
change adaptation is therefore not in vainaddition, climate change adaptation
approaches can also aid in general climate amelioratioase climate change is
fully mitigated.

ii.  The city is a hotspdbr environmental consequenceshoiman actitiesand the
emerging challenges whether global or regioast best mitigated locally
(Hultman, 1993)The location specific approaches to urban resili@meeherefore
more effective than global or regional approaches.

iii.  Direct observation othe urban form parametefsr ground truthingoffered no
inference, and as a resutinimized thepossible error associated with the
classification method of determining landu¢eHay n e s & O6Brien,
However, tlis was only applicable to the 2018 epoch which was the basis for
vulnerability assessment

iv.  The time seriesand forecasting method assumes that the recorded paitidrns
continuewithout any drastichanges outside the noted upper and lower confidence
levels (Goodchild, 2005)The projected urban form and climate trends between
2018 and 2048 follow this argument

v. The relationship between urban form and climate as well as the relationship
between urban form and wdrability is linear. This assumption is based on theory
as argued bivlahmood et al.(2010)

1.9 Scopeand Limitations of the Study

1.9.1 Spatial-Temporal Scope
The geographical scope of the studgsithe City County of Nairobas delineated by the
boundary of theCity County of NairobiCounty.The unit of analysis adopted was the

10



administrativesublocationboundary.The duration of interest was a 30 year period
between 1988 and 2018.

1.9.2 Theoretical Scope

Thetheory of goodurbankity formand the Integrated Urban Ecosyst&heory(IUET)

formed the theoretical underpinning of the stud@i?etheory of good urban formuided

the operationalization of urban form and its elemeHisy corstructsof the studywere
urbanbiophysical characteurbansystemsand ecosystem3he key variables included

Nai robi 6s bi ophy s-ecomrhicchatacteristiest i c, and soci o

1.9.3 MethodologicalScope
The studywasa descriptivecasestudy research. Itsgd both qualitative and quantitative
approachesThe positivist and empiricist philosophical school of thought guided this

combination

1.9.4 Study Limitations
I.  The distribution of weather stations around the city is not even. For instance, the
central busings district expected to have a unigue nmidimate does not have a
weather station. The interpolation approach is limited in its representation of the
climatic patterns of Nairobi.
II.  Climatic data had gaps in some stations for certain months and yearsre$tin
This was reduced by increasing the number of epochs from 10 years to 5 years to
establish nofbiased trends.
lll.  The findings and recommendations of the study are not open to generalization due

to the case study research design and purposive samptiegiaken.

1.10 Study Outline

The studyis organized intdiive chapters. The first chapter, introduction, provides a
background to the study that highlights aspects of the key variables. It also states the
problem, the research objectives, hypothesis|figetion, significance assumptions,
limitations, delimitations, and scope of the study. The second chapter, literature review,

entails a comprehensiwitical review of literature on the topics of urban planning and
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form, urban climate, climate changailnverability assessment, and climate change
adaptation. The theoretical and conceptual frameworks discuss the evolution of concepts
and their operationalization, respectivelyhe third chapter, research methodology,
presents thetudy arearesearchapproach, designmethod, techniques, data selection

and processing procedure. It concludeth approaches to ensuring data reliability and
validity. Chapter dur detailsthe study results and discussidhexplains the findings

while referring to globlapproaches and the reviewed literatutealso analyses the
opportunities of urban resilience and adaptation in Nairobi. The final chapter concludes

the study and makes recommendations
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CHAPTER TWO

LITERATURE REVIEW

2.1lIntroduction

This chaptercritically reviewsthe literature on four key componentsurban formand
climate climate changevulnerability assessmerdandadaptation approacheBhe study
discusses theelationship between urbanrfo and climate The chapter then concludes
with a review of the&key theoriegertinent tathe generation of conceptnd aproposed

conceptual frameworkased on theoncepts

The chapter addressdsde key gaps. First isahclimate change response studies have
focusedon larger sectoral aspects such as agricultatgism,and health Government

of Kenya,2010;Government of Keny@016).This omits medium ansimallscaleaspects
such as urban developme8tcondly, esearclon the effects of climate change in urban
areas has been focused on coastal urban @keasir, Adwera & Orindi, 2008; Njoroge,
2015).This leaves a major gap on large inland urban areas such as Naatohie also
experiencing the impacts of climate changeh i r d , Wdban plapndbom the1898
Railway townto 2014 Nairobi Integratedrban Development Master Plaither lack or

have minimakonsideration of climate response strategies (JICA & JST, 2014).

2.2 Urban Planning M odelsand Form

2.2.1 Historical Urban Planning Models and Patterns

Urban areas start spontaneouslyasiplannedhuman settlementsn both cases, they
evdve through an urbanization procedsmsed on various physical, environmental,
political, and economic parameseiThis process gives rise toban settlements that in
most cases Rubenstein(2016) argues are distinguishedby social and physical
characteristics such as large size, soo&krogeneityand highdensity Sociologists,
economistsand geographers have over tidevelopednodels that attempt to explain the

distribution of the various social and economic structures within an urban area. Some
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models proposed by the Chicago School include the concentric zonsgdioe,and
multiple nuclei moded (Rubenstein, 2@, Hall & Barrett, 2018; Simmonds, 1988)

In 1923, Burges developed the omcentric model.lt was the first to explain the
distribution of different social groups within urbareas(Rodrigue, Comtois, & Slack,
2013) It argued that the city grows from thentreoutwards in concentric ring§igure

2.1)of varying sizes and widtHsRubenstein, 208, Burgess, 2008).

1 Central business district

2 Zone of transition

3 Zone of independent workers' homes
4 Zone of better residences
5 Commuter's zone

SourceRubenstein (2016)
Figure 2.1: The Concentric Model

This model has faced criticisms and modifications. For instance, it is argued to be deficient
in outlining how the settlement process responded to the physical characteristics and
constraints of the land as it assumed among other things a uniform laaxcefDdar &

Flusty, 1998) As a result of such criticisms, it gave rise to the Sector and the Multiple
Nuclei Models(Gonzalez & Medina, 2014)

Homer Hoytdeveloped th&ector modeas a modificatin of theconcentriczonemodel

in 1939(Simmonds, 1988)t proposed that cities developed in a series of seatat not

rings (Figure 2.2) Hoyt argiedthat different activities were attracted to different areas of
the city either due to environmental conditions, transportation opportunities or by mere

14



chancegRubenstein, 2016Y his appreciateshe role played by environmental factors

the developmentf variouslanduss.

1. Central business district
2. Transportation and industry
3. Low-class residential
4. Middle-class residential
5. High-class residential

Source: Rubenstein (2016)
Figure 2.2: Sector Model

The multiple nuclei modehdvancedn 1945 portends that the city structure is more
complex and consists of multiple centres arouhtivdifferent activities develop (Figure
2.3).
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Central business district
Wholesale, light manufacturing
Low-class residential
Medium-class residential
High-class residential

Heavy manufacturing

Outlying business district =
Residential suburb ?@%@
Industrial suburb Be

NI WN =

Source: Rubenstein (2016)
Figure 2.3: Multiple Nuclei Model

The Multiple Nuclei theory, as discussed Bybenstein (2016)notes that certain
activities are attracted to certain nodes while others are repelled by them, resulting in
different centres of growth. As such, the resultant composition of urban elements and

densities also vary from place to place.

In a comparative gty of the applications of the three models from the Chicago School,
outside of American cities, Rubenstein (BDAagrees that they may not be a replica but
should not be fully discarded as thamestrong similarities and minor modifications in

the pattens in Europe, Africaand Asia.

Other than the Chicago School arguments, the atirapellingurban developmemhodel
proposed was the garden city conc@figure 2.4) Proposedby Ebenezer Howardt
proposed the marriage between the town and aneals laid out in a circular plan with six
wards divided by six major stredSharifi, 2015)
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Figure 2.4: The Garden City Concept

It evolved out of the need to solve urban degtath brought about by the industrial
revolution of the late 1800 to early 19(®@arsons & Schuyler, 2004} faced criticisms

which included urban sprawl and intensegative impacts on resources and the
environment and the 6édoverlooking of the gr-r

|l and within urban areasé (Sharifi, 2015).

The original models and conceptid not consider the influence of climate in decision
making at the time. Nonetheless as notedHayl and Barrett (2018) climate plays a
notablerole in deermining some of the urban development components and urban human
comfort. The different layout, when viewed algside later discussions by authors such as
Erell, Pearlmutterand Williamson (2011) Hough (20@), Oke, Mills, Christen,and
Voogt (2017)reveal influencesthat suchmodels have on localized urban climatesr
instance, thenultiple nuclei model is inclined to have a rougher aerodynamic composite

due to the different centres of denghgt would influencevind flow patterns and surface
temperature
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2.2.2 Emerging Urban Planning Models

The emergence of newhan planning models and approaches was prompted by the
inadequacies of the historical modeBame of the emerging approachdéshas been
argued, arespeculative innovations rathenan conventional solution@Mostafavi &
Doherty, 2010) The ideas includ@ew urbanism|andscape urbanisnandeco/ green
cities approachDue to their sustainability considerations, they are supgritre older

modelsin managing environmental and soaiabanzationchallengegSharifi, 2015)

New urbanism is an urban design ideology and approach that proposes a variety of
building types, mixed uses, housing mixes dfedent economic status, and a strong
provision for the public realnfFainstein, 2000)It was developed as a critique of the
traditional American suburbia which suffered from the negative effects of urban sprawl
(Bhatta, 201Q)Its main principlegFigure 2.5)include walkability, connectivity, mixed

use and density, mixed housing, quality architecture and urban design, traditional
neighbourhood structure, sustainability, density, and smart transpoifi@bogress for

the New Urbanism [CNU] and U S Department of Housing and Urban Development
[HUD], 2000). The principles guide development within the regional, suburban, and urban

renewal domains.

9 H
Traditional neighborhood

1930 1980 2008
Source: Steutevill€2017)

Figure 2.5: Transition from Neighbourhood Unit to Sustainable Neighbourhood
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Landscape urbanism emerged in the E9%0merges the fields of urban ecology and
landscape urbanism. Landscape urbanisgommends landscape elements to be the
structuring element in urban planning as opposed to new urbanism where green spaces
were more of lefover spaces unsuitable for construction. It also ropes in urban ecology

(Figure 2.6) that considers how peopleiatt with other peopl@ndthe built and natural

environmen{(Steiner, 2011)

EEES :5,‘

1

rista (2015)

Source: Ba
Figure 2.6: The New York Highline Project, an Example of Landscap&Jrbanism.

Green and eco cities (Figure 2.7) approaches embrace sustainable development
paradigms. They endeavour to develop in an environmentally sensitive or gre@al way
Ghorab & Shalaby, 2016Yhe seven concepts associated with green/ eco cities include
compactness, sustainable transport, density, mixed land use, diversity, passive solar
design and greening as essential for sustainable urban form. Howeatetps, Fuller,
Warren, Davies, and Gaston (200¢pution that density directly impacts the
environmeial quality and ecosystem services. The green and eco cities approach is being

applied in Europe with success.
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Source: Studio A+H (2020)
Figure 2.7: Binhai Eco City Master Plan

The main principles of the new urbanism, eco cities and landscape urbanism consider
sustainability as a key element. In some instances, they also include green economy as a
concep{Moughtin & Shirley, 2008)This is crtical in development of holistic urban areas

and neighbourhoods. There is also a crosscutting theme of -baked planning and
design. This change in approach is not only ideal for sustainable development but also for
combating emerging climatrientedchallenges.

2.2.3 Urban Form Elements

Urban form ananorphologyare often interchangeably used by different aut{©liseria,
2018; Stangl, 20%8Chiaradia, 2019)Broad classification of the core aspects of urban
form outlines them as natural and built environméKtopf, 2018) The natural
environment encompasses geologhants,landform,and waér. The built environment
components are streets, opacesandbuildings. The significance of urban form is the
physical street layout, use of spadasldings, and expression of the cultural, and social
aspects of life(Barke, 2018 It impacts planimg, urban conservation, sustainability,
crime,and public healtiBarke, 2018Javanroodi, Mahdavinejad, & Nik, 2018)
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Urban form has undgone both positive and negative transformations. The positive
transformationsvere geared towards aiding urban functionality such ascessgruction

of buildings and infrastructuréSattethwaite, Huq, Reid, Pelling, & Lankao 020 The
negative effects of such transformations inclse@ing of urban surfaces and replacement
of vegetation with buildingéGill, Handley, Ennos, & Pauliet, 2007ljhis compromises
the ecological performance of urban ar@&sitford, Ennos, & Handley, 2001)

Other transformations have also beme sensitive For instance, the9"-century
planning was more climassensitive compared to the'28entury ones whereuildings

and street spacing appear similar in both warm and cold clin{@8esselmann, Arens,
Dunker, & Wright, 1995)The delinking of urban form from climatensitive design has
gone on despite the global appreciationtd effect that urban form has on local and
global climate and vice versa. This effect is shown in argumerBsdwn, Katscherian,
Carter, and Spickett (2018)hen they study the role of trees in developing cool urban
communities.This is further supportedy Lindén, Fonti, & Esper, (2016n their

Germany experiment.

The predominant classifications of urban form follow -eitldensity, architype, or
Landusédlandcover(Gu, 2019; Oliveira, 2016 Density ischaracterize@s either sprawl

or compactSchwarz, 2010)Despite the variety ithe classification of urban fornor

form, Stangl (2018)points out that two schools of thought hareerged The English

focus on the street, building and plot patterns and the Italian which focuses on building
types Osmond, 2010Caniggia and Maffei, 2001).

Viewed from theperspective of climatic interaction, the typological approach is the most
ideal as it considers the elements of urban form that either impact or are impacted by
climatic parameteré_indén et al., 2016)or instanceStone, HessandFrumkin (2010)

puts forward a case for how urban sprawl can increasdJHieeffect through the
replacement of green systems with hardscapes and how that same urban sprawl can also

increase surface rurfahrough surface sealing.
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Oliveira (2016)enumerags the urban form elementge the street, the plot and the

building or the constructed and open space, a position support€mbrimen (2018)

Examples of these spaces are squares, amkissteetsdifferentiated by the patterns of

function according td&rier (1979) Based on this classification, the stuzhnsidered the

urban formelements as open spacesildings,and streefsplazas

2.2.3.10pen Spacdn Urban Areas

The cefinition of open spaceis wide and based on a myriad of fac{@&ble 2.1)

Table 2.1: Typology of Urban Open Spaces at Different Forms and Scales.

Form Scale
City Intermediate Neighbourhood
Street Boul_evardsand Streets Alleys and paths
highways
Plaza Large city plazas Small neighbourhood Courtyards
plazas
Sports grounds, parks
. Stadiums, Parks and institutional Private gardens and
Recreation groundsempty
Greenbelts yards
lots, and
cemeteries
. Natural features and Marginalized spaces
Incidental S Empty lots .
semi wild areas between buildings
Urbgn Agricultural fields Grazing grounds and Kitchen gardens
Agriculture gardens

Note: Adapted from Stanley, Stark, Johnston, and Smith (2012)

For instance, they can be functibased according MalentePereira (1982)typology as
argued by Lynch (1981and Moughtin and Shirley (20Q95cale as forwarded li¥rier

(1979)and surface materials according/toolley (2003) Nonetheless, the most common

definition is that they cover any space other than the-bpilareas and include parks,

plazas, squares, greenways, courtyards, and stkees, 1979; ValentePereira, 1982;

22



Byrne & Sipe, 2011)The typology classificatiois comprehensive as it combines both
the scale, material, and amenities accordinByime and Sipe (2011Yhe open spaces
can either be forested or open grasslar&tanley, Stark, Johnston, & Smith, 2012,
Woolley, 2003;Yilmaz & Mumcu, 2016)

2.2.3.2 Buildings in UrbanAreas

Buildings are the most visible elements yet the least permanent; they come in various

shapes and sizes (Figure 2.8).

Source: Shishegar (2020)
Figure 2.8: Housing Typologies in Urban Areas

They change as development, regeneration, renewal, and revitalization (Radslack

& Uribe, 2010) Their sections and elevations affect how they relate to outdoor space
(Krier, 1979; Sandalack & Uribe, 20100his relationship controls both the functionality

and microclimate of the spaces determined by plan density, building heights, height
uniformity and materialgErell, Pearimutte & Williamson, 2011;Allmendinger, 2017)

High densities of concrete and masonry edifices exacerbate the UHI(€ffecR. T.,

1987; Oke, Mills, Christen, & Voogt, 201Mu, White, & Ding, 2016)Reflective surfaces

such as glazed facades increase the glare at the street level, raising temperatures as well
(Roof, Crichton, & Nicol Fergus, 2005)

2.2.3.3Streets and Plazas

The term street is used to encompass other typologies of circulation routes in urban areas.
Under dandcoverbasedypology, pazas and squares can alsclassified under streets

as hey have similar physical characteristiEggure 2.9)
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Figure 2.9: Urban Street and Plaza

Streets define the dimension aygbmetry of buildings thereby controlling the integration
of buildings and open spaces (Oliveira, 2016; Valétgeeira, 1982). They also impact
the social and environmental aspects of urbar{$taithworth & BerJoseph, 2003)

Design of streets often considers its dimensions, intended uses, construction materials, the
relationship between streets, street furnishings and plantings. These parameters determine
morphological aspectsuch asa street canyorharacter. Thignfluencesst he str eet (
impact onthe microclimate by influencing factouch assolar acces@Chatzidimitrious

& Yannas, 2015 ouafi-Bellara & Abdou, 2016; Shafaghat et al., 2016; Taleghani,
Kleerekoper, Tenpierik, & van den Dobbelsteen, 2015)

Within a climatic context, streets can be usadaaimize shelter of stret usersmaximize
pollutant dispersion, enhance thermal comfartd solar acceq©ke T. R., 1988)As

such creating atreetlevel microclimateg(Bosselmann, Arens, Dunker, & Wright, 1995;
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Brown, Katscherian, Carter, & Spickett, 2013he micraclimate can be tapped to
enhance human comfort (Krier, 19M/agheb, EDarwish, & Ahmed, 2016; Sodoudi,
Zhang, Chi, Muller, & Li, 2018)

The type of urban form elements and the interconnected nature between the street,
building and open space typologies point to an equally interconnected influence these
elements are likely to have on climate paramet8usface properties such as albedo
permeabilly, and thermal capacity of materiatdluenceair temperatureandstormwater

runoff (Chatzidimitrious & Yannas,2015; Cos&olLarsen, 201p

The determination of the magnitude of this influenteerefore, requires proper
measurement of urban form and ielements.Song and Knaap (2004)propose
consideration of keglementssuch a<irculation systemgjensity,andlanduse Recent
approaches have introduced terminologies sudharacoverin consideration of clinta
modifications (Findell et al.,, 2017) This is momentousparticularly when using
Geographiclnformation Systemsin mapping and quantifying urban forthambin &
Geist, 2008Pradlhan, 2006Mdlders, 2011)Thelanduse/landcoverprovides the closest
guantitative measure of urban form relevant to climatic studiesonsidersthe
componets of the natural and built environment characteristics through spatial and
temporal measures that are suggestedbging, (2018) The scales at which these
parameters can be measured are proposébtharkar, Bahadure, and Sarda (20t})

be individual building, street, urban blockeighbairhood,andcity-wide scale

2.3 Urban Climate

Climate and weather can be studied andlysedat different temporal and spatial scales
(Table2.2). Nonetheless,dsic climatic models anticipate three variables in the study of
urban climate; thenacroclimate, differences caused by location and the urbanization
effect(Landsberg, 1981)he relationship between the mienod macro climate is two
ways: e nmecroclimateprovides the basic climatic inputs into the urban areas while the

urban areaby their unique biophysical characteristiwve certain subtle modifications
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on the mcroclimate(Salata, Golasi, de Lieto Vollaro, & de Lieto Vollaro, 20Tll,
Handley, Ennos, & Pauliet, 2007)

Table 2.2: Scale Dynamics of Weather and Climate
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Note: Adapted from World Bank (2016)

The basic elements of weather namely solar radiation, wind, humidity, temperature, and
precipitation are affected by the elements of the land such as slope, landform, water, and
plants alongside the urban form, built materials, vegetation, and human acfOkiess

1987; Hough, 2002; Grimmond, et al., 2010he nature of this interactioa defined by
aspects of albedo, permeability, and heat capacity and conductivity of specific locations
(Chen et al., 2019; Mohajerani, Bakaric, & Jeffiggiley, 2017; Wu, Liu, Yang, & Bai,

2016) Therefore, this implies that the localized weather manifestations can be
manipulated by changing the reflectivity, permeability, and heat retention ability of

different surfaces.

The interaction of climatic parameters and urban surfaces can be sumnaarizeergy
balances. They manifest as inflows, outflows, storage and production of water and energy
(Demuzere et al., 2017; Hertel & Schlink, 201B)e energy flows also occur on a global

scale This informs the iiference between globalegional, and local weather patterns.

The energy balances have the potential to affect local and regional climates thereby
creating unique urban climaté&rimmond, et al., 2010; Lambin & Geist, 2006he
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energy and water balareceghat determine urban climasee influenced by physical
elements construction materials, aerodynamic roughneetar radiationprecipitation,
and air qualityHough, 2002; Oke, 1987; Landsberg, 198k such, manipulation of the
physicalproperties of the physical elements has the potential to influencmplaets of

weathe.

