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PROLOGUE
"Urbanization removes much of the filtering capacf soil and rapidly channels
precipitation into watercourses ...... Cities afféioe atmosphere by increasing airborne
pollutants and also creating ‘heat islands' whargeratures are greater than the surrounding
areas. Various urban activities produce huge votuofievaste products that require complex

disposal mechanisms" (Melosi, 2000).
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ABSTRACT
Various postulations have been put on the corogldbetween urban morphology and the
urban environmental quality (UEQ). However, the dsts have not quantitatively
demonstrated the contributions of each morpholbgiaeameter in the determination of the
UEQ. It is this gap in knowledge that this studygit to fill by modelling the relationship
existing between the urban morphological varialiedevelopment density, land uses and
vegetation density and the UEQ parameters of tiacitemperatures and the air quality
values of Nairobi City. The specific objectivestbé study were to evaluate the impact of
land use and land cover changes on the Land Conisummigate and Land Absorption
Coefficient for Nairobi City between the years 1988015, to determine the relationship
existing between the urban morphology of Nairoly@ind the surface temperature values
using geospatial techniques, to establish the ioektip existing between the urban
morphology of Nairobi City and the variations i guality, to establish a spatial and
guantitative model depicting and explaining envinemtal quality variations in the city as
well as to propose strategies for the achievemiestigiainable environmental quality for the
city. The study adopted both descriptive and qtatiie research design. All the 30
development zones of the city as detailed out ey Nairobi City County Government
constituted the target population. This study waked by Digital Image Processing of
Landsat 5 TM imageries of the years 1988 and 1B&b¢dsat ETM+ imageries of the years
2000, 2005, 2010 and 2015 as well as the IKONOdlisatimagery of the city for the year
2015. Together with the topographical and develognzening maps of the city, other
secondary information such as the census reportsthi® city covering years under

consideration were also utilised. Establishmenthef air quality values involveah-situ
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measurements of the concentration of carbon dipxiti@gen dioxide, sulphur dioxide and
suspended particulate matter. The Landsat imageree further used in analysing the
distribution of the surface temperatures within titg. The environmental implications of
the above stated parameters were transformed um@nical values ranging from 1 to 10 of
which lower values (1) were accorded to developmaenes whose morphological, thermal
and air quality attributes have higher negativedatp on the city’'s environmental quality
and vice-versa.The aggregate values for the development zones aived at through
aggregation of the numerical values assigned tg@é#nameters within a development zone.
The above was superimposed with development zobmundaries and converted into a
spatial model depicting environmental quality véoias within the city. Bivariate and
multivariate statistical models of Pearson’s caieh coefficients (r), coefficients of
determination (R)t-tests and the Analysis of Variance (F-tests) wetrels of significance
decided at 95% were also used to determine thegslr® significances and consistencies of
the relationships existing between and among tdystariablesThe study established that
while urban built-up, open/transitional areas antedt covers within the city increased
during the study period, rangelands, agricultugagss, secondary growth and riparian
vegetations declinedThe study confirms that vegetation density is thestrsignificant
morphological variable influencing the distributiafi the UEQ. This is followed by the
development density and land uses in the ordeigoifisance.However, the significance of
the error term in the model representing the @tatiip existing between the UEQ and the
urban morphological variables implies that othertdes such as topography, pedology,
rainfall pattern and amount, slope, aspects and watocity which were not considered by

the study are equally significant in determining thstribution of the same.
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OPERATIONAL DEFINITION OF TERMS USED IN THE REPORT
A greenhouse gasAn atmospheric gas that absorbs and emits radiatitmn the thermal
infrared range. They include water-vapour, carb@xide, methane, nitrous oxide and
ozone. Greenhouse gases cause atmospheric greenkdiests which affects the
temperature of the earth. Without the Greenhoasegy the earth's surface would be on

average 33°C which is colder than at present (&clerg 2000).

Air Pollution: An atmospheric condition in which certain subs&snare present in such

concentrations and duration that they produce hdrefifects on man and the environment.

Development Density:Aggregate acreage of land under development wahitevelopment

zone as a ratio of total acreage of land constiutie development zone.

Development:Pursuant to Section 3 (a) of the Physical PlanAictg(Cap 286), development

is either making material change on buildings @amdilor land subdivision.

Geographic Information System: A computer assisted system for the acquisitiooragke,
analysis and display of geographic data to aid lanrpng and solution of human and

environmental problems (Star and Estes, 1990).

In-Situ: A Latin phrase for 'in position'. It is the act @ftaining measurements on objects,

area or phenomenon using instruments which areritact with the same.

Land Absorption Coefficient: A measure of change in the conversion of urbad ta built
up, open and transitional land uses and land covighin a specified time period by each

unit increase in urban population.
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Land Consumption Rate: A measure of progressive spatial expansion ofyaasitevidenced
by increase in the amount of land under urban lgjtopen and transitional areas for the

successive years of study.

Land Cover: Man-made and natural features such as humanwsescsoil types, vegetation

types and water present on the earth surface (VM&965).

Land Use and Land Cover Change:Temporal variations in terms of nature, magnitude,

pattern and trends in land uses and land covers.

Land Use: The economic utility associated with a piece afidlasuch as agriculture,

industrialisation, residential, transportation reational and educational purposes.

Normalized Difference Vegetation Index(NDVI): A numerical ratio ranging from -1 to 1
derived from red and near-infrared bands of thetelmagnetic spectrum. NDVI is used to
assess whether the land surface being observedgthrsatellite remote sensing contain

vegetation or not.

Remote Sensing: The art, science and technology of gathering in&dion about a
phenomenon, object or area using devices callesbseimounted on platforms such as the
satellites, balloons and aeroplanes without phigiceoming into contact with the
phenomenon, object or area under investigatiorceasmoned by differences in interactions

between earth’s surface materials and electromageratrgy (Lillesanet al.2004).

Scientific Model: Conceptual, spatial, mathematical and visual sspration of a real-world
phenomenon, objects and systems. They are ofteth insthe construction of scientific

theories to describe, explain, predict and visedle behaviour and the relationship existing
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between phenomenon, objects or systems. Examplemdéls used in Earth Sciences and
Ecology include the maps, biogeochemical and hgdical cycles as well as the general
circulations. Models aid in weather forecasting,piojecting health outcomes of disease
epidemics and in the development of early warniyggesns for epidemics and large-scale
disasters. Conceptual models are used to enhamsgstemding of a relationship existing
between variables influencing occurrence of a piresmmn, mathematical models to quantify

and graphical models to visualize the subject (fRyc 2012; Johannes al. 2006).

Scientific Modelling: An activity aimed at making a particular part, systor feature of the
earth easier to understand, define, quantify, Vimear simulate. Models are developed
through a scientist's combination of insight, datad observations about similar scenarios

(Raineret al. 1996).

Sustainable DevelopmentThe concept was popularised by the Brundtland Réparugh the
publication of Our Common Futureivhich defines the term as development that meets th
needs of the present generation without compromiiie ability of future generations to

meet their needs (WCED, 1987).

Sustainable Urban Development: Urbanisation accompanied with environmental
conservation. It is characterised by environmergatial and economically self sustained

urban societies.

Urban Heat Island (UHI): A phenomenon of pockets of higher temperaturesiraag in

some urban neighbourhoods relative to the surrognelvironment.
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Urban morphology: A study which seeks to understand the attributes oty such as the
development densities, spatial structure (land)ydmslding pattern and configuration,
vegetation density, streets and lots pattern asasdand tenure and occupation. It involves
examination of the city’s components, the procdstsdormation, transformation and how

physical forms produces or reproduces various kfmims.

Urban Sprawl: Unplanned urban expansion to the periphery wiscbften associated with
consumption of forest and agricultural lands by loensity suburban residential and

commercial development (Galsttral.2001; Yang and Lo, 2002; Hayden, 2004).

Urbanisation: Population increase in a built-up area over tiGet, 2008).



CHAPTER ONE

INTRODUCTION
1.1 Background
Cities are development hubs as corroborated badhemeration of land uses within them.
The agglomeration leads to both urban sprawl atelrial densification of the cities to
accommodate the increasing population and competd#mong the land uses for strategic
sites. To accommodate this competition and to aelseistainable urban development, there
is need for clear understanding of the driversrban land use differentiations (Misra, 1990).
The significant indicator of urban sustainabilgythe urban environmental quality which is a
measure of the condition of an environment as ptedeby air and water quality and the

potential effects which such conditions may havéwman health and urban ecosystem.

Urban environmental quality is a spatially varialpleenomenon of concern in densely
populated cities of the tropics where urban infragtire, morphology, topography and

climate interact to produce uncomfortable thermal &azardous air quality effects. The
magnitude and pattern of urban environmental qualitrelates to urbanization level of a
city. This is because cities influence greenhousseg (GHGs) production and sinks both
directly and indirectly $anchez-Rodrigues al.2005). For instance, carbon dioxide which
is a major component of the GHGs is a by-productrb&in anthropogenic activities such as
industrial and transportation activities. Clearanoke land for urban expansion and

infrastructure development are drivers of regidaald cover changes which reduces the
global carbon sinks. Cities generate approxima@D@o of anthropogenic carbon

emissions (Svirejeva-Hopkiret al.2004).



Changes associated with urban developments haveupob effects on urban surface
temperatures and air quality which consequentlyeheffect of inducing climate change.
New surface materials associated with urban bgklimoads and other urban infrastructure
alters the natural surface which consequently salégrergy balance, water exchanges and
airflow. The above combined with heat, carbon diexiand other GHGs emitted by
anthropogenic activities result in distinct urbéimates (Landsberg, 1981; Oke, 1997). One
of the best-known effects of such developmentlimuamwarming of which globally cities are
warmer than the surrounding rural areas but witariral urban spatio-temporal variations
(Oke, 1973). On average, urban temperatures ma§he® 3°C warmer than rural environs,
but in calm and cloudless nights, air temperatwas be more than 10°C warmer than

surrounding rural environments (Oke, 1981; Grimmenal. 1993).

At the urban scale, the spatio-temporal variationarban temperatures is accentuated by the
neighbourhoods’ attributes such as the amount gétetgion on site, density of development
and the nature of the construction materials usethe neighbourhood. This manifests in
form of pockets of sites within the urban landscajta higher temperatures than the rest of
the urban spaces, a phenomenon called the urbarslea. The urban heat island effects
are exacerbated by the anthropogenic activities aaa/ehicular traffic, industrial production
and domestic buildings which produce heat, sulptioxide, nitrous oxide, suspended
particulate matter and carbon dioxide, gases kntowvoontribute to global warming and
climate change (Voogt and Oke, 2003; Ovetral. 1998). These gases interact with the
city's compact mass to affect energy exchange erels| of thermal conductivity. However,
factors such as topography in relation to the sangle and aspect are as influential as the

surface type in controlling the amount of radiati@teived and absorbed. Thus a low-



vegetated area incidence to direct solar radiadanuch warmer as compared to vegetated

areas (Fungt al.2003).

Land uses and the distribution of development diessiithin an urban area define its form.
This influences the transportation mode used in ditg as well as the city's energy
consumption and greenhouse gas (GHG) emissionsanUrnorphology, particularly
development densities, building configuration aaddl uses has implications on a city's
GHG emissions. This is because proximity of homesb @ncentration of services coupled
with provision of efficient public transportatioo@entuated by compact (high density) urban
development encourages walking, cycling and theafiseass transport instead of private
motor vehicles. This consequently leads to dediméossil fuel consumption per capita
(Gottdiener and Budd, 2005; Newman and KenwortB$9). However, this is complicated
by the fact that urban centres are industrial laretsGHG emissions coming from industries
outstrip those from the transportation sector. @ezmpirical evidence shows that cities are
responsible for 75% of global energy consumptiord &0% of GHG emissions
(Satterthwaite, 2008). Compact developments indisage of less energy for heating. For
example, households in the United States of Ameliaag in single-family detached
housing consume 35% more energy for heating and 2i%& energy for cooling as
compared to households living in other forms of diog due to urban heat island effect
(Quattrochiet al. 2000). This corroborates that urban density wheclan aspect of urban

morphology affects household energy consumption.

The urban spatial structure (spatial organisatibfaed uses) equally influences the GHG

emissions. This is demonstrated by energy usatgretitials in four urban spatial structures



notably mono-centric, poly-centric, composite (nplét-nuclei) and urban village models. In
the mono-centric cities, most economic activitiesl amenities are concentrated in the
Central Business District (CBD). In this situatidhe authorities focus on promoting public
transport as the most convenient mode of transfmrtmost commuters travel from the
suburbs to the CBD while in the poly-centric citit=sv jobs and amenities are located in the
centre and most trips are from suburb to suburbhibiregard, a large number of possible
travel routes exists, but with few passengers pater Therefore public transportation is
difficult and expensive to operate and private rseaintransportation becomes convenient

option for users.

The composite (multiple-nuclei) model is the mamtnmon type of urban spatial structure.
This model manifests a dominant centre with a lamg@ber of jobs located in the suburb’s
minor centres. Under the composite model, moss fripm the suburbs to the CBD are made
using public transport, while trips from suburbsiaburb are made using private means of
transportation. This necessitates the need for fathic and private modes of transportation.
The urban village model is utopian and is a creatibthe urban master plans. In this model,
urban areas contain many business centres, conmitaeel only to the centre which is the
closest to their residence and have more oppararid walk or cycle to work. This model is
ideal for it requires less transportation due ® tbduced distances travelled to work. This
lowers the energy usage and the GHGs emission.nfdre the urban spatial structure
encourages public transportation, the more it ldadess emission of GHGs and other air

pollutants andiice versa



The above annunciations corroborate the correlagosting between urban morphology,
GHGs emission, air quality, urban surface tempeeatand the urban environmental quality.
However, the relationship is moderated by the amainvegetation within the urban
landscape as they act as carbon sinks. AccordiKtpteset al. (1999), stale and polluted air
accumulates in the highly built up areas due toveayence of air into the areas during the
day for they are warm and acts as urban heat slafitese areas thus experiences warm
rising air during the day but this may be replaaedight by cool fresh air from adjacent cold
neighbourhoods. It is therefore evident that thbaor environmental quality which is
embodied by urban air quality and surface temperatalues is determined by both

anthropogenic and urban physical process.

The assessment of urban environmental quality igiar in developing strategies for
achieving sustainable urban development. In orderoljectively evaluate the urban
environmental quality at a particular site and &kencomparison with another site within the
same urban landscape, there is need for up-toatmteaccurate data derived from precise
measurements. Towards this end, the geo-spatibhiteees, notably the application of
remote sensing data as well as its integration W#ographical Information Systems,
provides decision-makers and urban developmentypotiplementing agencies with timely
spatial information for urban environmental qualitynitoring, management and planning
purposes. This is because the technology has d¢i#ipalmf mapping the urban growth and
environmental change faster as opposed to the obamal surveying techniques. For
example, the repetitive and synoptic coverage eatirthe satellite remote sensing is
significant in the urban environmental studies &g on land use and land cover change

detection and urban environmental impact assessidentever, remote sensing technology



can be put to best use if it is combined with GapQgical Information Systems which facilitate
automation of information extraction, map compdatiand revision as well as change
detection due to its ability to superimpose varitaygrs of geo-referenced data (Longéy
al.1999). It is imperative that multi-criteria apprbas be used in the study of spatial
variations of urban surface temperature and ailityualues and their correlation to urban
morphology. Towards this end, this study aimedstdt#ishing the correlation between urban
morphology, surface temperature values and aiitgjuariations within Nairobi City, noting
that urban morphology is a significant determinahturban environmental quality while

surface temperature and air quality are imperatigieators of urban environmental quality.

1.2 Problem Statement

Various scholars have postulated the relationsxigtieg between the urban morphological
variables and the urban environmental quality. Hewethe studies have not quantitatively
demonstrated the contributions of each morpholbgiaeameter in the determination of the
urban environmental quality. It is this gap in kiesge that this study sought to fill by
guantitatively modelling the relationship existibgtween the urban morphological variables
of development density, land uses, vegetation tlerend the environmental quality
parameters of the surface temperature and theualityg values of Nairobi City. This is
significant in explaining the effects of urbanisati expanding industrialization and
problems associated with high-density urban devetys on global warming and climate
change. Since the existing body of knowledge orctireelation between urban morphology
and the environmental quality are descriptive mathan quantitative, it is imperative that
theories and models explaining the same be qutwitéor it is the quantitative models

(aided by geospatial techniques) which are mostoppate in the advancement of the



knowledge. Quantitative models for analysing urbamironmental quality are instrumental
in the formulation of sustainable urban environrakpblicies, taking into account that the
current urban management paradigms operationbkigity are inadequate in mitigating the

ravages of global warming and climate change.

Implementation of sustainable urban developmeritipslis still a challenge to the African
cities such as Nairobi yet urbanization rate inigsfris approximated at 3.5% per annum
(United Nations, 2014). If environmental deteriamatbeing experienced in most African
cities is not addressed through adoption of preactinvironmental quality management
strategies, then the cities will continue facingtipbra of environmental problems. This
complicates the solution of the wider environmemjahlity issues constituting the urban
brown agenda (collective term for environmentalbfgms such as inadequate water supply,
poor sanitation and drainage, solid waste managgragnpollution, global warming and

climate change) which is a threat to human healthusban productivity.

Cities being engines of national development duenyoiad capital and human resource
investments they attract, their environmental qualeeds to be managed. Experience in the
industrialized countries proves that an effectippraach to addressing urban environmental
quality issues is the formulation of city specifinvironmental management strategies and
action plans. However, the capacity to plan andlement the same is hampered by
insufficient data. According to Ford Foundation 439 review of urban research in the
developing countries revealed that even thoughareBeproposals in the 1990s prioritised
urban environmental topics, there is scanty evidefche researches having been completed

and disseminated. While in Africa, environmentabdar urban areas are inadequate, so are



the analytical frameworks for understanding the mitage and the trends of the problems
and how they relate to global warming and climabange. For example, most urban
authorities are not aware of the magnitude of thgoong environmental damage caused by
the increased development densities in the cilibs has arisen due to inadequate spatial
information which can be bridged through enactn@ngeospatial information systems in
the urban environmental monitoring and managen¥éns approach enables modelling of
the relationship existing between urban morphokdgmarameters and the environmental
quality conditions. However, some of the remotessgntechniques depending on the type
of platform and sensor used have short-comingsrimg of spatial and spectral resolutions
required for the analysis of urban morphologicalrapseters necessary for urban

environmental quality studies.

This study utilised multi-spectral remote sensiechhique namely Landsat 5 TM, Landsat
ETM + and IKONOS satellite sensors. The LandsatMb dhd Landsat ETM + satellite
imageries were utilised in this study due to thewad spectral bands which comprise of
visible and thermal bands which are useful in magpirban growth and surface temperature
variations. The IKONOS imagery was crucial in magpihe urban morphological variations
due to its higher spatial resolution. In this studyban morphological parameters of
development density, land uses and biomass index egrelated to environmental quality
parameters of surface temperature and air quaityes. This was intended to establish the
relationship existing between urban morphologyfagr temperature and air quality values.
This gives credence to urbanisation as an intefigbr in global warming and climate
change. Therefore, this study provides a spatial @nantitative model depicting and

explaining the correlation between the urban mdgaical and environmental quality



parameters of surface temperature and air quadilyes. The focus here was on the likely
effects on the environmental quality of the citythwadjustments to development densities,

land uses and biomass indexes as occasioned hyisatian.

1.3 Objectives of the Study

1.3.1 General Objective of the Study

The aim of this study was to establish the stregttine relationship existing between the
urban morphological parameters of development teriand uses and biomass index and
the environmental quality parameters of air quaditg the surface temperature values of
Nairobi City as derived from geospatial amdsitu measurements. The study culminates
into spatial and quantitative models depicting axplaining environmental quality

variations in the city.

1.3.2 Specific Objectives of the Study

This study sought to fulfil the following statedjettives: -

i. To evaluate the impact of land use and land covaanges on the Land
Consumption Rate and Land Absorption CoefficiemtNairobi City between the

years 1988 to 2015

ii. To determine the relationship existing betweenutzn morphology of Nairobi

City and the surface temperature values usingpgdiestechniques,

iii. To establish the relationship existing betweenutian morphology of Nairobi

City and the variations in air quality,
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To establish a spatial and quantitative model diegic and explaining

environmental quality variations in the city

To propose strategies for the achievement of sute environmental quality for

the city.

1.4 Hypothesis of the Study

This study was guided by the hypothesis that thera significant relationship existing

between urban morphology and the urban environrhguédity.

1.5 Research Assumptions

The following assumptions were made to guide thdyst-

As the national urbanisation rate rises, Nairoly Gears the burden of absorbing

the urban population in higher proportion relatvether towns in the country.

The absorption of the increased population in Niie undertaken through

increment of the development densities.

The evolution of land uses in the city has beedegiby the principles of rational
thinking, which postulates that the developer'sisiens are driven by profit
maximization. This necessitates perfect knowledggewelopment opportunities
and market frontiers for their products. Therefotiee city shall continue
experiencing environmental deterioration if therent development trend is not

controlled to take cognisance of environmental igual

The wind velocity (speed and direction) in the cityniform throughout the year.

Therefore, the distribution and the concentratiohthe air pollutants within the
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city are only influenced by the amounts of the ygalhts emitted by the point and

mobile sources.

1.6 Significance (Rationale) of the Study

The effect of urbanisation on global warming anidhate change has raised challenges to
urbanization theory and efforts have been made dstufate models explaining the
correlation between the two. Majority of the modefiering an explanation on the same are
descriptive rather than quantitative. However,sitquantitative models facilitated by the
geospatial techniques as demonstrated by this sidgh have a niche in aiding the
validation of the correlation. The use of geospaé@ehniques in quantifying and analysing
the spatial variation of a city’s environmental lijyaas influenced by morphology further
aids in the formulation of environmental polici€since the current urban management
paradigms operational in the city are inadequate promoting sustainability, the
environmental quality of Nairobi City has continueddeteriorate as a result of increasing
urbanization, expanding industrialization and peold associated with high-density and
unplanned urban developments. This sets scenarigidbal warming and climate change.
Indeed, analysis of the city’'s morphology is essém understanding the contribution of

urbanization to urban environmental quality, glolvatming and climate change.

Nairobi City has witnessed high urbanisation ratdhee city’'s population has grown from
270,000 to 3,138,369 between the years 1963 an@®, 2@8pectively. This represents
approximately 4.5% annual growth rate (Governméritenya, 2012). Since urbanization
has been recognised as a major factor in globahimgrand climate modification, cities with
high urbanisation rates such as Nairobi are adsociavith the same. Urbanisation

exacerbates climatic modifications by replacinguradtsurfaces with man-made materials
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such as buildings and asphalt road surfaces. Twefaces have high thermal properties due
to their ability to store more solar energy andveshthe same to sensible heat. The removal
of the vegetation cover due to urbanisation redegapo-transpiration and shading effects to
the ecosystem (Pickedt al.2001). Further, urban topographical features ssdhe surface
roughness, building configuration as well as argbgenic activities contribute to higher
urban surface temperature values by generatingeahating outgoing long wave radiation.
This consequently hinders sensible heat loss astdldition of the same (Bonan, 2002;
Ifatimehin, 2007). The above stated interactiorierahe surface energy balance with a
consequent increase in urban surface temperatlteesvaThe heat dynamics leads to
accumulation of air pollutants and alteration oé tprecipitation pattern in the urban
metropolis as well as the frequencies of urban dflabsasters and changes in urban

biodiversity (Zhao and Wang, 2002; Nowetkal.2002).

The urban environmental problems of the Africamesinecessitate an enactment of urban
environmental management strategies supported hbi-eriteria environmental quality
monitoring approaches. This encompasses an unadirsgaof the causative factors to the
environmental deterioration and manifestationshef same. In this study, the relationship
existing between the urban morphology and envirariahequality was established by
correlating morphological parameters (biomass indeaxd uses and development density)
with the environmental quality variables (surfaeenperatures and air quality). Whereas
some satellite-based studies have demonstratetystetationships existing between urban
morphology and environmental quality, these studage been at a generalized level and are
only bivariate. To overcome the problems of gengatbn, this study utilised both satellite

imageries andh-situ measurements for surface temperatures and aityguakpectively as



13

indicators of environmental quality. Studies on amb environmental quality and
microclimates of the African cities are often cocigal usingin-situ measurements with
mean monthly climatological data of 2 to 3 houritervals as opposed to multi-spectral and
multivariate approach adopted by this study. Tihe situ measurement approach has
limitation in the spatial coverage of the enviromtaé quality attributes requiring

instantaneous data capture (Balogtal.2009).

As occasioned by constraints posed by imprecisernmtion arising fromin-situ
measurements in urban analysis, the multi-spec#aiote sensing technique and the
Geographical Information Systems adopted by thidysprovides framework for assessing
the relationship existing between urban morpholaggt urban environmental quality in an
affective and efficient manner for it enables thiegration of spatial data. Studies based on
in- situ measurements use relatively expensive instrumant®mparison to the satellite
imageries having higher spatial and frequent tealpooverages of a scene. The above
advantages combined with the higher spectral resnkiprovided by the imageries enables
the same to provide an efficient and effective apphn to the analysis of the urban
environmental quality attributes and the morphalabivariations within the city. This
facilitates forecasting of changes in environmewzdlity with variations in morphology
which is significant in building an understandinftie implications of the variations on

global warming and climate change.