2.3.1 Solar Radiation and the Urban Heat|sland Effect

Urban areas are exposed to air temperatsveface,and subsurface temperatures
(Grimmond et al., 2010Air temperature is the temperature above the ground: either in
the Urban Canopy Layer or the Urb&oundary Layer. Surface temperature is the
temperature of the urban surface including vegetation, paving, building, water, and bare
ground. Subsurface temperature is the temperature beneath the urban surface namely soil,
andbasement8Oke, Mills, Christen, & Voogt, 2017Urban temperatures are determined

by solar radiation, urbaform, water availability and surface propertieShey affect the
received, reflected, reeflected, and absorbed radiatiofCoutts, Tapper,Beringer,
Loughnan, & Demuzere, 201Rough, 2002).

The UbanHeatlsland (UHI)is aphenomenorfFigure2.10 where urbarareasexhibit
heatdifferences of sometimeslO  with the neighbouringrural areagEnvironmental
Protection Agency, 2008a; Stone, Hess, & Frumkin, 20I0is isattributedto human
modifications of thegeometry, surface materialpppulation, canopyypology, and
vegetatiorof urban areagOke, Mills, Christen, & Voogt, 201MNlingrum, 2018; Ward,
Lauf, Kleinschmit, & Endliber, 2016)
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Source: Velazquez (2020)
Figure 2.10: The Urban Heat Island Effects

Impervious surfaces and concrete building surfaces store and conduct heat much faster
compared to soil and vegetation. This raises surface temperatures in urban areas compared
to rural zonegHough, 2002; Wilby, 2007)UHI is the best example of inadvertent
climatic chang€Oke, 1995) It has become on&f the most important factote consider

in urban design especially in a changing clin{&attacini, 2012)

2.3.2Wind

The urbanization process impacts the interaction between urban areas ahdsehadn
urbanform. Urban densities exhibit varying vertical and horizontal morphologies that
influenceroughnesslynamicq Allegrini, Dorer, & Carmeliet, 2015)n most cases these
result in slower wind speeds onciay-wide scale according toWilby, (2007) This
scenarias refered toasUrbanWind Islandeffect(Droste, Steeneveld, & Holtslag, 2018)
Nonethelesdpcalized speedare higheiin specific areas depending on the urban forms
(Hough, 2002)

These flow patterns are characterized \mytices at the edges of buildings and
intersectiongGrimmond et al., 2010Withal, there are scenarios where the prevailing
high wind speeds translate to higher wind speeds iarthen canopy layegither through

the downward deflection by tall buildings or the tandem orientation of the streets to the
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prevailing wind directiongOke R. T., 1987)Street orientation and widths affect wind
flow patterns in urban areasfluencing local urban temperatures withtable inpufrom

the distance between buildingSrimmond et al., 20104llegrini, Dorer, & Carmeliet,
2015) As such, areas thahowdecreased wind speeds have higher surface temperatures
(Yang et al., 2019)

2.3.3 Precipitation

Precipitationis any form of water particlabat fallsfrom the atmosphere and reasliee
ground (Ahrens & Henson, 2015Precipitation in urban areas varied in temporal,
spatial and state dynamjdalls as hail, rain or snow and is usually either detained or let
to flow into natural and designed waterw@&@simmond et al., 20105o0me of the factors
that work either ingolation or in tandem to control this variability include elevations,
presence of water bodies, the UHI effect and polluMoLeod, Shepherd, & Konrad Il,
2017; Zhu et al., 2019)

Urban areas impact and angpacted by precipitatiothrough convectionurbansurface
roughnesand surface material&ir pollutants provide nuclei for cloud formation and the
UHI changes air pressures above thgan canopy layglOke, 1987) Thereis increased
consensus that the resulting rain oftensfddwnwind. These result in about 28% more
rainfall in 3060 km dowwind region of the citySolecki & Marcotullio, 2013)Even so
depending on the topographical orientations of the entire region, the surface runoff can
sometimes make its way to the urban ameisout there being any rain in the urban areas.
Impervious surfaces cause rapid +affi (Chithra, Nair, Amarnath, & Anjana, 2015;
Ferreira et al., 2019; Haidu & Ivan, 2018)s a resultrainwateris neither intercepted
before it reaches the ground norlindted (Whitford, Ennos, & Handley, 2001)

2.4 RelationshipBetweenUrban Form and Climate
The correlationbetween urban form and climaten both ways. On the one hand, urban
form components such as density aydes oflandcoverinfluencetemperature, wind

patterns precipitation,and water flom(IPCC, 2014a)On the other hand, the design of
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historical urban form elementsuch asstreet orientationdias been influenced by
prevailing climatic conditiongHebbert, 2014)

Winds and urbaform interactions arbéased on two components; aerodynamic roughness
caused by the varying heights of buildingarticularly in the hidr-density areas and
orientation of the urban voids in comparison to the prevailing wind diredf@kesR. T.,
1987; Hough, 2002)The success of outdoor spaces in the context of airflow and wind
patterns has led to some standards being develfgpexkample, the Gandmer and Guyot
(1976) that proposed a maximum wind speed wf$ as quoted bfszucs, 2013)

Solar radiation which affects surface temperatures and evaporation rates manifest
differently in different urlan areas. Theanifestation is influencdaly the quality of urban
surfacesand regional radiation patter(tShang, Saha, Casttacouture, & Yang, 2019)

For example, road networks produce the higtiesimal emissivity followed by industrial

and commercial developmentéegetated surfaces hathe lowestthermal emissivity
(Xiao, Li, & Wang, 2011)Overglazed building facades pose major thermal issues as they
not only lead to overheating in both the internal and external environments but also
increase light energy use within buildings as the blinds are often drRwaf, Crichton,

& Nicol Fergus, 2005)

Interaction between urban areand precipitation occurs awo distinct levels: the effect

urban areas have on precipitation dynamics and what happens to the precipitation once it
reaches the ground. First, urban areas control the regional climate and local wind patterns
through conveiion and surface roughne@ke T. R., 1988)Secondly, the perviousness

of urban surfaces determine runoff; the more impervious a surface, the more the runoff
(Chithra et al., 2015; Ferreira et al., 2019; Haidu & lIvan, 20F)r instance,
transportation systems become the firssuedty of flooding (Figure 2.11) as most
drainage systems exist alongside tremdtheir imperviousnesgSingh, Sinha, Vijhani,

& Pahuja, 2018)This implies that poorly designed and/ maintained and inadequately
provided drainge systemexacerbateahe flooding potential ofoads and other paved

surfacesOther factors that would impact precipitation but not easily discernible at the
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urban form level include slope and soil drainage prope(Baghrellos, Karymbalis,
Skilodimou, GakiPapanastassiou, & Baltas, 2016; Gigovich, Pamvear, Bajic, &
Drobnjak, 2017)
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Source: Angote (2018)
Figure 2.11: Flooded Street in the City County of Nairobi

There are also inteelationships between the different parameters. This is based on the
waterenergy balance equation. For instance, Water availability deterniooasd
temperatures through evaporation or evapotranspird@ke, 1988; Coutts, Tapper,
Beringer, Loughnan, & Demuzere, 2012)

The interactions between urban surfaces, plants, and the atmosphere are complex that
minor changes in any of the urban form caments can result in major changes in the
local climate(Bruse & Fleer, 1998)The process of urbanization which has been notated

to carry the greatest negative impact on biodiversity also compromises the ecosystem
services of natural systems thus aggravating challenges of climate in urba(Lgveas
Zhang, Xu, & Li, 2018; Palomo, 201Breuste, Haase, & ElImqvist, 2010)

31



The relationship between climate and urban form is based on the physical characteristics
of the urban form elements. These aoendthantly maifest as landcover. As such, the
management of climatic manifestations and impastscan be enhanced through
manipulation of the physical characteristics of urban form. This wiaaldde changing

the permeabilityconductivity,and emissivig of different urban surfaces.

25 Climate Changeand Vulnerability Assessment

2.5.1 Climate ChangeEffects and Impacts in Urban Areas

The twowidely useddefinitions of climate change are by tiieergovernmentdPanel on
Climate Change (IPCC)nd The United Nations Framework Convention on Climate
Change (UNFCCC). The IPCd&fines it as any change in climateer time whether due

to natural variability obecausef human activity(IPCC, 2007b)The UNFCCCdefines

it asthechange of climate tich is attributed directly or indirectly to human attihat
alters the compositioof the global atmosphere and which is in addition to natural climate
variability observed over comparable perigddNFCCC, 1992)

Despite the variety of definitions, key emerging issues are the duration of observation and
the role played by both natural variability and human activifiesthis extent, everal
theories have beadvanceds to the causes of climate chanfjee commoly discussed

ones include the anthropogenic global warming and solar variability theories of climate
change. Others include bibermostat, cloud formation and albedo, ocean currents and
planetary motiotheories(Bast, 2010)

Anthropogenic global warming attribtelimate change to human activitjése release

of Greenhouse Gaand reduction of carbon sequestration capabilities of earth systems
whose arguments go back to the seventeenth ce(ttiuiyne, 2009) Solar variability
proposes that sunspots and solar flares cause warming of thBeatt2010)aposition

also noted by IPCC as a contributing facidrat said, there isvidenceby the IPCCthat
human activities are playingcanspicuousole in global warmingIPCC, 2007b; Henson,
2011; UN-Habitat, 2011)This has been done through theddling of both natural and
anthropogenidriversboth in isolation and togethdPCC, 2007a; IPCC, 2007.c)
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At the centreof the climate change debate is also the discourse on whéthéwe are
experiencing is climatehange or climate variabilityClimate variability is generally
defined as variations in the mean state and other statistics such as standard deviation of
the extremes of climate on all temporal and spatial scales bdfiahaf individual
weather eventgIPCC, 2007bAhrens & Henson, 20)5There is als@onsensus that the
climate anomalies are quite@ried,andthe rates of variability are higher than any ever

recordedNational Academy of Sciences, 2014)

Urbanization and climate change are closely interlinked and showelatesns with
processessuch aseconomics, landise change and demographiddowever the
manifestations variy urban areas due to uneven exposure and suscep(ikiijenberg,
2016) Climate change impacts sectors in the urban araaselyenergy, infrastructure,
water supply,waste, and communications which in turn affects social, economic,
ecological,and cultural aspects of human I{&mmerman & Fas, 2010; World Bank,
2010) Statistics show that the globe is experiencommpelling climate anomalies
(United Nations Environmental Programme [UNEP], 20I®ke notable anomalies are in
the elements demperatureprecipitation winds and sedevel rise(Hegerl, Bronnimann,
Schurer, & Cowan, 2018; Mokhov & Semenov, 20H6nson, 201).

The first effect of climate changesiextreme temperaturggigure 2.12). The top 10
warmest years on record have occurred between 2005 and 2019 with 2016 being the
warmest of them alfWorld Meteorological OrganizatiopVMO], 2019 WMO, 2016;

WMO, 20149 Urban areas have also experienced an increase in extreme heat events
(Stone, Hess, & Frumkin, 2010Most cities in Africa, Asiaand Latin America will
experience more instances of heatwastesto a combination of the UHI fdct, the
increasing global temperatures and increased air pollution in the larger cities of high
density.On theother sideis the lowering of temperatures in the normally cold days
(Satterthwaite, Huq, Pelling, Reid, & Lankao, 20Biénson, 201).

33



Temperature Difference ("C)

-10 -5 0 5 10
Source: Earth Observatory (2006)

Figure 2.12: Global Extreme Surface Temperatures of January 2006

Extreme temperaturgespecially high temperaturesffect human productivityhealth,

and the air quality ofthe urban areas by increasing polluti&oof, Crichton, & Nicol
Fergus, 2005; Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007; Henson, 2011;
Environmental Protection Agency, 2008&Joise pollutionis expected to increase in
previously cold climatecities due to increased outdoor activibgcause ofwarmer
conditions (Roof, Crichton, & Nicol Fergus, 2005Extreme heat events also cause
morbidity, mortality, higher energy consumption, thermal pollutipavement damage

and wildfireswith a higher number of deaths occurring during heat wgi2edl et al.,
2016; Horton, Mankin, Lesk, Coffel, & Raymond, 2016; Mitchell et al., 2016

The second effect is extreme precipitation. In tropical zones, the dominant form of
precipitation is rainfall and sometimes hail. In the highgtudes, precipitation manifests
as rain, snow, sleet, and h@lhrens, 2015) These precipitation changes manifest as
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extremes of rainfall or drought. Extremes manifest in the form of intensity or duration
(IPCC, 2007b)

When precipitation occurs in urban areas, the resultant water is usually either drained off
as runoff, collected for user dnfiltrated into the pervious surfaces (Figure 2.13)
(Sattethwaite, Huq, Reid, Pelling, & Lankao, 2Q0)rface runoff is the component that

poses risks to urban areas as surface flooding.

Precipitation
(Rainfall, Sleet, Snow, Hail)

A 4

Harvesting/

Surface Runoff Percolation Abstraction
\ 4 ¢
Floodng Aquifer DomesticUse
Recharge

IndustrialUse

\ 4 \ 4 v
Drained ;
Vegetation Energy
Production

Figure 2.13: Precipitation in Urban Areas

Flooding is a normal natural occurrenared risk in urban aregSatterthwaite, Huq,
Pelling, Reid, & Lankao, 2007However, he damage from flooding is a purely man
instigated occurrencthat happensat the confluence of meteorological, hydrological
physical,and anthropogeniaactivities (Associated Programme on Flood Management,
2012) The physical characteristics manifest aslandcover with different runoff
coefficients (Table B) which have great potential to impaetosystem processes,
hydrology, biodiversity, climate, and human activi(idisaaideh, AlHanbali, & Tateishi,
2012) Aside from the runoff coefficients, the dysfunctional drainage systems also
contribute. They are often either underprovidadpoorly maintained thereby blocking

and not performing their intended functiofi$ie replacement afatural landcover with
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paved surfaces increases surface runoff, making urban areas vulnerable to flooding.
Flooding experienced in African towns and cities is either pluvial, fluvial, or tidal (Figure
2.14).

Table 2.3: Runoff Coefficients of Urban Landcover Types
By Surface Type (for flat areas) Runoff Coefficients

Lawns:
Sandy Soil 0.05-0.10
Loamy Soil 0.10-0.20
Park Areas 0.10- 0.25
Asphalt/Concrete Surfaces 0.70-0.95
Roof Areas 0.75-0.95
By Landuse K Values
Unimproved 0.1071 0.30
Suburban residential 0.257 0.40
SingleFamily Units (Urban) 0.3071 0.50
Apartments 0.501 0.70
Business Sector (Central City) 0.7071 0.95
Industry:
Light 0.5071 0.80
Heavy 0.601 0.90

Note Landsberg (1981)
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Source: RIBA (2009)
Figure 2.14: Sources of Flooding

Flooding leads to economic losses, loss of life, livelihoods, and healtliCisWkse, 2013;

World Bank, 2010)It also damages urban infrastructure and buildings and compromises

on water quality, genal water scarcitfAssociated Programme on Flood Management,

2012; Roof, Crichton, & Nicol Fergus, 200®)ther than the direct and indirect impacts

of flooding, the other aspects of urban services that get affected include waste
management challenges dt® waste being swept away and increasing the risk of
contaminatior(Roof, Crichton, & Nicol Fergus, 2005)hese lead to various intezlated

problems directly resulting from urbanizationHa mmo n d , Chen, Dj or dj e
Mark, 2015; Miller & Hutchins, 20173s shown in Figure 2.15.
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Source: Associated Prograraran Flood Management (2012)
Figure 2.15: Flood Dynamics in Urban Areas.

Landslides are intricately linked to precipitatidimeyareinfluenced by vegetation cover,
slope angle, and stability, and precipitation patterns. Spatial distribution data on landslides
point to a strong correlation with rapid lande changefJN-Habitat, 2011) Nowhere

are these @mges more evident than in urban areas, particularly those settled by the urban
poor which tends to be physically vulnerable such as riverfronts and mountainsides. Due
to the confluence of precipitation and physical characteristics of a space, these locale
have higher risks of landslide with impacts being loss of life and property, damage to

infrastructure, and a general rise in the cost of liyloy-Habitat, 2011)

Droughts are a typical occurrence in the climatic cyclesef@n because dheEl Nifio

and LaNina effects However climate change has been noted to cause further changes in
these known systembiroughincreased evaporation during the dry perigdenson,
2011) The effects of drought on urban aréasludewater stresshigh cost of access to

water, compromigd water quality groundwater subsidence, interrupted inland water

38



transport, ruralrban migrationurban forestry lossand hydreelectric energy shortages
(UN-Habitat, 2011;]PCC, 2014a In waterdeficient environmeniprimarily cities in
deserts and semrairid areas, civil unresand wars between countries can be expected
(Roof, Crichton, & Nicol Fergus, 2005)

The third effect is extreme wind spedBigure 2.16) These manifests either hurricanes,
cyclone,or dust stormsExtreme windsare considered to affecbastal areaslowever,

inland areasire also affectedy windstorms and tornado@denson, 2011)These aras

well projected to increada intensity due to climate chande a general context though,

wind has the greatest impact on urban climate as it affects temperature and humidity
through evapotranspiration and evaporafidaugh, 2002)It also affects human comfort

in different space€Ghasemi, Esfahani, & Bisadi, 2015; Hsieh, Jan, & Zhang,,ZA&s,

2013)

Source: Thuo(2019

Figure 2.16: Dust Storm Experienced in Nairobi in October 2019
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The fourth effect is biodiversity loss and changes in plant phenology. Climate change is
causing many changes to flora and fauna structures glalgatt et al., 2017; Turner,
2018) Such changes include phenology, geographic distribution, flora and fauna
community networks, and sometimes total biodiversity I0a8by & Perry, 2006;
Henson, 2011; Staudinger et al., 2012hey are caused by effects such as extreme
precipitation andemperatures that affect the entire ecosyte@C, 2007b)

Of the five transmission mechanisms through which climate change will affect human
development, four will be heavily felt in urban are@isreeout of the four will befelt in

inland urban areas. Thenclude increasedxtreme temperatures, extreme precipitation
and droughts andlandslides (International Instituteof Environmental Development
[IIED], 2016) The impacts will, however, affect alié sectors of urban life ranging from
tourism to natural ecosystems, infrastructure, and houdtgNR, 2014) Impacts
manifest in extreme and mean values of the different paramé&tezse manifestations

vary fromlocation to location and affect different groups of pe@pkle 24).
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Table 2.4: Summary of Climate-Driven Phenomena, Impacts and Affected Groups

Climate Evidence of Current  Other RPocesses/  Projected Future Zones, Groups
Driven Impact Stresses impacts affected
Phenomena

Changes in Extremes

Extreme Erosion, Landslides, Landuse population Effects in Population in
Rainfall flood Casualties, density, Settlements, settlements and
economidosses, institutional health, infrastructure
and infrastructure  capacity economy,
damage buildings,and
infrastructure
Heat or Health, social Building design, Health, 5<age>65:ndpoor
Cold Waves stability, water, SocialContexts, populations,
energy,and and Institutional energy
infrastructure Capacity requirements
Drought Water, livelihoods, Water systems, Water resource, Poor areas, Arid
energy water demand migration,and andSemiarid,
generation, water  and energy economic regions with
transport demand activities humaninduced

water scarcity

Changes in Means

Temperature Energy demand anc Demographic and Energy demand Population

costs, urban air economic and costs, urbar  vulnerabilities
quality, changes, land air quality,
recreation, use changes, air recreation,
livelihoods, retalil pollution, livelihoods,
consumption innovationsand retail
institutional consumption
capacities
Precipitation Agricultural Competition from  Flooding/Drought Poor regions and
livelihoods, other places populations
energy supply
and water
infrastructure

Note Developed from IPCC (20@Y
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2.5.2 Climate ChangeVulnerability Components

Vulnerability is the degree to which a system is susceptible to and unable to cope with
adverse effects of climate change including climate variability and extréR€E,

2007b) It is multidimensional and a function of th&yc6 sophysical, social, and

economic characteristi¢Birkmann et al., 2014)These make them susceptible to climate
variations and include locatiptiming, slope, population size, densigndi nhabi t ant s
economic statugSwart et al., 2012; Fritzsehet al., 2014)Vulnerability classifications

have been varied. The three main classificatasrsshown in Table 2.

Table 2.5: Summary of Vulnerability Classifications

Classification Authors

Klein & Nichols,1999 Krellenberg, 2016
Biophysical versu$ocioeconomic Brooks, 2003; Brooks, 2003; Satapathy ¢

al., 2014
Phy§|caI,Econom|c and UN, 2004
Environmental
PhysicatEnvironment,Social Moss et. al., 2001

Despite the differentlassifications, écurrent terminologies in vulnerability discussions
remain the same. Theye susceptibility, sensitivity, adaptive capacity, exposure, and risk
(Birkmann et al., 2015; Krellenberg, Welz, Link, & Barth, 2Q1Risk is agued to exists

at the confluence of vulnerability, hazard exposure and adaptive cafR€ig, 2014a;
Madruga et al., 2011Yhis is evidenced by the Sorsogon and Kampala case stutNes
Habitat, 2014, UN-Habitat, 2010) The point of convergee between impacts and risk

is driven by the exposure and sensitivity dynarfimistry of Environment and Natural
Resources [MENR], 2014)

Reduction of vulnerability to its key componenigure 2.17) of exposure, sensitivity
and adaptive capacity rema critical in measuring vulnerabilityThis is due to the
complex relationship betweetimate andchon-climaticfactors.This position is supported
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by Krellenberg (2016)Gilard (2016), Herslund et al., (2019atapathy et al., (2014)

Fritzsche et al., (2014Revi et al, (2014, andRomero(2011).