The urban environmental quality challenges faciegetbping countries such as Kenya
stems from poor land use policies which promot@nmgatible land uses. This requires an

enactment of an integrated urban land use polisgamesive to the principles of balanced
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land use and environmental quality (Burra, 2005n¥a and Zeleza, 2007; Barnsley and
Barr, 1996). Nairobi’'s spatial structure has belanmed and executed with little appreciation
to the implications of the morphology on the enwireental quality. This partially occurred
due to inadequate quantitative information to featé postulation of the environmental
consequences of such decisions (Karuga, 1993)oddtthe evaluation of the consequences
of such developments can be done using methodsasuehvironmental impact assessment
and post project analysis, by the time the impattsuch developments are appreciated, it
would be late to make significant alterations. @dgancements in the geospatial technology
have made it possible for the acquisition of thetpand current urban morphological
information in a consistent manner. This enablesittegration of multi-source and multi-
date data for the generation and prediction ofttkied, nature, pattern, magnitude and the

impact of urban morphology on the environmentaligua

1.7 The Scope of the Study

This study covered the entire Nairobi City Counbyibded by longitude coordinates’3®’
and 37 10°E and latitudes coordinate$’ and P 28'S covering an area of approximately
716 knf. The variables scope for this study focussed dmarurmorphology and the
environmental quality attributes. While the urbaarphological parameters that were taken
into consideration by this study are developmemisifg, land uses and vegetation density
(biomass index), the environmental quality paramsetensidered by the study are surface
temperature and air quality (concentrations of carlioxide, sulphur dioxide, nitrogen

dioxide and the suspended particulate matter) salue
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Biomass Index was considered in this study as anotwgical parameter because vegetation
influences urban environmental quality through ewapnspiration, shading effects,
filtration and recycling of air pollutants whichtimhately influence the surface temperature
and air pollutants distribution within the city (\@fawski and Hites, 1997; Dwyest al.
1992; Oke, 1982). Since paved and open surfacesitcmimg the largest percentage of urban
surface have minimal evapo-transpiration and slgaéifiects, they have maximum heat
energy. Even individual street trees and small syrasarks have a cooling effect on the
surroundings, thus this study considered biomadeximas a significant morphological
element. Despite building configuration not beingeoof the morphological attributes
considered by this study, the significant role lays in determining urban micro-climate
through attenuation of wind flow and thermal enevgyich have effects on air pollutants’

dispersal and surface temperature distributiocks@wledged.

As earlier stated, this study considered the camagons of carbon dioxide, sulphur
dioxide, nitrogen dioxide and the suspended pddieumatter (SPM) as elements of urban
air quality. The study did not take into accounttavavapour, methane and ozone gases
(drivers of global warming and climate change ertiagafrom urbanisation) which are
integral aspects of GHGs and air quality. Thisasduse the concentration of water vapour
in the city is presumed to be uniform and deterchibg precipitation levels and not the
anthropogenic activities. The ozone and methanesgase stratospheric layer gases thus
could not be considered in this study which relgd instruments whose validity and
reliability are only guaranteed in the troposphealphur dioxide is considered in this
study for it is a significant by-product of transg@ion and industrial fossil fuel

combustion. As urbanisation rises in Nairobi, tleead for fossil fuel for transportation and
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industrialisation will increase resulting in incsea sulphur dioxide concentration levels in
the city. Apart from sulphur dioxide having noxgouenom effect on human, animals and
plants’ health, the ability of the gas to form acain makes it destructive to vegetation,
soil, construction materials and water bodies whate integral aspects of urban

environmental quality.

1.8 Limitations of the Study

This study utilised satellite remote sensing datéctvis mainly two-dimensional in which
only horizontal surface temperatures can be medsiites is considerably smaller than the
complete surface noting that all urban surfacegritiute to the thermal levels of a city
either by providing shading effects, thermal absorpor reflectance (Voogt and Oke,
1998; Nichol, 1998; Weng, 2001; Voogt and Oke, 30&8r example, Nichol and Wong
(2007) argue that in high-rise areas of Hong Kamfgere building density is 45% with
average building height of 50m, the active rad@turface is 2.67 times the planimetric
surfaces captured by the satellite. This consstwr error of +1.5°C for the satellite
surface. The urban vertical facets are cooler wheg face away from the sun’s azimuth.
However for the tropical cities such as Nairobi evhiare situated closer to the equator

where the sun’s angle is low throughout the ydwar difference is marginal.

Traditionally, thermal satellite sensors are of Igpatial resolution, such as 30m for
Landsat ETM+ (the thermal band used to be 60m batysts processed after 5
February 2010 are re-sampled to 30m resolutionin $0r ASTER and 1km for the
AVHRR. In this study, Landsat 5 TM and ETM+ therrbaihds were corrected for thermal

emissivity differences in the conversion of thead& surface temperature values. In
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deriving urban surface temperature values frormtiaérmages, emissivity difference is the

main source of error. Therefore, the correctiomgi$tlanck’s constant is necessary.

Another limitation to the study was lack of the girality measuring stations in the city
whose data could be utilised for the establishnoérihe relationship existing between the
morphological attributes and the air quality. Thexessitated the use iofsitu approach
for data capture which is time consuming and expens terms of human resource
involved, laboratory analysis and the cost of lgrihe air samplers, yet studies of this
nature require more point data to support meaningfierpolation of the air quality

parameters in the city.

Building configuration has influence on urban eaxmental quality. For example,
higher building densities coupled with skyscrap&rads to loss of urban natural
vegetation alongside attenuation of wind velocltyban skyscrapers provide multiple
sources for the reflection and absorption of etentignetic energy which increases the
efficiency with which urban areas are heated. Hys@apers trap the reflected terrestrial
energy within the urban environment consequenttyeasing the urban air temperature.
Skyscrapers attenuate wind velocity and consequeatitrict air pollutants to urban
canyons thugmpeding pollution dispersal. The building configtion negatively affects
urban environmental quality by increasing populattmngestion and reducing citizens’
access to fresh air and sunlight. This corrobordteselationship existing between urban
morphology, loss of natural vegetation, increasgfse temperature values and low air
quality which are all indicators of declining urbanvironmental quality. Despite the

significant role the building configuration plays ithe determination of the urban
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environmental quality, it was not included in ttsidy. This is because the analysis of
the building configuration requires up-to-date alephotographs as opposed to satellite
remote sensing which this study utilised. The a@amnst was on the acquisition of up-to-

date aerial photographs of the city as the exigtimgtographs are out-dated and provides

incomplete spatial coverage of the city.

1.9 The Study Area

The successful achievement of sustainable urbairoemvental quality is dependent on
balancing the socio-economic, political, legal ghgtsiographical factors supporting the city.
As such, a profile of factors which should be taketo consideration when formulating
strategies for the achievement of the same is taild®T in this section. Nairobi which is the
capital city of Kenya has continued to exhibit prcy in Eastern an@entral Africa for it is a
commercial, industrial, financial and communicationb in the region. As illustrated by
Figure 1.1, the city’s location is bounded by thegitudes 3640’ and 37 10’E and latitudes
1°%09' and P 28'S covering an area of approximately 716°kithe city is one of the 47
autonomous county governments forming the devogi@etrnance units of the Republic of
Kenya. The primacy attributes of the city has gamred to influence land use and land cover
dynamics within the city. Currently, the city haade outlay of high density industrial,
commercial and residential developments. This lealkiaed the vegetation cover which
would otherwise act as carbon sinks and moderafasarface temperatures. Therefore, the

city has continued to experience reduced enviromahgnality.
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1.9.1 Historical Background of the City

Nairobi city owes its origin to the constructionKénya-Uganda Railway, for which it acted
as a construction depot and administrative campe railway line was meant to connect
Uganda with the Kenyan coast as a commitment of Bhésh Government to the
colonization of East Africa. The site on which ity has grown from was chosen for its
suitability as a railway depot as it is roughlydted halfway between Mombasa and Port
Florence fow Kisumdy which was part of Uganda. The railway company aabvts
headquarters from Mombasa to Nairobi in 1899 and j@med in the same year by the
Government Administration of Ukamba province, whigfitil then had its headquarter in
Machakos. The depot was sited on the flat blactonatoil, which covered the southern and
eastern parts of the city while the European hguaimd coffee estates occupied the fertile
red volcanic soils to the northern and westernasd&eparate housing for the Indian railway
workers(coolies),the washer me(dhobie)and the Indian businessd¥agaar)emerged at
the same time. There were relatively few Africarking on the construction of the railway

and there is no mention of their accommodatiom@itdwn at that time (Obudho, 1988).

The city was first gazetted as a township in AR8D0 covering an area of 18kmvhich
grew to 1,813 hectares by the year 1906 (ObudHg8)1%s a result of rapid urbanisation,
the year 1927 witnessed an extension of the towisshbundary to cover an area of 2,537
hectares. The population of the city reached 178,18/ the year 1948 within an area of 78
km? and by the year 1963, the city’s population hathed 270,000 within an area of 684
km?® The city’s boundary was further extended to carearea of 696kfrand 716 krfiin

the years 1979 and 1999, respectively. Since themg has not been any boundary change.

Today, the city’s population is estimated at 3.8iom with an average population density of



20

5980/knf. The densities widely vary as high-income zoneserage densities are
approximately 350/kfmwhile low-income areas’ average densities areGEBI®f. This has

implications on the environmental quality of thgyci

Plague broke out twice in the bazaar area promgitiing up of a commission comprising
of Engineers and Medical Experts in the year 1@0Bestigate the sanitary conditions of
the town. The investigations revealed that thevgitere the town was located was unsuitable
for development as a capital city and the possyil the town’s removal was debated for 5
years until it was agreed that the proposal wasbaoked by political reality. In the year
1912, another plague occurred which occasionetbth@ation of another commission which
recommended separation of European, Asian and aifriquarters. This became the
harbinger of racial segregation, development dgnaitd the urban spatial structure
differentials whose footprints persist to datetHa year 1927, a Commission led by Justice
Feedham proposed boundary change by amalgamagénguhicipality with its environs to
form the Nairobi Extra Provincial District which waubsequently declared a colonial capital
city in the year 1928. This led to the preparabba master plan by a team of South African
Planners in the year 1948. The plan neither altérednunicipal boundary nor did away with
the established residential segregations and thelafenent densities. It further placed
accommodations for the African’s in closer proxymio the industrial zone because the

Africans were expected to provide unskilled labimuce for the industrial plants.
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The 1948 master plan proposed the development tféngixe road networks and

roundabouts, public open spaces, neighbourhood, wil centres and the replacement of
the railway line with the current dual carriage dhhighway. At the time of the plan, the

city's population was 118, 976 and was projectedstabilise at 250,000 (the desirable
population for the city) by the year 1975. The ceveloped along the lines postulated by
the master plan up to the year 1963. However, tff@ayment opportunities and freedom of
movements occasioned by independence in 1963 rtiequbpulation above the target. This
has continued to alter the morphology of the céyraich land is continually being sought to

accommodate the ever increasing population andaymgnt centres.

By the year 1967, the Nairobi’'s urbanisation ratswat climax causing shortages in water
supply, shelter and traffic congestion. This hasipted to date subsequently lowering the
environmental quality of the city. This necessilatommissioning of the Nairobi urban
study group to comprehensively study the econosacial and physical aspects of the city
as a basis for the preparation of a new developmplant The group produced a document
called the Nairobi Metropolitan Development Strategy 1973-2088ich proposed the
directions across which the city was to expand. ddmment further provided guidelines for
future city boundary extensions to the year 200further considered the physical layout of
the city through various stages of development praposed infrastructural adjustments
needed for the accomplishment of the vision. Otle@ommendations contained in the
document included creation in a decentralised nramme additional seven secondary
industrial zones next to residential neighbourhadthe eastern and north-eastern parts of
the city. This was meant to enhance employment rpptes as well as reduce

transportation cost on journey to work.
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To limit employments within the CBD to 100,000 pkppthe plan recommended the
creation of other seven satellite commercial centiext to the industrial zones. To support
the proposed commercial centres, new comprehehsivging schemes were also proposed.
The plan further proposed the creation of threeabgps, the desired socio-economic aspects
of the city and policy measures for the plan’s iempéntation. To preserve the rich
agricultural land, development control measures ewgroposed prohibiting urban
developments to the northern and western partheotity. To avoid the Nairobi National
Park, Jomo Kenyatta International Airport and itght corridor, the plan recommended
urban growth across the Athi plains towards Thikart. Owing to poor articulation of the
statutory rules and regulations governing the glamplementation as well as over reliance
on foreign and government funding for the plan’plementation, the plan achieved little
when the promised financial and technical suppomse not forthcoming. However, it

provided a foundation upon which the alteratiothefurban morphology was anchored.

The shortcomings of thairobi Metropolitan Development Strategy 1973-2@bd6mpted
the Rezoning Policyf 1979 which went against fundamental recommeadstof the initial
strategies by increasing plot ratios, coveragedmwdlopment densities within the city. This
was done without attempts at improving the infragtire and utilities such as water supply,
parking and recreational facilities. Since themnping has been done on ah hocbasis,
dealing with single issues not linked to a struetplan. Over the years, the re-densification
has lowered the city’'s environmental quality thrdougcreased population, traffic snarl and
the clearance of vegetation cover. Consequently, dity has continued to experience

increased surface temperature and air pollutionegl
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Despite the efforts, weak institutional framework inadequatetakeholders’ involvement
in the plan preparation and implementation, failure td lihe plans to the city’s financial
resource base and development tremdglequate political goodwilindunfavourable socio-
economic conditions have led to poor developmenttha city. Today, Nairobi is
characterised by high unemployment rate estimatetD% as well as increased poverty
levels represented by 55% of the population liviedpw the poverty line (Government of
Kenya, 2012). The city’'s development is further stomined by inequitable access to
serviced land which is partially attributed to teeisting land administration instruments
operational in the city. Statistics indicate thppr@ximately 80% of Nairobi’s inhabitants
have no access to land at a time when approxim&@¥s of Nairobi's population are
accommodated in less than 5% of the urban landridBevelopment Consultants, 1993;
Lee-Smith and Lamba, 1998). This has resulted wiiferation of slum and squatter

settlements, high density developments, low pradtycand environmental degradation.

1.9.2 Population Dynamics

Nairobi's early growth was exuberated by rural-urlpaigration which peaked between the
years 1979 and 1989 when approximately 772,624 peaorated into the city (NEMA,
2003) Since thenNairobi has continued to experience high populagimwth rates and the
city is currently home to nearly 3.6 million peaplepresenting approximately 25% of
Kenya’'s urban population. As illustrated by Tablé, Yhe average inter-censual population
growth rate of the city being 4.5%, the city’s plaion is projected at 4,852,736 by the year
2020. Currently, a significant number of commutisn satellite towns such as Thika,

Naivasha, Ngong and Machakos travel to Nairobiydaihich contributes an additional
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500,000 people to the city’s daytime populationisTimderscores an increased demand for
services and employment facilities at a time wheea trban infrastructure is already

constrained. This has necessitated an increasevelagpment densities to accommodate the
population, consequently leading to environmentgrddation, reduced vegetation cover,

increased urban surface temperatures and air ijpollut

Table 1.1. Population Census and Projections for thCity between the Years 1969 to 2049

Demographic Attributes
Year Total Population Population Density Area (sz)
196¢ 509,28t 89:¢ 684
197¢ 82777" 145; 69¢€
198¢ 1324571 232: 69€
199¢ 214325 299: 71€
200¢ 313836 438: 71€
2019* 469041! 655( 71€
2029* 701000t 979( 71€
2039* 1047673 1463: 71€
2049* 1565788 2186¢ 71€

*Projected Figures — The densities exclude 114Kmonstituting the Nairobi National Park.
Source: (Government of Kenya 1969, 1979, 1989, 1999, 24)02{d 2012)

1.9.3 Physiographical Background of the City
Physiographical base of a city provides anchorapetst developments which in turn

influences the morphology and the environmentalityuaf the same.

1.9.3.1 Topography

Nairobi lies at the edge of the Rift Valley witheehtions ranging between 1,500m and
2,300m above the sea level. The city’s topograpty geology have been influenced by
tectonic forces associated with the formation efRift Valley. The lava flows from the fault
lines of the Rift Valley gave rise to Kikuyu escamgnts, Ngong Hills, Athi and Kapiti plains
which are the major physiographic units of the ¢Morgan, 1967). The Lari-Ondiri fault
west of Kikuyu town is a significant source of gnowater flowing towards Nairobi and was

at one time the only source of water supply forditye The Ngong Hill ranges to the western
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part of the city are dissected by scarps reprasgtite end of individual lava flow. Nairobi’s
topography is also characterised by deep vallegsedied by constellation of rivers and
streams flowing from the foothills of Aberdare Maains. Athi and Kapiti plains which are
lava plains overlying the city are relatively fleght through the Nairobi National Park, City
Centre, Jomo Kenyatta International Airport and @aa areas. This has encouraged real
estate developments and urban sprawl as the nafttine topography (flat to gentle slope)
reduces construction costs. Therefore, plainsg¢etdstern and southern parts of the city has
continued to experience increased developmentstiphiity of land uses, vegetation
degradation, low air quality and higher surface geratures relative to the higher

topographical areas to the northern and westets pathe city.

1.9.3.2 The Hydrogeology and Drainage

As illustrated by Figure 1.2, Nairobi's geologitalse is dominated by volcanic rocks which
have influenced its landforms and the drainageepatt The volcanic rocks within the city
have undergone extensive faulting and sub-aeriatheeing particularly the ones near the
flanks of the Rift Valley. As such, the rock outgsoare closer to the surface and are covered
by thin layers of overburden soils (Saggerson, L9%ke city has three basic geological
structures namely; the Mbagathi phonolitic trachtte Nairobi trachyte (pliocene) and the
Kirichwa valley tuff. The Mbagathi phonolitic tragte which occurs across the Nairobi
National Park and parts of Athi plains contain nuons closely spaced feldspar phenocrysts
which often display sub-parallel alignments indmgtthe direction of lava flow they
originated from. The second geological structur¢hes Nairobi trachyte which dominates
northern and western parts of the city. It origgsafrom pale grey mottled lava having a

glittering appearance due to numerous tiny feldspgstals it contains. Finally, the Kirichwa
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valley tuff which is an agglomeration of rocks sfgrant of which is the devitrified welded
tuffs (the Nairobi stone) used for construction (e, 1967). Nairobi is situated within
seismic intensity zone of between 6 to 7 on théhieits scale and is prone to occasional
tremors. This predisposes developments to seigskomhich requires consideration of the
same in the design of structures. Basement rocksacterising larger parts of the city are
covered by thin layer of soil. Therefore, foundasi@o not require extensive excavation thus
reduces development costs. Further, the geologficaiture of the eastern parts of the city is
a source of construction materials. This encourdggl development rate in the zone,

consequently lowering the environmental quality.

Nairobi's hydrogeology is influenced by the basemeack configurations. While
groundwater occurs in fluviatile aquifers and ladne deposits intercalated with weathered
tuffs and sediments, the trachytes and phonoliggsgbhard, un-fractured, impervious rocks
with poor transmisivity experiences low water ygeld herefore, shallow aquifers occur
within the Kirichwa Valley Tuffs and sediments dsjped in the interface between Nairobi
and Athi-Kapiti phonolite series, while deep aqgisfare encountered within the Nairobi
trachytes (Saggerson, 1991; Morgan, 1967). Inrdgard, developments to the eastern and
southern parts of the city have minimal recourseéhafessing underground water. This
necessitates implementation of proactive developmantrol measures in these zones if the
developments are expected to match the water supplyto preserve the environmental
qualities of the neighbourhoods. The aquifers ®ribrthern and western parts of the city
have relatively high water yielding capacity be@atigey are underlain by porous rocks and
they also receive higher amounts of annual rainfdierefore, underground water supply

presents an alternative source of domestic wapgigin these zones.
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Nairobi lies within the Upper Athi-River Basin amgltraversed by rivers such as Nairobi,
Ngong, Mathari, Kirichwa-Kubwa, Masongari, Getathuend Parklands. Nairobi River
originates from Kikuyu Springs while Mbagathi Riwehich is joined by other streams to
form Ngong River originates from Mbagathi Springsdololua Forest. Since majority of the
streams in the city emanate from the forests innibrthern and western parts of the city,
encroachment of anthropogenic activities into secblogies impedes the rivers’ flow

leading to sedimentation and loss of biodiversity.

1.9.3.3 Pedological Base

The soils to the northern and western parts ofdibaiconsist of red volcanic soils with high
humus content. These types of soils develop frohsamic tuff under humid conditions
(rainfall of more than 1000mm per annum). The sewthand eastern parts of the city
consists of black cotton clay which develops fromilar rock types as the above but in areas
where annual rainfall is slightly low ranging beeme762mm to 1000mm per annum
(Saggerson, 1991; Dumbleton, 1967; Sherwood, 1968%. soils within Nairobi range in
depths from a few centimetres to several metersrd#pg on the physiographic conditions
of the areaThe red volcanic soils in the highlands to the mem and western parts of the
city are deep with well-developed profiles whileogk in the plains to the eastern and
southern parts of the city vary in depth dependingheir position within the plain. Poorly
drained swampy peat soils rich in organic matter e@maracterised by grey colour occur in

the plains, along the river courses and valleys.

The pedological base of the city has over the yedhsenced the city’'s morphological
attributes and the environmental quality patterme Ted volcanic soils of the northern and

western parts of the city are well drained while Htack cotton clay soils to the eastern and
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southern plains are poorly drained, sticky, geewatjged, has tendency of drying up during
dry spells and are also susceptible to flooding swmellings which cracks the walls and the
foundations. The red volcanic soils have highedlbearing capacity as compared to the
black-cotton clay soils. The expansion of the diyvards the plains has experienced
constraints due to the swell, shrinkages and lad loearing properties of the black cotton
soils. The red volcanic soils to the northern argstern parts of the city being rich in

nutrients do support vibrant vegetation growth aiadliversity relative to the southern and

eastern black clay soils which have low nutriemtents and can only support perennial
vegetations. The eastern and southern parts o€itheare characterised by high density
developments coupled with poor sanitation. Thiseésause majority of the developments in
these neighbourhoods are either on pit latrineeptic tanks which often get filled up due to

poor seepage, consequently compromising the emagotal quality of the city.

1.9.4 The Climate and Vegetation

Nairobi experiences Tropical Savannah type of démahich has been moderated by the
city’s location closer to the Equator and the Indfacean. The East African weather is
influenced by movement of the sun between the Teopi Capricorn and Cancer across the
Equator. During Equinoxes, low pressure belt or lier Tropical Convergence Zone
(ITCZ) develops across the region. The Northeadt Southeast trade winds which are the
prevalent trade winds in the region meet at theZ'8@d raise the air to form clouds which in
turn intensifies the day to day weather activitidsis makes places near the Equator such as
Nairobi to experience bimodal rainy seasons notitaych to June (long rains) and October

to December (short rains) as illustrated by Figuge
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Figure 1.3. Mean Monthly Rainfall.

The rainfall regime of the city is characterised uyeliable annual amounts varying from
500mm to 1500mm with an average of 875mm. Nortleerd western parts of the city
receive relatively higher rainfall amounts in comgean to the eastern and southern parts of
the city. This has accentuated vegetation growthestablishment of agricultural activities
in the northern and western parts of the city aspared to the shrubs, rangeland and grasses
which dominates the southern and eastern plaingeMer, the population influx currently
being experienced in the city has led to land fragiations to acreages which are no longer
viable for agricultural production. The subdividearcels are often converted into real estate
developments leading to urban sprawl. Forests wtiietnacterises the northern and western
parts of the city are better carbon sinks and naides of surface temperatures as compared
to the shrubs and grasses which dominates theesautind eastern plains. This predisposes
the northern and western parts of the city to ikedft better environmental quality as

compared to the southern and eastern plains.
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The absence of forests coupled with higher surtaceperature values predisposes the
southern and eastern plains to low pressure belsaong geotrophic winds. This contrasts
with the northern and western parts of the city avhare relatively cool due to high
topography exuberated by the Kikuyu escarpmentsabtidance of vegetation cover. As
illustrated by Figure 1.4, daytime temperaturesNairobi during the months of July and
August often remains below %D while night temperatures of the same months alira$
low as 18C. The hottest periods in the city falls betweemuday to March and October to

November when the temperatures averagé.28
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Figure 1.4. Monthly Diurnal Temperature (°C).

Figure 1.5 shows that Nairobi experience approxetga?,500 hours of bright sunshine per
annum, which is equivalent to 6.8 hours of sunslgae day. However, the eastern and
southern parts of the city receive more solar tamtighan western and northern parts of the
city due to slope effects of Kikuyu escarpmentse Bunshine inversely corresponds to

rainfall regime and as such is at the peak betweemonths of January to March.
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Figure 1.5. Average Number of Hours of Sunshinger Month.

As illustrated by Figure 1.6, Nairobi’'s maximumatdle humidity occurs near dawn, the
time of minimum temperature when the air is closesaturation. The minimum relative
humidity occurs during the rainy seasons. Thistieen modified by the city’s development
density, topography and the vegetation cover aasactoser to the forests and Kikuyu
escarpments experiences higher humidity relativeth® southern and eastern plains
characterised by disturbed bushes, shrubs, grasgescacia vegetations. High development
densities in the CBD, eastern and southern neighbods decrease the albedo which
subsequently raises the terrestrial radiation imparison to the western and northern
neighbourhoods where the development densities ralaively low. The maximum
evaporation value in Nairobi occurs in the monthiMairch, followed by February, October
and January. The mean annual evaporation valugedfity is 1735mm with the maximum

and minimum values being 1951mm and 1519mm resgégcti
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Healthy natural and exotic vegetation cover charas higher topographies to the western
and northern parts of the city while the plainstite eastern and southern underlain by
vertisol soils are characterised by sparse vegetauch asAcacia mellifera, Lawsonia
inermis, A. reficiensand Salvadoraendroideswith either bareground or annual grasses
which are only suitable for livestock grazing. Qtkegetation covers in the city consist of
gazetted forests and riparian vegetations. Ngomgkarura forests are the main gazetted
forests while the riparian vegetations are conessdr along the rivers. However,
encroachment of human settlements into tiparian reserves is steadily depleting the
vegetation cover. In the plains, the vegetationsigris low to effectively moderate the
micro-climate as compared to the western and nortfe@ests. Further, the presence of
industrial developments and quarries characterisingeastern and southern parts of the city

has worsened the environmental quality of the rimghhoods for the above stated land uses
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lowers the albedo, consequently raising the sutiegerature values and the concentration

of air pollutants.

1.9.5 Infrastructure

Infrastructure is a prerequisite for urbgrowth, improvement of livelihoods and national

development. It is a major determinant of land ugkland cover dynamics as well as urban
environmental quality and sustainability. It is therefgignificant to understand the urban
infrastructural base and/or capacity when discussing lese differentiations, land cover

dynamics and the environmental quality of any urledngs

1.9.5.1 Water and Sanitation

Population pressure in Nairobi has accentuated frequater shortages which have
continued to be mitigate through the construction afaestdms and boreholes. As illustrated
by Figure 1.7, the major sources of water supply ¢ocity are Ndakaini, Ruiru, Thika and
Sasumua dams via the Kabete Water Works and Hill Radervoirs. The first sewer works
was implemented in 1945 while the second one took jpletveeen October 1978 and March
1983. Since then, there has not been major upgiesjate the system continuing to serve an
increasing population. This poses a challenge to sasiisity of the system which is already
experiencing lapses in maintenance. Even though tmes$ in water and sewerage
infrastructure is expensive, the city agency hasxtpand the infrastructure for urban

sustainability and to continue attracting investments.

The city’'s waste-water treatment facilities have narbexpanded enough to keep up with
the increasing population. Currently, the facilities iaedequate in treating the industrial

and municipal effluents. As such, much of the industnaunicipal and petro-chemical
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effluents flow into the rivers and other water lesdiln addition to locally generated water
pollutants, effluents enter the rivers from furtlaefield where these rivers originate. Water
pollution is a health risk to communities withirethity, especially the poor who uses waste-
water for gardening. This exposes both the farrmedsconsumers of such produce to health
problems granted that almost 50% of the vegetaldasumed in the city are grown on the

banks of the polluted rivers (Ayagaal.2004).
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1.9.5.2 Road Network

Motorised mode of transportation is the most pretéimode of transportation in the city.
With the exception of the dual carriage Waiyaki wdiuru highway, Thika super-highway
and Mombasa road, most of the roads within the witye designed to serve low-density
residential neighbourhoods. Over the years, ineceasffic volume in the city has lowered
the functionality of these roads; making traffiads a permanent feature on roads. The
traffic snarls contribute to rising concentratidred pollutants as occasioned by poor engine

combustion when the vehicles are in low gears.

1.9.6 Environmental Issues

Nairobi once had a reputation for healthy livingyiemnment and was known as tf@reen
City in the Sun’ Its landscape was characterized by abundant veldhftural forests,
labyrinthine riverine and wetland ecosystems. Hawgethe city’s expansion has occasioned
loss of forests and other natural habitats. Thelas managed to retain a number of green
spaces as recreation and biodiversity conservatieas, water catchments and micro-climate
moderators. The Nairobi National Park which is twmuntry’'s most successful rhino
sanctuary is 7.0kms from the city centre and is tie only protected area in the world with
a variety of animals and birds so close to a ¢iiywever, as the city expands, the wildlife
habitat is increasingly being exposed to air pmutand is threatened by encroachment of
human settlements. The park which covers an arapgrbximately 114 kfis a dry season
refuge for wildlife migrating from the Maasai-Amtaisecosystem to Athi-Kapiti plains.
Other major protected green spaces in the citydgclthe Uhuru Park, Ngong and Karura

Forests which collectively occupies approximatey8P hectares.
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Land speculations, unemployment, poverty and inaakegplanning have encouraged the
proliferation of informal settlements in the cityliullah, 2003) The informal settlements

and other low income residential neighbourhoodsoasscrowded, venerable to flood and
fire disasters and are experiencing poor sanitanditions and inadequate water supplies.
Since most of these settlements are illegal, theg fnsecurity of tenure which exposes the
inhabitants to constant harassments and evicfidgresDandora dumping site, which receives
most of the city’s solid wastes is only 8.0kms frima city centre and is surrounded by low-

income residential developments, a situation whigboses the inhabitants to health risks.

The main sources of atmospheric pollution in thg are the motor vehicle and industrial
fumes, open burning of wastes and emissions fraancoll and wood fuels. The increasing
number of motor vehicles in the city over the ydaas intensified air pollution problems for
the vehicles emit significant levels of air pollnts: including greenhouse gases. The use of
charcoal fuel in the low income residential neigith@ods emits methane, carbon monoxide
and suspended particulate matter into the atmospfitlese pollutants are associated with
respiratory and eye diseases such as asthma, &megrcand conjunctivitis. They are also a
major contributor to acid rain which adversely effethe soils, aquatic resources, artefacts

and vegetation.

Increasing urbanization and rising standards a@fidgihave increased solid waste generation
within the city. However, the increase has not bemompanied by an equivalent growth in
the capacity to address the problem. For examplieg year 1992 approximately 900 tonnes
of solid waste was being generated everyday ircitlye of which less than 10% was being

collected. By the year 2007, the amount had grawh,845 tonnes per day of which 40%
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was uncollected (City Council of Nairobi, 2007).08p plastic and paper wastes are the
dominant forms of solid wastes in Nairobi, with gilas having far reaching environmental
consequences. Once released into the environnheytchoke wildlife, pollute the soil and

serve as breeding grounds for mosquitddsMA, 2008.

1.10 Organization of the Report

This study is organized into five chapters of whadfapter one introduces the study by
presenting the research problem, objectives, hgsahresearch assumptions and the study
justification. The chapter further details out wpe and limitations of the study as well as
the background information of the study area. Girapto focuses on the literature review
where scholarly arguments on what constitute udrsronmental quality, morphology, the
role of geospatial techniques in studying the saavell as how various environmental
quality parameters are correlated to the urban hwdogy are discussed. Chapter three
presents the methods and tools employed for ddiecton, analysis and the presentation of
the findings. While chapter four presents the stimhings and justification for the evolution
of an alternative urban development policy and rammental quality enhancement strategies
for the city, chapter five is the study summarynadasions and recommendations.

References and appendixes are included at theféhd @port.
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CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction
Despite cities being engines of national develogmrey are continuously under threat
occasioned by pollution, congestion and environalerftazards arising from high
urbanisation rates. High urbanisation rates in cafrhave been perpetuated by inherent
demographic processes characterized by high natdosah population increase and rural-
urban migration, notwithstanding poor economic @eniance of these nations. Apart from
rendering obsolete attempts of replicating northaodels for controlling urbanisation, the
scenario has continued to complicate the provisfomrban services (Smith, 1996). Despite
all the problems associated with urbanization, enwo development in Africa shall
continue largely being dependent on urbanizatidrerdfore, urban management and allied
body of knowledge are crucial in combating urbadwsion, environmental degradation and

decadences in human dignity which characterizesnightion in Africa.

According to Van der Ryn and Cowan (2007), unsnatde urban design practices not
grounded in ecological principles has made urb#oisacome at the expense of natural
ecosystems. Van der Ryn and Cowan (2007) furthgitgthat this has distanced man away
from nature and today, cities are characterisedrdd§ic snarl, urban sprawl, wastes and
hazardous emissions which defies pollution preeentind control efforts. Therefore to

bridge this gap and to link man with nature, thiereeed for ecological consideration in the

planning and management of cities.
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Urban morphology emanating from planning decisidmss implications on urban
environmental quality. For example, high developnuensities enable Planners to achieve
economies of scale in infrastructure provision, dart also impose high costs associated with
congestion, thermal discomforts and air quality rddgtion. On the other hand, low
development densities in a city means reduced stioge but urban sprawl, loss of
agricultural land and higher costs of infrastruetyrovision. It is therefore important to
understand the interconnection among factors tmapes the urban environmental quality.
This chapter therefore presents literature on udsaironmental quality, factors influencing
the same and the role of geospatial techniquesndemstanding the relationship existing

between urban morphology and the environmentalitgysrameters.

2.2 The Concept of Urban Morphology

The concept of urban morphology was first expressethe writings of the Poet and
Philosopher Johann Wolfgang von Goethe in 179Q@eSinen, the term has extensively been
used in Biological Sciences, Geography, Urban MannArchitecture and other related
disciplines. These scholars have defined the cartsgending on the focus of their studies.
For example, Gillland and Gauthier (2006) definesan morphology as the study of a
city’s physical form which consist of developmesendity, land use, street patterns, building
configuration and population density while Moudd8947) defines urban morphology as the
study of a city as a human habitat. Despite divelesinitions of urban morphology by
various scholars, an area of convergence is thanalysis of a city’s morphology should

begin with dissection of how the city has evolvegrotime and space, identification of the
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urban elements and subsequent transformations Vilaich taken place on the elements as

well as how the physical form produces variousadorms.

Urban morphology has since evolved to discern thgsipal approach into a body of
knowledge analysing the urban fabric as a meananderstanding the urban structure
(Moudon, 1994). This approach challenges the p&arepf urban centres as chaotic organic
(unplanned) environments. According to Moudon ()9%Fban Morphologists focus on
socio-economic forces moulding cities through cansttransformation of elements
notably the buildings, gardens, streets, parks mwathuments. This portrays cities as
unconscious products that emerge over a long peifiddne through accrual of successive
generations of developments which leaves tracasrés&ructures the urban elements by
either providing opportunities or constraints tecassive developments. This has led many
to prefer the ternurban Morphogenesit describe the field of study and the logic asi

traces.

Three schools of thought exist in the study of arb@rphology namely; the Italian, British
and the French. The Italian school of thought dfstes 1940s and is centred on the works of
Saverio Muratori who attempted to develop an opmrat history for the cities he studied.
This was meant to provide rationale for the integraof new architectural works in the
syntax of the urban tissue (Emmanuel, 2005). Mutatgiews were further advanced by
Gianfranco Caniggia who conceptualised a city adyaamic procedural typology of
buildings, gardens, streets, parks and monumeaggedhby political and economic forces.
The British school of thought is centred on the kgsoof M.R.G Conzen, who developed a

technique called town-plan analysis (Moudon, 19%6). Conzen, understanding the urban
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building fabric and land use through history is ergiive in comprehending the urban
morphology. This approach has been applied bydtiswers such as J.W.R Whitehand and
Peter Hall in the management of historic and copteary townscapes. The realisation that
the relationship existing between the built spasesthe social world is dialectical made the
French school of thought based at the Versaillé®&wof Architecture to place emphasis on
the importance of built spaces in sustaining sqmiattices. In America, urban morphology
as a field of study owes its origins to Lewis MundfoJames Vance and Sam Bass Warner

(Moudon, 1994).

2.3 Determinants of Urban Land-Use and Land Cover Bferentiations

Various postulations have been made on the detemsinof urban morphology. Miller
(1994) posits that human behaviour impacts on urharphology through city design. This
view is shared by Hall (1977) who argues that trenagement interventions adopted by
cities have destroyed the innovative entreprengurshat was once the significant
determinant of urban morphology. As a reactiorhtodentiments expressed by Hall (1977),
urban planning as a practice has adopted the geweltt corridor concept which entails the
transformation of urban thoroughfares into lineasibess hubs. This concept works well if
augmented with the concept of the city of towersctvladvocates for vertical densification
of cities as was advanced lye Corbusierin the 1920s. Therefore, the entrepreneurial
endeavour of the urban community is a core detemiof urban land use and land cover

differentiation.

Alonzo (1964) gives an account of urban land u$eréntiation based on land values by

detailing out how individual households faced wiitle desire to buy land is equally faced
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with the dilemma of deciding on the size of landtochase and how close it should be to
the city centre. Alonzo’s theory assumes a citginfle employment and shopping zone with
equal transportation costs and opportunities irdiadictions, making the cost of commuting
to the city centre a function of the distance. Tieory also assumes that the households
and/or firms have perfect knowledge of the pricetand within different locations of the
city and that the cost of land drops as one mowvesydrom the city centre. Therefore,
household's locational equilibrium is achieved tigito selective combination of the desired
guantity of land and distance from the city cenktie. further uses the concept of bid rent
curve to arrive at distances from the city centnetach deferent land uses will viably locate.
The theory observes that the most accessible isitdse city goes to the users with the
steepest bid rent-curve notably the high order cernial activities with the second steepest
bid rent-curve locating on the next ring outwamhirthe city centre. The theory explains the
urban expansion of Nairobi by observing that lasd aompetitions for strategic locations
within the city compels land uses such as residedévelopments whose bid-rent curves are

gentle to migrate to the periphery.

Wingo (1961) postulate@iransportation-Oriented Theoty explain the distribution of urban
residential development densities. The theory pasiat higher residential development
densities within cities positively correlate witltcassibility. Webber (1929) posits that
spatial interactions as aided by transportatiorwort (the flow of people, goods and
services) are significant determinants of urbarvities and spatial structure. Guttenberg
(1960) advances the concept further by acknowledgmat accessibility influences urban

spatial structure by promoting interactions andllase clustering. However, Firey (1974), in
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his study of Boston City observes that sociallytedovalues and ethnicity exert causative
influence on urban land use patterns and thatstireture and market forces are only
secondary factors. Therefore, failure to recogtiieerole of cultural values in determining
urban land use and land cover differentiation byhn§¥i (1961), Alonzo (1964), Webber
(1929) and Guttenberg (1960) was an omission. thdeegey (1974) explains residential
choices in cities such as Nairobi whose originosithated by colonial legacies such as racial

segregation.

The Concentric-Model, Sector ModahdMulti-Nucleic Modelillustrated by Figure 2.1 are
the urban land use and land cover models commadg to explain the differentiations of
the same within a city. Th€oncentric-Modelwhich was postulated by Burgess (1925)
consists of five series of concentric zones nantéky; CBD, Zone of Transition, Working
Men's HomesResidential Zone and the Commuters’ Zone. Burgesgssnthat while the
CBD has facilities such as shopping areas, thediasls, offices and banks among others,
the zone of transition is characterised by miadlluses such as the co-existence of high-
rise residential developments with commercial dgwelents. The zone of working men’s
homes is home to factory workers while the residersone is where the white-collar
workers and middle-income families reside. Théhfifing being the commuters’ zone is a
suburban community where the upper-income groupnbaprivate modes of transport
reside. Burgess (1925) further observes that witheased urbanisation, inner zones invade
the next outer zones similar to ecological sucoessn contrast, when urban decay occurs,

the outer zones remains stationary while innegé&iof the transitional zone recedes into the
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CBD. While the model provides a useful explanatiorurban land use patterns, it is an

oversimplification of urban morphological reality.

Hoyt (1939) postulate@ector Modelhich posits that different urban land uses locate

distinct neighbourhoods in a star-shaped manndrezknn a single CBD which is the most
accessible part of a city. Rents then graduate dands from the CBD as determined by
transportation network. In this case, high-incoresidential areas developing along the
highways pull high order commercial activities thet neighbourhoods to form an
agglomeration of compatible land uses. Despitestitmplicity of the model and its emphasis
on residential developments, it provides a profoumlanation to urban land use

differentiations than the concentric model.

CONGCENTRIC-ZONE CONCEPT SECTOR CONCEPT MULTIPLE-NUCLEI CONCEPT

1. Ceniral Business Dislrict 1. Central Business District 6. Heavy Manulfacluring
2. Zone of Tiansition 2. Wholesale and Light Manulaciuring Outlying Business District

7
3. Zone of Workingmen's Homes 3. Low-Class Residential 8. Residential Suburb
4. Zone of Beller Residences 4. Middle-Class Residential R
5. Commuters’ Zone 5. High-Class Residential

fndustrial Suburb

Figure 2.1. Urban Land Use Models.
Source:(Hartshon, 1980)

Harris and Ullman (1945) formulatédulti-Nucleic Modelwhich posits that rather than a

single CBD as postulated by the other models, tegigt series of nuclei patterning urban
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land uses. The nuclei may take the form of indaistar wholesaling centres where
specialized complementary economic activities hgnawitated over the years. Harris and
Ullman (1945) further notes that factors respomsiiol multi-nucleic patterning of urban
land uses are inter-dependence of certain actitiat find it mutually profitable to cluster,
some activities have specific site requirementsclvimust be fulfilled for them to locate,
presence of activities which are offensive to othsers and rents which either attract or
repelling users. Despite the model satisfactorikpl@ning the metropolitan land use
differentiations, it needs modification beforeancbe utilised in explaining land use and land

cover differentiations in cities with colonial leg@s such as Nairobi.

As noted by the ™century Scholars such as Ruskin, Geddes, CaBjtiens, Engels and
Disraeli, urban land use differentiations is ocoasd by land value speculations and
environmental considerations (Gallion, 1963). Tihiermed Howard (1898) to envisage a
town with communal land ownership where residerfiggllities and civic buildings are
distributed along a large central court with shagptentres and industrial land uses located
on the edges. As illustrated by Figure 2.2, Howsardbpian city envisaged a population of

58,000 people within 1,000 acres surrounded byXBa@0es of agricultural land.

Bicik et al.(2001) postulates that urban land use and land aywemics is a by-product of
the interactions between nature and the societg®sconomic developments. While Bibby
and Shepherd (1990) posits that the rate of larchnd land cover change is determined by
the demand and supply of houses, population gropdlitical ideology and the national
economic performance, Bourne (1976) posits thatthm processes controlling urban land

use and land cover dynamics are the expansion bénurnfrastructure especially
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transportation and the migration of industrial tilasional, commercial and recreational land

uses to the suburbs. Bourne (1976) further postiltitat population increase alone is no

longer the main stimulus of urban land use and lemdker dynamics. This debate has

metamorphosed into sustainable urban developmeendagof the 21 century which

incorporates multiple-variables such as naturaloggp socio-economic, political and legal

factors in explaining land use and land cover difféiations within a city.
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De Grootet al. (2002) advances the debate on sustainable urb@&togenent by noting that

urban land use and land cover equilibrium is agdethrough perceptions among the urban

residents as to whether an urban neighbourhoodida®va healthy environment for

interactions and establishment of economic aatwitif the perception is negative, then there

is likelihood of migration and establishment of taivities in other neighbourhoods which
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are positively perceived. This ultimately lead tban land use and land cover changes. De
Grootet al. (2002) further states that urban vibrancy dep@mdis ability to provide goods
and services to its inhabitants which ultimatelggers land use and land cover changes.
Other sentiments expressed by De Gretoal. (2002) on the same is that legal, statutory
regulations, political decisions on land use ardghnielogical advancements in the society
accelerate urban land use and land cover changeethiier with the above, globalisation
which facilitates movement of people, goods andises between nations also determines
the urban morphological changes depending on & dagation, internal site opportunities

and the stage of national economic developmentt{iMd986).

According to Mengistu and Salami (2007), physiogrepgeo-processes such as climatic
and pedological variations, tectonic forces, drggneegime and the socio-economic drivers
comprising of technological and demographic changesial values, economic growth,
political and public policies related to land use #e main agents of land use and land cover
change. In support of the above, Arvind and Nathd2@06) in their study of land use and
land cover mapping of Panchkula (India) using rrudiie satellite imageries observes that
heterogeneous climate and physiographic conditionshe district has resulted in the
development of different land use and land covéegmies such that hilly regions and the
plains are characterised by forests and grasstasgsctively.

2.4 Theoretical Basis of the Relationship Existingetween Urban Morphology and the
Urban Environmental Quality

This study is anchored ddrban Boundary Layer DynamicBheory which explains how

urbanization determines thdrban Energy BalanceSurface Temperature Variations, Heat
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Islands Effects Air Pollution Concentration and Dispersablobal Warmingand Climate
Change. Further to building configuration attenuating wingklocity to subsequently
influence the distribution and concentration of @otlutants, the waterproofing and thermal
properties of the materials used in the constrostinfluence the concentration of
anthropogenic heat and the distribution of surtecgperatures. However, this relationship is
moderated by the geographic setting (relief, elemaand regional climate), size of a city,

population density and proximity to water body (§]iR007; Grimmond, 2006).
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Figure 2.3. The Urban Boundary Layer Dynamics.

Source: Grimmond and Oke (1999a).

The Urban Boundary Layer Dynamics Theory posit$ tha urban atmosphere consists of
two sub-layers namely the urban roughness and gaswdplayers. The climatic conditions
in the urban roughness sub-layer are defined by dreh moisture exchanges between the

city’s overlying air and the urban surface elemesutsh as the roofs, trees, lawns and roads
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among others (Schmid, 1994). On the other handlttmatic conditions of the urban canopy
sub-layer which is the lower part of the urban aphere, extending from the ground to the
average height of urban buildings is influencedebgrgy fluxes from the urban elements.
Since heat fluxes, mass and momentum change wigiithéhe roughness and the canopy

sub-layers are not in equilibrium (Grimmond and (@2; Grimmond and Oke, 1999a).

As illustrated by Figure 2.3, the urban boundagetadynamics as influenced by the urban
morphology determines the dispersal and the coratent of the air pollutants, humidity and
wind velocity. The boundary layer dynamics is akssponsible for the urban energy balance
which states that the available radiated energysatrface is balanced by attenuated heat and
vapour fluxes into the atmosphere. According tonr@mond and Oke (1999bihe energy

balance for a single surface element is represdmytéanction 2.1.

Qo E H H A G o 2.1
Where: -

Q= Net radiation

H= The sum of the turbulent transport of sensildat libetween the surface and
the atmosphere

E= The sum of the turbulent transport of latent heitveen the surface and the
atmosphere

G= The heat transport between the surface and tterialdelow

According to Oke (1988), for a volume of air extegto the top of the roughness sub-layer,

the energy balance is presented as equation 2.2.

Q local + F = H|oca| + E|oca| + G|oca|+ A .......................................................... 22

Where:-
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Quoca = The area’s average net radiation,

F = Energy released or consumed by anthropogeniatagiwithin the volume,
Hiwecar =  The turbulent fluxes of sensible heat actbegop of the volume,

Ewca =  The turbulent fluxes of latent heat acrbsstop of the volume,

Giwca=  Change in storage within the volume (inglgdair, structures and the ground)

A = The net advection of heat in the horiabdirection.

Urban energy balance is a complex process of shadfid reflection of short-wave radiation
as well as absorption and emission of long-waveatiad, all taking place within the urban
three-dimensional structures. In densely built-dpan areas, heat storage can amount to at
least 50% of daily net radiation, which is largkart most natural ecosystems. However,
there is a tendency for more energy to be storeddammorning and within the city centres.
This consequently leads to large amount of stonedlgy being released during the evening

and night, resulting in upward directed sensibiat ij&rnfield, 1982; Schmidt al1991).

The urban heat island effect which makes citieseggdly warmer relative to the rural
surroundings is explained by the differences irrgnstorage and cooling rates between the
urban surfaces and rural environments. Urban ssfatore thermal energy during the day
and release the same during the night, making utbeat island affect a nocturnal
phenomenon. In return, the urban heat island effeffttences thermal turbulences,
atmospheric stability, nocturnal inversions andalagrculation systems among others which
collectively have impact on urban air pollutantssprsion and concentration. The urban

heat island effect and the increased productidc@tid&s and other air pollutants arising from
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anthropogenic activities notably the urban trangion and industrialisation has since been

linked to global warming and climate change (Uniiations, 2014).

Despite the urban heat island effects being agsocigith thermal discomforts and increased
energy consumption for air conditioning, its impaetry depending on a city's setting,
morphology and the regional weather conditions doés not necessarily have to be
negative. For example, urban heat island effeatfriboite to reduced energy consumption in
high latitude cities (Taha, 1997; Santamowisal. 2001; Svensson and Eliasson, 2002).
Apart from urbanisation and industrialisation imiirag on urban energy balance to create
urban heat island effects, the two phenomena funtheact on local winds and convection
patterns to heighten surface roughness which exateethe concentration of air pollutants
and precipitations (Han, 2014).
2.4.1 Effects of Urban Morphology (Development Deiity and Building Configuration)

on Environmental Quality
High rates of urbanisation have exacerbated inecedevelopment densities in the cities.
This is beneficial for the conservation of opencgsaand natural resources, enhancement of
social relationships as well as enabling urban aaiitks to deliver more housing stock,
services and employment stations within walkingasises. However, high development
densities exacerbate noise, air pollution and ewerding (The Jerusalem Institute for Israel
Studies, 2005). Lowry (1977), notes that as urbamires grow towards mega cities, their
natural vegetation get replaced by skyscrapers hwpiovide multiple surfaces for the
reflection and absorption of terrestrial energyisTihcreases the efficiency with which urban

areas are heated to raise the urban air tempesatdiieover, concrete materials used in
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urban constructions have thermal retention capadiigh limits rapid cooling after evening
transition. The building configuration attenuateésdwelocity and cause turbulences which
restrict the air pollutants to narrow building cang within the neighbourhoods. This
allows the pollutants to settle and increase in concentrafdougt, 2002). Therefore,
development density and building configurationoday known to adversely affect the urban

environmental quality (Wagrowski and Hites, 199¥\@r et al. 1992).

Development density is the best tool for shapingaaor morphology, yet agreements on
whether to adopt low or high urban development itlems often emotive. Based on the
lessons learnt from the European and North Ameredaes, it is imperative to find a middle
ground between the two models. High density devetoy is viewed as anti-suburbanisation
and an indicative of claustrophobic squalor, pgveahd deprivation. On the other hand,
low-density urbanism is equated with selfish gatenmunities and the environmentally
disastrous car-orientated suburbs. However, ittgriawividuals freedom to spacious living
and can be presented as a model of freedom andysindividual choice(Dodman,
2009; Sudjic, 2008). Views on the impacts of urdemelopment densities have tended to be
polarising as noted by the works of Howard (1898) dacobs (1996). Howard (1898)
argues that it is universally agreed by men ofpalities that it is deeply deploring that
people are still streaming in already overcrowdéesc On the other hand, Jacobs (1996)
whose work, The Death and Life of Great American Citisstaken as a mantra for
new urbanism movement (those opposed to the subudpawl and restrictive
residential enclaves) is passionate in the defehtégh development densities. According

to Burton (2000), a study of medium-sized Engligles suggests that while high urban
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development densities lead to reduced living spatéms the ability to improve public

transportation, reduce social segregation and eehaccess to utilities and amenities.