CLIMATIC FACTORS

____________________ Vo

NON-CLIMATIC FACTORS

! I
! CLIMATE CLIMATE 1l BIOPHYSICAL SOCIOECONOMIC
; I
! CHANGE VARIABILITY : : CHARACTERISTICS CHARACTERISTICS
D T AP l __________ I L._._l __________ [ ................... |
EXPOSURE SENSITIVITY
A4 v v v
HAZARDS IMPACTS ADAPTIVE CAPACITY

A

y

VULNERABILITY

Figure 2.17: Climate Change Vulnerability Components

Exposure is defined as the presence of people; livelg)oavironmental services and

resources; infrastructure; or economic, social, or cultural assets in places that could be

adversely affectedPCC, 2012) It is linked to climatic parameters and concerned with

the presence of people in setting where they could be adversely affected by climatic
elementgFritzsche et al., 201/K8amon & Thomas, 2015)

Sensitivity is the degree to which a system is affecteectly or indirectly, either

adversely or beneficially, by climatelated stimuli(IPCC, 2001) The degree of a

systembs

sensi

ti

vity to

climati c

hazards

socioeconomic factors. Indicatord eensitivity encompass geographical conditions,

landuse and socidemographic factord.udena & Yoon, 2015)
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Adaptive capacity idefined bylPCC (2007basthe ability of a system to adjust to climate
change and moderate potentialmpacts through the conbination of the strengths,
attributes, and resourcekhesecan be used to prepare for and undertake actions to reduce
adverse impacts, moderate harm, or exploit beneficial opporturflf€3C, 2012)
Indicatorsof adaptive capacity compose economic capability, physical infrastructure,

social capital, institutional capacity, and data availabjlitydena & Yoon, 2015)

The appreciation of vulnerability and the relationship of the compeneary among
different authors and viewpoints. For instar@ejanson, Hiley, VenemandGrosshans

(2007) ignore the sensitivity aspect in their aggregation of vulnerability as a concept
(Equation2.1). Lee (2017)xonsiders sensitivitygguation2.2and2.3) while Satapathy et
al.,(2014)prings in the aspect of weightingquation2.4). Satapathy et al. (2014) position

Is the most comprehensive as it does not assume that all vulnerability parameters have an
equal influence on the levels of vulnerabiliys such, it was usefr the study.

® QoM (2.2)
Where: V: Vulnerability

E: Exposure
A: Adaptive Capacity

Y %Y (2.2)
o
Where S1 Exposure

S2 Adaptive Capacity
S3 Sensitivity

@ O Y b (2.3)

Where: V: Vulnerability
E: Exposure
S: Sensitivity
A: Adaptive Capacity

v
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(24)
w VN O 00

WhereV: Vulnerability index
WA: Weighted indicators for adaptive capacity,
wS: Weighted indicators for climate charggnsitivity,
WE: Weighted indicators for climate exposure

The evolution of exposure, sensitivity and adaptive capacity indicators depends on the

type of vulnerability being assessed. For instance, flood vulnerability assessment differs

from thermal stressulnerability assessment based on itidicators to be considered.

Flood and thermal streseulnerability assessment indicatdrem different authors are

shown in Tabl&.6 and Table2.7,respectively.

Table 2.6: Summary of Flood Risk Factors

Flood Risk Indicators Authors
Factors
Drainage The matio of (Elmoustafa & Mohamed, 2013
frequency stream no tehe
total area othe
watershed
Drainage The matio of (Elmoustafa & Mohamed, 2013; Elkhrachy, 2015;
density Stream length t¢  Stefanidis & Stathis, 2013
thetotal

Surface flow
length

Elevation

watershed area

Distance traviled (Elmoustafa & Mohamed, 2013; Gigovich,
by water before ~ Pamoderaterulnerabilityear, Bajic, & Drobnjak,
reachinga 2017; Bathrellos, Karymbalis, Skilodimou, Gaki
stream Papanastassiou, & Baltas, 2016; Ouma & Tateis
2014; Elkhrachy, 2015; Dou et al.,?Q
Skilodimou, Bathrellos, Chousianitis, Youssef, &
Pradhan, 2019

Heightrelative to  (Gigovich,PamucarBajic, & Drobnjak, 2017,

the lowest point  Bathrellos, Karymbalis, Skilodimou, Gaki
in the area Papanastassiou, & Baltas, 2016; Ouma & Tateis
2014; Dou et al., 2017; Chen, Ito, Sawamukai, &
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Slope

LandcovefUse

Hydro-lithology
(Soil and
Geology)

Rainfall
Intensity

Flow
Accumulation

(L/H) *100

L: Horizontal
distance

H: Vertical change
in height

The type
(permeability
and roughess
of landcovey

Geological
permeability
(Classified as
permeable;
semipermeable
and
impermeable)

Rairfall (mm)

Duration (Hour)

Topography

Tokunaga, 2015; Skilodimou, Ba#tlos,
Chousianitis, Youssef, & Pradhan, 2019

(Gigovich, Panvear, Bajic, & Drobnjak, 2017

Bathrellos, Karymbalis, Skilodimou, Gaki
Papanastassiou, & Baltas, 200&ima & Tateishi,
2014 Stefanidis & Stathis, 201®ou et al., 2017
Doyle, Sullivan, Mahtta, & Pandey, 2017
Skilodimou, Bathrellos, Chousianitis, Youssef, &
Pradhan, 201Mentzafou, Markgianni, &
Dimitriou, 2017

(Gigovich,PamucarBaijic, & Drobnjak, 2017;

Bathrellos, Karymbalis, Skilodimou, Gaki
Papanastassiou, & Baltas, 2016; Ouma & Tateis
2014; Elkhrachy, 2015; Stefanidis & Stathis, 201
Dou et al., 2017; Skilodimou, Bathrellos,
Chousiantis, Youssef, & Pradhan, 2019;
Mentzafou, Markgianni, & Dimitriou, 2037

(Bathrellos, Karymbalis, SkilodimoGaki

Papanastassiou, & Baltas, 2016; Ouma & Tateis
2014; Elkhrachy, 2015; Stefanidis & Stathis, 201
Dou et al., 2017; Chen, Ito, Sawamukai, &
Tokunaga, 2015; Skilodimou, Bathrellos,
Chousianitis, Youssef, & Pradhan, 2019;
Mentzafou, Markgianni, & Dimriou, 2017)

(Dou et al., 2017; Chen, Ito, Sawamukai, &

Tokunaga, 2015; Mentzafou, Markgianni, &
Dimitriou, 2017)

(Dou et al., 2017Mentzafou, Markgianni, &

Dimitriou, 2017)
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Table 2.7: Thermal Stress Risk Factors

Thermal stress

Indicators Authors
risk Factors
Temperature Land Surface (Inostroza, Palme, & de la Barrera, 2016; Bao,
TemperaturgAir & Yu, 2015; Romere_ankao, Qin, &
TemperatureNo. of Dickinson, 2012; Weber, Sadoff, Zell, & de
Hot Days (above a Sherbinin, 2015; Wolf & McGregor, 2013;
certain value)Daily Swart et al., 2012; Menddzazaro, Muller
Maximum, Daily Karger, Otis, McCarthy, & Rodrigez, 2017;
Minimum Janicke et al., 2018/acintyre et al., 208;
Apreda, DOAmbrosi o, &
Age Group Elderly and the young (Inostroza, Palme, & de la Barrera, 2016; Pince
(+65 and below 5) Chester, & Eisenman, 2016; Wilhelmi &
Hayden, 2010; Bao, Li, & Yu, 2015; Romero
Lankao, Qin, &Dickinson, 2012; Nayak et al.,
2018; Wolf & McGregor, 2013; Swart et al.,
2012; Sanchez, Peird, & Gonzales, 2017,
Gamble et al., 2018; Mendéazaro, Muller
Karger, Otis, McCarthy, & Rodriguez, 2017,
Macintyre et al., 2013
Housing Buildings Mateials (Inostroza, Palme, & de la Barrera, 2016; Bao,
Quality (Roof and walls) & Yu, 2015; RomereLankao, Qin, &
Dickinson, 2012; Nayak et al., 2018; Wolf &
McGregor, 2013; Stangl, 2018; Macintyre et ¢
2018
Normalized Plantings/Vegetatign (Inostroza, Palme, & de la Barrera, 2016; Pince
Difference Parks Street Trees Chester, & Eisenman, 2016; Weber, Sadoff,
Vegetation Zell, & de Sherbinin, 2015; Swart et al., 2012
Index Barron, Ruggieri, & Branas, 2018; Stangl,

Income Levels % Populationbelow
thepoverty line

2018;Apreda, D'Ambrosio, & Di Martino,
2019)

(Pincetl, Chester, & Eisenman, 2016; Inostroza

Palme, & de la Barrera, 2016; Wilhelmi &
Hayden, 2010; Romefbankao, Qin, &
Dickinson, 2012; Weber, Sadoff, Zell, &e
Sherbinin, 2015; Nayak et al., 2018; Swart et
al., 2012; Sanchez, Peir6, & Gonzales, 2017;
Sanchez, Peird, & Gonzales, 2017; Gamble ¢
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al., 2018; Apreda, D'Ambrosio, & Di Martino,

2019
Albedo Surface Albedo (Pincetl, Chester, & Eisenman, Z)Wolf &
character McGregor, 2013; Apreda, D'Ambrosio, & Di
Martino, 2019
UrbanForny % oflandcover Pincetl, Chester, & Eisenman, 2016; Wilhelmi &
landcover Hayden, 2010; Romefbankao, Qin, &

Dickinson, 2012; Nayak et al., 2018; Wolf &
McGregor, 2013; Wolf & McGregor, 2013;
MendezLazaro, MullerKarger,(Otis,
McCarthy, & Rodriguez, 2017; Stangl, 2018;
Savic et &, 2018)

Population % Populationper Km2 (Bao, Li, & Yu, 2015; Romerdankao, Qin, &

Density Dickinson, 2012; Nayak et al., 2018; Wolf &
McGregor, 2013; Swart et al., 2012; Gamble
al., 2019

Vulnerability assessment also lacks a unified system of indicators or framework for
assessmer(Mehrotra et al., 2009)As such, different studies have developed different
indicators and frameworks of approach with the most developed theme indicators being

those for socioeconomic parameters (Table 2.8).
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Table 2.8: Cumulative Vulnerability Assessment Indicators

Subvariables Indicators Units Authors
Precipitation Very wet days (90th (Linkd, 2012; Ludera & Yoon, 2015
Percentile) mm Marigi, 2017; Centre for e

Very Dry days (10th mm
Percentile)

Mean Annual

Rainfall mm

Mean Annual mm
Decadal Rainfall

Rainfall Intensity mm/hr

Temperature Mean Annual
Maximum
Temperature

Mean Annual
Minimum
Temperature

Higher Extreme
(90th Percentile)

Lower Extreme (10th
Percentile)

Land Surface
TemperatureSky
View Factor
AlbedoandSolar
Exposure

Population No of People per Ratio
Density, Km2

Gender Status ) %
% of females in the
andAge .
population

% of female %
household heads

%

49

Research and Digital Innovation
[CeRDI], 2014; Kumar, Geneletti,
& Nagendra, 2016; Revi et al.,
2014; Ozkan & Tarhan, 2016

(CeRDI, 2014; Kumar, Geneletti, &

Nagendra, 2016; Revi et al., 201«
Ozkan & Tarhan, 2016; Inostroza
Palme, & de la Barrera, 2016;
Wilhelmi & Hayden, 2010;
Chuanglin, Yan.Wang, & Jiawen,
2016; Manik & Syaukat, 2035

(Marigi, 2017; Moss, Brenkert, &

Malone, 2001; Chuanglin,
Yan.Wang, & Jiawen, 2016;
Linkd, 2012; Lee, 2014; Ludera &
Yoon, 2015; Krellenberg, 2016;
Kumar, Geneletti, & Nagendra,
2016; Revi et al., 2014dger,
Brooks, Bentham, Aghew, &
Eriksen, 2005Rana & Routray,



Slope Landcovey
Soil typesand
Drainage
Density,
Elevation
Geology and
Flow
Accumulation

Densityand
Materials

Access to water

energy waste
collection road
infrastructure
drainage
infrastructure
andto

% Population under
5 years

% Population above
65 years
% Slopeof the area

of interest

% of different
landcover types to
the overall area

% Permeability

Relative height to the
lowest point

Permeability

% of the floor area tc
plot

% of type to the total
dwelling stock

The orientation of
Building (EW)

Proximity to UHI
Hotspot (CBD)

Proximity to UHI
Cool spots (Parks)

% Ventilation

% of people with
access to clean
water

% of households
with electricity

%

%

%

%

%

%

%

%

Degree

Km

Km

%
%

%

%
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2017; Inostroza, Palme, & de la
Barrera, 2016; Wilhelmi &
Hayden, 2010; Gosain,
Ravindranath, Garg, & Rao, 2014
Tapia et al., 2027

(UNEP, 1998; Satapathy et al., 201

Fussel, 2007; Ludera & Yoon,
2015; Krellenberg, 2016;
Chuanglin, Yan.Wang, & Jiawen,
2016; Ozkan & Tarhan, 2016;
Ozkan & Tarhan, 2016; Adger,
Brooks, Bentham, Aghew, &
Erikson, 2004; Krellenberg &
Welz, 2016

(Lee, 2014 Chuanglin, Yan.Wang, &

Jiawen, 2016; Rana & Routray,
2017; Krellenberg & Welz, 2016;
Inostroza, Palme, & de |la Barrera
2016; Wilhelmi & Hayden, 2010;
Gosain, Ravindranath, Garg, &
Rao, 2014; Tapia et al., 2017

(Linkd, 2012; Moss, Brenkert, &

Malone, 2001; Ludera & Yoon,
2015; Kumar, Geneletti, &
Nagendra, 2016; Lee, 2014;
Marigi, 2017; Adger, Brooks,
Bentham, Agnew, & Erikson,
2004; Rana & Routray, 2017;



healthcare % of people with
services access to waste
collection services
% Populatiorwith
paved roads
% Coverageof
dranage
% Populationwith
access to
healthcare service:
Household % of people above
income the poverty level
Policy Existence of
Frameworks adequate policy
frameworks
_ Adequacy of disastel
Disaster
preparedness
Preparedness
Level of % Populationover
Education 25 years without

Form 4 education

%

%

%

%

%
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Inostroza, Palme, & de |la Barrera
2016; Wilhelmi & Hayden2010;
Manik & Syaukat, 2015; Gosain,
Ravindranath, Garg, & Rao, 2014

(Linkd, 2012; Lee, 2014; Kumar,
Geneletti, & Nagendra, 2016;
Satapathy et al., 2014, Fussel,
2007; Adger, Brooks, Bentham,
Agnew, & Erikson, 2004; Rana &
Routray, 2017; Inostroza, Palme,
& de la Barrera, 2016; Wilhelmi &
Hayden, 2010; Manik & Syaukat,
2015 Gosain, Ravindranath, Gar¢
& Rao, 2014 Tapiaet al., 2017)

(Ludera & Yoon, 2015; Satapathy e
al., 2014; Swanson, Hiley,
Venema, & Grosshans, 2007;
Inostroza, Palme, & de la Barrera
2016; Gosain, Ravindranath, Gar
& Rao, 2014)

(Marigi, 2017; Ludera & Yoon,
2015; Swanson, Hiley, Venema, ¢
Grosshans2007; Fussel, 2007b:;
Adger, Brooks, Bentham, Agnew,
& Erikson, 2004; Inostroza, Palmi
& de la Barrera, 2016; Manik &
Syaukat, 2015; Gosain,
Ravindranath, Garg, & Rao, 2014



Mobile phone % Population with % (Ludera & Yoon,2015;Swanson,
network mobile phone Hiley, Venema, & Grosshans,
coverage 2007; Inostroza, Palme, & de la

Barrera, 2016; Gosain,
Ravindranath, Garg, & Rao, 2014

Green Spaces %Green Space Area % (Kumar, Geneletti, & Nagendra,
2016; Satapathy et al., 2014;
Inostroza, Palme, & de Barrera,
2016)

2.5.3 Climate Change/ulnerability Assessment Framework and Method

Proposed approaches to vulnerability assessment vary based on(austata & Yoon,

2015) Different approaches have been applied by diftestmdies depending on the
location (rural or urban), scope (regional or local) and the elements of interest (biophysical
or social). The emerging frameworks are grouped either deductive or inductideviop

or bottomup. The inductive is datdriven whie the deductive is theowriven(Ge, Dou,

& Dai, 2017) The topdown approach considers climatic parameters as the starting point
while the bottoraup approach considers the adaptive capacity of the people as the starting
point (Satapathy et al., 2014)

Despite the different approachesthe methodof vulnerability assessmeraspectsuch

as spatial and temporal consideratioase common. Other critical aspects include
attributes of time and exposu(®ladruga et al., 2011 Nulnerability assessmeraiso
requires mapping (Fussel, 2007) Because ofthe nature ofthe climaterelated
vulnerability, historical dataresignificant(Sherbinin, 2014)Twigg (2015) advocates for

the combination of both quantitative and qualataspects.

The selectednethodcombines components from Satapathy et al. (2014), Linkd (2012)
and Feenstra et. al., (1998). It favours an integrated approach that combined both
gualitative and quantitative elements of the urban environment and climate. This is

becausethe parameters der consideratiorare biophysical andsocioeconomic The
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combination is based on the mudimensional nature of vulnerability which requires

comprehensive consideratiofi&rkmann et al., 2014)
The aspects that guided the assessment included:

1. Purpose othe Assessment.
2. Planning the Assessment. The planning inctude
a) Setting the geographic boundary of the study area
b) Determining the System of intere$¥hether biophysicadr socioeconomic
c) Unit of Measurement: Determining the unitne&asurement. Scales can be-city
wide, landuseypes electiveunits,or administrativdocations.
d) Approach: Either Tofown or BottomUp. A TopDown approach
recommendeavhen dealing with biophysical elements.
3. Assessment using quantifiable indicators. This follows the components of
vulnerability: sensitivityexposureand adaptiveapacity.
a) Assess the Profile of Current System
b) Assess the observed data.
c) Assess the effects of climate stimuli on the system.
d) Assess the tools of response to climate variability and extremes.
4. Combining all the above to determine current vulnerabilitye wlnerability can

then be classified into low, mediuimgh, and extreme.

Since the measured values in item three above arefefatif units, normalizatioas
expressed inquation 2.5s often used$wanson2012 Inostroza, Palme de la Barrera
2016)

6 6 2.5

WhereNy is theNormalized Value of the parameter of interést Value

of the parameter ahterest Vmin: Minimum value of the parameter in the
complete studyareaand Vmax: Maximum value of the parameter in the
complete studwrea
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In the combination in part 4yeighting of the scores in each of the cases is(kikd,

2012; Ozkan & Tarhan,(46) This approachvasfavoured as it uses a pairwise approach
and relies on expert opinions to determine the rankings in the weighting (Getahun & Gebre
2015; Dou et al., 2017; Chen, Ito, Sawamukai, & Tokunaga, 2015; Gigdachucar

Bajic, & Drobnjak,2017 and Ouma & Tateishi, 2014).

Vulnerability is often represented spatially by various authors using colour codes which
havebeengreen, yellow, orange and red. Green for low, yellow for medium, orange for
high and red for extrem@etersen et al., 2014)lotable is that these have variations of
shades depending on the minor classifications which could either be Low to Extreme or
Low-Low to High-High (Figure2.18).

Climate Change Vulnerability
Very Low » Very High

Figure 2.18: Climate Vulnerability Colour Codes

One limitation of this methodology isubjective nature of the classificatiamo the
various groupgGosain, Ravindranath, Garg, & Rao, 2QI®is aspect is best managed
through the consideration of the types of vulnerability namely flood and heat vulnerability

separately.

Vulnerability and risk assessnteare critical precursors to climate change adaptation.
They determine the need for adaptation and how to conduct it since climate change is
dynamic and affects different components of human life in unique {dM&CCC,

2011) The uniqueness is determined by factors of exposure, sensitivity, and adaptive
capacity and how they interact with external drivers (Figure 2.19).
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EXTERNAL DRIVERS
Climate ChangeUrbanizationandEnvironmental Factors

THERMAL AND FLOOD VULNERABILITY

Exposure Sensitivity Adaptive Capacity
i | TemporalExposure Physica) Ecological Socia| Economi¢ ||
. | SpatialExposure Social Economic Institutions !