Low development densities are viewed as the maisesaof urban sprawl. However, the
definition and the effects of urban sprawl on emwinental quality are widely debated.
Frenkel and Ashkenazi (2008) states five paraméerdetecting urban sprawl as growth
rates, development density, spatial geometry, aitnkty and aesthetics. Urban sprawl
is often associated with problems such as soca@htien, obesity and asthma, global
warming, climate change, the demise of farmlands extinction of wildlife. However,
some scholars argue that urban sprawl is inevitédrat is an outcome of free-market
mechanism (Gottdiener and Budd, 2005). In low analldie-income countries, peri-
urbanization is increasingly taking place and tbardaries between urban and rural areas
are continually being re-negotiated. The interfdoesveen the two are often afflicted by
slums, inadequate urban services and degradatidarmiands. This is because planning
regulations are inadequately enforced in the pd&@&u neighbourhoods for such
neighbourhoods are outside the legal and admitiatrboundaries of the cities (McGregor

et al.2006; Tacoli, 2006; Wackernaget al.2006).

Cities constituting 2% of the earth surface are resplenddy 75% of global energy
consumption and 80% of GHG emissions. Thereforegsciignificantly contribute to
global warming and climate change (Angglal. 2005; Satterthwaite, 2008). A study of
GHG emission in Toronto City concludes that low dersitiyurban developments consumes
between 2.0 to 2.5 times more energy annually diesusely developed neighbourhoods. This

is because high development density encourages loemggership and requires less energy
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for heating, cooling and to power the buildings rfel@Weghe and Kennedy, 2007;
Baldasancet al. 1999; Dubeux and La Rovere 2007; Nornaral. 2006). A study of 16
variables in 45 Chinese cities concludes that ttseeepositive relationship existing between
urban development density and environmental quaptyo a certain level as other variables
such as income levels, urban spatial structurasp@rtation network, surface temperatures
and population size explains why cities in South&sia are densely settled than cities in
North America yet they generate high levels of GHGenet al. 2008; Glaeser and Kahn,

2008; Mindaliet al.2004).

In as much as high urban development density eagesrcompact urban form which
reduces GHG emissions, high development densitesec localised climatic effects
such as increased surface temperatures, urbanistaedt- effects as well as increased
outdoor and indoor air pollution (Couttst al. 2007). As noted by Neumann (2005),
compact urban form is not singly sufficient for tingporovement of urban sustainability.
Therefore, other strategies such as enactment of golicelated to public transportation,
building regulations and reduction of household energysumptions must be entrenched
in the urban development agenda if sustainability babet realised (Campbell-Lendrum

and Corvalan, 2007).

Jabareen (2006) identifies seven pillars of urbastaguability as urban form, public
transportation, development density, mixed landsusiversity, passive solar design and
greening. He used the concepts to compose a sustaumdian form matrix and concludes
that compact city model is the most sustainableod@d by the eco-city, neo-

traditional development and urban containment. Indieedbling a neighbourhood’s density
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combined with green buildings and smart-growth nebtbgies decreases automobile usage
by 30%, with a corresponding decline in gasolinenscoption and GHG emissions

(Walker and King, 2008; Brown and Southworth, 2008)

Sea-level rise exacerbated by increased GHG emsgsgiobal warming, climate change
and increased precipitation provides the linkagevéen urban development density and
environmental quality. Climate change induced ByG5emissions and global warming is
likely to increase the intensity of natural hazaslsh as storms, cyclones, tsunamis,
flooding and erosion in the coastal cities (Sditedite et al. 2007; Pelling, 2003).
According to IPCC (2007), a rise in global averagenperatures by 2°C or more will
exacerbate coastal flooding while a temperature eismore than 3°C may result in loss
of about 30% of global coastal wetlands and agucail land as occasioned by water
logging and salt stress. Other likely effects ohperature rise are inadequate freshwater
supplies, destruction of property, loss of humawmedi and increased prevalence of
environmental, malnutrition and cardio-respiratodyseases. Further to temperature
variations associated with global warming and der@ange inducing frequent and intense
heat waves, it also results in additional cost w¥irenmental control within buildings as
well as increased concentration of air pollutareviats and Akhtar, 2008; Awuoet al.

2008; Dodman and Satterthwaite, 2008).

It has been established that the urban heat islaedsity rises with increasing urban
population (Mihalakakoet al.2004; Philandrast al. 1999; Toroket al.2001; Hinkelet
al. 2003). Towards this end, Oke (1973) developed aessggn model for the North

American and European cities which successfully explai@éa 8f the variability in urban
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heat island intensity and concludes that urban lptipn is the single most significant
variable influencing the intensity. The model ferthposits that for every increment of

100,000 people within a city, there is a correspoynd°C temperature increase.

2.4.2 Effect of Urban Morphology (Land Cover and land Use) on Environmental
Quality

Oke (1987) notes that as urban areas evolve, bggdiroads and other infrastructure
replaces open land and vegetation cover, makinfacs that were once permeable and
moist become impermeable and dry with a corresponiicrease in average temperatures
above the hinterland. This is accentuated by nagerised in the urban areas as roads,
pavements and roofs. These materials have highem#h energy absorption and retention
capacity than the open spaces and vegetation adwveln characterises the hinterlands. Since
the materials and vegetation cover are not eversyrilsited across the urban space,
neighbourhoods often experience variations in sarféemperatures, of which some
neighbourhoods experience pockets of higher thewalales than others — a phenomenon
known as the urban heat islands (Lemonsu and Mag26802). Further, anthropogenic heat
emanating from residential, industrial and trantgimn land uses also contributes to urban

heat island whose net effect is increased condemtraf air pollutants (Givoni, 1998).

Alterations of urban land uses and land cover @adiy modify the urban climate (Chandler,
1976). For example, in America, surface temperatceeases have been observed where
extensive forests and other natural vegetatione baen cleared (Skinner and Majorowicz,
1999). Accordingly, Kalnay and Cai (2003) estimatest over the past fifty years in the

United States of America, land-cover changes haselted in 0.27°C mean annual surface
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warming. Narisma and Pitman (2003) having obsetiiedmpacts of land cover change on
temperatures in Australia, supported the postuiatiof Kalnay and Cai (2003). Other

studies such as Sailor and Fan (2002) and Uetgal (2001) concludes that for large urban
areas, depletion of vegetation cover increaseaceirfemperatures by between 1.67°C to

2.22°C during summer and by 5.6°C during winter.

It is now evident that as man continues to alterrtatural ecology of cities through urban
development processes; the long-term energy exelatadsing place within the boundary
layer are affected. This is because the surfacpepties influence the atmospheric energy
budget and by altering the surface conditions, haminadvertently affected the atmospheric
properties which influences local, regional andoglaclimate through the cascading linkages
of the atmospheric, terrestrial and hydrologicatesmns (Khan and Simpson, 2001; Dixon
and Mote, 2003; Rozoftt al. 2003). Therefore, global warming and climate chamgsy

not be attributed to the effects of the GHGs albuoe also to the effects of heat islands

occasioned by urbanization (Arnfield, 2003; Quatticand Ridd, 1998).

Vegetation mitigates the heating and polluting @ffegenerated by the urban developments
through a combination of shading and evaporativeling effects. This is because
vegetation through photosynthesis sequences calibaitde gas in the atmosphere thereby
mitigating the greenhouse effects (Kubota and Qs2@88; Wenget al. 2004; Brovkin,
2002; Grimmondet al. 1996; Spronken-Smith and Oke, 1998). Vegetatianlites
cooling of the urban temperatures through evapwspigation which involves the conversion
of solar radiation into latent heat of vaporisatidrne latent heat of vaporisation then

escapes with the sensible heat to the atmosphare §rd Sailor, 2005; Comrie, 2000;
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Fujibe, 2003; Giridharast al.2004; Chudnovskgt al. 2004). Therefore, vegetation density
differentials within urban neighbourhoods expldie surface temperature variations among
the same. Vegetation also impacts on urban storterwaanagement. For example in
Baltimore, it was determined that neighbourhoodth wi0% tree cover reduce surface
runoff by 60% more than neighbourhoods withoutdrdeurther, vegetation has effect on
wind velocity and precipitation regime of urban awewhich in turn affects the

environmental quality of the same (Moll, 1997; Arind Carnahan, 1982).

2.5 The Role of Geospatial Technigues in Urban Emdnmental Quality Studies
Advancements in the geospatial technology haveghtawmemendous changes in the study of
urban morphology. The efficiency and effectivenesghe technology has enhanced its
utility in the urban morphological studies in compan to conventional surveying methods
of mapping which are labour intensive, time consyrand unreliable in capturing spatio-
temporal aspects of rapidly changing urban enviems (Kerry, 2003; Billah and Gazi,
2004). Shosheng and Kutiel (1994) did a comparasituely on the utility of geospatial
techniques and the conventional surveying techsiguederiving information on land use
and land cover variations and concludes that géiaspachniques are cost effective and
efficient due to the technology’s ability to instameously acquire data of large areas and
inaccessible regions. The increased computer povesrthe years has further enabled digital
image processing of the satellite imageries. This made Landsat and SPOT imageries
useful in gathering land use and land cover inféiona(Ehlerset al. 1990; Martin, 1986;

Kam, 1994).
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Urban morphological studies notably land use anall l@over change detection has
extensively applied geospatial techniques due o dlterations of the spectral radiance
occasioned by the changes (Ursataal. 2004). Macleod and Congalton (1998) posit that
aspects of change which are important when mongawrban land use and land cover are
the nature of change, quantification of the chamgesthe spatial pattern of the changes. The
eleven change detection algorithms (techniqueshmamy used are mono-temporal change
delineation, delta or post classification comparssonultidimensional temporal feature space
analysis, composite analysis, image differencingltiremporal linear data transformation,
change vector analysis, image regression, multpteat biomass index, background
subtraction and image ratio, all of which requisaggmentation with field surveys for

increased accuracy (Singh, 1989; Coppin and B498K).

Ever since the launch of Landsat-1 in 1972, laredaml land cover studies have been carried
out on different scales using the imagery. Reseaschave utilized satellite imagery in
providing accurate information for identifying, stfying, mapping and monitoring the
urban environments (Gastellu-Etchegorry, 1988; UNEB/UNDP, 1985). For instance, in
the year 1982 waste land mapping of India was edhmout on 1:1 million scale by NRSA
using Landsat MSS imagery. Mahavir and Galema (188&d SPOT imagery to monitor
land use and land cover dynamics of Chiangmai -ildmd by visually interpreting
panchromatic print of the imagery and achieved %2.@verall accuracy. The study
concludes that for a rapid and quantitative assessof urban land use and land cover
dynamics, SPOT imageries are accurate. Dimyati litgimura (1990) separately used

Landsat-MSS and SPOT-HRV imageries to analyze ttoevt of Samarinda city in
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Indonesia for the years 1984 and 1987 and the 'stiyh level of accuracy legitimized the

utility of geospatial techniques.

Brouweret al. (1990) further validate the utility of the techngyothrough the assessment of
the urban growth of Barranquilla-Colombia using SP@ageries of the city for the years
1982 and 1986. The findings of the study enabledpiblicy makers to redirect the urban
development resources equitably. In the year 1885,U.S Geological Survey produced
1:250,000 scale land use and land cover maps ckalasing Landsat MSS imagery while
the State of Maryland Health Resources Planningr@ission used Landsat TM imagery to
create a land use and land cover dataset for inolus Maryland Geographic Information

Database (Fitzpatric, 1987; EOSAT, 1992; Dimya8i93). In the year 1992, the Georgia
Department of Natural Resources undertook landanddand cover mapping using Landsat
TM imagery (ERDAS, 1992). Prior to this, Odenyo dpettry (1977) undertook land use
and land cover mapping of Virginia City using Laatd$SS imagery and achieved 88%

overall accuracy.

Recent studies have increasingly utilized geosptaihniques to model the relationships
existing between urban morphology and the envirantahequality parameters of surface
temperature and air quality. Such studies inclugdied8rakumaet al (2011), Mahmoocbt

al. (2010), Tanet al (2010), Weng (2001), Streutker (2002), Nickolal. (2006), Weng
(2003), Lo and Quattrochi (2003), Hawkietsal. (2004), Weng and Yang (2004), BorgHi
al.(2000) and Hiranoet al(2004) among others. Voogt and Oke (2003) note$ tha
improvements in the spatial and spectral resolatioh satellite sensors will continue to

enhance the utility of remote sensing in the stafiyrban morphology and climatology.
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This view is supported by Arnist al. (2003) who posit that urban morphological and
environmental quality parameters such as landlasd,cover and surface temperatures can
efficiently and effectively be derived from satiellremote sensing imageries to corroborate

the effects of anthropogenic activities on urbavirenmental quality.

Despite geospatial techniques being vital in ragid detailed survey, mapping, modelling
and monitoring of urban environmental quality pagters, the accuracy of such analysis
depends on the quality of the imagery used, sclardahe classification procedure used as
well as the technical and indigenous knowledgehef analyst on the study area. Daniel
(2002) undertook a comparative study on land usdaamd cover change detection methods
and concludes that there are merits to each methddhat no single approach can wholly
solve the inaccuracies associated with geospaciiniques. Sentiments have also been
expressed on classification schema; that no stoigssification schema can universally apply
in all the study scenarios thus there is a neatktice a schema which represents a study
area under consideration (Nasreen, 1999). To tadjest attempt at developing a general
purpose schema compatible with remote sensingdatdeen by Andersat al (1976) and
majority of the studies are a modification of thene.

2.6 Conceptual Model for the Relationship Existingbetween Urban Morphology
and Environmental Quality

This study which examines the correlation betwedram morphology and environmental
guality takes cognisance of the principles underpm urban morphological changes such as
transportation, planning regulations, socio-ecomaoand environmental factors. Elements of

urban morphology such as vegetation and developoemsity, land use, land cover and
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building configurations have profound effects obaur air quality and surface temperatures
(Sundarakumaret al 2011; Mahmoodet al. 2010). Development densities influence
household’s mode of transportation and energy copsan, all of which have implications
on a city's GHG emissions. Similarly, industriahdauses associated with fossil fuel
combustions generates GHGs (Tah al 2010). Replacement of urban surfaces with
impervious materials such as concretes, asphaliste® creates urban heat island effects
which cause thermal discomfort and increased engegyand in the buildings (Jusef al.
2007; Lo et al. 1997). Further, the replacement of urban vegetatidgth impervious
materials reduces evapo-transpiration with netceffieing increased surface temperatures

(Przekuraet al.2011;Takeuchietal. 2010).

Poor air quality occasioned by increased numbeutdmobiles and industries in the urban
centres is a significant environmental problemrfgasities. This is because automobiles and
industries generate GHGs, suspended particulatemaatd sulphur dioxide. This is further
complicated by the urban skyscrapers which attenwatd velocity to restrict air pollutants
to narrow canyons, subsequently raising the coretemis of the same. This igest
mitigated by the vegetation which acts as simisair pollutants(Mdlders, 2012
Vegetation also provides shade, creates aesthmgigahand sense of community. Therefore,
a development which diminishes the vegetation ctmgers the ability of the environment

to reduce air pollution and to cool (Tahal 2010; Sekovsket al.2012).

Interactions between forces underpinning urban ldpweents such as the infrastructure,
land markets, planning regulations and people’$natons to environmental conservation

present a web of constraints to the achievemergusfainable cities. As illustrated by
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Figure 2.4, achievement of urban sustainabilityumeg implementation of multiple
innovative strategies entailing re-orientation astitutions and provision of adequate
transportation and other wurban infrastructure, poé@ent of socio-economic
developments, community, public and private seqtaricipation, civil society involvement,
institutional capacity building for planning both the national and county government
levels. Other strategies should include the prammotf green infrastructure, innovative
urban design as well as tightening legislationpmtection of urban ecosystems such as the
green belts, trees and river restoration. Fronfdhegoing, it is evident that various factors
act in concert to influence the urban environmentality. These can be categorised as

indirect, intervening and direct variables. Exampléthese variables include: -

Indirect Variables or the Urbanisation Factors

= Economic perception and societal aspirations

Urbanisation rate

Effects of globalisation

Development technology and planning regulations

Intervening Variables

= Urban population size and distribution

» Land costs and property sizes

= Climate of the region where the city is located
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Direct Variables

= Urban development density and construction maseviséd

» Land uses (industrial and transportation)

» Building configuration

= Street orientation and configuration

» Land cover changes (vegetation depletion)

» Energy consumption levels

2.7 Conclusion

There exist many approaches for the improvementhefurban environmental quality.
However their adoptions in the developing count@@e weak due to subtle web of
constraints operating through institutional arrangets, infrastructure, incentives and
access to information. This can be mitigated thhosgnultaneous actions across many
fronts and by different actors. Towards this ehis $tudy demonstrates the role of geospatial
techniques in modelling the relationship existingtween urban morphology and the
environmental quality using five related parametemnely; development density, land uses,

biomass index, air quality and surface temperatahaes.
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ﬁ.

Indirect Variables or the Urbanisation Factors
- Urbanisation rate - Economic Perception/growth - Effects of Globalisation - Societal Aspirations/Values- Development Technology - Development Regulations

- Expansion of urban infrastructure -Suburbanisation - Anthropogenic Activities - Geo-processes (Floods, fire and Tectonic Activities) — Political/Institutional Factors
(Policy) on Land Use

Influences
+
Land Use and Land Cover Differentiations in the City —I
Influence Urban Environmental Quality through: -
L 4 . ¥
Intervening Variables Direct Variables

- Urban Population Distribution
- Climate (temperature and precipitation of the Region
whiere the city is located

- Urban Development Density - Land Use - Building Form and Height - Street Orientation and
Configuration — Industrialisation — Land Cover Changes (Vegetation Depletion) — Precipitation
within the City - Land Costs - Property sizes - Energy consumption levels - Public transportation
- Development Materials — Urban Form

v v

Mechanism for the alteration of the Environmental Quality
Low vegetation density - Poor air quality (GHGs) Production - Altered wind fAow = lrregular terrestrial energy escape - Poor air pollutam dispersal
= Temperature cunducl&y in the canopy and boundary laver

¥

Effects (Manifestation) on the Urban Environmental Quality
High temperatures and UHI - Urban outdoor pollution - Climate change - Global warming -Urban and Regional Climate Change -Urban floods - Asset damage
Lrban population heat waves

:

I Intervention Measures '—I

Institutional Framework Policy Intervention
Should involve development of proactive polices focused on socio- Should Encompass: -
economic development sirategies and institutional capacity building Transportation policy — Urban planning focussed on innovative urban form (design),
Jor planning at the levels of: - appropriate development density. mixed land uses, use of green infrastructure and
- Mational Government - County Government — Private Sector conservation of urban ecosystem through legislations and policies for the development
- Community and Civil Society : of green belts, gardens, trees, urban river restoration and sustainable drainage systems —
Building regulations taking care of appropriate energy usage policy and use of
alternative (green) energy such as passive solar, - Land markets

Sustainable Urban Environmental Quality

it . o lf—
T At

Figure 2.4. Conceptual Model for the Relationship Eisting between Urban Morphology and EnvironmentalQuality



68

CHAPTER THREE
STUDY METHODS AND MATERIALS

3.1 Introduction

This study adopted both descriptive and quantgatiesigns. While descriptive designs
explain who, what, when and how a phenomenon oaoues space, quantitative designs
explain how various factors affecting an occurresica phenomenon are related (Cooger
al. 2003). This chapter discusses the approaches andaterials utilised for the fulfilment
of the study objectives. It entails discussiongtentarget population, sampling techniques,
data needs and sources, techniques and tools afcdpture and processing as well as
measures undertaken to enhance validity and rigyabi the data collected and information

presented.

3.2 Target Population and Sampling Procedures

All the 30 development zones as detailed out by Nlagobi City County Government
constituted the target population. Except for tinejaality, sampling was not undertaken for
the vegetation density, development density, |lases and surface temperatures.

3.3 Evaluating the Impact of Land Use and Land Cosr Change on Land
Consumption Rate and Land Absorption Coefficients

This study established the nature, magnitude, ppatted trends of land use and land cover
changes in the city between the years 1988 and.Zl0iS was imperative in aiding the
calculations of Land Consumption Rate (LCR) andd_Absorption Coefficients (LAC) for
the city which are significant indicators of thefeets of urbanisation on environmental

quality, global warming and climate change.
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3.3.1 Data Needs and Sources

This study utilised cloud-free satellite imager@fsthe city as follows: - Landsat 5 TM
imageries - Band 2 (Green: 0.A&h —0.60pm), Band 3 (Red: 0.6@m - 0.69um) and Band

4 (the NIR: 0.76um — 0.90um) for the years 1988 and 1995 while Landsat ETM+
imageries at the same bands were used for the 28865 2005, 2010 and 2015. In all the
cases, band combinations comprising of Green, ReédNaar Infra-Red were used due to the
combination’s appropriateness in discriminatingthwp areas, water bodies and vegetation
categories as well the ease at which it enablesuaa and land cover change detections. The
spatial resolutions of the bands under consideraire 30m. While the Landsat imageries
used in this study were procured from the archofethe United States Geological Survey
(USGS) through the Nairobi based Regional Centne Ntapping of Resources for
Development (RCMRD), secondary information on th¥scpopulation for the years under
consideration were extracted from the National Rdfmn Census Reports authored by the
Kenya National Bureau of Statistics (KNBS). Othecandary information used in this study
included 1: 50,000 scale topographical maps otityeobtained from the Survey of Kenya
(SoK) as well as various planning reports obtaifredh the Planning Department of the

Nairobi City County Government.

3.3.2 Data Processing and Accuracy Assessment

As illustrated by Figure 3.1, unsupervised digitahge processing technique was used in
land use and land cover classification and chamegection. This procedure involved image
pre-processing, design of classification schemaganclassification, accuracy assessment

and change detection. As illustrated by Table B ,imageries were geo-referenced using
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11 Ground Control Points whose coordinates wereailmbd from 1:50,000 scale

topographical maps of the study area.

r Muti-Date Remote Sensing Data

’7 Image Pre-Processing J

Image Clustering and
Enhancement

A

Feature Extraction

l

|7 Selection of Training Data J

l Digitization of
[ Unsupervised Land Use/Land Cover Classification Topographical and other
Thematic Maps

v
( Classification Output J

Accuracy Assessment J

r Post-Classification Comparison Operations GIS Overlay Analysis

N
Statistics r Thematic Maps and Images Reports

Figure 3.1. Procedures used in the Analysis of LanCover and Land Use Change
using Times Series Satellite Imageries.

The unsupervised method of imagery classificatimpleyed by this study relies on spectral
and radiometric characteristics of land uses and taovers. Since the procured imageries
covered the city and its environs, extractionshefstudy area from the imageries of the city

for the years under consideration were undertakanguArcGIS 10.3 Software. The
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extracted imageries were thereafter exported tol8\8/6 Academic environment in TIFF

Format.

Table 3.1. The Tie-Points Used for Geo-Referencing

Points Coordinates
X (Longitude) Y (Latitude)

A 36.719 -1.22;
B 37.04¢ -1.181
C 36.99: -1.28¢
D 36.92: -1.43¢
E 36.65° -1.32¢
F 37.05¢ -1.287
G 36.68: -1.362
H 36.93: -1.15¢
I 36.77¢ -1.181
J 36.92¢ -1.321
K 36.89: -1.36¢

Upon launching the extracted imageries of theiaityhe ILWIS 3.6 Academic environment,
colour separation operations were undertaken. Wassfollowed by rebuilding of the colour
composites using band combination 4-3-2 (Near irdth Red and Green). Other operations
undertaken to enable the assignment of pixelsrousland use and land cover classes were
creation of map list, sample set and classificatiomain. Upon assigning at least 2500
pixels per land use and land cover category, thssifled imageries were assessed for
accuracy through cross-tabulations of the same sdthple sets. Maps generated from this
analysis met the minimum USGS and Congalton (12@t)uracy requirement of at least
85%. The classified imageries were then exportezk ba ArcGIS 10.3 environment for

polygonisation, area computations, layout desiguaislabelling.

Post-classification comparison approach whichsetili cross matrix function of ILWIS 3.6

Academic Software was employed for the detectiolard use and land cover changdse
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main advantage of this method is its capabilitp@ividing simultaneous information on the

nature, magnitude, trend, pattern and rate of awanghe proceduremvolved cross-

tabulating the classified imageries of the year8818nd 1995, 1995 and 2000, 2000 and

2005, 2005 and 2010 as well as the years 2010 @il Zhis culminated into three outputs

namely; tables showing the nature of the changesdpgnam transformation revealing

magnitude (percentage) of the changes and ther rastgeries depicting the spatial

distributions of the same. The raster imagerigh®fdetected changes were further exported

to ArcGIS 10.3 environment for polygonisation aagdut designs.

Table 3.2. Land Use and Land Cover ClassificatioBchema

and quarries

Classes Description
i Urban Buil-Up | Residential, commercial and services, indusl
Areas/Open/Transitional transportation, communication and utilities. Opem | 0
Areas Transitional areas are bare-lands which are expeseas

Agricultural/Grass/Seconda
Growth and Ripariar
Vegetation

Cropland, coffe plantations, horticultural farm

greenhouses, other agricultural crops, well — kgpss as

well as the riparian vegetation

Forest

Evergreen forests, mixed forests with higher dgrditrees
little or no under storey vegetation

Rangelan and Shrub:

Sparsely distributed scrub species. Ground layegreadl by
grass. Species includécacia mellifera and Lawsonia
inermis.The shrubs constitutes perennial grass under st

trees rarely above 5m, impoverished woodlands tieaf

forests. Other dichotomy entails very sparselyrithisted,
low-lying scrub species. Usually less than 1m, dgb
species includé\. reficiens, Salvadora dendroideground
usually bare or covered by annual grasses.

prey

V.

Water Bodie

Rivers, natural dams, reservcand waste water lagoc

Source: (Modified from Andersoret al.1976)

As illustrated by Table 3.2, a modified versionAsfdersonet al. (1976) land use and land

cover classification schema was adopted by thidysflihe need to consistently discriminate
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the land uses and land covers irrespective of sahsariations informed the decision on the
five land use and land cover classes used in thensg. This is further supported by Yang
and Lo (2002) who notes that when undertaking aligmhage processing for land use and
land cover variations, there is need to limit thenber of classes used in the schema so as to
avoid the spectral confusion which may occur duesdweral land uses and land covers

having closer spectral signatures.

3.3.3 Calculation of Land Consumption Rate and LandA\bsorption Coefficients
According to Yeates and Garner (1976), Land ConsiompRate (LCR) and Land

Absorption Coefficient (LAC) functions are statexi3al and 3.2 respectively.