URBAN ADAPTATION and RESILIENCE
Urban PlanningUrban DesigrandLand Use/ Land Cover Change

Figure 2.19: Thermal and Flood Vulnerability Analysis Framework
2.6 Climate ChangeAdaptation and ResilienceApproaches in Urban Areas

Management ofirban vulnerability to clima&requires climate actiorClimate action, at

all the scalesfalls into the two categorief mitigation or adaptatioFussel & Klein,

2006) Climate mitigation is concerned with reducing the levels of greenhouse gas
emissions in the atmospher@daptationfocuses oncoping with impactsthrough
adjustments imuman and/or natural systems to reduce adverse impacts or take advantage
of opportunitieUNFCCC, 2007; IED, 2016)

Climate action bestows economic benefitsaids in the achievement of national
development goal and reducesclimaterelated disastersthat cause loss of life and
livelihood (Ashley, Kenton, & Milligan, 2009V orld Bank, 201QUN-Habitat, 2011)As
such it shouldinform the renewal, regeneration, and developmemtidandnew urban
locations(Shaw, Colley, & Connell, 2007; Ratini, 2012)

On the global scale, itigation efforts are more established than adaptatie@asures
(Sattethwaite, Huq, Reid, Pelling, & Lankao, 2008)netheless, adaptation measuae
already taking place globally albait a limited way and witlextensivevariations across
societies due to varying capaeg (IPCC, 2007b) The gincipal characteristi of
adaptatiorarethat it benefits most of the urbanssgms, affects both local and regional

scalesfully benefits the payer and has an immediate lead (ifussel & Klein, 2006)

55



They often benefit thivcation wherghey havebeenconductedr have &nock-on effect
on other areadPCC, 2014a)

Climate change adaptation is a complex, dynamic process that cuts across scales, sectors,
and levels of intervention. The scales of implementadi@titywide to neighbourhood,

site and building(Lindfield & Steinber, 2012)They camalso makeuse of both natural
elementssuch aswater and trees, or materials of construct{éfough, 2002) The
interventions can targspecific weather elementsr a combination oflifferentweather
elementssuch asprecipitation,temperatureand wind even though Wilbanks (2011)
advocates for consideration of other developrnelated stresseklonethelessaspects of
institutional and governance frameworks also plagomelling role (IPCC, 2014a)
However, he effectiveness and efficiency of the nat@amentsdependon the climate

of the region, thelopeof the site andhe nature ofthe built-up aregHough, 2002)

Cumulatively, four elements are critical for successfutlaptation. First is an
understanding of current physical asmtobeconomicchangesSecond is theesignand
implementationof adaptation measures. Third is the needctmrdinated action by all

stakeholdersFourth is theavailability of reliable information on actiorid ED,2016).

Adaptationapproaches have schem&sch ascooling services and designs, energy and
water supply security, flood protection, relocation and zoning, blue and green
infrastructure, building codes for extreme weather, early warning systadisehaviar-

based service@Broto & Bulkeley, 2013) Thesemeasuresan beclassifiedinto built
environmentnitiatives, water sensitive urban desigipproachedanduseplanningand

biodiversity conservatian

2.6.1. Built Environment Adaptation Measures

The built environment in urban areas occurs at different scales. It can exist at a holistic
mesoscale of the entire urban aaeacatchment or the individual buildings mi cr oscal
Several athors haveoutlined the scales as eitheatthment scale, neighbourhood scale

or the building scale on one handegional, cityandneighbourhood on the oth€haw,
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Colley, & Connell, 2007) The scales determine ttappropriatetypes of adaptation

measures

Built environment daptation measuresencompassavoidance, improvement, and
replacement(Rattanachot, Wang, Chong, & Suwansawas, 20Rgplacement is
concerned with thesubstitution of built environment elements that make it prone to
climate hazardsuch as changg from nonporousto porous pavinglmprovement
includesupgrading the status of existing elements sucthasddition of street trees.
Avoidance isconcerned with totallyavoiding risky elements such gsaving of green

spaces.

Hough (2002)ppines that infrastructure systesisch agoads, waterfronfsand railway

lines have idle land that can green the urban areas as a green infrastructure improvement
approachGreen and blue infrastructure systeras assist in adaptation through thermal
regulation, runoff regulatiorand biodiversity conservatiorfor evaporative cooling
Additional approachesclude the provision of shade, water interceptistprage,and
infiltration to minimize flooding risk andnhance aquifer rechar(i@emuzere et al2014;

Gill, Handley, Ennos, & Pauliet, 20Q7These functions are based on the ecosystem

services ofirbannaturalsystems (Table 9).
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Table 2.9: Ecosystem Services of Different Urban NaturaBystemsEcosystem
Services of Different Urban Natural Systems

c
o © %) a ) n 2
fol= S 9 . 2 S °®
. @ ] c
Ecosystem Services = % S _;“E _‘.5 @ S S g =
n o 5 @ ] = g
g 5 Sz 3 85
Air Filtration X X X X - X
Micro-clim
cro-climate X X X X X X
Regulation
Noise Reduction X X X X - X
Rainwater Drainage X X X X X X
Recreation/ Cultural X X X X X X
Sewage Treatment - - - X X -

Effectiveness of green infrastructural systems is dependent on the quantity, quality,
connectivity of the green spaces, and the level of integration between the different green
and blue systems in urban ar¢amia & McShane, 2018)The larger the quanyit the

better the quality and connectivity, and the more integrated green infrastructure, the more

effective they are in climate change adaptation.

Specific approaches used at the built environment soahe at the building levedtreet
level and greenpen space levels. Buildingvel interventions are at the roof and facades
asecoroofs and wallsStreet interventionsxist as cool and permeable pavaryl street
vegetation. Green open space interventions come as greemfuhfiesent scalegShaw,
Colley, & Connell, 2007; Foster, Lowe, & Winkelman, 2011; Hoverter, 2012; EPA,
2008&:; Brown, Vanos, Kenny, & Lenzholzer, 2015; Bolund & Hunhammar, 1999)

The first green infrastructural element is candl/ porous pavemenigheyare pavements
that have reflectivand emittance propertiedEnvironmental Protgion Agency EPA],
200&). They either reflect oemit low amounts of received thermal componant

conserve aquatic biodiversity by reducing the temperature of runoff thatexnds up in
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the natural water systenidoverter, 2012)They also have voidshattrap water and air
(Figure 2.20)allowing for evaporative cooling in warm weather conditiangredued
runoff volumes(Battista & Pastore, 2017; Mohegh et al., 2017; Qin, 2015b, 2016a)
enhance their effectiveness in amelioratidgll during the dry seasonswatering &

recommende@Hendel, Gutierrez, Colombert, Diab, & Royon, 2016)

ba™d Permeable pavers

Source Vanam, (2017)
Figure 2.20: Porous Paving for Storm WaterManagement

The second element is Ecoofs and walls (Figure 2.21). They are either planted, cool or
blue roofs and wall¢Foster, Lowe,& Winkelman 2011) The most researched and
published ones include cool and green roofs and green walls. Green rovalEnare
vegetative layers grown on a rooftop while cool roofs are roofs made of highly reflective
and emissive materialEPA, 2008a; EPA, 2008b)According toPrice, Jones, and
Jefferson (2015kcowalls are likely to be even more effective in urlcaoling than eco

roofs as they can cover a larger area.

Ecoroofs and walls reduce the rate of flow of stormwater and heat loading, increase
storage in the substrate and purify the suspended particles in(Materar, Olivieri, &

Neila, 2016; Francis & Jensen, 2017; Mayrand & Clergeau, 20h8y also reduce water
acidity (Zhang et al., 2015; Berland et &017).Additional benefits key to climate change
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mitigationincludereduction in air pollution, a reduction in carbon dioxide emissions and

carbon sequestration in cases of intensive green foeés Kim, & Lee, 2013)

Source: Garden Design Academy, (2020)

Figure 2.21: Ecoroofs and Walls

Factors that determine the effectivenessarfroofs and walls includéhe plant species

type of substratesizeof plantsand the elevation at which they &dem, 2015) They also
perform better Wwen they are on shorter buildings and upwind of taller buildings since the
cool air is then deflected to the lower ar@dyint, Recktenwald, &Sailor, 2015) Their
functionality also depends on the green roof typolagiych can either be extensive or
intensive; extensive having mainly stonecrop species while intensive having normal
garden plantgcluding treegPodrova & Vranayova, 2020Qee, Kim, & Lee, 2013EPA,
2008).

The third element is greenways, parks, and street vegetaigurd 2.22). Park and street
vegetation provide ecosystem services such as cooling, biodiversity habitat, and surface
runoff regulation through shading and evapotranspiration cod8tgne, Hess, &
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Frumkin, 2010; Duarte, Brown, Vanos, Kenny, & Lenzhgl2€x15) In the management
of thermal stress, park and street vegetation are most effective, followed by water, grass,

green roofs, and street orientatid@@h@tzidimitrious & Yannas, 201#&nderssorSkold

et al., 2015)

Source Kalvapalle, (2016)
Figure 2.22. Greenways and Street Vegetation.

Effectiveness of trees/vegetation in climate amelioration is determined by the species,
planting design, distribution, and orientati@rown R., 2010; Wenting, Yi, & Hengyu,
2014; Morakinyo & Lam, 2016)On species, a mix of evergreen and broadleaved
decduous trees have the highest temperature regulation ability followed by deciduous
broadleaved then coniferous tré@genting, Yi, & Hengyu, 2014)Deciduous trees offer
cooling benefits in summer while evergreen ones offerisgaall year roundBrown,

2010) The effectiveness of shading is dependent on height and canopy cdqttrage,

2002) The greater the closed canopy of a
surface temperaturédsiough, 2002) Smaller weldistributed parks also perform better

than larger central parks in temperature regulgfidorakinyo & Lam, 2016)Zhao, Fu,
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Liu, & Fu (2011) supports anmibtes that ders gardens and tree cover is predisposed to
perform better.

2.6.2 Water Sensitive Urban Design

Water playsaconsiderableole in the challenges posed by climate chamgerban areas.

It exposes urban areas to flooding rislowever, it als@ssists irthermal regulationAs
such,themanagement of water either through water sensitive design or sustainable urban
drainagecanplay amomentousole in the adaptation of urban areas to multiple impacts

of climate changéShaw, Colley, & Connell, 2007)

The concept of water management in urban areas is referred to by different names: Low
Water Impact Development in the U.S.A., Sustainable Urban Drainage Systems in the
United Kingdom and Water Sensitive Urban Design irsthalia. Nonetheless, they
involve the percolation, collection, treatment, and storage of stormwater (Gogate, Kalbar,
& Raval, 2017). Alongside adaptation, these initiatives can help in meeting the growing
global water deman@Charg, Lu, Chui, & Hartshorn, 2018)he interventions can be

applied in the city or local scales (Figure 2.23).

The elements used include vegetatedrbiention systems, porous pavements, wetlands,
bio-swales rainwater tanks, rain gardens, and stormwater ponds. Other mechanisms
include rain barrels and cisterns, stormwater planters, infiltration ponds, vegefétes] bu

and green rooftop systertietcher et al., 200&06Ich, Henz, Keilholz, & Pauleit, 2017)

The effectiveness of some of the systems is enhanced by having vegetation in them.
Hough (2002yecommends the preservation of natural drainage systemsastherles,
retention or detention ponds which should be protected as easements with undisturbed
undergrowth.This approach encourages percolation of water into the ground thereby
reducing surface runofft alsoprovides for incorporation of nature in thinerwisehighly

paved urban systemblowever, theyften require higher maintenancempared to the

paved drainage systems.
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Local-scale Accentuate Increase
cooling influences vegetation
through design cover

sl

\ o
y 3
o
oo o
o oo o} a
Irrigated Open water bodies Increased Green roofs Reduced
open space (treatment wetlands, canopy coverage and walls export of
waterways) (trees) stormwater

Micro-scale

Irrigation Stormwater Bio-retention Bio-retention Bio-retention Infiltration Increased
(surface or harvesting (rain-garden) (swale) (tree-pit) systems (porous sub-surface
sub-surface) (tank) pavement) flows

Source: Coutts, Tapper, Beringer, Loughnan, & DemuZ204,2)

Figure 2.23: Water Sensitive Urban Design Interventions at the Citywide and Local
Scales
Urban planning is a societal tool charggaplied tobringing order and minimizing or

eliminating conflict between the different components of the urban sy$fetthews,
2011) The gatial configuration of cities and towns, dmawvland is used and developed,
have someomgelling implications for adaptatio(Stead, 2013)Aside from adaptatign
certain urban patterns also ensure sustainable gewelttinitiatives such as thgreen
economy(Robinson et al., 2012)
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Landcoverplanning act through preventive and curatiapproaches. They can beed
in eitherensuring developments are kept away from climatepiske aregsr infusion
of ameliorativeland uses whereneededFor instance,green open spaceanfunction as
flood plains and wetlands to control flooding the relocation of informal settlements

from vulnerabldocations prone tfloods and landslide@Hamin & Gurran, 2009)

2.6.4 Biodiversity Conservation

Adaptation approaches shoutdnsiderbiodiversity coservation measuresich aghe
designation of reserves, increased habitat connectivity and countering theffeétl

(Wilby & Perry, 2006) LandscapeArchitectureinterventions can be applied as they
considerboth the social and natural benefits of urban biodivergRyckett et al., 2001)

This should be done at a more regional scale to ensure better success in meeting ecological
services(Robinson et al., 2012The success is dictated by ecological concepts such as

connectivity,contiguousnesgndnetworks.

2.6.5 ChallengesFacing Adaptation

Urbanization inow- and middleincomecountries occurs in the unplanned urban fringes
of urban areasvith massive urban sprayfattethwaite, Huqg, Reid, Pelling, & Lankao,
2009; UNHabitat, 2018). This happens in either the high vulnerability zones of informal
settlements or sub and pewmban areas thatvere notoriginally within the planned
boundaries of the cityAs a result, digciencies in infrastructurdow economicstandards,
and lack of technologpose challengeto adaptatiorin these areagSattethwaite, Huq,
Reid, Pelling, & Lanka, 2009; UNFCCC, 2011)

Inadequate knowledge or data in certain locat@md the inability to predict certain
climaterelated scenarios with a high degree of precision is another challenge facing
adaptationIPCC, 2007b; IPCC, 201)arhe uncertainty inviwing the future impacts of
climate change and the possibility of changes occurring or stabilizing is affecting
adaptation and planning for adaptati@ssociated Programme on Flood Management,
2012)
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Human financialandinstitutional capacities remain a major challenge for climate change
action in the developing worlUNFCCC, 2011 Leal Filho & Nalau, 2018)Adaptation

is likely to be a challenge since the most vulnerable populations are usualiigahpoor

who are ofteroverlooked in planning, funds allocation and enforcement of adaptation
initiatives (Ashley, Kenton, & Milligan, 2009)This isshownby Douglas et al.(2008)

who point out thain Africa, climate change adaptatidrasbeenindividualy driven.
Whereit has been institutionalizethe focus has been on adaptation in rural areas at the
expense of urban areas and in a fragmented mdBudteley & Tuts, 2013) Some
adaptation approaches requingenseinvestment which may not be a major budgetary
priority for the developing countrig8Vorld Bank, 2010; IPCC, 2007b)

Most climate change adaptation approaches have beerdawwpapproach with notable
challenges of lack of appreciation of challenges waitp specific communitig&shley,
Kenton, & Milligan, 2009) Social and cultural barriers also pose a challenge to climate
change adaptatiomhey affect the wa societies experiencénterpret,and respond to
climate chang€IPCC, 2007h)Forexamplejn African societies within the urban areas,

using recycled greywater may be a challenge for most urban dwellers.

There isconflict between adaptation and mitigationplanning For example, aStone,
Hess,and Frumkin (2010)argue in favour of a compact city form as an adaptation to
dealing with the effects of extreme heat evedtaninandGurran (2009point out that a
sprawling urban area with established green fingers raayletter approach adapting

to flood risks.This discourse is carried further to whether planning as a tool should be
used for adaptation or mitigatigStead, 2013)To counter tkesechallengs, Haminand
Gurran (2009)suggest an integrated approach where green spaces are fused into
settlements but as ribbons along transportation corridors and drainagessgstepposed

to the large expanse and having them designed for multiple uses like urban agriculture

parks,and flood plains.
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2.7 Theoretical Framework

The theoretical frameworgonsiderghree theories namely thieeory ofgood city form,
ecosystemgsheory,and thelntegrated Urban Ecosystems ThedtyET). The choiceis
based on thmterlinked and sometimes cyclic relationship between udraduses, urban
forms and natural systemas pointed out biyloughtinandShirley (2005) Environmental
and social processes influence land use and urban .farhes ecological preesses
influence the functionality of urban areas in certain ca(Besuste, Haase, & EImqvist,
2010)

2.7.1 Theory of Good City Form

The theory ofgood cityform, as proposed bizynch (1981) highlights threeconcepts
(Figure 224). First is the appreciation ofirban areas as ecosystemmade upof
interdependent suflystemsAs such changes to one ssystem are likely to influence
the performance of the other subsysteSexond is theelationship between the human
and natural environment idetermining the performance and sustenance dimension of
good urban forms. Ae tird is theconsideration of flow versus adapted systevhen
observing urban aredsynch defines flow systemasthecirculatoryaspects and adapted

as theusable nortirculatory systems.

Urban areas as Human dimension Performance and
Ecosystems Sustenance
Good City/ Urban

Form
Natural dimension
Flow systems and

Adapted spaces

Figure 2.24: Concepts of Good City Form Theory Relevant to the Study

2.7.2 Ecological SystemsTheory
The ecological systems theory is derived from the general systems theory and traces its

origins to thetranscendingelationships between physics and ecolégyn the 1960s
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The general systems theory has been observexigbinfields like earth sciences, geo
form, meteorology ecology,biology, and generapopular thinking(Bertalanffy, 1968;
Pickett, Kolasa, & Jones, 200'Bcosystem theorgomprisesmany integrated concepts
such asthe network and hierarchical concefdgrgensen1997) all of which call for
expanded knowledge in the fields of meteorology, geglagyg hydrology(Mclintosh,
1985) Threeof Jgrgensed $2007) proposé eight laws of the ecosystendgheory are

relevantin the interaction between the natural and famede elements in urban areas.

Firstly, all ecosystems are opa@amdenmbedded in an environment from which they receive
energymatter input and discharge enemgatter as output. This points to timéeractive
nature of the relationship between natural systems andnmde featuresSecondy,
ecosystems have levels of organization amak hierarchically Within an urban context
and based on the first law, this means that an impact at the bottbmsyfstem is likely

to exponentially affecother systemsThirdly, nonecologicalentites exist in isolation
but arelinked to otherentities This draws the link between tleeological biophysical

parameters and neacologicalsocioeconomiparameters of vulnerability in urban areas.

Energy exchange Hierarchy of the Relationship
between different subsystems between
subsystems ecological& non
ecological actors

Urban Ecological System

Figure 2.25: Aspects of Ecological Systems Theory Relevant to tistudy

2.7.3 Integrated Urban Ecosystems Theory

The Integrated Urban Ecosystems TheolyET) is a continuation of whaMugerauer
(2010)arguesis the progression towarakevelopingurban ecological theoryrhetheory
asput forward bySteward, Pickett, Burch Jr, DalteandForesmar{1997)and suppo&d
by Huang and Du (20104lenotes the relationship between teabsystems in urban areas
(Figure2.26).
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Outlet
Subsystem

Built Environment Subsystem

Natural Environment Subsystem

Source: Huang & Du (2010)

Figure 2.26: Integrated Urban Ecosystems Theory Model
It outlines the momentous role played by the natural system in the survival of urban areas.

This argument is further lent credence by the various authors on ecosystem services in

urban areas as summarized in Table 2Bidund, 1999; EImqvist et al., 2015)
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Table 2.10: Ecological Services and their Qualityof-Life Indicators in Urban Areas

g?;ggg‘:ty Urban Ecosystem Service Quiality of Life Indicator
Ecology Air Filtration; Climate Health (clean air, protection
Regulation Noise Reduction against cold antleat death)
Rainwater drainagé&Vater Safety andDrinking water.
Supply, Wastewater
ManagemenandFood
Production

Social Sphere LandscapgRecreationCultural  The beauty of the environment
Values Sense of Identify Recreation and Stress
reduction Intellectual
endowmentCommunication

andPlace to live

Urban ecosystems offer various services to urban areas which can be classified as either
provisioning, cultural, regulating, habitat and supporting serviBesuste, Haase, &
Elmqvist, 2010) Even though they have beeliscussed in a different context, the
ecosystem services as enumerated in Table 2.8 are like climate change adaptation, and
those considered by authors such as Oke (1995) and Erell, Pearlmutter, and Williamson

(2011) in urban climate amelioration.

In the ®nceptualization of urban systerBseuste, Haas@ndEImqvist (2010)onsiders

thegoalof urban systems the wddkeing of human being$ hi s ai mdo sreli@c hi ev e
on the provision ofbasic human needaccess to goods atigelihood opportunies,

security, health, sociatelations,and freedomwhich arederivedfrom natural resources

and services provided by ecosysteribat said,Huang and Du (2010) denote the
significance of the natural environmentsapportingall the other seversubsystemsA

position supported byickett et al.,(2001) who further points out the significance of

considering physical armbcioeconomisystemsvhen viewing ecological systems.
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2.8 Conceptual Framework

The interaction between urbaneas and climatic parametexscurs at the scale of urban
surfaces which manifest as eitheland uses or landcover As such, urban areas have
unique climates different from the regional climate in which they are. Due to this, they are
affected by both the global or regiordimate and their unique urban climateGlobal
climate change influences regional precipitation, temperature, and wind patterns.

The uniqueurban climate exhibits certain characteristics that differ from the regional
climate. This difference is caused by the coarficeof urban physical characteristiaad
regional climates. The physical characteristics inclaasity, landcover surface
roughnessand construction materialsThe resultingunique phenomenanclude UHI,
unique wind pattern@anduniqueprecipitation dynamicdmpacts caused by ehunique
urban climate include flood risk and thernsalessisk. Risks translate to hazards when
exposed to vulnerability components of exposseasitivity,and adaptive capacity

Climate actionexists aseither mitigation or adaptation.Adaptation is a more urgent
climate action need in the developing world compared to mitigafibe. adaptation
approaches proposed in literature lean towards the modification of the urban physical
environment Existing theoies on urban systems like thedET Theory and Theory of
Good Urban Form support this approaid stress the significance lmdth human and
nonhuman ecological and neecological physicaj social,andbiological factors in the
development of resilierand cohesive urban environmenthey echo the interlinked
nature of urban systenandfurther note that the natural system is the most critical in
urban areas as it bears all the other systems andreasatintact with each of them. For

a fully functioral, harmoniousandresilienturban environment, the natural subsystem
need protectionfrom the negative impacts of other subsystems. The natural subsystems
within the urban planning and design context include elements like parks, lakes, rivers,
wetlands, waterfrontdprests,and other green open spacksalso encompasses urban

vegetatio in its various formsamelytrees,shrubsand groundcovers
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Deductively, action on the natural subsystem would achieve exponential success in the
other subsystemsThis is effective alongside the other urban physieementsviz.
materials of buildingsthe orientation of streets and extent of green spaces. arest
partfocuses omsingecosysterbased approaches suchgasen infrastructure systems in
themanagement of theérmal and stormwater componertte interventionsicludeeco
roofsand walls distribution of green open spacpknning and zoningo avoid intensive

development vulnerable locations awubtainable managementssbrmwater

Theseadaptation measures wilbt onlycontribute to climate resilience at the losedle,
but theyhave the potential of mgating climate change alongside thelioration of
urban climate challenges even if climate change and variability is eliminated from the
equationFor instance, theistributionof green open spaces can manage air qulityet
vegetation can perform carbon sequestratiBioswales can filter andpercolate

stormwaterthusrechargingurban wateaquifers.

Theconceptual model (FigureZB) shows theelationship between the different variables
discussed abovdhese are grouped under four main classes: urban dynatmuste,
vulnerability assessmerand urban resilien¢eadaptationUrban dynamics encompass
urban form and socioeconomjeghich influence and are also influenced by climatee
climate component has 2 facets: unique urban climate and global climate change. These
influence each other but also interact with urban form to dicliffierent vulnerability
levels. These vulnerabilitieseaeitherthermal streser flood relatedThe management of
climate vulnerability is through climate change adaptation. This aids in improving urban
resilience.The relationship between urban resilience/ adaptation and the other three
variablesis multidirectional. For instanceurban form determines the type of urban
adaptation initiativeswhile adaptation initiatives modify urban form elemeimisthem

to reduce vulnerabilityand increase resilience

As such,the null hypothesis (H[Equation 2.6]) portends that urban form does not

influence climate change irthe City County of NairobiThe alternate hypothesis {H
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[Equation2.7]) signifies that urban form influences climate change vulnerabilitthén
City County of Nairohi

'0d TWQE DA IQQ QinE QEEQUON HAME | & (2.6)
'0d TQE DB QEiEEQQ QI QinE QEXRQVICP®E 1T a (2.7)

2.9 Operational definition of terms

The operationally definederms in the hypothesis are urban foetinate change and
vulnerability (Table 2.11) Urban formwas measured as landcover (RpmNormalized
DifferenceVegetation IndeXNDVI) and Population DensiiPeoplé Km?). Climatewas

measured from the climatic elements adferage annuaminimumt e mper at ur e (
average annuana x i mu m t e mp kighest anmuatempe g t, u r dowebt ) ,
annualt e mperature ( ), a Yunerabtitywasdn expeat iranking | | (r
based aggregate of urban fgornelimate, and socioeconomic parameters. The
socioeconomi@arameters were povertof, age (%), gendelf) and access to services

(%).

72



Table 2.11: Operationalization of Variables

Variable  Parameters Subparameters Units
Urban Landcover Built-up area Km?
Form Forest Km?
Open Space Network Km?
NormalizedDifferenceVegetation Index Unit
Elevation Elevation m ASL
Slope Slope %
Flow accumulation Unit
Soll Soil drainage properties %
Density Population density People/ Kn

Climate Temperature Average annuahaximum temperature
Average annuahinimum temperature
Highest annualemperature
Lowest annualemperature

Rainfall Annual rainfall mm

Urban resilience in a changing climate depends ondineslopment of adaptation
mechanisms. The prescription of adaptation approaches requires a clear determination of
different vulnerabilities. Climate oriented vulnerability assessment relies on the
evaluation of biophysical and socioeconomic characterislitsse characteristics have

been found in certain circumstances to be intricately linked with and manifested as urban

form.

Urban form influences the interaction between climatic elements and urban areas. This
influence is based on the different landcowgrologies. For instance, builip areas

worsen the UHI effect and increase surface runoff through thermal loading and surface
sealing, respectively. These expose urban areas to heat and flooding risks. The

vulnerability of urban areas to climate is tHere twotier. Firstly, through unique urban
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climates because of urbanization. Secondly, through the globally changing climate that
exposes urban areas to impacts such as flooding and thermal stress at the regional level.

Management of urban vulnerabilitp climate change is through adaptation. Climate
change adaptation is through response to an individual or a collection of climatic
parameters. Common approaches appear to be ecodyasenah, for instance, the green

and blue infrastructure and water samsitlesign. As such, an ecosystbased approach

is ideal in enhancing urban resilience to based climate change vulnerability as it responds
to the intricate relationships between urban form, urban climate, climate change and

vulnerability as shown in Figa 227 and Figure 2.28.

Urban Form . | UrbanClimateand | :  Vulnerability
i i Climate Change

Landcover | Urban Heatlsland | | | | Heat Stress

. | and Extreme Heat|—>| Vulnerability

events .

Built-up density | Surface runoff and .| Flood Risk

- Flooding events | | | Vulnerability

i Surface roughnesc E := Extreme winds : E: Extreme wind E
| Lo .| vulnerability
. Other biophysical factors Ecosystem based Adaptation

A Hydro-lithology <— Infusion of ecosysterbased systems to
A Topography . improve reliance of urban areas and replac;

Figure 2.27: Relationship Between Climate Change, Urban Form, Vulnerability,
and Adaptation Approaches
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Urban Dynamics

Urban Form . 1| Unique Urban | | Climate Change |
Buildings (Materials and density) P Climate i ¢ | Land use Planning and Zoning ;
Open spaces (type, materials and distribution) | i i Extrgn_”ne _ ; : :
| i | UHI, Unique wind precipitation i : Building CodesUrban Conservatign :
v v 5 i patternsandUrban Extreme i : Relocation from sensitive areas i
Urban Urban Socio .| precipitation Temperatureand i . | Sustainable development plans
biophysical economic E i Extreme winds E ; ;
Character § i I [ i r : : ;
Landcover Soil Character -«—> i g Built Environment :
-El)e‘;lfgtlgg,hy/ Age, Gender ? Combined Impacts Eco roofs and Wall|Distributed green
Slope Open Income/.Poverty . i i | Exacerbated UHI effecHeatwaves and Cold | : L | open Spc?ceilool and perrg)ea'ijle g
Space Network Population Density Waves Flooding and Drought paving Greenway systemgark an
andNDVI Access taservices street vegetation

Climate

Urban Resilience andAdaptation

\ 4

Water Sensitive Urban Design

Flood Vulnerability

A Exposure Rainfall)

A Sensitivity(Topography, Elevation,
Open Space Network, NDVI,
Landcover)

A Adaptive CapacitfAccess to services
and socieeconomic character)

Heat Vulnerability

A Exposure (Temperature extremes and
averages)

A Sensitivity (Elevation, Open Spabietwork,
NDVI, Landcover)

A Adaptive Capacity (Access to services and
socioeconomic character)

Vulnerability Assessment
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CHAPTER THREE

RESEARCH METHODOLOGY

3.1 Introduction

This chapter discusses key aspects of the City County of Nairobi County. It outlines the
hi story of Nairobi ds urban planning from
key physical characteristics, and the legal and institutional frameworkisnfiaite action

in Kenya.This chaptemalsoarticulateshe oveall research designt details thesources

of data, samplinglesign, dataselection and processing methoddata analysis and
presentation, data reliabilityalidity, andresearch ethics. In dat&oice collection and
processing it details the methodsd tools used while in data analysis it explains the

methods of analysisndthejustification for their selection.

3.2 Study Area

3.2.1 Nairobids Urban Form History

Theorigin of the city is not linked to the existence of an African village but precolonial
urbanism which can be traced to 1889 tqnyamba, 2011)This was driven by barter

trade among the African communities. It was followgdHe railway town and eventually

the development of an urban area when both the provincial headquarters and the
protectorate headquarters were transferred from Machakos and Mombasa respectively to
Nairobi (Owuor & Mbatia, 2012)Urban plans developed for the city were in 1898, 1927,
1948, 1973 and 2014.

The first plan for Nairobi was a railway town depot plan in 1898. The key features of the
plan included the damming of Nairobi River to create an impounding pond, the location
of senior staff housing at the current Upper Hill area, commercial plots along the current
Moi Avenue and a parallel street (currently Tom Mboya Street) as the main town street
(Japan International Cooperation Agency [JICA] and Japan Science and Technology
Agency [JST], 2014a)The choice of location for the railway town was guided by the
slope suitable for construction of shunting areas, workshops and commercial zones,
76
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adequate water supply from Nairobi and Mbagathi rivers, and a deserted land offering
spaceor expansior{Owuor & Mbatia, 2008; Vorgel, 2008).

By 1905, the town (Figur8.1) had grown into definite landuses hosting a population of
over 11,000 inhabitants but without a clear spatial plan and, therefore, a very incoherent
urban form(Owuor & Mbatia, 2008)
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Figure 3.1: Nairobi Township and Central Business District in 1905
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The town extent was originally 18 Kwwhich expanded to 25 Kim(Mwaniki, Wamuchiru,
Mwau, & Opiyo, 2015) No form of development control or planning other than the
gridiron street pattern layout seen within the Central Business District ((CBD] Figure 3.2)
existedat the time (White, Silberman, & Anderson, 1948; Vorgel, 2008).

1926 to 1964 boundary ya \

| g \\ f\: \\ T~ g
~ H\.*—\\_ﬁ‘_ g /) \
{ " T
L. — ‘-//_A—"
\ﬂ “-1921 to 1926 boundary e
S LEGEND
1900 to 1920 boundary N
N e 1900
@ ~ 1920
0 5 10 15 20Km o N 1926
| i i i i ™ - 1964

Source: Adapted from Adebayo (2012)
Figure 3.2: The City County of Nairobi Boundary Extensions

The second plan was the 1927 plan which gaextension of the boundary to 77 Km
(Mundia, 2017) It proposed the regularization of circulation routes, the drainage and
clearance of the swamps and the regulation of buildings and dénsitel, 2008; JICA

and JST, 204). The other extensions of the boundary happened in 1963 (Adebayo, 2012).

The third and final formal plan was the 1948 plan for the City of Nairobi (Vorgel, 2008;
White, Silberman, & Anderson, 1948). The plan expanded the city to §3Mwaniki,
Wamuchiru, Mwau, & Opiyo, 2015)r'his was to be achieved by segregating landuses

and income classes into weéfined areas. Industry was to the south of the CBD,-high
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income neighbourhoods to the west, mididieome residential to thaorth, and low
income to the eagMorrison, 1974) The recognition of emerging challenges posed by
race, caste, and religion prompted the inclusion of sociologists in the planning team
(White, Silberman& Anderson, 1948)This led to the development of zones like the open

spaces and parks, the railway, residential and commercial @reagel, 2008)

Hallmarks of the historical plans were segregation on racial grourus. housing
typologies also followed this system. The Europeans inhabited the western zone, the
Asians to the northern and Africans to the eastern zones of the town. Housing typologies
also followed this segregation with notable changes between the 48@ake 1940s
(Vorgel, 2008; Owuor & Mbatia, 2008; JICA and JST, 2014; Martin & Bezemer, 2019).
The Asian and African neighbourhoods, which were in the lower areas of the city, had
black cotton soil and this exposed them to flooding challenges compahedEaropean
neighbourhoods that were in elevated areas and hadivaglled volcanic soilfOwuor

& Mbatia, 2008)

The 197478 and 1979983 plans are known as the 3rd and 4th RRithardson1980)

They are the plans currently used by the city. Nonetheless, development outpaced them
since they were planned for the period ending in the year 200Hg@k\at, 2006; JICA

and JST, 2014). The 3rd plan had two strategies: the city stratethyearegional strategy.

The city strategy was the decentralization of urban development through the establishment
of new selfcontained centres to reduce the density in the city centre. The regional strategy
involved the expansion of the city and linkagéhathe neighbouring urban areas of Thika
town, Athi River and Machakos along an East and N@f&st Corridor (Vorgel, 2008)
However, the plans were never fully implemented due to lack of funds, skilled personnel,
and shorterm plans (JICA and JST, 2014).

Other notable efforts at planning included the 19988 the City County of Nairobi
Commission Development Plan and the 1993 the City County of Nairobi Convention

(Mundia, 2017; Owuor & Mbatia, 2008Jhey sought to manage the deteriorating urban
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physicalenvironment and social servic@dundia, 2017) These subsequent plans were

also never implemented.

The Integrated Urban Development Master Plan for the City of Nairobi commonly
referred to as the Nairobi, Integrated Urban Rlas developed between 2012 and 2014

to succeed the 1973 Metropolitan Growth Strategy. The plan was handed over to the
County Government on5March 2015 but had not been gazette for implementation
(JICA, 2015a; JICA, 2015bDf key interest to this study are priority programmes Il and

IV which are urban transport and environment improvement, respectively. These point to
the development of new urban soéntres alongside the CBD and the improvement of

water, solid waste managent and air qualityJICA and JST, 2014)

Nairobi és growth is intricately connected
This was maintained at independence and changed from racial to social class segregation.
High income Africans replacdte Europeans. Middle income Africans joined the Asians.

The lowincome Africans settled in informal settlements (Anyamba, 2011).

Even though the city boundary did not change after 1964, urbanization and urban sprawl
has continued unabated. This sprawbest captured by Mundia (2017) a@yugi,
Karanja, & Odenyo,( 2017Between 198&nd 2015, changes included buifi areas
increase of 73.08 Kfrin the year 1988 to 228.65 Kiim the year 2015. The major losses

were in green cover which encompassed forest and agricultural land.

A pictorial review of Na&il900sandd990stravemladsaf o r meé
notable land cover change from an expansive grassland tapuitban area (Figu®3).

The informal growth of the city can be traced to the end of the first world war in 1918.

This period marked the development of 8 infoks®itlements to the west, south, western

and northwest of the administrative distr
urbanization story is dominated by informal settleméAtmnesty International, 2009;

Mwaniki, Wamuchiru, Mwau, Opiyo, & Mwaniki, 2015; urbaNext, 2020)
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The unplanned growth beyond independence was supported by the inadequacies of the
legal frameworks such as the Local Government Act (repealed upon the advent of the
Constitution of Kenya, 2010) and the Physical Planning (Ratebayo, 2012) The
provisions of these frameworks were inadequate in robust development control especially
in the context of urban planning. The lack of urban plans after 1948 masterplan and the
failure to implemat the 19731978 plans aided the sprawl. To remedy this, the National
Urban Development Policy was formulated; the Physical and Landuse Planning Act

(PLPA) was also revised.

1900s

Source: 1900s (The Agora, 2020); 1930s (Vintagst Africa, 2020); 1960s (Paul,
2013) and 1990s (Doug Scott, 1998)

Figure 3.3: The City County of Nairobi Transformations Between 1900s and 1990s

The emerging provisions anticipated to assist in proper pigninclude provision for
conservation of green spaces, development of adaptive housing, green urban landscapes,
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incorporation of climate in design and the promotion of innovative technology on climate
change adaptatio(Government of Kenya, 2015Enactedin 2019, the Physical and
Landuse Planning Act provides for the planning, use, regulation, and development of land
and any connected purposes. It noted climate change as one of the outstanding elements
to be included in situational analysis during the prapon of development plans. Other

than the direct provision, the Act also advocates for environmental conservation,
protection, and improvement alongside the utilization of environmental management tools
captured in the EMCAGovernment of Kenya, 2019)

Environmental degradation and the need to consolidate over 78 regulations managing
environmental issues led to the development of the National Environment Policy (NEP)
and Environmental Management and Coordination Act (EMCA) 1999 (Government of
Kenya, 200; Government of Kenya, 2012). EMCA created institutions such as the
National Environmental Management Authority (NEMA). It also outlined environmental
management tools such as Environmental Action Plans, Environmental Impact
Assessment, Environmental Atidg and Monitoring, Environmental Quality Standards,
Environmental Restoration Orders, Environmental Conservation Orders and
Environmental Easement&overnment of Kenya, 2000yhe Act was also identified by

the Climate Change Act to monitor climate change response duties conferred on

individuals.

Recognition of climate change as an emerging development challenge led to the
development of National Climate Change Response Strategy, National Climate Change
Action Plan and National Adaptation Plan (Government of Kenya 2010b; Government of
Kenya 2016¢ & Government of Kenya, 2018). These led to the development of the
Climate Change Act, the regulatory framework for climate change d@imvernment of
Kenya, 2016a)The Act further advocates for mainstreaming sustainable development
principles into planning and decision making alongside providing for climate action

funding through the climate fund.
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Climate challenges have also resulted in other disasters such as di@eagts, storms,

and landslides. A compelling number of these hazards are caused or exacerbated by
climatic elements such as rainfall and temperatGmegugo et al., (2014argue that
climate change parameters result in over 70% of the national disagbersenced in the
country. The National Policy for Disaster Management was developed to address
emerging disasters (Government of Kenya, 2009a). Even though the policy underscores
the role of climate change action in sustainable development, it ackneslddglack of
capacity in dealing with climate change adaptation. The policy enumerated pillars of
disaster management to offer an opportunity for climate change adapfatgugo et al.
(2014)cautions that the policy nevertheless does not give agtrate how to manage

disasters.

Other legislations enacted to both streamline urbanization and realign legislations to the
Constitution of Kenya 2010 include the Urban Areas and Cities Act. In the management
of cities and municipalities, the Act createsaaiul that shall develop Integrated Urban
Development plans, control landuse, land development, and zoning and promote a safe
and healthy environment. The components of integrated development plans, landuse
control, and zoning, offers a great opportunitglimate change action. (Government of

Kenya, 2010a; Government of Kenya, 2011).

Other Acts of Parliament deal with sectoral issues such water the (Water Act, 2002),
forests (the Forest Conservation and Management Act, 2016) and wildlife conservation
(Govenment of Kenya, 2002; Government of Kenya, 2016b; Government of Kenya,
2009b) These have also established various institutions such as the Water Resources
Management Authority, Kenya Forestry Service, and the Kenya Wildlife Service. These
connected lawsreate frameworks that allow for climate action both at the national and

local levels.

3. 2. 2 Naimaticoahd Pbysical Characteristics
The City County of Nai robi County (NCC)
counties and the only City Coty in Kenya (Figure.4) It is situated at the southern end
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of Kenyads agri cul t ur dalgesthceyanrBadteenrAficANn d 1 s
Habitat, 2014a)

NCC's current area measures about 693 Kiter various expansions. These expansions
occured in 1910, 1921, 1926 and 1963@wuor & Mbatia, 2008) The city is at the

junction of the Athi River plateau and the Rift Valley (Kikuyu) escarpnibtedard,

2010) Itis at a mean altitude of 1760 above sea | evel and | ongi
(Makokha & Sishanya, 2010%o0ils vary from red volcanic soils to alluvium, clay, and
volcanic tuffs(lOnyancha, Mathu, Mwea, & Ngecu, 201These display various porosity,

water retention, and plasticity capacities. The red volcanic soil resulted from weathering

of volcanic rock. This led to red soils of up to 15 m depth in selected locé&Haggerson,

1991)

Legend

Major Rivers

| L Kilometers — Major Roads
o 25 5 10 15 0

Figure 3.4: Map of Nairobi City County showing its location in Kenya
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The city showed a compartmentalized structure inherited from the colonia{Medard,

2010) The physical, socioeconomic characteristics, and government policy, played a
momentous role in determining the structure of the @ingoria, 1983) The physical
aspects that influenced the expansion of the city include soils, slope, and gazetted parks.
For instance, the eastern side has gentle terrain but clay soil which makes it a challenge
for construction while the western sidashfavourable soils but steeper slofidsindia,

2017) Racial segregation of settlements also followed the soil typologies. For instance,
the higher altitudes north and west of the railway line were mostly red volcanic sbils an
inhabited by the Europeans. The Africans resided in the lower plains East and South of

the railway line; areas comprising rporous black cotton soi[©wuor & Mbatia, 2008;

Anyamba, 2011) These patterns led to distinct settlement characters (Fifbirend
Figure3.6).