A = Areal extent of the city under urban built upen and transitional
areas in hectares.

P = Population of the city at a particular date.

LAC = (Az — A]_)/ (Pz — P]_) ............................................................................ (32)
Where:-

A; and A, The areal extents of the city under urban bult open and
transitional areas in hectares for the early atet igears.

P, andP,: Population of the city for the early and latearge

While LCR is a measure of progressive spatial esipanof a city (urban sprawl) as
evidenced by increase in the amount of land underubuilt up, open and transitional areas
for the successive years of study, LAC is a meastighange in the conversion of urban

land to built up, open and transitional land used kEnd covers within a specified time
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period by each unit increase in urban populatidre population growth rates used for the
calculations of LCR and LAC were 4.7% per annuntlie years between 1980 to 1989 and
4.5% per annum for the years between 1990 to 2Bb8Bdrnment of Kenya, 2012). Function

3.3 was used for population projections.

Pr = P e, (3.3)

Where: -
P, = Estimated population at a given year

P, = Base year population
r = Growth rate

t = Number of years projecting for

3.3.4 Presentation of Findings on Land Use and LanCover Change, Land Consumption Rate
and Land Absorption Coefficient

Classified land uses and land covers for the yE288, 1995, 2000, 2005, 2010 and 2015 as
well as the nature of the detected changes aremgegsinform of maps. While information

on the magnitude of land uses and land covershiaryears under consideration and the
detected changes are summarized inform of tabiaphg are used to present the trends of
land uses and land covers. The LCR and LAC trenelpresented in tabular and graphical

formats.

3.4 Assessment of Development Density and Land Ugariations

3.4.1 Data Needs and Sources

The Nairobi City County Government has divided ¢itg into 30 development zones with
varying development densities and land uses. Mgéetral IKONOS imagery (Bands 2, 3

and 4) together with the development zoning magyeal from the Nairobi City County
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Government were used for land use and developnamgitg analysis. The imagery was
acquired on 19 July 2015 and procured from the European Spacexd@géhrough the

Nairobi based Regional Centre for Mapping of Resesifor Development.

3.4.2 Data Processing and Accuracy Assessment

The IKONOS imagery used in this study was procusdeen it had already been pre-

processed and rectified. The study area had tatbeceed from the imagery for the procured
imagery covered the city and its environs. The ymimslof development densities was
undertaken through polygonisation of the develapethces from the extracted imagery and
superimposing the same with the zoning boundafié® development densities were
computed through aggregating areas of developddcssr within a development zone as a
ratio of a development zone’s area. The computectldement densities for the 30

development zones were further transformed intoerioa (nominal) values ranging from 1

to 10. Since high development densities compromiggan environmental quality as

compared to low development densities, high deveép density zones were assigned low
(1) numerical values while low development densitynes were assigned high (10)
numerical values. This information is presentedfarm of a map showing the spatial

distribution of the city’'s environmental qualitydsal on development densities.

Visual image interpretation technique utilisingl®neents notably the shape, size, shadows,
site, tone, texture, pattern, height and assoaciatias used to analyse land use distribution
within the city. The identified imagery elementsigfhrepresent land uses were polygonised
into a land use map. To assess the accuracy céstablished land uses, random ground

truthing aided by a hand-held GPS was undertakennfarmed by environmental quality
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implications of the land uses, the identified larsgs were assigned nominal values ranging
from 1 to 10. In this regard, land uses such asstial users known to compromise the
environmental quality were assigned the lowest naimvalues while forests and parks
were assigned the highest nominal values. To aaiwe nominal value for a development
zone based on land uses, areas constituting difféaad uses within a development zone
were multiplied by the assigned nominal valueshefland uses. The products were further
divided by the areas of the development zones ggdegation of the same undertaken.

This information is spatially presented inform ahap.

3.4.3 The Relationship Existing between Urban Forrand Environmental Quality

To arrive at nominal values for the developmentesobased on urban form (development
densities and land uses), computation of averagesdoon the sums of the nominal values
for the development densities and land uses peelolement zone was undertaken. This
was further transformed into a map showing the'signvironmental quality distribution
based on the urban form. Similar procedures wetewied by Nicholet al. (2006) when

undertaking the assessment of urban environmeunddityjof Hong Kong City.

3.5 Determination of Biomass Index within the City

Vegetation influences urban environmental qualiig do their ability to purify air and to
moderate the surface temperatures. However, itbeas established that the biomass
component of the vegetation is the most significdeterminant of the degree to which
vegetation influences energy flow and ecosystenfipation. This made biomass index or

the vegetation density be the focus of this study.
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3.5.1 Data Needs and Sources for Biomass Determiiget

Remote sensing techniques for mapping urban vegefaarameters such as the total green
spaces and the percentage of tree canopy combigbsr hspatial resolution infrared
imageries such as the IKONOS, GEO-EYE, QUICK-BIREnhvphotographs and fieldwork.
Although such methods are expensive, they prekeridst option for the medium resolution
satellite imageries such as SPOT and Landsat kil details to detect fragmented urban
vegetations (Nowalt al. 1996). As noted by Fung and Siu (2001) who userdmisbised
Difference Vegetation Index (NDVI) for the assesstnef Hong Kong city’'s vegetation
change over time, Landsat imagery is only usefgbinducting generalised surveys of green
spaces and vegetation vigour, but fails to estaltie vegetation type. The above being the
case, IKONOS imagery as augmented by the develapawing map of the city was

utilised to facilitate the computation of the bisaandex.

3.5.2 Quantifying Biomass

Since the multi-spectral IKONOS imagery used irs tetudy covered the city and its

environs, it was imperative that extraction of gtiedy area from the imagery be undertaken.
Upon accomplishment of the above, classificatioth @olygonisation of the vegetation types

were undertaken. To facilitate the computation led Biomass Index or the Vegetation

Density (VD), the development zone boundaries waiperimposed on the generated
vegetation cover map. The VD for individual vegetattype was computed using equation

3.4 adopted fromichol et al. (2006).

WuvlLv
%VD = 100 7 / E Wv
v

Where: -
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W, : Weighting for each vegetation type
Ly: Area covered by a vegetation typm a zone;
L: Total Area of a zone.

Vegetation classifications and weightings were wadlen as shown in Table 3.3. Plots with
100% short grass cover were assigned a VD val@@%f while forested plots were assigned
a VD value of 90%. Others were as follows: smaes 70%, shrubs 60% and tall grass
40%. Average VD values for each development zone welculated and converted into
numerical values ranging from 1 to 10. In acknowled that vegetation covers with higher
VD values create better environmental quality, tgwment zones with high average VD
values were assigned higher (10) nominal values \acgtversa.This information was
further transformed into a map showing the cityl'sionmental quality distribution based

on biomass index.

Table 3.3. Vegetation Weightings

Type Weighting | Description

Short grass| 0.2 Green grass lower than 0.5 m

Tallgrass | 0.4 Green grass higher than 0.5 m

Shrub 0.6 Short and woody plant with woody (non-greeaijrst from the base
Small Tree | 0.7 Woody plant with trunk diameter < 0.3 m

Large Tree | 0.9 Woody plant with trunk diameter > 0.3 m

Source: @dopted fromNichol et al.2006)

3.6 The Assessment of Temperature Variations withithe City

3.6.1 Data Needs and Sources

To establish the relationship existing between mihaface temperatures, land uses and land

covers, thermal information provided by Landsat\Vb imageries of the years 1988 and 1995
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as well as Landsat ETM+ imageries of the year©20005, 2010 and 2015 were used. In
all the cases, the thermal barBh(d 6 -This band used to be 60m resolution butlyts
processed after #5February 2010 are re-sampled to 30m pixel dizesl the visible bands
(Band 3 and Band 4) were utilised. This was augeterdy land use and land cover

information of the same years.

Table 3.4. The Spectral and Spatial Resolutions die Procured Imageries

Band No Wavelength(um) Spectral Region Spatial Resolution (m)
2 0.52-0.60 Green 30
3 0.63-0.69 Red 30
4 0.76 - 0.90 Near Infra-Red 30
6 10.4-12.5 Thermal Infra-Red 30

3.6.2 Data Processing and Presentation of the Sucka Temperature Models

The study adopted Radiative Transfer Method inresttng the urban surface temperatures
from the satellite imageries under consideratioril®/the first step within Radiative
Transfer Method involved the extraction of Digiblimbers (DNs) from the Thermal Infra-
Red (TIR) imageries, the second step involved theversion of DNs to spectral radiance

using function 3.5.

LA=0.0370588 * DNS + 3.2 ittt e (3.5)
Where: -

L The Spectral Radiance,

DNs Digital Numbers

0.0370588: The Gain Constant (the gradient of the satedlipge-launch radiance)

3.2: The Bias Constant (the spectral radiance of tNeaDzero)
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The conversions of the DNs to spectral radianceesalvere undertaken to correct the effects
of atmospheric attenuations such as reflectancegription and scattering which create
haziness in the imagery to consequently reducedh&ast. For example, scattering creates
adjacency effect in which radiance recorded foivargpixel partly incorporates the scattered

radiance from the neighbouring pixels.

The third step involved the calculation of the Bitédéetemperature values of the imageries

used. This was done using function 3.6.

TES=  (K)Ln{(KY/ LA L} oottt (3.6)
Where: -
TEs Satellite temperature values
LA The Spectral Radiance
L, Natural Logarithm
Kz and K; The calibration constants whose values are
Landsat T™M Landsat ETM+
K 607.76 666.09 mWcrA
ke 1260.56 1282.71 K

The fourth step involved the calculation of the NBVMsing function 3.7.

NDVI= (R band 4-R band 3)/(RBand 4+RBand 3) ..........c..ccoiviiiininnnnn. (3.7)
Where: -
NDVI Normalised Difference Vegetative Index
R band 4: Land Surface Reflectance in the Near Infra-RadB

R band 3: Land Surface Reflectance in the Visible Bands.
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The fifth step involved the calculation of the Esmdty (¢) values from the NDVIs using

function 3.8.

Emissivity (€) =1.0094 + 0.047* (NDVI)  tovveoeeeeee oo, (3.8)

Finally, surface temperature values (Ts) were cdatpusing function 3.9.

Ts=(TES) {1+ b * (TES/P)] Ln€} e (3.9)

Where:-
Ts: Surface Temperatures Values
TEs: Satellite temperature values
L. Natural Logarithm
¢ Emissivity Value
.. The wavelength of the emitted radiance = 11.5Markham and Baker, 1985);
p =hch = 1.438 x 16 mK;
¢ =Stefan Boltzmann’s constant (5.67 X2¥0m?K?),
h = Planck’s constant (6.626 x1{s)
¢=2.998 x 1&m/s

The information is presented in form of surface gemature maps for the years under
consideration. For the year 2015, calculation ofrage surface temperature values per
development zone was further undertaken. As infdrime the implications of the surface
temperature values on the environmental quality, aherage surface temperatures for the
development zones were further converted into nalmimalues ranging from 1 to 10.
Development zones with low average surface temperatalues were assigned higher (10)
nominal values andice-versa.This information was converted into a map showihg

city’s environmental quality distribution based surface temperature values.
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The relationship existing between urbanisatiompbgl warming and climate change was
determined through the establishment of the strengtthe relationship existing between
surface temperatures, the size of land under bpjlbpen and transitional areas and the size
of land under vegetation cover for the years uradgsideration. This was done through
multivariate regression analysis, computation ofrelation coefficient,t-test and the
Analysis of Variance (ANOVA). While ILWIS AcademiB.6 Software was used for
radiometric enhancement, ArcGIS 10.3 was used anptioduction of surface temperature
maps. Microsoft Excel 2010 Software was used inutating the spectral radiance, satellite
brightness, emissivity and the surface temperatuigite the Statistical Package for the
Social Scientists (SPSS) Software was used in ledtady the strength of the relationship

existing between surface temperatures, built enaent and the vegetation cover.

3.7 The Assessment of the Spatial Variations in AQuality within the City

Air sampling was undertaken to ascertain the canagons of SPM, carbon dioxide, sulphur
dioxide and nitrogen dioxide gases within the digr the purposes of collecting air samples,
sample sites were established through regularmgsie point technique which involves the
subdivision of the city into regular square cebgle measuring 2.0 kilometres. Systematic
random sampling technique of three cell intervalali the directions was thereafter utilised
in deciding the grid cells from whose centres amples were picked (Franzen, 2011). In this
regard, the city’'s development zones were supesegbowith square grid cells and
coordinates of the centres of the targeted grids cEdample sites) established per
development zone using ArcGIS 10.3 Software. Tkatification of sample sites were done

through hand held GPS. A total of 150 sample siese established and air samples
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collected for laboratory analysis using SpectreXSP®0 hand held air samplers. Granted
that some development zones such zone 20A (Kanest}, 20G (Nairobi National Park),

20F (Jomo Kenyatta International Airport) and 200ggng Forest) among others are
homogeneous in terms of development densitiesaartiuse types within them, few samples
were taken from the zones despite them being langgize. Therefore, apart from the sizes
of a development zone, the decision on the numlesampling sites established per
development zone was further influenced by devetyrdensities and the heterogeneity of

the land uses within the zones.

Laboratory readings for the gaseous concentratier® made for each sampled cell and
averages computed by gas type per development asnéustrated by Table 3.5. The
averages were further converted into nominal vataeging from 1 to 10 and aggregates of
the same computed per development zone. Thistédedi calculations of average air quality
nominal values for the development zones. In ackedging the implications of gaseous
concentrations on environmental quality, low gaseconcentrations were assigned higher
(10) nominal values andce-versa Therefore, development zones with low aggregate a

average gaseous concentration nominal values pomrdgo better environmental quality.

This study adopted spatial interpolation technigpsch relies on Geographical Information
System to generate continuous surfaces from paéasarements. The technique is premised
on Tobler’s First Law of Geographwyhich states th&iThe closer together two points are in
space the more likely the points are similar anfluence each other” As informed by
simplicity, accuracy and the need for outputs wtaoh sensitive to clustering and presence

of outliers, Inverse Distance Weighting (IDW) tejue of spatial interpolation was used in
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modeling the distribution of the gaseous concenftratinto continues surfaces. In this
technique, the weights of the measurements dimiassia function of distance, hence the
name Inverse Distance Weighted technique (Li andpH2008). While the results of the
computations are presented in tabular format, #énews gaseous concentrations are spatially

presented in form of maps using ArcGIS 10.3 Softwar

Table 3.5. Sample of the Form Used for Recording AQuality Values per Development Zone

Development | Average Carbon Average Nitrogen Average Sulphur Average Suspendec Total Air Average

Zones Carbon Dioxide Nitrogen Dioxide Sulphur Dioxide Suspended Particulate Quality Air
Dioxide Nominal Dioxide Nominal Dioxide Nominal Particulate Matter Nominal Quality
Values Values Values Values Values Values Matter Nominal Values Nominal

Values Values Value

1

2

3

4

20

3.8 An Integrated Urban Environmental Quality Model for the City

In acknowledging that urban environmental qualitgasurement requires integration of
multiple parameters, this study integrated urbaveld@ment density, land use, vegetation
density, air quality and surface temperatures indetimg the environmental quality

distribution of the city. This was done using nuitedrsurrogates ranging from 1 to 10 as
earlier stated. As illustrated by Table 3.6, thgragate nominal values for the development
zones were arrived at through aggregation of thaimal values of the variables under
consideration. This is further presented in formaaf integrated spatial model showing

environmental quality variation within the city.
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Table 3.6. The Form Used for Presenting Environmeial Quality Values per Development Zone

Development
Zones

Land Use
(Urban
Spatial
Structure)
Nominal
Values

Development
Density
Nominal
Values

Vegetation
Density
Nominal
Values

Surface
Temperature
Nominal
Values

Average
Air
Quality
Nominal
Values

Aggregate Urban
Environmental
Quality Nominal
Values

Average
Environmental

Quality Nominal

Values

Urban

203

Bivariate and multivariate models were used in l#staing the relationships existing

between the variables under consideration. Thisdea® through the computations of the

correlation coefficients of the relationships, whiculminated into correlation matrix table.

To determine the significance of the relationstapd consistencies of the sartgst and

ANOVA were undertaken with levels of significaneg and confidence being 5% and 95%

respectively. In this endeavour, SPSS Software wusexd for statistical analysis. The

correlation coefficients and the coefficients oftedminations were calculated using

Pearson’s Product Moment Correlati@oefficient Indestated as function 3.10.

Where: -

> IX-x][Y-¥]

VYIX-X]°VELY-§1°

Correlation Coefficient

The Independent Variables

The Mean of the Independent Variables

The Dependent Variables

The Mean of the Dependent Variables
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Regression Models were established through eqeaddii, 3.12 and 3.13.

(Y-y) = (D8Y DX-X] ool (3.11)
oX
Where: -
Y = Estimated Dependent Variable
r = Correlation Coefficient value
X = The Independent Variables
X = The Mean of the Independent Variables
Y = The Dependent Variables
y = The Mean of the Dependent Variables
Yy = The standard deviation of the dependent varighles
X = The standard deviation of the Independent varigiles

ThedY anddéX are calculated as:

Y = \/Z[Y- y]?

N-1 (3.12
X = \/Z[x- i)

N-1 (3.13

Hence the regression model is stated as functish 3.

Y= a X1 tapXo + agX3 + agXy+ asXs € (3.14)

Where:-
Y = The urban environmental quality
Xs= The independent variables
as = Coefficient of determinations of the independenialdes

¢ =The error term
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The tests of significance of the established cati@is were undertaken usitiest stated as

either function 3.15a or 3.15b.

t ) \/[T"’r/nZ] ................................................. (3.153
Or
t = (@bn2]
VLM, (3.15h
Where: -

t The calculatettvalue

r Correlation Coefficient Index

n Sample Size
With level of significanced) being 0.05 and the degree of freedom (df) bex2g mull (H)
hypothesis was rejected if the calculated-t valas greater than the critical or the tabulated-t

value. The ANOVA or the F-test whose proceduressai@vn in Table 3.7 facilitated the

decisions as to whether the witnessed correlatoosrred by chance (spurious) or not.

Table 3.7. The Analysis of Variance (ANOVA)

Source of Variation Degree of Freedom Sum of the 8gres | Mean of the Squares
Accounted for by the Regression Line 1 SSR 3 (Y-y)° SSR/1
(SSR) SSR = (Y-y)°
Accounted for by the Residuals n-2 SSE 3 (Y-Y)* SSE/n-2
(SSB) SSE =Y (Y-Y)?
n-2
Accounted for by the Mean n-1 SST = (Yy)* Nil
(SST)

Source: Hammond and McCullagh, 1978)
The F-values were calculated using either funcdid®a or 3.16b.

F = SSR/1
SSE/M-2 e (3.16a
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Or

F = >y
S(Y-Y)n-2 (3.16h

With level of significanced) being 0.05 and degree of freedom being n-2, thie(Ho)

hypothesis was rejected if the calculated F-valas greater than the critical F-value.

3.9 Quality Assessment — Validity and Reliability

Validity is the degree to which information presshtoy a study represents phenomenon
under investigation. The main components of validite accuracy (position, thematic and
temporal accuracy), precision (spatial, thematial aemporal), resolutions, logical
consistencies and completeness (coverage, classificand model completeness) of data
used and information presented by the study. kghidy, validity was safeguarded by pre-
testing of data collection instruments, trainingtied Field Assistants on appropriate use of
the instruments as well as proper data entry (uéatily data obtained througim-situ
measurements). On the same note, secondary infonrrticularly the satellite imageries
used in the study were procured from internatignaticredited organisations notably the
USGSand the European Space Agency while the developrugiig map and other allied
maps were sourced from Nairobi City County Govemmimand the Survey of Kenya.
Reliability on the other hand refers to a meastith@ degree to which research instruments
yield consistent results. In this study, instrursarged foin-situ measurements were granted
equal exposure time. This was further accentuatettdining of Research Assistants on

accurate data capture and entry.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS
4.1 Introduction
Land uses compete for locations within cities anthe process of accommodating the same,
cities experience both urban sprawl and internakifieation which adversely affects their
environmental quality. For example, clearance ofdldor urban developments reduces
vegetation covers which are carbon sinks and mtateraf surface temperatures. This raises
the concentration of air pollutants and surfacepenatures as well as influencing global
warming and climate change. This chapter presentinfjs on the relationship existing

between the morphological attributes of the cityl i@ environmental quality.

4.2 Land Use and Land Cover Change in Nairobi forhie Period between 1988 to 2015
The land use and land covers of Nairobi for thes/@888, 1995, 2000, 2005, 2010 and 2015
are shown in Figures 4.1, 4.2, 4.3, 4.4, 4.5 afdekpectively. While quantification of land
uses and land covers is summarized in Table £ddsrof the same are presented in Figure
4.7. The area of the city under built-up, open taadsitional land cover increased from 73.08
km? in the year 1988 to 228.65 krim the year 2015. While agricultural, grass, seleon
growth and riparian vegetation which occupied 126«&7 of the city in the year 1988
marginally increased to 189.73 kim the year 2015; forests have shown mixed gaius a
loss. In the year 1988, the area of the city ufmhesst cover was 59.63 KniThis increased to
122.41 kM in the year 1995 and thereafter declined to 6&®3 in the year 2000. The
decline is attributed to the clearance of the fsrefor urban developments which

characterised the periods between the years 19830@. This situation was reversed in the
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year 2003 when the new government re-energisetbégiea geared towards increasing the
forest cover in the country. The strategies inautiee degazettements and clearance of
illegal structures within the forest reserves. Tdrest cover has since increased from 63.63
km?in the year 2000 to 93.44 Knin the year 2015. Similarly, the area of the cityder
rangeland and shrub vegetation cover steadily metlfrom the year 1988 when it covered

453.99 knof the city to 200.30 kfin the year 2015.

As illustrated by Figures 4.8 to 4.12 and Table ®&d use and land cover conversions took
place in the city within the study period. Notabtiiere has been a marked decline in
agricultural, grass, secondary growth, ripariangedand and shrubs as well as forest covers
which is attributed to the expansion of the urbaiitdop, open and transitional areas. The
steady decline in the ratio of the city under vatieh cover to the area under urban built-up,
open and transitional lands has significant impilbices on urban air quality and surface

temperatures.

The built-up, open and transitional areas have redgeh with discontinuous patches along
Thika, Kangundo and Mombasa Roads. This has bemsioned by the distribution of the
transportation arterials and tlael hocplanning which has characterised the city over the
years. Thead hoc planning has encouraged rapid revisions of lanel zening policies
(minimum plot sizes, ratios and coverages), laretslations as well as land use and land
cover changes. While the revisions have tendedwuoufr increased development densities,
conversions of productive agricultural lands toidestial, industrial and commercial
developments, the distribution of transportatideraes have significantly determined the rate

of urban growth and the distribution of economit\atees.
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97

Years

Classes Area (km?) | Percentage | Area (km? | Percentage | Area (km? | Percentage | Area (km? | Percentage | Area (km? | Percentage | Area(km? | Percentage
Agriculture/Grass/Secondar] 126.82 17.71 101.12 14.12 176.76 24.68 143.03 19.97 190.75 26.63 189.73 26.49
Growth/Riparian Vegetation
Water Bodies 2.70 0.38 4.72 0.66 4.84 0.68 3.62 0.51 3.04 0.42 4.09 0.57
Urban Built- 73.08 10.20 124.36 17.36 155.20 21.67 175.19 24.46 183.97 25.69 228.65 31.93
Up/Open/Transitional Areas
Forests 59.63 8.33 122.41 17.09 63.63 8.88 79.14 11.05 83.19 11.62 93.44 13.05
Rangeland and Shrubs 453.99 63.39 363.61 50.77 315.79 44.09 315.23 44.01 255.25 35.64 200.30 27.97

TOTAL 716.22 100.00 716.22 100.00 716.22 100.00 716.22 100.00 716.22 100.00 716.22 100.00
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The decline in the percentage of land under aguiin the study period is partly attributed
to the population growth in the peri-urban areasclvihas led to land fragmentation to
acreages which are not agriculturally viable. Ténsourages conversions of the agricultural
land to built-up users such as residential, incalstnd commercial developments. The study
further reveals marked encroachment and degradafidhe gazetted and protected areas
such as the forests and the Nairobi National Gaamk By the urban built-up developments
and other anthropogenic activities such as graZiings has reduced the forest covers to
either rangeland and shrubs or open and trandit@waas. The anthropogenic encroachments
have over the years affected water supply and vadadility of wildlife. Further to the
degradation of the natural habitats, encroachmiattsthe natural ecosystems have also
brought unprecedented fragmentation and isolatidheoremaining natural ecosystems. For
example, wildlife migration corridor towards Kitexlg along the Nairobi National Park has

been encroached into by the built-up developmésiba, 1994).

Since most of the informal settlements in the aitg located in the urban marginal lands
such as flood plains, abandoned quarries and rhemks, the residents of such
neighbourhoods are predisposed to disasters. yngamwhich is a major source of building
materials within the city have played a significesle in altering the morphology of the city,
particularly in the eastern and north-eastern pErtbe city where they are scattered. With
increased economic growth, the city has experierinetetased demand for residential
facilities subsequently up-scaling construction @urrying activities. This has triggered
rapid conversions of rangeland and shrubs, agni@ljtgrassland and riparian vegetations to

built-up, open and transitional (quarry) landshie eastern and north-eastern parts of the city.
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Figure 4.12. The Detected Land Use and Land Coverifanges between the Years 2010 and 2015.




Table 4.2. Major Land Use and Land Cover Changes ithe City for Different Epochs

10t

Years
Land Use/ Land Cover Changes 1988 - 1995 | 1995- 2000 | 2000 -2005 | 2005 - 2010 | 2010 — 2015
Area (km?® | Area(km® | Area(km? | Area(km? | Area (km?