Source: Okwiri (2017)

Figure 3.5: Dominant Character in the Eastern Part of the City
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Source: Yaruman, (2005)

Figure 3.6: Dominant Character in the Western Part of the City

Nairobi has a temperate tropical climate with rainfall peaks in April and Novedit

and JST, 2014)The short rains are experienced in November and December while the
long rains fall between March and ApflUNEP, UNHabitat, Nairobi City Council,
2008) The average amount of annual rainfall is about 600 mm and mean daily
temperatures between 12 and 26°C as shown in Figurg.7 (University of Capetown,
2017; Central Bureau of Statistics, 2003)

Climate projections, both Global Climatic Models and downscaled models point to a
changing climate. For instance, the Average annual maximum temperature and Average
annual minimum temperature are jeied to increase by between @5and 2C by the

year 2040. Similar trends, though minimal, are expected in rai(fadiversity of
Capetown, 2017)

The initial planning models such as the sector model, multiple nucleilrandegarden
city concepts have not enhanced environmental sustainability either. The situation
worsened in the year 2000 after the expiry of the 1883 plans. The urbanization
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challenges that prompted the initial plans have therefore continued unalbbhtsd
manifest as urban physical decay, environmental degradation, urban sprawl, and

segregation of settlements.
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Figure3.7.Nai robi 6s Climate Profile

Nairobi has experienced uncontrolled urbanization and unplanned sprawl since the 1948
masterplan. There has been consistent conversion of farmland and open grassland into
sprawling builtup area. The racially segregated planning and the succeeding tssal ¢
systems have acted in conjunction with the uncontrolled urbanization to make the city into
a biophysically vulnerable zone. For instance, fdghsity lowincome neighbourhoods

are domiciled in the poorly drained areas, and this exacerbates flogkngnformal
settlements and loswmcome neighbourhoods still have mwdlled housing typologies.
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The lowincome neighbourhoods that succeeded the racially segregated African
settlements in the eastern zone of the city still experience flooding justyyafidiaring

colonization.

Aside from the growth and expansion of the city, there are marked changes in climate
affecting temperature. These changes can be traced to the 1960s with a marked increase
i n temperatures. The cr oesrmrewlatrs andoctinhatee en N
change has predisposed it to climate related challenges such as flooding. The biophysical
elements that prompted its selection and settlement are emerging as the vulnerability

elements.

Even though urban planning and managemerdg been deficient, the legal and
institutional frameworks have evolved to meet the emerging challenges. As such, there is
an adequate legal, institutional and policy framework for action. The notably mentioned

deficiency is in capacity.

3.3 Research Design

This researchdesign wasa descriptivecase studyesearchThe studyinvestigate the
trends inbiophysical andsocioeconomiaharacteristicas they relatdo variatiors in
climatic parametersvithin the City County of Nairobusing the frameworklustrated in
Figure 38.

The biophysical and socioeconomic characteristics included landcover, elevation, soil
drainage properties, Open Space Networks (OSN), Normalized Difference Vegetation
Index (NDVI), and slope. Theocioeconomic characteristics included poverty levels,
population density, age, percentage of fertnmladed households and access to services.
The climatic parameters were temperature and rainfall. Temperature was further divided
into average annual minimy average annual maximum, highest annual and lowest

annual parameters.
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DATA TYPES AND SOURCES
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Figure 3.8: Research Methodology Framework
Data were collected through primary and secondary methods. The primary data sources

were observation and selfiministered questionnaires (Appendix 1). Secondary data

sources entailed archiv@eographic Information Systenasid analogue maps, census

statigics, and climate data. Maps and climatic data time frames were 30 years (between

1988 and 2018) in XQear epochs. Both the urban form and climatic data were selected
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from corresponding periods. These were the years 1988, 1998, 2008 and 2018 except for
special circumstances where data gaps existed such as the years 1998 and 2008. In those
cases, Hear epochs of 1988, 1993, 1998, 2003, 2008, 2013 and 2018 were used to
investigate any trends that would be lost due to data gaps in the earlier epoch selection

method.

Biophysical parameters were either directly derived or modéied Landsat images
(Appendix 5)or Digital Elevation Models (DEM)Landcoverdata werabtained through
classification in ArcGlSand measured in square kilometres @Kt h e  clevatpd s e
measured in meters above sea level (m A®h} modelled using Arckp10.6 to extract
the different elevationffom the DEMs The slope percentages were deriviedm the
digital elevation modelising spatial analyst tool il\rcMap 10.6.The slopedata were
classified using the rangpsoposed byNassif and Wilson (197@8ndHuang, Kang, Yang,
and Jin (2017)Flow accumulation was generateddsriving theflow directionfollowed
by flow accumulation The NormalizedDifference Vegetation Index (NDVI) was
modelledin ArcMap from the Landsat images using the form(Eguation 3.}). Landsat
imagesFlow accumulation and NDVI we indices and therefore had no uniise results

standardized as percentages for comparison across the years.

) 22 AA
6)————= . 3.1
$6) . ) 22 AA (31)
Where NDVI is Normalized Differential Vegetation Index, NIR is Near

Infra-Red.

Climatic data weresampled from five weather stations. These were Jomo Kenyatta
International Airport (JKIA), Wilson Airport, Eastleigh Moi Air Ba$&lAB), Dagoretti
Corner and Kabete Agrovet Statioraple 3.1Figure3.9).
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Table 3.1; Weather Station Identifiers

Weather Station Station ID
Jomo Kenyattdnternational Airpot 9136168
Wilson Airport 9136130
Dagoretti Corner 9136164
Eastleigh Moi Air Base 9136087
Kabete Agrovet Station 9136208

Note Develoged from KenyaMeteorologicaDepartmentata
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Figure 3.9: Distribution of Weather Stations in Relation to the Sublocations
Rainfall was measured in millimetres (mm). Temperature was measudedriee Celsius

( ) . T h-eo-statibnadata veere converted to ArcMap 10.6 attribute table data and
interpolated using the spline interpolation method to achieve data for the entire city. The

interpolated data were then classified into 10 ranges usjogtion 32.
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Where z is the highest recorded value of the climatic parameter; and a
Is the lowest recoded value of the climatic parameter.

Where there were data gaps, the scaling factor recommendeahbyet al. (2014yvas

used (Equation 3). This used existing reliable information, for example, population data
from the 2009 Population and Housing Census to project the missing information.
However, this process assumes that there are no compelling changes in social dynamics
between the years 2009 and 2018.

$2°|szo

) $ I $ (33)
Where ID is Inventory Data (Data of Interest)y:Fractor Inventory
Data (Estimation factor for the yearmafssing information); ko: Factor
Available Data (Estimation factor for the year with complete

information) and AD: Available Data of the group of interest fas F
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Table 3.2: Summary of Parameters, Data Seand Data Sources

Data Class Data Data source Parameters

Secondary iati

data Sgtt;:ttrlgils KNBS Poverty levels

Housing and Population, age, female headed
Population households, access to water, water
KNBS o

census sources, access sanitation, access tc
reports energy

Average annuahaximum temperature,
average annuahinimum temperature,
highest annuakemperaturelowest
annuattemperature, rainfall

Climatic data KMD

Soil map KALRO Soil drainage properties
UN-Habitat Open space networks
GIS Maps . .
KNBS Sublocation boundaries
Landcover, flow accumulation,
Landsat lizedDiff i
images RCMRD and _n%rma izedDifferencevegetation
DEM Slope, elevation
dPritmary Landcover, flowaccumulationsoil
a a . . .
Expert Sampled dr_alnage propertlgﬂ,or_mallzed
. Differencevegetation index
Ranking experts :
temperature, rainfglpoverty, age,
gender, access to services
Soil type Soil drainage properties
Altitude Sampled Elevation
Coordinates Bare landBuilt-up area, Forest,
Landcover

Waterbody and Grassland

Note:RCMRD is Regional Centre for Mapping of Resources for Developri{&fD
is Kenya Meteorological DepartmeRNBS is Kenya National Bureau of Statistics
KALRO is Kenya Agricultural and LivestocResearch OrganizatiandUSGS is
United States Geological Survey
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A triangulation approachombiningqualitative and quantitative approaches was uked

aids in counteracting the weaknesses of each app(Dagson 2009) The quantitative
approach focwsd on normalization and weighting of different data sets and vulnerability
indicators, respectively. The qualitative approach was used to rank expert opinions and
determine vulnerability ranker the sublocation®Data analysis employed four methods:
charge detectior{Appendix8) analysis, time series analysis, correlation, and regression

analysis.

Scatter plots and trendlines were used in trend detection. In cases with outliers, the study
sought theoretical explanations and checked for data entry dinersriteria for retention

of outlierdata wereguided by three parameters: theoretical explanation, data entry errors
and consistency with other data s&ascombe, 1960)Trendline plotting was based on

the linear trendline. This was guided by the theoretical associations discu§expiar

Two.

For purposes of vulnerability assessment, socioeconomic @ataiso collectedThey

were extractedfrom the 2008 housing and population cengbtined from the Kenya
National Bureau of Statistics (KNBSJhe parametergcluded population density, age
composition, gender of household head, poverty levels and levels of access to services.

This data wee based on the 2008 sub locations boundaries

Vulnerability assessment of the different counties requireddggeegation of the different
biophysical, socioeconomic, and climatic parameters. Of the two widely used methods,
the study selected tlveeightingbased on the expert opinion ranking method. This method
required the collection adata on how experts ranked the contributions of the different
parameters to the overall vulnerability of the sublocations. Whss achieved through a
questionnaire (Appendix dyith a sevenlevel Likert type scale that ranged from most

unlikely to contribute to most likely to contribute (Tabl8)3.
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Table 3.3: The Urban Form and Climatic Parameters Rankirg Scale

1 2 3 4 5 6 7
Most Very Unlikely Neutral | Likely to Very Most
unlikely | unlikely to contribute| likely to | likely to

to to contribute contribute| contribute
contribute| contribute

The questionnaire was administered to twelve respondents in the field of Urban Planning,
Sociology, Landscape Architecture, Landscape Planning, and Architecture were used. The
number 12 was selected due to the concept of theoretical saturation, domigri@agnded

theory, where any data collected above 12 expert opinassargued todakin to the
opinions gatheredlhe expertsanked(Appendix 3and 4 the parameters of urban form

and climate (Tabl&.4).

Table 3.4: Sample Expert Ranking on Urban Form Contributions to Flood
Vulnerability

Parameters Expert opinions Mean Sta?‘d?“d
ABCDETFGHI JKIL Deviation
Elevation 5 6 6 57 6 6 7 5 7 7 6 6.08 0.76
Slope 5 5555 6 755 6 6 7 558 0.76
Landcover 6 7 7 4 6 6 7 6 4 7 7 7 6.17 1.07
Rainfall 7 6 6 6 7 6 7 7 6 7 7 7 658 0.49
Fow o 6 7 5 757 75066 6 617 080
Accumulation
Soildrainage o, o £ 4 5 7 4 5 6 6 6 533 094
Properties

Note A to L represents thdifferent experts

3.4 Research Methods

The studyused three researafethods: archival, interview and observationerview and
observation methodgelded primary dataThe archival method yieldeegsondary data.

The combination of the three methods was to increase construct validity and plug the
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shortcomings of each of the methad<asethey wereto be used in isolatiofGillham,
2000; Yin, 2003)

34.1 Archival Method

Thearchival method included the reviewltdusing and population census data, climatic
datg boundary delimitation mapsoil property mapsl.andsat,and Digital Elevation
Models (DEM) The data from housing and population census generatedesmriomic
data Climatic data generated the climgbarameters. Landsegoil propertiesnaps,and
DEM daum was usedo model urban fornmsuch as landcover, elevation, slope, soil
drainage properties arftbw accumulation Climatic data generated tlaverage annual
minimum,average annuahaximum,highest annuadndlowest annualemperaturesand

rainfall data.

34.2 Interview Method

The interview methodavas used to collect primary data from expertsesHuatahelped
the studydetermnethe magnitude ahecontributionthaturban formgclimate,and socie
economic parameteladon climate change vulnerability.

3.4.3 Observation Method

The observation method generated information for ground truthingbah form models

and classificationsThe questions raised bylacDonald ad Headlam (2008bn the
reliability of observation were solved using a standardized observation checklist as
suggested biMloutonandMarais (1996 andKothari (2004) The standardization process
included preliminary use of the observation checkli@ppendix 2) by all research
assistants on the same space and a full explanation of the method of translation.
Nonetheless, since the items under observation were inanimate, the reliability and validity

were guaranteed using other tools such as photographs.
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3.5 Data Collection Techniques Toolsand Sources

3.5.1 Techniques Tools and Data Sources for the Archival Method

Archival data verecollected using the note taking and data tranisfédmiquesThedigital
data werdransferredand storedh portablehard disk. The printed and published hardcopy
data wereprinted andphotocopied respectively Analogue maps were scanned using a
portable scanner and digitized using WEAD and ArcGlSsoftware To ensure all the
requiredarchival data werecollected, the study developed an archival khsic(Table
35).

Table 3.5: Archival Review Checklist

Variable Parameters Specific data sets Source Remarks

Urban Landcover, Slope, Open Landsat images = RCMRD \
form Space\etwork and NDVI (1988, 1993, and

1998, 2003, 2008 USGS

2013 and 2018)

Elevation, Slope and Flow DEM RCMRD \
Accumulation and
USGS

Soil drainage properties Nairobi soil maps KALRO Vv

Climate  Average annuahaximum, Temperature KMD Vv
averageannualminimum,
highest annuadndlowest

annualtemperatures
Annual Rainfall Rainfall KMD Vv
Socio Poverty levelsAge, Gender, Housing and KNBS \%
economics Access to servicesnd Population
Population Density censudata

Note:RCMRD is Regional Centre for Mapping of ResourceevelopmentKMD
is Kenya Meteorological DepartmeRtEM is Digital Elevation ModelNDVI is
NormalizedDifferenceVegetation IndexUSGS is Unitedstates GeologicaliBvey
andKNBS is Kenya national Bureau of Statistics
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Housing and population census data were obtained from the Kenya National Bureau of
Statistics (KNBS). Climatic data were sourced from Kenya Meteorological Department

(KMD), and WorldClimate fttps://www.worldclim.orgy. Boundary delimitation maps

were obtained from Nairobi County office, Kenya National Bureau of Statistics (KNBS)
and Independent Electoral and Boundaries Commission (IEBZprSperty maps were
obtained from Kenya Agricultural and Livestock Research Organization (KALRO
[https://files.isric.org/public/sotwis/SOTWIS _KEN.})p Landsat and DigitaElevation
Models (DEM) were obtained from Regional Centre for Mapping of Resources for
Development (RCMRD) and United States Geological Survey (USGS

[https://earthexplorer.usgs.ddv

3.5.2 Techniques Toolsand Data Source for the Interview M ethod

The questionnaire technique was used to collect primary data from the ekperntsols

used were questionnasr@Appendix 1) These weraselfadministeredo the 12 selected
expertsn the fields of landscape architectunehan and regional planning,bhan design,

sociology,and hydrology (Tabl&.6).

Table 3.6: Number of Respondents per Profession

Profession Number of respondents
Urban and Regional Planning 3
Urban Design 3
Sociology 1
Hydrology 2
Landscape Architecture 3

Total 12+

3.5.3 Techniques, Tools, andData Source for the Observation M ethod
Thetechnique used for the observation method etservationThe data collection tosl
were observation checklists (Tab®7), handheld Global Positioning Systems (GPS)

devices andligital camerasThedata weregecorded using notebooks apldotographs.
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The data were collected from 17 locations spread around the city. The locations were
sampled from the 17 sub counties (Figure 3.10 and Table 3.8) using the maximum
variability sampling approach.

Table 3.7: Checklist with Sample Data Collected for Ground Truthing
Observation locatioh

Urban form Pointl  Point2  Point3  Point 10
(36.882,-1.223 (36.992-1.256 (36.929,-1.2557 (36.842,-1.276

Poorly drained - - - X
Soll Well drained X X - -

Very well drained - - - -
Altitude*(m ASL) 1642 1495 1561 1652

ForestWoodlot X - X -
Land Grassland - - - -

Water - - - -
cover

Built-Up - X - -

Bare ground - - - X

Note *Altitude was measured in meters above sea level using GPS at a ground
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Figure 3.10: Ground Truthing Locations in the 17 Sub counties
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Table 3.8: Observation Point Coordinates in the Sub counties
Coordinates (Decimal Degrees)

Point Subcounty
X - Coordinate Y - Coordinate

P1 Roysambu 36.882 -1.223
P2 Kasarani 36.992 -1.256
P3 Embakasi Central 36.929 -1.2557
P4 Embakasi South 36.869 -1.316
P5 Langata 36.758 -1.319
P6 Dagoretti South 36.717 -1.289
P7 Westlands 36.796 -1.255
P8 Dagoretti North 36.807 -1.277
P9 Kibra 36.788 -1.308
P10 Starehe 36.842 -1.276
P11 Makadara 36.862 -1.289
P12 Mathare 36.873 -1.253
P13 Embakasi North 36.882 -1.256
P14 Embakasi East 36.924 -1.283
P15 Embakasi West 36.885 -1.265
P16 Kamukuniji 36.871 -1.264
P17 Ruaraka 36.870 -1.239

The resultant data were compared with secondary data on landcover, and soil drainage
properties obtained from Regional Centre for Mapping of Resource for Development
(RCMRD) and KenyaAgricultural and Livestock Research Organization, respectively
(KALRO).

3.6 Sampling Design
According to(Kothari, 2004) a sampling design is a definite plan for getting a sample
from a populationThe sampling design considerddde aspects: sampling approach

sampling uniand sampling procedures.

3.6.1 SamplingApproach.
The study sampling approacbnsidered four eleemts the universe, the sampling unit,

sample size and parameters of inter€ge universe was consideredtas City County
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of Nairobisince this was a case study research de$igmnurban formandclimatic data
collected covered the entire city either directly or through interpolation.

3.6.1.1 Sampling unit

There werdghreesampling units. The sampling unit for climatata werehe weather
stations However, theclimatic data weranterpolated taover the entire citand finally
andysed at the sublocatiorlevel. Sampling unit for vulnerability assessment was the
sublocation This was based on the unit of analysis of the population and housing census
dataEx pert 6 s s a mpelindividyal personOthewauthorstsuch as Linkd
(2012) who have conducted similar studies in other places used the ward as the unit of
analysis which is comparable to sublocatiofhe third sampling units was the
sublocationgFigure 311, Table 39, Appendx 6 &7). This wasused to compute the

interpolated climatic parameters ahe urban form parameters.

This numbering o$ublocations
is random and not based on ai Nz =/
rankingsystem P N8

) ‘ Legend
BN PPN N Refer to the tabl8.8
~— M W E
T L T 1L 1Kilometers \“*}Lj
0 2.5 5 10 15 20 S

Figure 3.11: Map of Nairobi County Showing Sublocation Numbers
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Table 3.9: Legend for the Map of Nairobi County Showing Sublocation Numbers

No. Sublocation No. Sublocation No. Sublocation
0 Mihango 39 Zimmerman 76 Kirigu
1 Ruai 40 Savannah 77 Kabiria
2 Eastleigh north 41 Kayole 78 Kitisuru
3 California 42 Komarock 79 Spring valley
4 Ngandu 43 Karen 80 Upper parklanc
5 Mbotela 44 Hardy 81 Highridge
6 Makongeni 45 Langata 82 Ngara west
7 Kaloleni 46 Mukuru kwa 83 City centre
8 Shauri moyo Njenga 84 City square
9 Muthurwa 47 Southc 85 Nairobi west
10 Ofafa Maringo 48 Land Mawe 86 Kenyatta/ Golf
11 Hamza 49 Viwandani 87 Mugumoini
12 Lumumba 50 Imara Daima 88 Laini Saba
13 Majengo 51 Hazina 89 Silanga
14 Bondeni 52 Nairobi south 90 Olympic
15 Gikomba 53 Karura 91 Makina
16 Kamukuniji 54 Njathaini 92 Kibera
17 Kimathi 55 Huruma 93 Soweto
18 Eastleigh south 56 Kiamaiko 94 Lindi
19 Air base 57 Utalii 95 Gatwikira
21 Uhuru 58 Mathare north 96 Uthiru
22 Harambee 59 Mathare 4a 97 Ruthimitu
23 Bomas 60 Mowlem 98 Waithaka
24 Embakasi 61 Kariobangi south 99 Loresho
25 Umoja 62 Njiru 100 Kyuna
26 Mlango Kubwa 63 Saika 101 Kilimani
27 Mabatini 64 Mwiki 102 Riruta
28 Mathare 65 Dandora b 103 Ngando
29 Pangani 66 Dandora a 104 Kawangware
30 Ziwani/Kariokor 67 Korogocho 105 Gatina
31 Ngara east 68 Nyayo 106 Maziwa
32 Garden 69 Gitathuru 107 Muthangari
33 Roysambu 70 Kariobangi north 108 Gichagi
34 Kiwanja 71 Ruaraka 109 Kangemi
35 Kahawa west 72 Kasarani 110 Mountain view
36 Kongo Soweto 73 Muthaiga 111 Kileleshwa
37 Kamuthi 74 Lenana 112 Woodley
38 Githurai 75 Mutuini
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3.6.1.2 Sample size

The study sample sizes were computed at different levels. For the administrfation
guestionnaires (Appendix 1), a sample size of 12 respondents was settled on based on the
concept of theoretical saturation. For observation and computation of evolution trends and
patterns for both urban form and climate, multiple sample sizes werelasddvelop the

urban form and climate relationship models, all the 112 sublocations were used. For
comparative analysis, the five sublocations with weather stations and an additional 25

were sampled.