1. Agriculture/Grass/Secondary Growth/Riparian Vegeteato Forests 54.11 1.84 22.10 18.75 31.55
2. Agriculture/Grass/Secondary Growth/Riparian Vegetato Rangeland and Shrubs 38.46 62.39 35.06 20.04 28.46
3. Agriculture/Grass/Secondary Growth/Riparian Vegetato Urban Built-up/ Open/ Transitional Areas 9.26 16.48 17.27 11.72 12.34
4. Agriculture/Grass/Secondary Growth/Riparian Vegetato Water Bodies 0.24 0.22 0.19 0.08 0.66
5. Forests to Agriculture/Grass/Secondary Growth/Ripeyegetation 2.28 60.62 7.64 16.50 20.03
6.

Forests to Rangeland and Shrubs 5.29 4.66 0.71 0.75 1.10
7.

Forests to Urban Built-up / Open/ Transitional Area 2.57 1.27 1.88 0.90 1.28
8. Forests to Water Bodies 0.19 0.71 0.13 0.09 0.17
9. Rangeland and Shrubs to Agriculture/Grass/Secor@iawth/Riparian Vegetation 73.38 78.35 30.36 56.93 39.19
10. | Rangeland and Shrubs to Forests 17.19 5.12 0.48 1.36 0.19
11. | Rangeland and Shrubs to Urban Built-up/ Open/ Tiianal Areas 60.72 65.30 73.23 56.75 97.67
12. | Rangeland and Shrubs to Water Bodies 2.30 0.44 0.06 0.09 0.22
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13. | Urban Built-up/ Open/ Transitional Areas to Agricuik/Grass/Secondary Growth/Riparian Vegetatio 2.77 16.09 6.76 23.86 11.27
14.
Urban Built-up/ Open/ Transitional Areas to Forests 0.79 1.74 0.14 1.59 1.22
15. | Urban Built-up/ Open/ Transitional Areas to Rangdland Shrubs 17.51 34.70 44.83 58.35 53.78
16. | Urban Built-up/ Open/ Transitional Areas to Watedis 0.02 0.29 0.00 0.27 0.51
17. | Water Bodies to Forests 0.12 0.08 0.62 0.20 0.00
18. | Water Bodies to Agriculture/Grass/Secondary GroRiftelrian Vegetation 0.15 0.88 0.28 0.41 0.32
19. | Water Bodies to Rangeland and Shrubs 0.22 0.29 0.35 0.11 0.12
20. | Water Bodies to Urban Built-up/ Open/ TransitioAeéas 0.22 0.08 0.41 0.19 0.22
21. | No Change 428.43 364.66 473.69 447.28 415.94
Total 716.22 716.22 716.22 716.22 716.22




4.3 Land Consumption Rate and Land Absorption Coef€ients for the City

Findings of the analysis on the LCR and LAC for ¢titg for the period under consideration

are presented in Tables 4.3 and 4.4 respectively.

Table 4.3. Land Consumption Rate

Year Total Area Under Built Up, Open and| Total Population Land Consumption Rate
Transitional Lands (Hectares)
1988 7308 1,265,110 0.0058
1995 12436 1,724,935 0.0072
2000 15520 2,239,701 0.0069
2005 17519 2,791,075 0.0063
2010 18397 3,273,319 0.0056
2015 22865 3,979,827 0.0057

Note: Population projections rates used are 4.7% forythars 1980 to 1989 and 4.5% for the years 1990152

The environmental implications of LCR for a citycbene clearer when it is interpreted in

conjunction with LAC of the city.

Table 4.4. The LAC for the Built Up, Open and Trangional Areas

Years
1988 - 1995 1995 - 2000 2000 -2005 2005 - 2010 200015
Land Absorption 0.0113 0.0060 0.0036 0.0018 0.0063

Coefficients

Note: Population projections rates used are 4.7% forytbars 1980 to 1989 and 4.5% for the years 1990@1%2
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Figure 4.13. The LCR of Nairobi between the Yearsa88 to 2015.

The analysis of the LCR and LAC for the city ilsged by Figures 4.13 and 4.14
respectively reveals that the built-up, open aadditional areas have increasingly expanded
to the peripheries. While the expansion was rapitéen the years 1988 to 1998 and 2010
to 2015, the city grew through internal densifigatin the years between 1998 to 2005. The
expansion has been rapid to the eastern, northraastd the southern parts of the city due to
cheaper land and housing construction costs irzdhes relative to other parts of the city.
Increased public investments in infrastructure sashroads, water and electricity in what
used to be urban peripheries have improved quailije and attracted more people into the
neighbourhoods. Another factor which has contridtitethe spread of the built up, open and
transitional areas into what used to be urban perigs is the persistent higher property and
business taxes in the city centre. Since propertiasiness taxes in the urban peripheries
are relatively low, businesses which can no lorigeak even in the main business districts

have been pushed to the urban peripheries wheyehthee agglomerated into new satellite
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commercial centres. This has enabled a large piopaf the city’s inhabitants to reside and

work in the urban peripheries (Glaeser and War@9R0

0.012

0.01 \

\\ /
0.002 \\//
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Land Absorption Coefficient

Years

Figure 4.14. The LAC of Nairobi between the Year4d988 to 2015.

The urban sprawl which manifests through incredsatl-up, open and transitional areas
exacerbates surface run-offs and urban floods. fdssoften led to loss of life and property,
particularly in the informal settlements locatedtbe flood plains. The built-up, open and
transitional areas which are arenas of economititaes, generates organic, solid, oil and
chemical wastes. Since these wastes are eithezrsilesp or dissolved in the surface run-offs,
the organic and inorganic matter such as the ifetd, oil and chemical compounds find
their way into the drainage channels causing ebitagion and algae blooms, which
decreases the oxygen content of the riparian bodeesequently lowering the biodiversity
of the same. Further to increased paved surfadesirg water percolation to recharge the

groundwater, the organic matter, oil and chemicahgounds generated from the built-up,
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open and transitional areas also infiltrate inte #iguifers consequently contaminating the
ground water. Therefore, neighbourhoods of the witych depend on groundwater supply
are likely to experience water crisis as the aguijiets depleted and contaminated. Since
surface run-offs leads to land compressions, isedancidences of the same is likely to
exacerbate cracking of building foundations, slopkapses and land subsidence which are
detrimental to the maintenance and functionalityafer and sewerage networks, roads and
railway. Further, increased water consumption Bwn watering and other landscaping
activities which characterises the built-up envinemts is likely to be witnessed and will

continue to strain the water supply in the city.

The urban sprawl encourages motorised modes o$poaration for the spread enables
people to stay far from the work stations. Thisinaseased the vehicular traffic in the city to
heighten gaseous and suspended particulate mattssiens. The sprawl also reduces the
vegetation cover which moderates the urban midgroates. With continued depletion of the
same, the city has continued to experience incdeasgan heat island effects alongside
compromised air quality. Fragmentation of agriaatdand currently taking place in the
urban peripheries has made it economically unvidblepractice agriculture. This has
occasioned conversion of agricultural lands todessiial, commercial and industrial users,
consequently leading to loss of fertile farmlaneicreational spaces and deterioration of
wetlands within the city and its environs. Furtb@rwetlands mitigating flooding through
moderation of river regime, they also absorb chalsjcorganic and suspended solid
particulate matter in the surface run-offs. Thenefavithout wetlands buffering the natural

drainage systems, the systems are likely to beanonated and to often flood.
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Anthropogenic activities such as constructions graking encroaching into the Nairobi
National Park and migratory corridors for the arisrt@ave profound effect on wildlife and
the habitat at large. Overgrazing and constructdedetes vegetation cover which leads to
mass migration and death of the wildlife during dyells. The remaining habitat is
becoming smaller, degraded and more fragmentedjnmadurvival for certain wildlife
species very difficult as they try to reach bregdionds, feeding and hibernation sites and
establishing viable nesting grounds. This shalll spdinction for nearly 1,200 species of
plants and animals currently found in the NatioRatk of which some are categorised as
endangered species. As anthropogenic activitiesoade into the park, it loses its scenic
qualities which attract tourists. This will haveedit impact on the national economy where

tourism currently contributes 12.0% of the GDP (&wownent of Kenya, 2015).

4.4 Factors Influencing Land Use and Land Cover Chages In Nairobi

Land use and land cover conversions within Naiieba culmination of the interactions
between physiographic, demographic and socio-ecanfactors, key among which is the
urbanisation rate of the city which has been rapichpared to other African cities. This is
corroborated by Nairobi’s urbanisation rate avergdi.7% per annum since independence as
compared to 3.5% per annum for other major Africigies (UN-Habitat, 2010 Some of the
factors which have acted in concert to influence ridpid urbanisation of the city include
modest national economic growth and developmegh hiral-urban migration and natural

population increaseates as well as the city’s favourable physiograplaise.

4.4.1 Rapid Economic Growth and Development
Positive economic growth and development generaifystered in Kenya and Nairobi in

particular has contributed to higher urbanisatiate 10f the city. This is corroborated by the
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city’'s GDP being £254 million in the year 1975, B6#illion in the year 1985 and £1.1
billion in the year 1995. This rose to £1.5, £9nd £14.1 billions for the years 2002, 2010
and 2015 respectively (Government of Kenya, 2002veBhment of Kenya, 2010;
Government of Kenya, 20133ince independence, Kenya’s economy has been tidzad

by mixed gains. For example from 1963 to 1973, @@P grew at an annual average of
6.6%. This declined to 5.0% between the years 198990 and further to 4.0% between the
years 1991 to 1997. While economic stagnationsgtedbetween the years 2000 to 2002
when the GDP grew by 1.15%, the year 2003 defiheccountry’s economic fortune when
the GDP increased by 2.8%. In the year 2004 thetroncreased to 4.3%. The economic
recovery which has continued to gain ground simee ytear 2005 to date has realised an
average growth rate of 5.2% per annum. Further remting impetus for real estate
developments, the economic growth and developmesitdd to the establishments of more
industries and expansion of the same within thg. ditis has subsequently led to the
expansion of the built-up, open and transitionaaarwithin the city. While the economy
which grew faster in the period between the ye@i& 1o 1990 led to higher rate of urban
expansion, the period between the years 1990 td 2080 low economic growth
corresponding to low rate of urban expansion. Sithee year 2003, the economy has
registered high levels of growth which has triggeinegher rates of urban expansion. In this
regard, increased GDP values and the urban builbpgn and transitional areas’ expansion

exhibit a positive correlation.

4.4.2 High Urban Population Growth Rate
In the year 1969, the population of Nairobi We9,286 This rose tB27, 775; 1,324,570

and 2,143,254 in the years 1979, 1989 and 199®cte¢ply. While the population of the
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city was 3,138,369 in the year 2009, it is currerdgktimated at3,979,827, which is
approximately eight fold increase over the 196®%pyation (Government of Kenya, 1969;
Government of Kenya, 1979; Government of Kenya,919Bovernment of Kenya, 1999;
Government of Kenya, 2009&overnment of Kenya, 2015The accelerated urbanisation
rate in the city has been accentuated by high alapapulation increasend rural-urban
migration rates. This has increased demand fodeasal, commercial, industrial and
institutional facilities, subsequently leading tpid land use and land cover conversions

which manifests through the urban sprawl.

4.4.3 Physiographic Factors

As corroborated by the land use and land covergehamaps presented, the expansion of the
city has been rapid to the north-eastern, eastach smuthern frontiers. This has been
occasioned by flat topography and availabilityelatively cheaper land which have lowered
the development costs in these frontiers. Initjapowths in these directions were
constrained by poor road networks which have sohemged since the year 2003. Further to
the above, the trachyte, phonolite, tuffs and h#sancks found in these zones provides
excellent building materials which are extensivbling used in the city’s construction
industry. This has been an impetus to real estteldpment and urban expansion in these
zones. This contrasts with the northern and wespemts of the city characterised by
constrained expansion opportunities occasionedigged topography and scarcity of land.
Other constraints to the expansion of the cityudelthe national park to the south and the

flight safety corridors around the Jomo Kenyattarmational Airport.
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4.5 The Morphological Attributes of the City

Urban morphology which embodies the developmensitles, spatial structure, vegetation
densities and building configurations among otladfscts urban environmental quality in a
number of ways. For example, high development tlessincompatible land-use pattern and
inappropriate transformations change the urban attilogical elements such as the
concentration of air pollutants, wind circulatiossirface temperatures, global warming and
climate change. This realisation has brought fréhconcept of urban sustainability which
incorporates ecological rationalisation in urbasigie and development. The concept has
further provoked scholars and development prangti® to seek new models for redesigning
the urban places. In this endeavour, four modelauurban sustainability notably neo-
traditional development, urban containment, compé#ygt and eco-city are currently being
implemented in the cities. These models are basesewven main design concepts notably;
the compactness, sustainable transportation, gensied land uses, diversity, passive solar
design and greening. This study which was gearedrtis establishing the relationship
existing between the urban morphology and the enmiental quality parameters of surface
temperatures and air quality was premised thaetiemr significant relationship existing

between urban morphology, air pollution and surfaceperature values.

4.5.1 The Land Uses of Nairobi City

As illustrated by Table 4.5 and Figure 4.15, thadgtestablished that by the year 2015
wetlands, parks and other recreational spacesstépreommercial developments, airport
land, industrial and residential developments, yuénd, urban agriculture and riparian
reserves, water bodies, railway land, public pugp@slucational institutions, hospitals and

governmental offices) and undeveloped lands wegenthjor land uses in the city. While
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Tables 4.6 and 4.7 presents the sizes of the f@dehtand uses in square kilometres and
percentages per development zones respectivele #b presents the aggregate numerical
values of the development zones based on land bdesmation provided in Table 4.8 is
transformed into Figure 4.16 showing the city’'sissrwmental quality distribution based on

land uses.

Table 4.5. Proportions of Land Uses in the City frm IKONOS imagery of 2015

Land Uses Area (km?) Percentages
1. Residential Developmet 204.6¢ 28.5¢
2. Industrial Developments

Secondary Industrial Developme 24,1t 3.3i

Quarry Lan 2.9¢ 0.41
3. Commercial Developments 41.2¢ 5.7¢
4. Transportation and Public Purpose Developments

Airport Lanc 17.4¢ 2.4

Railway Lanc 2.2 0.31
5. Public Purpose Lands Government Institution: 20.97 2.92

Hospitals, Schools, Universities, Colleges, Prisaoms
Military Barrack

6. Recreational and Ecological Conservation Areas
Parks and Other Recreational Sp 138.4¢ 19.3:
Forest 26.4¢ 3.6¢
Wetland: 0.9¢ 0.1
7. Public Utilities
Water Bodies, Domestic and Waste Water Treat 3.81 0.5¢
Plants
8. Deferred Land Uses
Urban Agriculture and Riparian Reset 112.6¢4 15.72
Undeveloped Lar 120.7° 16.8¢

Total 716.22 100.00
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Figure 4.15. Land Uses of Nairobi in the Year 2015




4.5.1.1 Residential Land-Uses

Residential land-uses collectively occupied 20468 or 28.56% of the city's land. The
areas consisted of high, medium and low densitytdtains. Even though this study did not
dichotomise the residential land uses into thestgoaes, high density residential
developments consisting of areas with over 10,@@iple per square kilometre are generally
located in the north-eastern, south-eastern anth-seestern parts of the city as exemplified
by Kariobangi, Dandora, Mathare, Kibera and Mukuneighbourhoods among others. As
compared to low density residential neighbourhosedsh as Karen, Muthaiga, Runda,
Lavington, Kileleswa and Spring Valley which aréabited by between 3,000 to 6,000
people per square kilometre, high density neighmaols are inadequately served by
sanitation and drainage facilities making them emrnental squalors. Most of the
residential neighbourhoods in the city fall undexdmm density developments inhabited by
between 6,000 to 10,000 people per square kilonaestrexemplified by Langata, Kilimani,
Embakasi, Buru-Buru and Golf Course neighbourhaodsng others (See Appendix | for

the development zones where the mentioned neighbods fall).

The urban housing needs in Kenya is estimated @DQ6 units per year, but only 30,000
units are being built per year, resulting in anwatrdeficit of over 120,000 units per year
(Kusienya, 2004). As accentuated by rapid increasarban population and inadequate
budgetary provisions for the housing sector, thadip@nd private sectors have not kept pace
with the increasing housing demand. This has exptisesector to market forces which are
not sensitive to the needs of the middle and loseine population cohorts, hence the
continued mushrooming of informal settlements atiteoillegal developments such as

unauthorized extensions. The proliferation of infat settlements has further been
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accentuated by lag in the development and expangfohousing infrastructure, low
purchasing power of the majority of urban householestrictive building by-laws and
limited supply of serviced land for public purposesstrictions on access to formal housing
finance due to strict lending criteria of finandiastitutions, ineffective land policy that tends
to allow manipulation in land tenure and alienat@srwell as poor urban governance leading
to inefficient delivery of urban services. Therefotackling housing deficit in the city

requires reviewing of policies which alienates tingan majority from accessing land.

Informal settlements in Nairobi have gradually gnogince the year 1902 when European
settlers appropriated large tracts of land in Kiapbmuru, Mbagathi, Ruiru and other areas
within the environs of the city, consequently disphg indigenous inhabitants. While the
colonialists made little provision for accommodagtiAfricans in the city, Africanization
policy after independence led to more Africans atigg into the city. This consequently led
to the emergence of the slums and squatter setitsm&ccording to Shihembesta (1989),
Kenyatta’s administration allowed immigrants whauldonot find accommodation in the
formal low-cost housing estates such as Kariokahdsi and others to put up temporary
structures within the city as long as these strastuvere not too close to the CBD.
According to Kusienya (2004), most of the houseshm informal settlements are single
roomed yet they have occupancy of between 6 toh8bitants. This is not healthy for
housing units having more than 2.5 people per ableiroom are considered overcrowded, a
scenario which is further complicated by poor sagitconditions and inadequate water
supply prevalent in these neighbourhoods. In meses the informal settlements are
established on marginal lands such as the floodglateep slopes, river banks and areas

adjacent to sewers and dump sites where the isimibiare increasingly exposed to health
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risks and disasters. Since slum demolition isfjestiby the Public Health Act (Cap 242), the

inhabitants of such neighbourhoods are constantigiueviction threats and harassments.

4.5.1.2 Industrial Activities

Quarrying and manufacturing activities charactsribe city’s industrial sector. The need to
enhance income and to reduce walking distance doethployment zones informed the
Nairobi Metropolitan Growth Strategy of 19#8recommending restrictions on expansion of
the then-existing industrial areas but encourageeldpments of additional seven secondary
industrial areas next to residential neighbourhootiskomarock, Ruaraka, Kariobangi,
Dandora, off Mombasa road, North Airport road affduter Ring road (See Appendix | for
the mentioned neighbourhoods and Figure 4.15 @ontentioned roads). Since then, the city
has witnessed expansion of industrial land usesctwhoy the year 2015 stood at
approximately 24.15 kfror 3.37% of the city’s land. However, the industiand uses are
concentrated in the southern and eastern partbeotity; off and along Mombasa road,
Kariobangi, Ruaraka, Dandora, Komarock, North Aitpmad and off Outer Ring road

neighbourhoods.

As attributed to vibrant construction industry whibas hiked the demand for building
stones, quarrying has emerged with greater envieotethconcern in the city, particularly in
the eastern and north-eastern neighbourhoods suttalzawa, Kayole, Mwiki, Kasarani,
Njiru and Ruai where the activity is concentratBg.the year 2015, the land use occupied
approximately 2.93 khor 0.41% of the city’s land. Apart from reducing thesthetic value
of the human settlements, the dynamite explosigesl in quarrying is a major source of

noise, smoke and dust pollutions in the neighbaathavhere the quarries are situated.
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4.5.1.3 Commercial and Service Centres

Apart from the commercial activities in the CBDe thairobi Metropolitan Growth Strategy
of 1973recommended the development of seven other satetinmercial centres next to
the industrial areas which were proposed by tteegiy. The strategy further recommended
implementation of new housing schemes with at l@eastommercial centre. Currently,
commercial land uses occupy approximately 41.28 &rb.76% of the city’s land. These
include the CBD, Westlands, Capital Hill and Ngareas, Eastleigh, Juja Road facade,

Buru-Buru, Kayole, Karen, Dagoretti Corner, Kawaagsvand Kangemi among others.

4.5.1.4 Public Purpose or the Institutional Land Uss

Institutional land uses which are evenly spreawsacthe city include airports, airfields,
railway land and government institutions such asispitals, schools, universities, colleges,
prisons and military barracks. Collectively themed uses occupies approximately 40.6% km

or 5.67% of city’s land.

4.5.1.5 Recreational and Ecological Conservation &as

4.5.1.5.1 Parks and other Recreational Spaces

The city’s biodiversity which is constantly threa¢el by land fragmentation, degradation,
overexploitation and pollution has been sustaingdoal ecological conditions such as
altitude, rainfall levels and soil types. The maparks and recreational spaces in the city
include the Nairobi National Park, City Park anbestminor recreational spaces such as the
Central Park, Uhuru Park, Jamhuri and Jeevanjede@ay Tom Mboya Square, Kamukunji
and Hilton Park, Aga Khan Walk, Sunken Car Parlelgshwa, Manyani East, Joseph
Kangethe, Woodley, Highridge Grounds, Brooksidev®ras well as Nyayo, Kasarani and

City Stadium which collectively occupy approximatdl38.44 km or 19.32% of the city’s
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land. Apart from the parks being carbon sinks awderators of urban micro-climates, they
also serve as recreational spaces alongside simgpognvironmental education and

biodiversity conservation programmes.

4.5.1.5.2 Forests

Nairobi City was established on a mosaic landscapesisting of open grasslands, closed
forests, woodlands and swamps. However, the ciigliral vegetation has since been
modified by the anthropogenic activities with orggnall pockets of same still remaining.
Today the forests occupy approximately 26.45 &n8.69% of the city’s land. These include
Nairobi Arboretum, Karura, Ngong, Ololua and Dagrerests which have continued to
play crucial roles as micro-climate moderators water towers for the rivers within the city.
Karura Foresis the water tower for Thigiri, Karura, Ruaraka @@dathura rivers which
dissects the northern parts of the city. The ferakto support plantation and indigenous trees
which are sources of timber for domestic furnitanel wood carvings. While Ngong Forest
which consists of planted and indigenous treesedlsas grasslands was excised between the
years 1963 to 1994 leaving it highly fragmentee, iodiversity of Ololua Forest is under
threats occasioned by mining activities. The Naimdtboretum has mainly been used for

trials of plant species introduced in the counifCA, 2005a).

llegal loggings targeting high-value tree speeied allocations of parts of City Park, Karura
and Ngong Forests to private developers have tokdg degraded and reduced the city’'s
forests cover. In addition, implementation of th@rgeter wide southern by-pass road
through Ngong Forest has led to clearance of appeigly 30 hectares of forest cover. The
situation will further be worsened by the on-goimgplementation of Standard Gauge

Railway line passing through the same forest. Ehigely to affect the city’s microclimatic
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conditions and air quality (JICA, 2005b). The rethrt of the forest cover has also been
occasioned by weak enforcement of laws protectiegfdrests and budgetary constraints in
the institutions responsible for forest management. instance, the previous Forest Act
(Cap.385) authorised the minister in charge ofdisréo gazette and/or de-gazette forest
reserves without consultations. However, the Fokesiof 2005 has made the process more

stringent (Gachanja, 2003).

4.5.1.5.3 Water Bodies and Wetlands

Apart from the rivers, other water bodies and wettain Nairobi are the Ruai waste water
treatment plant and Nairobi dam. While water bodimger approximately 3.81 Krar 0.53%

of the city’s land, wetlands covers approximatel940knf or 0.13% of the city’s land.
Continued discharge of untreated waste water aridcgurun-offs from municipal, industrial
and agricultural land uses have increasingly peduand eutrophicated the water bodies,
wetlands and the dams. For example, Nairobi (KjpBam which was constructed in 1953
with a surface area and storage capacity meas8&0@00m and 98,000rhrespectively is
currently shallow with an average depth of 2.76reset The reduction in the depth is
attributed to silting of the dam as occasioned rifiow from the Ngong River and other
surface run-offs from the Kibera settlement. Witile water hyacinth which has clogged the
dam has prevented recreational sailing and fishinigh were the intended purposes for the
construction of the dam, the scenario has furtlnbcomplicated by the reclamation of

sections of the dam for agricultural purposes thhodumping of the solid wastes.
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4.5.1.6 Deferred Land Uses

4.5.1.6.1 Urban Agriculture

Urban agriculture has continued to manifest indibethrough livestock rearing, horticulture,
trees nurseries as well as cultivation of crops faader. Currently, approximately 112.64
km?or 15.72% of land in Nairobi is under urban agtietd. In Nairobi, farming takes place
along railway and road reserves, within flood paamd backyards of low density residential
neighbourhoodsind unutilized industrial plots in the industriaéas as well as the peri-
urban areas where land holdings are large enougbcmmmodate cultivation and livestock
rearing. According to Ayagaet al. (2004), apart from being a source of income, urban
agriculture is a boost to food security as wellirmprovement of households’ nutritional
status. Further, urban agriculture reduces enviesrtah pollution for it utilises organic

wastes as inputs.

While urban agriculture presents opportunities dtiernative livelihood, it is not without
adverse environmental impacts ranging from upswBeoonotic diseases to chemical
poisoning and environmental damage. Unattendedtbek consume industrial effluents
contaminated with heavy metals which often endrughé food chain. Low-income farmers
in Nairobi also block open sewers to irrigate tloeops. This predisposes consumers of such
products to pathogens and contamination with heastals. Chicken, goats and cattle reared
in the informal settlements and urban peripherggribute to the waste volumes in form of

dung which contaminates the watercourses.

Kenya is lacking policies on urban agriculture e is a signatory to thelarare

Declaration of 2003on urban and peri-urban agriculture in Eastern &adthern Africa
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which recommends enactment of policies integratimgan agriculture into the urban
economies. Moreover, this is contrary to the sépohs of the National Land Policy and
County Government Act of 2012 which advocates farltirlunctional urban land use.
Noting that policy gap has led to undesirable fagrpractices such as diversion of sewage,
deliberate bursting of water pipes to harness watearrigating farms and illegal invasion of
open-spaces and conversion of the same into garttens is a need for the enactment of
policy and legal framework which embodies publidipgation in land use decision-making

and sound environmental management to govern @apaculture (Ayagaet al.2004).

4.5.1.6.2 Undeveloped Land

The undeveloped land which covers approximately. I2&nt or 16.85% of the city are

commercial, residential and industrial properties developed by the owners. The spatial
concentration of the parcels in the eastern anthseastern parts of the city is attributed to
the share certificate tenure system under whichntéjerity of these properties belong. This
tenure system involves land acquisition througmtjopurchase by the land buying

companies, cooperatives, trusts, societies anehskdfgroups which thereafter issue share
certificates to the members. However land speausatby these organizations make them
hold the tenure documents for long at the detrineférthe members who end up lacking
documents to facilitate the approvals of their ps®al developments by the city authority.
Under such circumstances, land remains undevelémetbng periods - a phenomenon

which is further compounded by individuals and camps who have bought land in these

neighbourhoods for speculations.
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Development
Zones

Wetlands

Parks and Other
Recreational Spaces

Forests

Commercial
Developments

Airport Land

Industrial
Developments

Residential
Developments

Quarry Land

Undevelopec

Land

Urban
Agriculture

Water Body

Railway Land

Public
Purposes

TOTAL

1 0.00 1.12 0.08 4.27 0.00 0.00 141 0.00 0.08 0.00| 0.00 0.01 1.14 8.10
2 0.00 0.46 0.00 2.30 0.13 0.01 3.01 0.00 0.35 0.00| 0.00 0.05 0.99 7.28
3 0.00 0.38 0.06 1.85 0.00 0.00 3.52 0.00 0.01 0.00| 0.00 0.00 0.37 6.20
4 0.00 0.81 0.59 3.07 0.00 0.00 14.45 0.00 0.48 90.1 | 0.00 0.00 1.23 20.82
5 0.00 0.03 0.82 1.68 0.00 0.00 11.20 0.00 0.46 03.4 | 0.00 0.00 1.56 19.16
6 0.00 1.20 0.731 0.47 0.00 0.00 3.73 0.00 0.21 00.0 | 0.00 0.00 0.39 6.75
7 0.00 0.16 0.01 1.45 0.00 0.13 1.62 0.00 0.25 0.00| 0.00 0.00 0.42 4.03
8 0.00 0.25 0.00 2.47 0.46 1.25 4.67 0.00 0.33 0.00| 0.00 1.00 0.34 10.76
9 0.00 0.50 0.00 181 0.02 7.07 2.20 0.06 0.37 0.14| 0.00 0.99 0.15 13.31
10 0.31 2.25 0.02 2.95 2.24 8.28 11.56 0.65 9.14| 62 1. 0.00 0.00 0.76 39.78
11 0.00 0.36 0.63 0.47 0.00 0.00 1.36 0.00 0.29 50.1 | 0.00 0.00 0.09 3.34
12 0.00 1.03 131 5.08 0.00 0.00 31.70 0.00 1.48 9618 | 0.05 0.00 0.98 60.59
13 0.00 0.00 2.55 0.33 0.00 0.00 14.80 0.00 0.30| 1809. 0.26 0.00 0.86 28.27
14 0.24 2.09 1.47 0.98 0.00 0.00 11.41 0.26 200 8909. 0.00 0.00 0.74 29.08
15 0.00 0.61 1.71 2.24 0.00 0.00 8.73 0.00 0.33 425, | 0.07 0.00 1.50 40.64
16 0.00 0.00 0.08 0.31 0.00 1.75 0.99 0.00 0.41 4 0.2 | 0.00 0.00 0.63 4.40
17 0.00 0.13 0.00 0.62 0.00 0.19 4.94 0.66 1.83 19.4 | 0.00 0.00 2.19 19.97
18 0.14 0.62 0.00 6.52 0.02 3.80 42.21 1.30 38.13 5.661 0.04 0.16 3.00 111.60
19 0.00 0.00 0.00 0.00 0.00 0.00 2191 0.00 41.59 6.271 3.39 0.00 0.00 83.15
20 0.00 0.00 0.00 0.70 2.45 0.00 1.09 0.00 0.25 00.0 | 0.00 0.00 0.00 4.49
20A 0.00 0.01 6.33 0.14 0.00 0.00 231 0.00 0.35 16 0. 0.00 0.00 0.83 10.13
20B 0.00 0.00 0.00 0.01 0.00 0.06 0.32 0.00 0.07 | 470. 0.00 0.00 0.58 151
20C 0.03 0.31 7.21 0.71 0.00 0.00 2.14 0.00 1.02| 00 1. 0.00 0.00 0.00 12.46
20D 0.00 0.21 0.00 0.48 0.00 0.00 0.52 0.00 0.15| o000. 0.00 0.00 0.00 1.36
20E 0.00 1.69 0.00 0.00 0.00 0.00 0.38 0.00 0.18| 00 0. 0.00 0.00 0.05 2.30
20F 0.00 0.16 0.00 0.07 12.12 0.42 0.05 0.00 19.19 0.00 0.00 0.00 0.06 32.07
20G 0.21 122.55 0.11 0.07 0.00 1.20 1.72 0.00 1.28| 0.39 0.00 0.00 1.34 128.87
20H 0.00 0.44 0.00 0.04 0.00 0.00 0.32 0.00 0.00 | 00O0. 0.00 0.00 0.11 0.91
201 0.00 0.19 0.10 0.04 0.00 0.00 0.33 0.00 0.00 00 0. 0.00 0.00 0.63 1.29
20J 0.00 0.86 2.64 0.15 0.00 0.00 0.07 0.00 0.24| 06 0. 0.00 0.00 0.04 4.05
Total 0.9¢ 138.4¢ 26.4¢ 41.2¢ 17.4¢ 24.1% 204.6¢ 2.9t 120.7: 112.6¢ 3.81 2.2C 20.91 716.6¢




Table 4.7. Land Use Percentages by Zones
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Development
Zones

Wetlands

Parks and
Other
Recreational
Spaces

Forests

Commercial
Developments

Airport Land

Industrial
Developments

Residential
Developments

Quarry Land

Undeveloped
Land

Urban
Agriculture

Water Body

Railway Land

Public
Purposes

TOTAL

1 0.00 13.84 0.99 52.70 0.00 0.00 17.36 0.00 0.99 0.00 0.00 0.03 14.13 100.00
2 0.00 6.34 0.00 31.57 1.72 0.02 41.35 0.00 4.79 0.00 0.00 0.73 13.58 100.00
3 0.00 6.14 1.04 29.84 0.00 0.00 56.67 0.00 0.23 0.00 0.00 0.00 6.04 100.00
4 0.00 3.91 2.85 14.74 0.00 0.00 69.41 0.00 2.30 0.93 0.00 0.00 5.90 100.00
5 0.00 0.18 4.30 8.77 0.00 0.00 58.48 0.00 2.40 17.77 0.00 0.00 8.14 100.00
6 0.00 17.83 10.87 | 7.02 0.00 0.00 55.35 0.00 3.12 0.00 0.00 0.00 5.81 100.00
7 0.00 3.98 0.13 36.03 0.00 3.17 40.28 0.00 6.12 0.00 0.00 0.00 10.35 100.00
8 0.00 2.33 0.00 22.94 4.26 11.59 43.44 0.00 3.04 0.00 0.00 9.25 3.16 100.00
9 0.00 3.79 0.00 13.62 0.15 53.14 16.53 0.43 2.78 1.02 0.00 7.44 1.09 100.00
10 0.78 5.65 0.04 7.43 5.64 20.83 29.08 1.63 22.99 4.06 0.00 0.00 1.91 100.00
11 0.00 10.75 18.87 | 14.03 0.00 0.00 40.66 0.00 8.84 4.40 0.00 0.00 2.60 100.00
12 0.00 1.71 2.17 8.42 0.00 0.00 52.52 0.00 2.45 3141 0.08 0.00 1.62 100.00
13 0.00 0.00 9.02 1.17 0.00 0.00 52.35 0.00 1.05 32.49 0.92 0.00 3.05 100.00
14 0.82 7.17 5.04 3.39 0.00 0.00 39.24 0.90 6.89 34.02 0.00 0.00 2.55 100.00
15 0.00 1.49 4.22 5.52 0.00 0.00 21.50 0.00 0.82 62.70 0.17 0.00 3.68 100.00
16 0.00 0.00 1.72 7.06 0.00 39.76 22.38 0.00 9.32 5.45 0.00 0.00 14.21 100.00
17 0.00 0.65 0.00 3.10 0.00 0.95 24.73 3.31 9.17 47.15 0.00 0.00 10.95 100.00
18 0.13 0.56 0.00 5.84 0.02 3.40 37.84 117 34.18 14.04 0.04 0.14 2.69 100.00
19 0.00 0.00 0.00 0.00 0.00 0.00 26.35 0.00 50.02 19.56 4.07 0.00 0.00 100.00
20 0.00 0.00 0.00 15.68 54.64 0.00 24.16 0.00 5.47 0.00 0.00 0.00 0.00 100.00
20A 0.00 0.11 62.45 | 1.36 0.00 0.00 22.76 0.00 3.48 1.61 0.00 0.00 8.22 100.00
20B 0.00 0.15 0.00 0.49 0.00 4.15 21.19 0.00 4.80 30.83 0.00 0.00 38.06 10.000
20C 0.28 2.65 57.96 | 5.73 0.00 0.00 17.23 0.00 8.18 8.07 0.00 0.00 0.00 100.00
20D 0.00 15.47 0.00 35.59 0.00 0.00 38.16 0.00 10.89 0.00 0.00 0.00 0.00 100.00
20E 0.00 73.50 0.00 0.00 0.00 0.00 16.58 0.00 7.68 0.00 0.00 0.00 2.35 100.00
20F 0.00 0.49 0.00 0.23 37.81 131 0.15 0.00 59.86 0.00 0.00 0.00 0.17 100.00
20G 0.17 95.28 0.08 0.06 0.00 0.93 1.34 0.00 1.00 0.30 0.00 0.00 1.04 100.00
20H 0.00 48.48 0.00 3.98 0.00 0.00 34.64 0.00 0.00 0.00 0.00 0.00 12.52 100.00
201 0.00 14.42 7.56 3.00 0.00 0.00 25.80 0.00 0.00 0.00 0.00 0.00 49.12 100.00
20J 0.00 21.14 65.10 | 3.67 0.00 0.00 1.77 0.00 6.00 1.45 0.00 0.00 0.94 100.00




Table 4.8. Land Use Numerical Values

Development
Zones

Wetlands

(9.0)

Parks and
Other
Recreational
Spaces

(8.0)

Forests
(10.0)

Commercial
Developments
(3.0)

Airport Land
(4.0)

Industrial
Developments
(1.0

Residential
Developments
(2.0)

Quarry Land
(1.0)

Undevelopec
Land
(7.0)

Urban
Agriculture
(6.0)

Water Body
(6.5)

Railway Land
(4.5)

Public
Purposes
(5.0)

TOTAL  (ZONAL)
NOMINAL VALUES

1 0.000000| 1.106555| 0.099030| 1.580432| 0.000000| 0.000000| 0.347046| 0.000000| 0.069304| 0.000000| 0.000000| 0.001434| 0.706123| 3.909924
2 0.000000| 0.506284 | 0.000000| 0.946176| 0.068872| 0.000228| 0.826106| 0.000000| 0.334749| 0.000000| 0.000000| 0.032959| 0.678387| 3.393761
3 0.000000| 0.491242| 0.104183| 0.895442| 0.000000| 0.000000| 1.133947| 0.000000| 0.016115| 0.000000| 0.000000| 0.000000| 0.302101| 2.94303
4 0.000000| 0.312414| 0.285241| 0.442049| 0.000000| 0.000000| 1.387726| 0.000000| 0.160612| 0.055887| 0.000000| 0.000000| 0.294762| 2.938691
5 0.000000| 0.014374| 0.430022| 0.262988| 0.000000| 0.000000| 1.169053| 0.000000| 0.168008| 1.065673| 0.000000| 0.000000| 0.406991| 3.517109
6 0.000000| 1.426105| 1.087121| 0.210704| 0.000000| 0.000000| 1.107032| 0.000000| 0.218279| 0.000000| 0.000000| 0.000000| 0.290457 | 4.339698
7 0.000000| 0.318154| 0.012792| 1.080131| 0.000000| 0.031704| 0.805080| 0.000000| 0.428377| 0.000000| 0.000000| 0.000000| 0.517337| 3.193575
8 0.000000| 0.186716| 0.000000| 0.688213| 0.170323| 0.115885| 0.868736| 0.000000| 0.212474| 0.000000| 0.000000| 0.416174| 0.157929| 2.81645
9 0.000000| 0.303572| 0.000000| 0.408717| 0.006067 | 0.531345| 0.330653| 0.004342| 0.194391| 0.061054| 0.000000| 0.334789| 0.054705| 2.229635
10 0.070150| 0.451853| 0.004318| 0.222826| 0.225513| 0.208232| 0.581249| 0.016270| 1.608754| 0.243764| 0.000000| 0.000000| 0.095318| 3.728247
11 0.000000| 0.858599| 1.884272| 0.420354| 0.000000| 0.000000| 0.811993| 0.000000| 0.617970| 0.263547| 0.000000| 0.000000| 0.129638| 4.986373
12 0.000000| 0.136567| 0.216191| 0.251622| 0.000000| 0.000000| 1.046503| 0.000000| 0.170736| 1.877588| 0.004971| 0.000000| 0.080487| 3.784665
13 0.000000| 0.000000| 0.901217| 0.035003| 0.000000| 0.000000| 1.046688| 0.000000| 0.073132| 1.948890| 0.059531| 0.000000| 0.152228| 4.216689
14 0.073939| 0.573708| 0.504273| 0.101544| 0.000000| 0.000000| 0.784648| 0.008975| 0.482490| 2.040691| 0.000000| 0.000000| 0.127273| 4.697541
15 0.000000| 0.119138| 0.421624| 0.165291| 0.000000| 0.000000| 0.429550| 0.000000| 0.057191| 3.758249| 0.011299| 0.000000| 0.183950| 5.146292
16 0.000000| 0.000000| 0.172280| 0.212139| 0.000000| 0.397976| 0.448003| 0.000000| 0.653058| 0.327064 | 0.000000| 0.000000| 0.711383| 2.921903
17 0.000000| 0.051765| 0.000000| 0.093104| 0.000000| 0.009474| 0.494580| 0.033054| 0.641920| 2.828733| 0.000000| 0.000000| 0.547590]| 4.70022
18 0.011622| 0.044507| 0.000000| 0.175197| 0.000619| 0.034031| 0.756517| 0.011662| 2.391490| 0.841794| 0.002412| 0.006381| 0.134554| 4.410786
19 0.000000| 0.000000| 0.000000| 0.000000| 0.000000| 0.000000| 0.526895| 0.000000| 3.501245| 1.173794| 0.264824| 0.000000| 0.000000| 5.466758
20 0.000000| 0.000000| 0.000000| 0.470734| 2.186729| 0.000000| 0.483439| 0.000000| 0.382809| 0.000000| 0.000000| 0.000000| 0.000000| 3.523711
20A 0.000000| 0.009058| 6.245337 | 0.040925| 0.000000| 0.000000| 0.455125| 0.000000| 0.243825| 0.096720| 0.000000| 0.000000| 0.410888| 7.501878
20B 0.000000| 0.012108| 0.000000| 0.014869| 0.000000| 0.041659| 0.425201| 0.000000| 0.336927| 1.855749| 0.000000| 0.000000| 1.909232| 4.595745
20C 0.025150] 0.211464 | 5.790776| 0.171697| 0.000000| 0.000000| 0.344348| 0.000000| 0.571983| 0.483461| 0.000000| 0.000000| 0.000000| 7.598879
20D 0.000000| 1.236444| 0.000000| 1.066422| 0.000000| 0.000000| 0.762395| 0.000000| 0.761410| 0.000000| 0.000000| 0.000000| 0.000000| 3.826671
20E 0.000000]| 5.873321| 0.000000| 0.000000| 0.000000| 0.000000| 0.331243| 0.000000| 0.537010| 0.000000| 0.000000| 0.000000| 0.117488| 6.859062
20F 0.000000| 0.039173| 0.000000| 0.007000| 1.511891| 0.013141| 0.003034| 0.000000| 4.188803| 0.000000| 0.000000| 0.000000| 0.008692| 5.771734
20G 0.014881| 7.607395| 0.008830| 0.001667| 0.000000| 0.009286| 0.026718| 0.000000| 0.069691| 0.017973| 0.000000| 0.000000| 0.051937| 7.808378
20H 0.000000]| 3.893112| 0.000000| 0.119892| 0.000000| 0.000000| 0.695410| 0.000000| 0.000000| 0.000000| 0.000000| 0.000000| 0.628460| 5.336874
201 0.000000| 1.154645| 0.757115| 0.089957| 0.000000| 0.000000| 0.516462| 0.000000| 0.000000| 0.000000| 0.000000| 0.000000| 2.458706| 4.976885
20J 0.000000| 1.689791| 6.505639| 0.110020| 0.000000| 0.000000| 0.035387| 0.000000| 0.419866| 0.086849| 0.000000| 0.000000| 0.046948| 8.8945
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Figure 4.16. Environmental Quality of Nairobi Bagd on Land Uses.



4.5.2 Development Density Variations within the Cit

As illustrated by Table 4.9 and Figure 4.17, depelent densities vary across the city. For
instance, CBD (zone 1), Eastlands (zones 7, 8nil&28) and industrial area (zone 9) have
the highest development densities of 56.71%, 57,&R02%, 53.87%, 53.81% and 66.88%
respectively There are marked differences even within the saewveldpment zone. For
example, zone 11 comprising of Kibera, Ayany, OlynpFort Jesus and Karanja
neighbourhoods collectively have a modest developrdensity of 33.06% while Kibera
neighbourhood which is an informal settlement witlthe zone have high densities
approximated at 87%. Since high development dessigduces the vegetation cover, such
neighbourhoods experience elevated surface terupesaand increased concentrations of air
pollutants which subsequently compromise the nagtimod’'s environmental quality.
Further analysis was undertaken on how developaemsities and land uses (urban form)
affects the urban environmental quality, resultsmbiich is presented in Table 4.10 and

Figure 4.18 illustrating how the city’s environmainuality varies with the urban form.

4.5.3 Biomass Variations within the City

Even though air purification and temperature motienaabilities of the vegetation are

influenced by type and distribution of the vegetafiit is the biomass component of the
vegetation which significantly influences the samberefore, it is imperative to consider
biomass index in studies focussing on the effecvegetation on urban environmental
guality. Chapter three details out how the analgéithe effects of biomass index on urban
environmental quality was undertaken, results attvis presented in Table 4.11 and further
transformed into Figure 4.19 showing how environtalequality varies within the city with

vegetation density.



Table 4.9. The Environmental Quality Nominal Valuedor the Development Densities in the City

13C

Developmen

Built-Up Land Uses by Areas (krd)

The Zone's Total Land Areas
2

Actual Built Up Spaces-

Development Density

Development

Zones (km?) Areas (ki) (%) Density Nominal
Commercial Airport Land Industrial Residential Railway Land Public Purposes Value
Developments Developments Developments
1 4.27 0.00 0.00 1.41 0.01 1.14 8.10 4.59 56.71 4.5
2 2.30 0.13 0.01 3.01 0.05 0.99 7.28 3.59 49.32 55
3 1.85 0.00 0.00 3.52 0.00 0.37 6.20 3.01 48.56 55
4 3.07 0.00 0.00 14.45 0.00 1.23 20.82 5.84 28.04 7.5
5 1.68 0.00 0.00 11.20 0.00 1.56 19.16 4.49 23.45 8.0
6 0.47 0.00 0.00 3.73 0.00 0.39 6.75 1.15 17.05 8.5
7 1.45 0.00 0.13 1.62 0.00 0.42 4.03 2.32 57.67 4.5
8 2.47 0.46 1.25 4.67 1.00 0.34 10.76 6.14 57.02 4.5
9 1.81 0.02 7.07 2.20 0.99 0.15 13.31 8.90 66.88 35
10 2.95 2.24 8.28 11.56 0.00 0.76 39.78 16.49 41.47 6.0
11 0.47 0.00 0.00 1.36 0.00 0.09 3.34 1.10 33.06 7.0
12 5.08 0.00 0.00 31.70 0.00 0.98 60.59 10.05 16.58 8.5
13 0.33 0.00 0.00 14.80 0.00 0.86 28.27 4.00 14.14 9.0
14 0.98 0.00 0.00 11.41 0.00 0.74 29.08 3.28 11.29 9.0
15 2.24 0.00 0.00 8.73 0.00 1.50 40.64 4.36 10.73 9.0
16 0.31 0.00 1.75 0.99 0.00 0.63 4.40 2.37 53.87 5.0
17 0.62 0.00 0.19 4.94 0.00 2.19 19.97 4.19 20.96 8.0
18 6.52 0.02 3.80 42.21 0.16 3.00 111.60 28.17 25.24 8.0
19 0.00 0.00 0.00 21.91 0.00 0.00 83.15 10.95 13.17 9.0
20 0.70 2.45 0.00 1.09 0.00 0.00 4.49 2.42 53.81 5.0
20A 0.14 0.00 0.00 231 0.00 0.83 10.13 0.92 9.04 9.5
20B 0.01 0.00 0.06 0.32 0.00 0.58 151 0.54 35.87 6.5
20C 0.71 0.00 0.00 2.14 0.00 0.00 12.46 1.00 8.03 9.5
20D 0.48 0.00 0.00 0.52 0.00 0.00 1.36 0.64 47.50 55
20E 0.00 0.00 0.00 0.38 0.00 0.05 2.30 0.22 9.69 9.5
20F 0.07 12.12 0.42 0.05 0.00 0.06 32.07 7.58 23.63 8.0
20G 0.07 0.00 1.20 1.72 0.00 1.34 128.87 1.69 1.31 10
20H 0.04 0.00 0.00 0.32 0.00 0.11 0.91 0.18 19.77 85
201 0.04 0.00 0.00 0.33 0.00 0.63 1.29 0.35 27.30 7.5
20J 0.15 0.00 0.00 0.07 0.00 0.04 4.05 0.09 2.23 10.0
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Table 4.10. Urban Form Nominal Values

13z

Development Development Density Development Density Land Use (Spatial Structure) Nominal Total Urban Form Nominal Urban Form Nominal
Zones (%) Nominal Value Values Values Values

1 56.710748 4.5 3.909924 8.409924 4.204962
2 49.319672 55 3.393761 8.893761 4.4468805
3 48.556148 55 2.94303 8.44303 4.221515
4 28.036458 7.5 2.938691 10.438691 5.2193455
5 23.452928 8.0 3.517109 11.517109 5.7585545
6 17.046051 8.5 4.339698 12.839698 6.419849
7 57.674833 4.5 3.193575 7.693575 3.8467875
8 57.022857 4.5 2.81645 7.31645 3.658225
9 66.884362 35 2.229635 5.729635 2.8648175
10 41.467649 6.0 3.728247 9.728247 4.8641235
11 33.064927 7.0 4.986373 11.986373 5.9931865
12 16.580288 8.5 3.784665 12.284665 6.1423325
13 14.136434 9.0 4.216689 13.216689 6.6083445
14 11.290671 9.0 4.697541 13.697541 6.8487705
15 10.733175 9.0 5.146292 14.146292 7.073146
16 53.871775 5.0 2.921903 7.921903 3.9609515
17 20.961019 8.0 4.70022 12.70022 6.35011

18 25.243432 8.0 4.410786 12.410786 6.205393
19 13.172386 9.0 5.466758 14.466758 7.233379
20 53.814018 5.0 3.523711 8.523711 4.2618555
20A 9.0427297 9.5 7.501878 17.001878 8.500939
20B 35.871602 6.5 4.595745 11.095745 5.5478725
20C 8.0292232 9.5 7.598879 17.098879 8.5494395
20D 47.497805 55 3.826671 9.326671 4.6633355
20E 9.6909317 9.5 6.859062 16.359062 8.179531
20F 23.632255 8.0 5.771734 13.771734 6.885867
20G 1.3148732 10.0 7.808378 17.808378 8.904189
20H 19.766024 8.5 5.336874 13.836874 6.918437
201 27.298526 7.5 4.976885 12.476885 6.2384425
20J 2.2314792 10.0 8.8945 18.8945 9.44725
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Figure 4.18. Spatial Distribution of Nairobr's Environmental Quality Based on Urban Form.