3.6.3 Sampling Procedure.
3.6.3.1 Purposive Sampling

Purposive sampling was used in the selection of the case to study. It ispaohaibility
sampling procedure that does not provide the guarantee that each item might be included
in the sampléKothari, 2004) In thestudy, it was employed in selecting Nairobi for the
study. The justification is that Nairobi is the fastggiwing urban area with the largest
population in Kenya. It also has the most varied landcover characteristics and the highest
concentration of weher stations among the urban areas in the country. The varied
landcover characteristics allow the study to cover all urban form variations possible within

the same urban and regional climate.

Experts used for ranking were also purposively sampled. They sedected from the

fields of urban and regional planning, landscape architecture, hydrology, and sociology.
They had at least 15 years of experience in their respective fields. The number of experts
sampled was 12. This was guided by theoretical sataratinocept in grounded theory for
gualitative data collection as the respondents were considered experts in their respective
fields (Bloor & Wood, 2006)

3.6.3.2 Maximum Variability Sampling

The maximum variation sampling was used to ensure maximum coverage of the urban
form and climate scenarios poposedy Benaquisto and Given (2008)was also used
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in determining the ground truthing poiridg dividing the dy into the 17 sulzounties.
Global Positioning System (GPS) data points within each-ceunty were then

purposively selected for grousituthingresultirg in 17 locations for grounttuthing.

For comparative analysis, 30 sublocations (Tabl® and Figire 312) were sampled

using the maximum variation sampling method. The criteria included six parameters
namely widest spread around the city, sublocations hosting weather stations, sublocations
with informal settlements, those with lowest and highest gpvevels and those with
highest and least urban form changes between 1988 and 2018.

LEGEND

Maximum Variation Sampled
Sublocations

Sublocations with
weather stations

Other sampled
sublocations

Figure 3.12 Maximum Variation Sampled Sublocations
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Table 3.10: Maximum Variation Sampled Sublocations

SN  Sublocation SN  Sublocation SN  Sublocation
1 Ruai 43  Hardy 82 City Centre
2 Eastleigh North 45  Mukuru Kwa 83 City Square
13 Majengo Njenga 84  Nairobi West
18 Eastleigh South 52 Karura 91 Kibera

19 Air base 66 Korogocho 92 Soweto

22 Bomas 67 Nyayo 94  Gatwikira

23  Embakasi 71 Kasarani 98 Loresho

26  Mabatini 72  Muthaiga 103 Kawangware
31 Garden 74 Mutuini 104 Gatina

33 Kiwanja 75  Kirigu 105 Maziwa

40 Kayole 76  Kabiria 108 Kangemi

42  Karen 77  Kitisuru 111 Woodley
Note

SN is the Serial Number given to the sublocations during GIS Analysis.

3.7 Data Selectionand Processing
This section explains the rationdle selectirg the spatial and temporal resolutions. It
also explains how the Lamatsand Digital Elevation Models wereegmetrically and

radiometrically corrected for errors.

3.7.1 Rationale for Temporal and Spatial Selection.

The studyrelied on spatialand urban geometrglata supported by other statistical and
imageryinformationfor biophysical and climatic dat@ihe criterion forspatialstatic data
selection included spatial and temporal resolutions, the month of interest and the years of
focus. Using spatial and temporal selutions as a guide for selection sappated by
Hoabds drdu@eht3on the principles of urban morphological analgsisime,

resolution,and form.

Temporal resolutionwere5 and 10years for the 30 yealsetween 1988 and 2018his
resultedn theselection of 1988, 1998, 200éhd 2018lata setsThe 30 years is based on
the WMO definition of a timescale boundary between weather and cl{Maigelsee,
2009) The combination of Eand 10year epochs was necessitated by data gaps in climatic

information. Thesgaps had the potential of disguising climatic treiggstial resolution
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wasbased on the available resolutions of @eographic Information Systerdata This
translatedto 30 metersfor the landcoverand two metersfor the DEMs. The Landsat
images used werfeom path 168 and row 06This covered the Nairobi County area for

all the epochs

The montls of interest vere Januarfebruaryand JuneAugust for the landcover and
NDVI data This periodselected months asmongthe hottest and driesn Nairobi As
such,the vegetation would be under stresgosing the challenges they would facthim
provision of ecosystem servicssich as temperature amelioratiorhe land surface
temperaturevould also baunmasked due ta lack of seasonal vegetation coveiihe
selected period isucceedetby the long rainand shortrains,respectively Considering

the role played by vegetation in controlling runoff, they would be at their weakest
exposing the flood rigkfurther

3.7.2 Processingand Classification of Form and Climatic Data

Landcoverfeatureswere derivedusing a hybrid classificationsystem, combining both
supervised and unsupervised classification metHod&regorio (2016 argueshat this
approacheliminates the shortcomings efch of theclassification system# used in
isolation andallows forcomparative analysighe selection of classification groups for
the landcovedata werguided by among otherghe classifications used by Zope, Eldho,
and Jothiprakash (201Who propose the bulup area, waterbody, vegetation, open land,
forests, and grasslands such, thestudysettled orbuilt-up area, grassland, forest, bare
ground, and waterbody. This wasided by the relationship between landcover types and

climate.

The landcover images were loaded into ArcMap one epoch at a time. The data were then
geometrically and radiometrically corrected. A set of training areas were created using
built-up areas, vegetation, and water surfaces. The adoption of training areas was based
on prior knowledge of the city. The resultant signature file was then used to classify the

different representationssing the landcover classification framework (FigudSg.
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Figure 3.13: Landcover Classification Framework

grasslands, water bodies (Tablel3.1
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The accuracy of the supervised classification is heavily dependent on prior knowledge,
the skill of the individual processirige image and the distinctness of the classes (Gillian,
2012). For this reason, unsupervised classification was also considered by generating
clusters by defining the number of classes and assigning classes. Finally, to generate the
map outputs, the clas®id image was processed using the reclassify tool to merge the

various classes. The landcover classes were namely:upudteas, forest, bare lands,




Table 3.11: Landcover Types, Descriptions and Colour Codes

Landcover Description Colour code
Built-up Temporary and permanent structures, artificial infrastructt Red
Forest Areas with dense trees cover Green

Bare lands Exposed soils, landfill sites, and areas of active excavatic Brown

Grasslands | Shrublands, Yellow

Waterbody | River, permanent open water, lakes, reservoirs, ponds Blue

Classification inaccuracies and mixed pixels problems were minimized through post
classification refinemersts recommended ®isaaideh, AlHanbali, and Tateishi, (2012)

Visual interpretation through growtdithing andGlobal Positioning Systetagging was

used to confirm accuracy for the 2018 data sets. The accuracy of the 1988 to 2013 epochs
was corroborated using analogue aerial photographs and historical google earth images

(https://earth.google.com/web/search/Nairpbf/the city.

The NDVI, Flow Accumulation and slope wemegodelled in ArcMap 10.6. The resultant
maps were overlaid on the different epochs. The year 2018 was overlaid with the
sublocation map to reveal the relationships between the different parameters and the
sublocations. Even though soil, and elevation dageewot modelled for all the epochs,

the maps were also overlaid with the sublocation maps.

Climatic data was cleaned ardhancedisng the procedure proposed Bpissonnade
Heitkemper and Whitehea@@02. They advocate for the use official climatic data
records which have usually undergone cleaning by the national meteorological services.
This procedurewas implementedby using multiple data sets from the Kenya
Meteorological Department from different collection points. For instance, wasa
purchasdin the year2019 and 2020. These were themmparedvith each otheto check

for any inconsistencie§ he emergingyaps filled by comparing raw data from tfine
weather stations with theollated data from the Kenya Meteorologié¢partment at
Dagoretti CornerFor instance, the monthly data was collected ftbenJKIA weather

station, the annual means were then computed and conmpidinetie collated data from
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the KMD headquarters at Dagoretti Corner for the same statiamstances where there
were gapsand disparitiescorroborative sources such ArldClim (2019) National
Oceanic andAtmosphericAdministration(2019) and United StatesGeological Survey

(2016) These sources were used for homogeneity testing to check thsteong of the
weather station data with the surrounding areas as they primarily relied on satellite data
and were therefoneot point dataClimate thematic maps were classified into temperature
and rainfall to correspond to thermal stress and flood risk vulnerability assessment.
Thermal stress maps relied on feerage annuahaximum temperaturéyverage annual
minimum temperaturehighest anual temperature, andowest annualtemperature.
Rainfall used annual rainfall volume in millimetres. Thematic climate maps were
modelled using the spline interpolation meth®te interpolation method relies on the
existing data to generate informatioor fthe zones without datasing the algorithm
expressed ikquation3.4 and 35. The selected interpolation method was restricted to the
county barrier in ArcMap 10.§ESRI, 2020) The data points were based on the five

weather stabns around the city

Yo Yot 1Y (34)

Where
A S (X, Y) is the interpolatedoint.

A T (x, y) is a coefficient found by the solution of a system of linear
eqguation.

A R(r)is expressed d@squation3.5for a regularized interpolation.

A J=12 .,N

A N is the number of points.

A o are coefficients found by the solution of a system of linear equations.

A 1jis the distance from the point (x,y) to the jth point.
p O .0 o . .

— A p z + - A pl

AT " gz Z ¢ A (35)

Where

A ris the distance between the point and the sample.
A tis the Weight parameter.
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A Ko, is the modified Bessel function.
A cis a constant equal @577215.

The temperature ranges were standardiziedl0 classefor comparison across the years
(Equation3.6).

$ $
$ ? (3.6)

WhereD: represent theange used in modellindmax represents the
highest recorded value of the climatic paramé&ieall the epochand
Dnmin represents the lowest m@ded value of the climatic parameter for
all the epochs

The resultant maps were overlaid based on the thermal stress thresholds as defined by
AbdelGhany, AlHelal, and Shady (2013), Matzarakis and Amgl2008), Matzarakis
and Mayer (1996) The thresholds are O 13 for col c

3.7.3 Vulnerability Ranking

Vulnerability ranking of the different sublocations was based on the three elements of
exposure, sensitivity, and guteve capacity. Climat parameters dictatetkposureurban

form determined sensitivity while socioeconomaspects determined the adaptive
capacity.The relationships between the parameters and vulnerability aspetsased

on the theoreticassociabns established in the literatueview.

For instance hte cense the builtup area, the higher the risk of floodiagd higher thermal
stressThe lower the urban elevation, the higher the risks of flooding and thermal stress.
The steeper the slopes, the lower the risk of floadkgummary of the vulnerability
ranks (Table 34) outlining the rationale for vulnerability ranking was developeskeda

on arguments b@ke (1987)Nassif and Wilson (1978ndHuang, Kang, Yang, and Jin
(2017) AbdelGhany, AlHelal, and Shady (2013), Matzarakis and Amelung (2008),
Matzarakis and Mayer (1996tangl, (2018andLudena & Yoon, (2015).
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Table 3.12 Summary of Vulnerability Ranking Rationale

[ Vulnerability
o)
.8 Parameters High Moderate
S, Vulnerability Vulnerability
Built-Up Area <25% 25-50% 50-75% >75%
Forest Cover <25% 2550% 50-75% >75%
& Elevation 14521566 m 15661676 m 16761784 17841951
5 ASAL ASAL m ASAL m ASAL
LL
c Flow Accumulation <25% 25-50% 50-75% >75%
o]
> Slope <4% 4-8% 8-16% >16%
Soil drainage Paved& Very Poorly Imperfectly Well
Properties Poorly Drained  Drained Drained Drained
NDVI <25% 25-50% 50-75% >75%
Avg. Monthly >33 3329. 6 26323 <23
Maximum Temp
Avg. Monthly <7 710 101 3 >13
o Minimum Temp
&  High I
£ Tgnestannua >33 3329. 6 26323 <23
5 Temp
Lowest annual <7 710 101 3 >13
Temp
Rainfall >1300 mm 13001150 1150950 <780 mm
mm mm
" Population Density <25% 25-50% 50-75% >75%
2
£ Age (ahove 64 <25% 25.50% 50-75% >75%
S years)
§ Gender <25% 25-50% 50-75% >75%
:3) Poverty <25% 25-50% 50-75% >75%
Access to Services <25% 2550% 50-75% >75%
Note:

M ASL is meters Above Sea Level
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3.8 Data Analysisand Interpretation

3.8.1 Post Classification Changéetection Analysis

Of the three popular methodsafange detection, the study considered post classification
method. It was selected as it minimizesensor, atmospheric and environmental
differences. This laninated normalization errors between the two epochs of change
detection(Mishra, Shrivastava, & Dhurvey, 2017)

According toButt, Shabbir, AhmadindAzizi (2015)postclassification change detection

is ideal for urban resean as it shows the location, nature, and rate of change. It also
derives summary statistiBradhan & Abdullahi, 2017This wassignificantfor the study

as it showed whether the change was positive or negative and the landcover types that

either lost or gained from the changes.

The comprisons were of independently classified images such as 1988 and 1998 to detect
the change between the twihe classified data sets were rectifiadependentlyand
thematic maps generated. This was followed by comparison of corresponding sections to
identify the areas of changEBurther analysis involvetdvo operationsarea extractioand
crosstabulationArea extraction was conducted in ArcMap and the resultingeareaed
in excel where chartand trendlinesvere generate@Figure3.14and 315). The samelata

wereused to generate line graphs for trend determination.
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ArcMap Ms Excel
| Classified Area extraction ' [ Trenddata
| landcover in Table v :
/| datafor L  Attributes v
! 1988 (1988) = !
| Change |7 | .
detection || | Pattermdata
'| Classified Area extraction ! |
'| landcover in Table \ :
i —> . Lo |
| datafor Attributes Lo 1
! 1998 (1998) 1| Crosstabulation|

Figure 3.14: Framework for Trend and Pattern Analysis

Land covelClassificationof 1988 |____

Land cover Classification of 199¢

Land Cover
—-»> Variations per
ClassificationGroup

Cross
Tabulation

Land cover Classification of 2004

Land cover Classification of 2018

Figure 3.15. Summary of the Cross Tabulation Analysis of Landcover Types
The input proceswasfor two landcovemaps at a timdor instance1988 and 198. The

outputs used we the crossclassification image and therosstabulationtable The
statisticaldata werghen exported tMicrosoftExcel It wascross tabulatetb determine

the nature of change attte changem and between landcover types. The change analysis
includedwhich landcovertypes changedoy what areaand to whatother landcoves
between the different year&hange detection was also conducted using percentage
change formula (Equatiah?).

e o ©
0 Qi OOEME WD —— zp T (37

WhereE: is the succeeding year andi& the preceding year.
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This detected percentage change in urban form and climate between epochs and the
overall change between the 1988 and 2018 epéppendix 18 & 19). The change was
expressed as percentage. Negative values denoted reduction while positive values denoted

increase in the parameter being measured.

3.8.2 Time Series Analysis

Even though time series analysis was primarily developed &oroeaic forecastingind
projectiong(Kirchgassner & Wolters, 2007t can be used for other formsfofecasting

and projections basedon its concept of using underlyingast trends in making
projections. Yin (2003) and Gillham (2000) advanceTime Series Analysisas an
appropriate method of analysing quantitative data in a case study research appitoach as
can generate longitudinal view and projectiofisis was ideal in makingnon-spatially
oriented projection for climatic arldndcovercharacteristics for the citysingStatistical
Package for Social Sciencg&PSS)The other urban form elements such as elevainoh

soil drainage propertiagere not projecteds they showed no discernible trends or cycles.

The study relied on théutoregressivelintegrated Moving Averages (ARIMAand
seasonally adjusted trends esimate percentage®f different landcovertypes and
climaticparameters il0-yearepochs between 2018 a2@48([Equation 33] Al-Chalabi,
Al-Douri, & Lundberg, P18) ARIMA was selected as it takes care of trends, seasonality,
cycles,errors,and nonrstationary aspects of a data set when making fore(Bmsis,
2016.

y 0 — - (38

yt is the actual data over time

H is the mean value of the time series data

p is the number of autoregressive -aif lags

gisthe number of cubff lags of the moving average process

disaut oregressive coefycients (A
dismoving average coefycients (N
tistime {1,. . .,k}.

T D D D D> D
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To fulfil the requirements of time series analysis, the data were of equal time scales,
arranged in chronological order with the projections limited to the same time scales. For
instance, thefyear epochs of past data were useproject Byear epochs of future trends

up to the 36year mark of 2048. The models incorporated four elements: the projected
values, the lower confidence level, the higher confidence level, the fit line, and the
projected value (Figure B5). The fit line, mean value, was used to determine the

projected values of urban form and climate parameters.

—— Observed
— Fit
16.00 ucL
LCL
== Forecast
& 15007 z
— =
E / g.
£ 3
- — g
g 14.00 P e o
- o
E / @
@ - 1~
/!
13.007]
12.00

I 1 I I 1 I I I | 1 1 |
1988 1993 1998 2003 2008 2013 2018 2023 2028 2033 2038 2043 2048
Year

Figure 3.16: Sample Forecasting Graphic Output from SPSS

3.8.3 Overlay and Trend Analysis

To reveal spatiatrendsof urban form and climate parametgetheclassification and
interpolationraster were subjected to overlay analy§lss entailedchanging thelasses
to estimated solid fills of differentolours per epoch. The fills wemg/stematially

overlaid(Figure3.17).
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Figure 3.17: Overlay Analysis Method for Landcover and Climate

Two resultant maps were produced; one covered all the epochs torghspatial trends
and the other covered tlyears1988 and 2018 epoch to reveal the overall spatial change.
The spatial zones of growth or reduction were then highlighted for vulnerability

assessment.

The resultants maps in the overlay analysis were teed to reveal trend line statistics.

This was conducted by tabulating the urban form and climate parameter values. These
were then plotted in two ways: firstly, against time and secondly against the other variable.
For instanceaverage annuahaximum temperature was plotted against the Normalized

DifferenceVegetation Index (Figure B3). The scatter plots were also used to extract the

rate of change using tlesultant trendline equation.
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Figure 3.18 Sample Trend Analysis of Average Annual Maximum Temperature
against NDVI Between 1988 And 2018

The resulting trend statistics were the rates of change (M) and the coefficient of
determination (R. The M and Rwere used to statistically explaimetvariations in either
the urban form and climatic parameters against time or climatic parameters against urban

form parameters.

3.8.4 Correlation Analysis

The relationship between urban form and climate was studied at the averaged city and
interpolated sublocation levels. In both cases, the epochs were 1988, 1998, 2008 and 2018.
The overall change considered was between 1988 and 2018. In either casaomorelat
analysis was conducted. Climatic data from the weather stations were averaged to get the
city level data. Urban forrdata weraused as modelled iircMap since the information

was modelled at the city level.

Literature revealed multipkariables of usan form related to climat&he study therefore
focused orthe derivation of the modekpressing the relationships between varigban

form elements and climat€o achieve this, the county level and sublocation level climatic
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and urban form was enterénto Statistical Package for the Social ScienceBY$ for
correlation analysighis phenomeno@rgues that urban climate is a functionuoban

form parameterm addition to other parametgiisquation3.9)

Yi 0d@& Qa GORYHA) O oY (39)
Where
BUA is Built-Up Area(Km?)
F is Fores{Km?)
NDVI is Normalized Difference Vegetation Ind€index)

OSN is Open Space Netwofikm?)
N is other parameters not measured

> v > > >

Thedatawerecorrelatel at two levels: thglobalcity level and sublocation level. For the

city level, the overall climate was derived through averaging of weather station data. The
sublocation was derived from the landcover classifications and climate intempalata
(Appendix 14-17). The urban formdata werethen standardized using percentages

(Equation 310) before correlation analysis

Y08
Yo ot Q& IDWBE DR Q s 2 p TR (310

WhereUFA is the Urban Form AreandSA is thesublocation Area

The correlations we expressed in correlation matricése parameters that significantly
correlated a®9% and 95% confidence intervals highlighted (T&o18). For instance, in
the sample tabjeheAverage annuaflaximum Temperature significantly correlated with
all urban form parameters at 99% confidence interVae Pearson Correlatiorr) (

explained the strength of the correlation.
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Table 3.13: Sample Correlation Matrix Table Showing Correlations Between the
Average Annual Maximum Temperature and Urban Form for the Year 2018.

Average
Annual
Maximum Built-Up NDVI Forest
Temp. 2018 Area 2018 2018 2018

Average Pearson_ 1 304 -446  -318"
Annual Correlation
Maximum  Sig. (2tailed) .000 .000 .001
Temp. 2018 N 112 112 112 112
Built-Up Pearson . N .
Area 2018 Correlation 394 1 -660 ~622

Sig. (2tailed) .000 .000 .000

N 112 112 112 112
NDVI 2018 Pearson_ 446" - 660° 1 203"

Correlation

Sig. (2tailed) .000 .000 .000

N 112 112 112 112
Forest 2018 Pearson_ . 318" - 627" 203" 1

Correlation

Sig. (2tailed) .001 .000 .000

N 112 112 112 112

Note * Correlation is significant at the 0.05 leveli@led)and**. Correlation is

significant at the 0.01 level {@iled).

3.8.5 Regression Analysis

The urbanclimateis therefore bound to change in response to changes in the respective

urbanform variableslt wasinferredthat these urban variablean explairthe changgin

climateand vice versalhereforethe objective of this modelasto find outurban form

parameterghat are significantlycorrelatedto the changebeing experienced in urban
climatic parameters ovéhne 30 yearsStepwise regression was adopted in the generation
of the models expressing the relationship between urban form and climate in Nairobi.
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Therelationshipyvasexpressed using regressioondekderived from thenodel summary,
ANOVA, and Regression Coefficients tables in SP3f® model summary table revealed

the coefficient of determination and tReest for the model (Table 31

Table 3.14: Sample Model Summary Regression of 2018 Average Annual
Maximum Temperature Against 2018 Urban Form Elements

Std. L
Error of Change Statistics
Adjusted  the R? F Sig. F
Model R R? R? Estimate Change Change dfl df2 Change
1 448 .199 191 .25273 199 27.040 1 109 .000

Note a. Predictors: (Constant), NDVI 2018

The regression coefficients table was used to write the models andettefdr the

individual parameters (Table 3.15).

Table 3.15. Sample ANOVA for Regression Of 2018 Average annual Maximum
Temperature Against 2018 Urban Form Elements

Sum of Mean
Model Squares df Square F Sig.
1 Regression 1.727 1 1.727  27.040 .00QP
Residual 6.962 109 .064
Total 8.690 110

In the multiple regression equation, the dependent variable was aftineaon of more

than one urban form variable as expressed in the EquationThé kignificance of the
overall models and the individual parameters were evaluated using the Remts] t
respectively. The tests were conducted at 99% and 95% confideapeals. This was

read from the Sig. F Change (Table 3.15), the sig. columns (Table 3.15 and Table 3.16).

@ @t O6YOr O r00owg UYO Q (3.11)
Where:

A Y is Climate Vulnerability Index.

A a0 is a constant equivalent to the dependemiable if no independent
variable is influencing the dependent variable.

A bnis a coefficient of urban form.

121



BUA is Built-Up Area(Km?)

F is Fores{Km?)

NDVI is Normalized Difference Vegetation Index
OSN is open space netwakm?)

e is the error.

v > > >

Table 3.16: Sample Regression Coefficients For 2018 Average annual Maximum
Temperature Against 2018 Urban Form Elements
Unstandardized Standardized

Coefficients Coefficients
Model B Std. Error Beta t Sig.
1 (Constant) 24.577 .035 708.742 .000
NDVI 2018 -.004 .001 -.446 -5.200 .000

3.9 Research Credibility
Measurement is at theentreof social science. linvolves the determination of the
relationship between empirical indicators and unobservable concépts. two

fundamental propertiesf empirical measurement are reliability and validity.

3.9.1 Reliability.

The variables in thestudy were climatic, biophysical, arscioeconomigarameters
Questionnaires were used for the collection of expert vulnerability rankingGlatand
truthing data werecollected using observatiorhecklists Climatic andsocioeconomic
data were purelgecondary data and therefore not subjected to reliability and validity tests.
Even thoughhe biophysicaldata werealso secondaryt wasremodelled to extract the
required parameters in the caselmoticovermndnormalizedifferencevegetation index

As such, these components alongside expert rarfRipgendix 3and 4 were subjected

to reliability testing at a 0.7 threshold suggestedkyellis (2016, Gliem and Gliem
(2003 andNunnally (1994)

The chance error that emanates from all objective measureatsoisling to Carmines
andZeller (1979) and Kothari (2004) wasinimized through the systematic refinement

of the questionnaireThe refinemenincludeda redwction in thelength of the inquiry
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period, eliminabn of vagueness, and simpgétion of the measuresusing the Likert
scale

3.9.2 Validity
Validity is the extent to which an indicator of a concept measures the concept it purports
to equate t¢Carmines & Zeller, 1979)ust like reliability, validity also carrieameasue

of chance error known amnrandomerrorwhich shows systematic bias.

The studyconsidered two types of validity: construct and content validitye construct
validity sought to determine whethirols measure@hat theysoughtto measure. The
content validitjookedto showwhether the tests were representatitze/hat they sought
to measureConstruct validity was determined through correlation oftdmas measuce

and othe previousmeasurements on the subject.

3.10 ResearchEthics

Research ethics fosran integral part foany research. They encompass thedat
collection, data collection and post data collection stg@&ser, 2003) The study is
guided by thdive key principles of ethical social reseaaoutlined byMacDonaldand
Headlam(2008)and augmented by arguments fr@tiver (2003, andRuaneg(2005)

First is the pinciple of informedconsent.The expertrespondets whofilled the sel&
administeredjuestionnaires were issued wih Informed Consent form fir&econd is

the confidentiality otheinformation supplied by research subjects and the anonymity of
respondentswas ensured througissuing anonymous questionnaires. None of the
respondents vweaexpected to identiffhemselve®n the questionnaire.

Third is wluntary participationThis was ensuredby seeking prior permission from
participantsand allowing them to halt participation when they are uncomfortable with
continuing theiparticipation.In scenarios where data collection toslehphotographs
were used to colleatata on biophysical characteristics, no faces or identifying signage

were recorded.
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Fourth is afety of researcher and respondents. Since the respondents tedy fil
guestionnairesat their conveniencethey were not exposed to amarm As for the
research assistants who were collecting data in the field, prior caution was takgade
the local administration to accompany thdmermits(Appendix20) were alscacquired
before the researchfrom the National Commissionfor Science, Technology, and
Innovation(NACOSTI).

Fifth is the research was independent and had no conflict of interiésisas partialy
funded by Jomo Kenyatta University of Agriculture aricdechnology(JKUAT) which
remained impartial through the entire stutfone of the respondentw/as induced to

provide information as thiwould create bias according @liver (2003)

The research relied on bothirpary and secondary datéhe parameters of urban form
and climate wereselectedand processesethen analysed using Ms. Excel, SPSS and
ArcGIS. The resultant models discussed urban fexmlution,climate trends andther

relation$ips.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction

The chapter discusses fimedings of the studyanalysisand interpretation of the findings.
It commences with tharban formevolution for thecity followed by the climatic trends
and patternslt thendiscussesheresultant vulnerability patterredconcludes wittthe
analysis of biophysicagocioeconomicthermal stress$lood, and overalulnerability of

thesublocatios.

Reliability of the expertrankng was assessed using the Cro
SPSS. The test used 12 caéEsble 41) and 29 items. The 12 cases were the expert
respondents while the 29 items were the 29 questions that each of the 12 respondents
ranked on a Likert scale sy m. The resultant CTaoedB)achos

which is well above the 0.7 suggested for dependability.

Table 4.1: Case Process Summary for Expert Ranking

N %

Cases Vvalid 12 100.0
Excluded 0 0

Total 12 100.0

Note.a. Listwise deletion based on all variables in the procedure.

Table 4.2: Reliability Statistics for Expert Ranking in SPSS

Cronbach's Alpha Based &tandardized
Cronbach's Alpha Items N of Items

.838 .840 29

Reliability tests for biophysical parameters considered landuse Northalized
DifferenceVegetationndex in the 112 sublocationtgble 43 ) . It reveal ed a
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alpha of 0.802Table 44) which isalsoabove the 0.7 threshold therefore the modelled
data is dependable.

Table 4.3: Case Processing Summary for Selected Biophysical Parameters

N %
Cases Valid 112 100.(
Excluded 0 .0
Total 11z 100.(

Note.a. Listwise deletion based on all variables in the procedure.

Table 4.4: Reliability Statistics for Selected Biophysical Parameters in SPSS

Cronbach's Alpha Based on
Cronbach's Alpha Standardized ltems N of Iltems
.802 .802 2

4.2 Results

4.2.1Evolutionof Na i r dJbanderm Between 1988 And 2018
The urban form parametetudied includedandcover soil drainage properties|ope,
elevation, Open Space Network, Normalized Difference Vegetationindex, and flow

accumulationThese were grouped under biophysalameters.
4.2.11 Landcover

Nairobi County was classified infive landcovetypologies. These are forests, bare soails,
grassland, budtip areasand water. The rationale of the classification was guided by the
influence that the different urbdandcovertypes have on flood and thernsaitessisks.

All the studiedlandcoves changedin all the years considered. The changes were both

negative and positive. Negative denotietreasevhile positive denotedhcrease.

The mosfpronouncedandcoverchange between 1988 and 2018sithe built-up areait
increased byl47.13%. Grassland and forest cover reduced by 46.26% and 46.28%

126



respectivelyA side-by-sidebar graphin Figure 41 anda line graphn Figure 42 shows

the percentageofchange antrends respectively

Grasslands ®Forest ®Built-up ®Bare lands ™ water body

~r

Figure 4.1: Proportions of Landcover Typologies Between 1988 and 2018
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Figure 4.2: Nairobi's Landcover Trends Between 1988 an@018

The interepoch changeT@ble 45 & Figure 43) displays similar patterns to the overall
change between 1988 and 2018 except for the bare lands and water body. Bare land
increasediy 100% and65% between 1988 and 2008 then decredsed2% in 2018

while the water body increased in 1998 then redu€hkd.changes in bare lands could
have been caused kaggravated weather patterns and increased human activity that

possibly decimated the gislands.

The significant increase of 150% in water body in 1998 can be attributedinertbased
rainfall and therefore water pooling due to tBeNino phenomenonThe consistent
increase in buitup area was due to rapid urbanization while the reduction inlgndss
and forest cover can be attributed to the increase inuquitrea The increase in bare
grounds betweei988 and 2008 was attributed to the rapid urbanization without the
accompanying environmental sensitivity. The reduction catthibuted to the deliberate

city greening efforts by the City County of Nairobi.
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Table 4.5: Landcover Trends and Percentage Change Between 1988 and 2018

1988 1998 2008 2018 19882018
[ 0
Landcover Area  Area %Change Area %Change  Area /O?rZarL:ge /ol(éggnge
2 2 2 -
(Km?)  (Km?) from 198¢ (Km?) from 1998 (Km? 2008 2018
Grasslands 427.21 362.29 15.20%* 262.54 27.50%* 229.60 12.50%* 46.30%*
Forest 113.86 99.75 12.40%* 90.34 9.40%* 61.17 32.30%* 46.30%*

Built-up 86.57 98.81 14.10% 125.15 26.60% 21455 71.40% 147.80%
Bare lands 63.99 127.98 100.00% 211.73 65.40% 185.38 12.40%* 189.70%
water body 1.88 4.71 150.00% 3.76  20.00%* 2.82 25.00%*  50.00%
Sum Area 693.52 693.52 693.52 693.52

Note:* denote reduction in area between the two epochs

Legend

L'P Nairobi county
2018 Landuse
Class Name

' Forest
i suitup

Grasslands

I T T T T T T T ] ' Barelands
o 5 10 20 Km W viterbody

Figure 4.3: Landcover Patterns for 1988, 1998, 2008 and 2018
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The spatietemporallandcoverpatterns(Figure 44 to Figure 47) reveal & increase in
impervious surfacesMost of thebuilt-up areagrowth between 1988 and 2018 is to the
east of the citywith sections to the wegFigure 45). Forest cover reductionf 46%
between 1988 and 20&8fected bothKarura and Ngong ForestSi§ure 46). It occurred

at the peripheryof the foress. It also manifested asagmentation of connecting
vegetation between zones of dense forests
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‘/"_—
I
between all the ) 0’
epochs [i--»-._\‘\ /\/’i '/.
! g~/ (\H A
/-'\\/‘w’ ‘V\'\-\,\_,/-—-\\j’/\/ \\
— vy

/ ‘ LEGEND
i JKIA f
\“ Nairobi _(', 1988

-

National f\ 1998
Park \
@ N 2008
0 5 10 15 20 Km e\
L [ | | | ™~y 2018
|

i i i
Figure 4.4: Overlay Analysis of Built-Up Area Between 1988 and 2018

Change detection analysis was conducted to determindamolsovertypologies were
changing over time. Change detection through etalsslation Table 46) specifiel the

nature of changes between the specific landcover types. This covered the quantity of
landcovettypes that remained the same; those that changed and how mutdndeaver

was converted to each of the othéfig/(ire 48). This was conducted between tefochs.

For instance, 1988 was cross tabulated with 1998 and 1998 with 2008.
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Figure 4.5: Overlay Analysis of Built-Up Area Trends Between 1988 and 2018
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Figure 4.6: Overlay Analysis of Forest Cover Between 1988, 1998, 2008 and 2018
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Figure 4.7: Overlay Analysis of Forest Cover Between 1988 and 2018

The landcoverchanges between 1988 and 2018 affected all the groups used in the
classification.Table 46 represents which landcovers changed and to which landcover
they converted to. For instandegetween 1988 and 1998, a total of four?kmh forest

cover changed to builip area, two kigrassland changed to water due to theNiio

rains.It also represents the area of the landcover types that remained the same (the
diagonal highlighted cells).df instance, the area of forest that remained forest between
1988 and 1998 was 77 KnThe area of grassland that remained grassland between 1998
and 2008 was 204 Kn
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Figure 4.8: City County of Nairobi Change Detection Analysis between 1988 and
1998
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Table 4.6: Cross Tabulation of Landcover Changes Between 1988 and 2018

YEAR 1988
g 2 3 @
. 7 % © 5 = < <
22 0 = o a £ £ T
SS £ 3 s O = ? 2
Area
Land Cover  (Km?) 121 92 68 454 2 737
Forest 96 77 1 0 17 0 95 -27
o Built-up 105 4 58 2 42 0 106 14
% Bare lands 136 1 11 43 80 0 135 67
Grasslands 395 39 22 23 312 0 396 -57
Waterbody 5 1 0 0 2 2 5 3
Sum B 737 122 92 68 453 2
YEAR 1998
Area
Land Cover  (Km?) 96 105 136 395 5 737
Forest 96 66 1 96 96 1 260 164
o Built-up 134 6 79 12 36 0 133 29
§ Barelands 225 1 8 88 127 0 224 -7
Grasslands 279 23 16 35 204 0 278 -185
Waterbody 3 0 0 0 0 3 3 -1
Sum B 737 96 104 231 463 4
YEAR 2008
Area
Land Cover  (Km?) 96 134 225 279 3 737
Forest 65 55 0 0 9 0 64 -33
o Built-up 228 5 119 40 63 0 227 94
§ Bare lands 197 1 1 138 56 0 196 -28
Grasslands 244 36 13 46 150 0 245 -33
Waterbody 4 0 0 0 0 3 3 0
Sum B 737 97 133 224 278 3

Note: The highlighted cellseflectthe percentage difie landcover area that remained the same
between the twepochs

The 2018 landcover map tife city fFigure 49), reveaéda centrally concentrated built

up area that also follows the main transportation corridors. The forests are located to the
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northwest and southwest of the city. The main waterbody on the map is the sewage
treatment plant lod¢ad to the east. Bare lands are spread to the south and east. The large

swath to the south comprising grassland and bare lands is the Nairobi National Park.

|:| County Boundary

Land cover Classes

- Forest
N B cuivp
\\"¢rr [ Grasslands
! - Barelands
r ‘v T T T Y T Y 1 - Waterbody

Figure49:Nai r obi 6s Landcover Patterns for 2018

4.2.1.2Elevation

The elevation of Nairobi rises from 1452 meters Above Sea Level (ASL) on the eastern
side to about 1900 meters above sea level on the westernFaydee(410). The
elevations of the different sublocations determine their vulnerability to both flooding risk
and thermal stress. The lower elevation of the city located to the eastern side is likely to

receive the stormwater runoff thereby making it susceptible oalithg.
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Figure 4.10: Nairobi's Elevation Map. Source: Adopted from (RCMRD)
4.2.13 Slope

The slope percentages for the city range between 0% andFigetg(41 1) . Sl ope O
are concentrated on the eastern and south
concentrated on the Western side of the city and zones along riparian areas. The range of
slope used for classification was based on the ranges argiissif and Wilson (1975)

andHuang, Kang, Yang, and Jin (201@)influence surface runoff. They pgaokatethat

slopes less than 16% result in slow runoff speeds that increase the risk of flooding.

4.2.14 Flow Accumulation

Flow Accumulation was used as a tool to further determine the flood vulnerability of the
different sublocation&it, Ludeke, and Reckie2011) It determines the accumulation of
surface water over the entire landscadpespitethe county good coverageof rivers
systems, not all sublocations have rs/passing through. Withholding the aspect of

constructed drained systems, these subilmtsastand an elevated risk of flooding.
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Figure 4.11: Slope Analysis Map of Nairobi
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Figure 4.12: Nairobi's Flow Accumulation Ranking
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Using a flow accumulation threshold of 250 units, the modelled nfagu¢e 412)
displayed an even spread of flow over the county. However, they vary greatly. For
instance, Bondeni, City Square, Lumumba and Mbotela sublocations displayed extremely

low flow accumulatiorwhich makes them susceptible to flooding.

4.2.1.5Soll Drainage Properties

KenSOTERCclassifies soil drainage properties irkacessivelyWell-drained (EWD),
Moderately weHdrained(MWD), Imperfectly drainedID), Poorly drainedPD), Very
poorly drained(VPD) and a norclassified section. The neslassified sectiomomprises
zones withdenséy built-up area. Of these classifications, five exist withihe City
County of NairobiCounty. The five are Wellirained, Imperfectly drained, Poorly

drained, Very poorly drained and a rdassified sectionHigure 413).
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Figure 4.13: Soil Drainage Properties. Source: Adopted from Kenya Agricultural
and Livestock Research Organization
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The central zone of the cityasdensely buikup and correspondd with the landcover
classification. Thesouthern part of the citwasimperfectly drainedThe northerrand
southern western edges of the aitgre well-drained A central belttogether with a
western patchvereeither poorly or very poorly draineds aresult, more than half of
the city was either imperfectly, poorly, or very poorly drained.Statistically, 21
sublocatios are weldrained, 31 are very poorly drained and 7 imperfectly drained. The

rest is zoned as dense development.
4.2.1.60pen SpaceNetwork

The space frameworkombineshe OpenSpaceNetworkand theNormalizedDifference
Vegetatiorindex TheOpenSpace Networks an inventoryf theopen spaces in the cjty
combines private and public spackseveakda particularly goodpread of open spaces
at the city levelNonetheless, the trendsigure 414 & Figure 415) reveal reducing open
space concentrated at the centrale of the city with patches to the east and west. This

is in tandem with the bu#iip area expansion trends.
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Overlay of open space extents
for all the years
unde study
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Figure 4.14: Overlay Analysis of Open Space Networks for 1988, 1998, 2008 and
2018

Overlay of all the open space extents
for 1988 and 2018
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Figure 4.15: Overlay Analysis of Open Space Networks Between 1988 and 2018
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4.2.1.7Normalized Difference Vegetation Index
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The Normalized Difference VegetationIndex (NDVI) analyzedthe health of the
vegetationusing Landsat images from the dry manilhe trendpointsto a sustained
reduction in healthy vegetation between 1988 and ZBit8ire 416 andTable 47). The
highest reduction of 13% occurred betw@608 and 2018l his could be attributed to the
rapid urbanization rates that led to increase in-glarea.

Legend

Sub-Locations
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' No Vegetation

Figure 4.16: Normalized Difference Vegetation Index showing Vegetation Presence
and Health
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Table 4.7: Open Space and Normalized Differenc¥egetation Index Change
Patterns

1988 1998 2008 2018 19882018
Parameter Area  Area %Change Area %Change Area %Change
% Change
(Km?)  (Km?) from 198¢ (Km?) from 1998 (Km? from 2008
OSN 278.8 171.8 25.25* 1413 17.56* 2084 17.75* 49.32*
NDVI 652.2 6145 578* 5975 277~ 5151 13.79* 21.02*

Note:* denote reduction in area between the two epochs

An overlay analysisevealed remarkable reduction in healthy vegetation in the central
zone of the cityThe reductiorwasconcentrated on the southeastern edge of the western
forest cover Figure 418) and affead riparian areass well The largest patch to the
eastern sidevas the sewage treatment plant at Ruai. The most affected sublocations
included City Square, and Mbotela.
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Figure 4.17: Overlay Analysis of NormalizedDifference Vegetation Index
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Figure 4.18: Overlay Analysis of NDVI between 1988 & 2018

4.2.1.8Summary of Urban Form Evolution

There were two types of urban form parameters: the evolving arevudving. The non
changing urban form parameters wealevation, slope flow accumulation and soil
drainage properties. The changing urban form paramétatstheoretically had a
relationslip with climate were built-up area,open space network andormalized

DifferenceVegetationndex.

Forestcoverhad the lowest rates ofductionat 16.75Km? per5-yearepoch Change in
time explained over 90% of the changes in urban form twthout of the four cases
statistically significant at 99% confidence inter¢Bable 48).
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