Table 4.11: Environmental Quality Variations within the City with Biomass Variations

134

Devt

Vegetation Categorization in the Un-built Spaces AthWeightings

Actual Built Up

Un-Built Spaces or

The Zone's Total

The Zonal Aggregate

The Vegetation

Zones " " Spaces (k the Open-Land | Land Areas (km? Vegetation Density | Density Nominal
We“?orgs E)Zt:cl%za“o:: FOI'E(S;O) Qual'(r(gl.lL)aml Sho(r(t)%r)ass Tall %%S}de"ebped lz(rg:g)b Sm?g;)ree AglfJi((r(:)lI)jIE;L]lre P (rﬁ) (km?) i tm (chaleto 100%) X;lguég;tsec\allgllg; o
o8

1 0.00000 | 11.06555| 0.990304 | 0.000000 19.92690291297487 0.000000 | 4.5946226 3.5072324| 8.101855 31.98275691 3.198275691
2 0.00000 | 5.062841| 0.000000| 0.000000 24.39347754208919 0.000000 | 3.5918866 3.6909814| 7.282868 29.45631854 2.945631854
3 0.00000 | 4.912421| 1.041826| 0.000000 30.98304937970983 0.000000 | 3.0110299 3.1901001| 6.20113 36.93729638 3.693729638
4 0.00000 | 3.124143| 2.852406| 0.00000 44.99214346191361 0.465729 | 5.8378999 14.9846301] 20.82253 51.43442146 5.143442146
5 0.00000 | 0.143740| 4.300220| 0.000000 38.01415182853201 8.880609 | 4.4943926 14.6690674| 19.16346 51.33872083 5.133872083
6 0.00000 | 14.26105| 10.87121| 0.000000 37.97949957862139 0.000000 | 1.149878 5.595837| 6.745715 63.11175958 6.311175958
7 0.00000 | 3.181539| 0.127923| 0.000000 15.28812854831922 0.000000 | 2.3228164 1.7046186| 4.027435 18.59759055 1.859759055
8 0.00000 | 1.867155| 0.000000| 0.000000 16.25729430693 0.000000 | 6.1350151 4.6238549| 10.75887 18.12444931 1.812444931
9 0.00000 | 3.035720| 0.000000| 0.043421 11.14768699186075 0.508787 | 8.900389 4.406741| 13.30713 14.73561499 1.473561499
10 0.233834| 4.518533| 0.043177| 0.162697 20.86733768285843 2.031366 | 16.494168 23.281822| 39.77599 27.85694468 2.785694468
11 0.000000| 8.585986| 18.84272| 0.000000 13.18697082169686 2.196222 | 1.1047478 2.2363992| 3.341147 42.81189882 4.281189882
12 0.000000| 1.365673| 2.161910| 0.000000 33.72676795101381 15.64657 | 10.045748 50.542752| 60.58850 52.90091783 5.290091783
13 0.000000| 0.000000| 9.012166 | 0.000000 30.41782569665947 16.24075 | 3.9967628 24.2760172| 28.27278 55.67074211 5.567074211
14 0.246462 | 5.737083| 5.042728 | 0.089746 24.45883344433858 17.00576 | 3.283633 25.799077| 29.08271 52.58060923 5.258060923
15 0.000000| 1.191383| 4.216238| 0.000000 14.52504004964926 31.31874 | 4.3616468 36.2754132| 40.63706 51.25140067 5.125140067
16 0.000000| 0.000000| 1.722804 | 0.000000 15.58174453607362 2.725530 | 2.3717852 2.0308638| 4.402649 20.0300778 2.00300778

17 0.000000| 0.517654| 0.000000| 0.330541 11.17637620594075 23.57277 | 4.1856745 15.7831755| 19.96885 35.59734386 3.559734386
18 0.038743| 0.445074| 0.000000| 0.116617 23.53515808337627 7.014946 | 28.172301 83.430199| 111.6025 31.1505382 3.11505382

19 0.000000| 0.000000| 0.000000| 0.000000 31.59508330013146 9.781616 | 10.953225 72.199705| 83.15293 41.37669893 4.137669893
20 0.000000| 0.000000| 0.000000| 0.000000 27.71158848671764 0.000000 | 2.4164814 2.0739496| 4.490431 27.71158849 2.771158849
20A | 0.000000| 0.090579| 62.45337| 0.000000 18.74504260924758 0.805997 | 0.9160674 9.2143626| 10.13043 82.09498926 8.209498926
20B | 0.000000| 0.121076| 0.000000| 0.000000 19.82874503853213 15.46457 | 0.5413491 0.9677809| 1.50913 35.41439372 3.541439372
20C | 0.083834 | 2.114637| 57.90776| 0.000000 16.15781578136139 4.028845 | 1.0001779 11.4565421| 12.45672 80.29289628 8.029289628
20D | 0.000000| 12.36444| 0.000000| 0.000000 14.81865947027431 0.000000 | 0.6438299 0.7116641| 1.355494 27.18309635 2.718309635
20E | 0.000000| 58.73321| 0.000000| 0.000000 6.757021439463436 0.000000 | 0.2233219 2.0811201| 2.304442 65.49023321 6.549023321
20F | 0.000000| 0.391730| 0.000000| 0.000000 37.93903355739015 0.000000 | 7.5797408 24.4939692| 32.07371 38.33076373 3.833076373
20G | 0.049603| 76.07395| 0.088304 | 0.000000 1.823707152418088 0.149776 | 1.6945100 127.17799| 128.8725 78.18533939 7.818533939
20H | 0.000000| 38.93112| 0.000000| 0.000000 22.09905695722698 0.00000 0.1793743 0.7281137| 0.907488 61.03017696 6.103017696
201 | 0.000000| 11.54645| 7.571148| 0.000000 35.48808159168221 0.00000 0.3524546 0.9386574| 1.291112 54.60567959 5.460567959
20J | 0.000000| 16.89791| 65.05639| 0.000000 7.099584332155229 0.723742 | 0.0904257 3.9618483| 4.052274 89.7776214 8.97776214
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Figure 4.19. The Distribution of the Nairobi's Envionmental Quality Based on Biomass Values.
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The relationship existing between urban morpholegyg the environmental quality is
demonstrated by the "9century’s industrial cities of Europe. At the peai
industrialization, these cities experienced popatatinflux which they accommodated
through increased development densities. This d¢edoss of biodiversity, increased air
pollution and deteriorating quality of life. Thisage majority of the urban inhabitants to
move their residents outside the cities, leadinigtmation of suburbs and urban sprawl as is
currently being experienced in Nairobi. Thereforgban morphology is a significant
determinant of urban environmental quality andanability. However, for the achievement
of urban sustainability, urban morphology must lbeompanied by strong transportation
system and well-planned infrastructure (Jenks, 280€hardsoret al. 2000). This point to
the fact that the various planning epochs whichrdtéi has gone through since its
establishment as a colonial city has not been apipte. It is therefore apparent that the
deterioration of Nairobi’s environmental qualityeevthough shaped by the morphology, it
has also been complicated by inadequate infrasteigirovision and weak transportation
network. The above being the case, this study lkested how environmental quality of
Nairobi City varies with urban morphological parders of spatial structure (land uses),
development density and the vegetation (index) itlen§he findings of the analysis is
presented in Table 4.12 and further spatially prieskin Figure 4.20 which illustrates how

environmental quality varies with the city’s morpdgical changes.



Table 4.12. Environmental Quality Variations within the City with Morphological Changes

Do open —rban Form Nominal Values Nominal values (VN | Namnaivate | Do A E
ones Development (Ig%n’i% Nominal Value Land Ul\lsc?mci)r:aLIJr\l/):I: éssp(al_tﬁll\l?/t)ructure (DDNV+LUNV+VDNV)

1 4.t 3.90992. 3.19827569 11.6(81996¢ 3.869399897
2 5t 3.39376. 2.94563185 11.8393928 3.946464285
3 5.t 2.9430: 3.69372963 12.1367596 4.045586546
4 7.5 2.93869. 5.14344214 15.5821331 5.194044382
5 8.C 3.51710! 5.13387208 16.6509810 5.550327028
6 8.t 4.33969: 6.31117595 16.1508739 6.383624653
7 4.t 3.19357! 1.85975905 9.55333405 3.184444685
8 4.t 2.8164! 1.81244493 9.12889493 3.04296497
9 3.t 2.22963! 1.47356149 7.20319649 2.401065
1C 6.C 3.72824 2.78569446 12.5139414 4.17131382
11 7.C 4.98637. 4.28118988 16.2675628 5.422520961
12 8.t 3.78466! 5.29009178 17.5747567 5.858252261
13 9.C 4.21668! 5.56707421 18.7837632 6.261254404
14 9.C 4.69754. 5.25806092 18.9556019 6.318533974
15 9.C 5.14629. 5.12514006 19.2714320 6.423810689
1€ 5.C 2.92190: 2.0030077: 9.9249107 3.308303593
17 8.C 4.7002: 3.55973438 16.2599543 5.419984795
18 8.C 441078 3.1150538 15.5258398 5.17527994
18 9.C 5.46675i 4,13766989 18.6044278 6.201475964
2C 5.C 3.52371. 2.7711588486 11.2948698 3.764956616
20A 9.t 7.£0187¢ 8.20949892 25.2113769 8.40379230
20B 6.t 4.59574! 3.54143937 14.6371843 4.87906145
20C 9.t 7.59887! 8.02928962 25.1281686 8.37605620
20D 5.t 3.82667 2.71830963 12.0449806 4.014993545
20E 9.t 6.85906. 6.54902332 22.9080853 7.63602844
20F 8.C 5.77173. 3.83307637 17.6048103 5.868270124
20C 10.C 7.80837: 7.81853393 25.6269119 8.54230398
20H 8.t 5.33687. 6.10301769 19.939891 6.646630565
201 7.5 4.97688! 5.46056795 17.9374529 5.979150986
20, 10.C 8.894! 8.9777621 27.8722621 9.290754047
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IEigure 4.20. Spatial Distribution of the Nairobi Gty’s Environmental Quality Based on the Urban Morphology.




4.6 The Effects of Urban Morphology on the Environrental Quality of the City

Higher urbanization rates present a major challerigeurban sustainability
especially to the developing countries which araratterised by low technical and financial
capacities for urban environmental managemenhdnécent decades, realisation that global
warming and climate change is caused and exacdrititancreased urbanisation and
GHG emissions has heightened studies on the liekgden urbanisation indicators such as
development densities, land uses, vegetation iaddxhe environmental quality parameters
such as the urban heat islands, air quality, cénzéiange and global warming. The urban
morphological attributes notably the developmeninsdes, building materials and
configurations, street orientations and widths,n/mede structures and green belts
attenuates wind flow within the street canyons #redurban canopy layers which in turn
affects the distribution of the urban thermal valas well as the dispersal and concentration
of the air pollutants. The above further explaif® toccurrences of higher surface
temperatures in the cities relative to their hiatsis. Scholars therefore agree that there is a
significant relationship existing between urban phamiogy and the urban environmental
quality parameters of surface temperatures andjuality. The fundamental question is
therefore to what extent are individual urban molpbical parameters determining the

urban environmental quality distribution.

4.6.1 The Surface Temperature Distribution in the @y

The determination of the relationship existing lkestw the city’'s morphological parameters
of land use, development density and biomass iadéxhe environmental quality parameter
of surface temperature were undertaken as detailech chapter three. The findings on the

same are presented in Figures 4.21 to 4.26 an@g4hl3 and 4.14.
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Figure 4.24. The Spatial Distribution of the Suiace Temperature Values of Nairobi City in the Year2005.
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Figure 4.25. The Spatial Distribution of the Surdce Temperature Values of Nairobi City in the Yea2010.
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Figure 4.26. The Distribution of the Surface Temerature Values within Nairobi City in the Year 2015
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To corroborate the relationship existing betwedranisation, global warming and climate
change, average surface temperature values oityHfercthe years under consideration were
computed (results shown in Table 4.13) alongsidesthe of land under built-up, open and
transitional areas as well as size of land undgetation cover. Calculations of average
surface temperatures values per development zonkefgear 2015 was also undertaken and
converted into numerical values ranging from 1Q@a$ illustrated by Table 4.14 and further
transformed into Figure 4.27 showing the city’sissrwmental quality distribution based on

surface temperatures.

Table 4.13. Average Surface Temperature Values, BulUp/Open/Transitional and Vegetation

Cover Areas
Years Average Surface Urban Built- Vegetation Areas Total Area
Temperature Values Up/Open/Transitional (km?) (km?)
‘c) Areas (km?) (X2
(v) (X1)
1988 24.L 73.07¢ 640.4¢
1995 25.t 124.3¢ 587.1¢
2000 28.c 155.2( 556.1¢
2005 28.7 175.1¢ 537.4( 716.22
2010 29.4 183.9° 529.2(
2015 29.1 228.6¢ 483.4°

The relationship existing between the size of landerbuilt-up, open and transitional areas
and the surface temperaturesiong relationship corroborated by a correlatioafficient

(r) value of 0.948 and a calculategtalue of 5.94 compared to a critidavalue of 2.78.
While the calculated F-value of the relationshigseng between the two variables is 35.284,
the critical F-value is 7.71. This confirms tha¢ tlelationship existing between the variables
under consideration is significantly strong andchat occurring by chance. Similarly, the
relationship existing between the size of land undegetation cover and the surface

temperatures presents a significant relationshideeeced by a correlation coefficient (r)
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value of -0.946 and a calculatedalue of 5.843 compared to a crititalalue of 2.78. The
calculated and critical F-values for the relatiopséwre 34.136 and 7.71 respectively. This

confirms that the relationship existing betweenwégetation cover and surface temperatures

is significantly strong and is not occurring by cbe.

The model representing the relationship existingvben the surface temperatures, the size

of land undebuilt-up, open and transitional areasd the vegetation cover is represented by

equation 4.1.

Y=0.286X% + 0.247% — 154.254
Where: -

Y = Estimated Surface Temperature Values
X, = Size of land undddrban Built-Up, Open and Transitional Areas

X, = Size of Land under Vegetation Cover
Other statistics for the above stated relationahgpas follows:-

t; = The calculated-value attributed to the size of land un@erilt-Up, Open and

Transitional Areas whicls 6.27

t, = The calculated-value attributed to the size of land under vegatatover

which is 5.42

tz = The calculatettvalue attributed to the error term (constant) Wwh&4.75

F = Calculated F-value of the relationship which4s6¥73

The results confirm that in concert, urban buili-open and transitional elements are the
most significant determinant of the urban surfaseageratures relative to vegetation cover.
However, the significance of the t-value attributedthe error term (4.75) in the model

implies that apart from thleuilt-up, open, transitional areas and the vegetatover,other
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variables which are not considered by this relatigm significantly explain the spatial

distribution of the surface temperatures withindhg.

Table 4.14. Average Surface Temperature values with the Development Zones of the City

by the Year 2015
Development Zones Average Surface Temperatures Sade Temperature Nominal Values
1 29.3¢ 6.3
2 31.7¢ 4.6¢€
3 29.01 6.3
4 27.7¢ 7.3%
5 26.1% 7.9¢
6 26.2: 7.9¢
7 30.9: 5.3¢
8 32.11 4.3:
9 32.8¢ 3.9¢
1C 31.6¢ 4.6¢€
11 30.2¢ 5.6¢
12 26.81 7.6€
13 27.1% 7.6¢€
14 28.7¢ 6.6¢€
15 27.61 7.3%
16 31.2( 4.9¢
17 30.6¢ 5.3¢
18 32.6¢ 3.9¢
18 36.0¢ 1.9¢
20 31.9¢ 4.6¢
20A 24.6: 8.9¢
20B 31.2¢ 4.9¢
20C 26.12 8.3¢
20D 30.8( 5.3¢
20E 29.4( 6.3<
20F 36.61 1.6¢€
20C 31.2¢ 4.9¢
20H 28.01 6.9¢
20l 25.3: 8.6¢€
20¢ 27.12 7.6€

Figure 4.27 corroborate that Nairobi’'s surface terafures broadly manifesting in four
temperature zones namely; therthern and western, southern, eastern and teotras is
influenced bythe interactions and variations in vegetation typed density, urban form,
topographical and pedological base of the.clige red volcanic soils characterising the

northern and western parts of the city are richnutrients and humus thus supports
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vegetation growth whiclare effectivemoderators of surface temperatures. Contrary to the
above, southern and eastern parts of the city ctesised by undulating plains and black
cotton soils with low nutrient contents supportarsp vegetation cover such as disturbed
bushes, shrubs, perennial grasses and under steesywhich are inadequate moderators of
the surface temperatureBherefore, thegpresence oNgong and Karura forestand higher
topographies to the northern and western parthefcity, coupled with low development
densities characterising the neighbourhoods haeel &t concert towards the achievement of
lower surface temperatures in the zones as comparbijher surface temperatures being
experienced in the southern and eastern partseofcitly, further characterised by high
development densities and dominance of land useb &s transportation, industrial
developments and quarries which enhances therniaés/a’he central part of the city
characterised by mixtures of red volcanic and blectton clay soils supports moderate

vegetation growth thus the zone experiences mazsuatace temperatures.

4.6.2 Air Quality Distribution in the City

Improved economic growth, inadequate public transpion and rural-urban migration
waves into the African cities have contributedioreased vehicular volume and gaseous
emissions in the cities, making air pollution angiigant problem facing African cities
today. Currently, out of the 8.5 million registereats in Kenya, approximately 5.0 million
operate within Nairobi and its environs. The expagdehicular volume has made traffic
snarl and increased air pollution a permanent fedtuthe city. This has made Nairobi to
globally rank fourth in transportation problems (BR, 2011; Njeru, 2010). It is projected
that should the trend continue, the number of Jehigps will increase by 148% in the

year 2025 while the average speed will reduce B8&rkm/hr to 11km/hr (Irungu, 2007).
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Figure 4.27. The Distribution of the Nairobi Citys Environmental Quality Based on Surface Temperatte Nominal Values.
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Motor vehicles emit GHGs, suspended particulateenasulphur dioxide and a wide range
of volatile organic compounds which react with ggiml to deplete the ozone layer. These
pollutants have health effects which manifests hest congestion, coughs, phlegm, sore
throats and asthmatic attacks (Kinretyal. 2000; Hedleyet al. 2003; Frumkinet al. 2004,
Schwelaet al.2006). Of all these pollutants, SRMwvhich is a complex mixture of solid and
liquid organic and inorganic particles less thaegual to 2.5um in diameter is of particular
significance on climate change and health effdtsir small sizes enables them to penetrate
deeply into the lungs where they exert adversestiich as lung and heart diseases as well

as exacerbating post-neonatal infant mortality (&/af et al.2006; Popet al.2002).

The study reveals gradual decrease in gaseousrtoataans from the CBD, industrial areas
and satellite commercial centres in the city. ThBDC industrial areas and satellites
commercial centres being employment zones, thegcaincreased vehicular volume which
heightens the concentration of air pollutants. Hi®ve is complicated by the high
development densities characterising the neighlomai$which attenuates wind velocity and
diminish the vegetation cover to consequently redbe purification ability of the ecosystem
as well as the dispersal of air pollutants. Thessfarban morphological parameters of form,
building configuration and vegetation density iefice the emissions, concentration and the
distribution of the air pollutants. As illustrateg Tables 4.11 and 4.15, development zones
with high vegetation densities such as zones %2613, 15, 20A, 20C, 20G and 20J have
comparatively low gaseous concentrations as cordpgardevelopment zones such as 1, 2, 7,
8, 9, 10, 11, 16, 18, 20, 20D and 20F having lowntwlerate vegetation densities. Figures
4.28 to 4.31 shows that carbon dioxide is the widpsead form of air pollutant within the

city followed by nitrogen dioxide, sulphur dioxided SPM respectively.
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Table 4.15. Air Quality Values by Development Zones

Development Average Carbon Carbon Average Nitrogen Nitrogen Average Sulphur Sulphur Average Suspended Suspended Total Air Average Air
Zones Dioxide Values Dioxide Dioxide Values Dioxide Dioxide Values Dioxide Particulate Matter Particulate Quality Quality
(ppm) Nominal (ppb) Nominal (ppb) Nominal Values (ug/n). Matter Nominal Nominal
Values Values Values Nominal Value Values
Values
1 375.327384 1.33¢ 21.8691371 4.33: 1.39793105 5.00( 43.7240423 7.00( 17.666 4.416¢
2 375.156217 1.33: 24.0843995 3.667 1.35807019 5.00( 41.8822066 7.00( 17.000 4.25(
3 268.421826 4.66 12.9344163 7.00( 0.79833920 7.66 23.3633438 8.33¢ 27.667 6.9167!
4 324.029494 3.00( 11.6810437 7.33¢ 0.66676609 8.33¢ 12.4824455 9.33: 27.999 6.9997!
5 199.47¢437¢ 7.00( 6.31589561 9.00( 0.36569568 9.66 7.56712657 10.00( 35.66 8.9167!
6 234.167370 5.667 12.5782758 7.00( 0.80319929 7.66 18.0338006 9.00( 29.33¢ 7.333¢
7 318.509773 3.00( 21.4581689 4.33: 1.46573017 4.66 55.3776060 6.00( 18.C 4.500
8 398.680469 1.00( 29.3176155 1.66 1.80846657 3.00( 84.2856006 3.66 9.334 2.333¢
9 401.967565 1.00( 28.9677296 2.00( 1.81632029 3.00( 78.6198302 4.00( 10.0 2.500
1C 362.62686 2.00( 27.6071198 2.33: 1.76218415 3.33: 76.6391228 4.33: 11.999 2.9997!
11 358.549913 2.00( 13.6390825 6.66 0.83534115 7.33: 11.6536403 9.33: 25.333 6.3332!
12 135.565581 8.66 6.62256164 9.00( 0.3621754 9.66 10.7989533 9.66 37.001 9.2502!
13 124.546756 9.33: 4.59508620 9.66 0.36925981 9.66 8.5070897¢ 9.66 38.334 9.583¢
14 189.889916 7.33¢ 11.3318824 7.33: 0.8091521 7.66 27.180883 8.33¢ 30.666 7.666¢
15 174.450797 7.66 7.29411286 9.00( 0.43806390 9.33: 12.5997806 9.33: 35.333 8.8332!
1€ 263.735062 4.66 17.3450077 5.66 1.24263532 5.667 49.0267477 6.33: 22.334 5.583¢
17 210.282060 6.33¢ 10.6819859 7.66 0.72107740 8.00( 21.9688043 8.66 30.667 7.6667"
18 260.826119 5.00( 16.3292762 6.00( 1.20925779 5.667 51.3210616 6.33: 23.C 5.7%0
16 202.156091 6.66 11.1523388 7.66 0.56994841 8.66 32.4310189 7.661 30.66¢ 7.66
2C 371.942630 1.66 26.7074096 2.66i 1.71508457 3.33: 73.5269633 4.33: 12.C 3.C0C
20A 145.379261 8.66 6.73259271 9.00( 0.49391879 9.00( 11.5875157 9.33: 36.0 9.C0C
20B 201.793597 6.66 8.65991794 8.33: 0.76491487 7.66 17.0519019 9.00( 31.667 7.9167"
20C 237.671493 5.66 7.5351269 8.667 0.49623250 9.00( 10.7995995 9.66 33.001 8.2502!
20D 360.995966 2.00( 25.147012 3.00( 1.54769970 4,33 51.2192566 6.33: 15.666 3.916¢
20E 272.338089 4.66 13.6520377 6.66 0.86496129 7.338 10.4105768 9.66 28.334 7.083¢
20F 278.582640 4.33: 21.9382299 4.33: 1.26538030 5.33: 68.2990548 5.00( 18.999 4.7497!
20C 247.038719 5.33¢ 19.4744624 5.00( 0.93839571 7.00( 44.,5895401 6.66 24.0 6.C0C
20H 290.374853 4.00( 16.373092 6.00( 1.03035271 6.66 24.3014272 8.33¢ 25.0 6.250
201 333.156217 2.66 15.390637 6.33: 0.85120215 7.33: 18.9571138 8.66 25.0 6.250
20. 282.262353 4.33: 7.33903846 9.00( 0.49351739 9.00( 12.5484017 9.33: 31.66¢ 7.916¢
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Figure 4.29. The Spatial Distribution of Nitroge Dioxide Values in the City.
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Figure 4.30. The Distribution of Sulphur Dioxde Values in the City.
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Figure 4.33. Average Nitrogen Dioxide Values pddevelopment Zone.
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Figure 4.34. Average Sulphur Dioxide Values per Drelopment Zone.
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Figure 4.35. Average Suspended Particulate Mait VValues per Development Zone.
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Figure 4.36. The Distribution of Nairobi City’s Environmental Quality Based on Carbon Dioxide Nomin&Values.
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Figure 4.37. Spatial Distribution of the City’s Environmental Quality Based on Nitrogen Dioxide Nommal Values.
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I.:igure 4.38. Spatial Distribution of the Ci¢’s Environmental Quality Based on Sulphur DioxideNominal Values.
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Figure 4.39. The Distribution of the City’s Envionmental Quality Based on Suspended Particulate M#er Nominal Values.
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Figure 4.40. Environmental Quality of the City Basd on the Air Quality Nominal Values.
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Table 4.16. Environmental Quality Relationships
Development Aggregate Urban Average Urban Land Use (Urban Spatial Development Density Vegetation Density Surface Temperature Average Air Quality
Zones Environmental Quality Environmental Structure) Nominal Nominal Values Nominal Values Nominal Values Nominal Values
Nominal Values Quality Nominal Values
Values
Y Y, X1 Xz X3 X4 Xs
1 22.3546996 4.47093993 3.90992. 4.t 3.19827569 6.3% 4.416¢
2 20.74939285 4.14987857C | 3.39376. 5.t 2.94563185 4.6¢€ 4.25(
3 25.3835096 5.07670192 2.9430: 5.t 3.69372963 6.3¢ 6.9167!
4 29.9118831 5.98237662 2.93869. 7.5 5.14344214 7.3¢ 6.9997!
5 33.5577310 6.71154621 3.51710! 8.C 5.13387208 7.9¢ 8.9167!
6 34.4743739 6.89487479 4.33969: 8.t 6.31117595 7.9¢ 7.333¢
7 19.3833340 3.87666681 3.19357! 4.t 1.85975905 5.3¢ 4.5(
8 15.7923949 3.15847898 2.8164! 4.5 1.81244493 4.3 2.333¢
9 13.693196 2.738639 2.22963! 3.t 1.47356149 3.9¢ 2.5
1C 20.1736914 4.03473829 3.72824 6.C 2.78569446 4.6¢ 2.9997!
11 28.2608128 5.65216257 4.98637. 7.C 4,28118988 5.6¢ 6.3332!
12 34.4850067 6.89700135 3.78466! 8.5 5.29009178 7.6€ 9.2502!
13 36.0272632 7.20545264 4.21668! 9.C 5.56707421 7.6€ 9.583¢
14 33.2821019 6.65642038 4.69754. 9.C 5.25806092 6.6€ 7.666¢
15 35.4346820 7.08693641 5.14629. 9.C 5.12514006 7.3¢ 8.8332!
16 20.4984107 4.09968215 2.92190: 5.C 2.0030077 4,9¢ 5.583!
17 29.2567043 5.85134087 4.7002: 8.C 3.55973438 5.3% 7.6667!
18 25.2658398 5.05316796 4.41078! 8.C 3.1150538 3.9¢ 5.7¢
19 28.2614278 5.65228557 5.46675! 9.C 4,13766989 1.9¢ 7.66
20 18.9548698 3.7909739 3.523711 5.C 2.77115884 4.6¢€ 3.C
20A 43.2013769 8.64027538 7.50187: 9.t 8.20949892 8.9¢ 9.C
20B 27.5439343 5.50878687 4.59574! 6.t 3.54143937 4,9¢ 7.9167!
20C 41.7084186 8.34168372 7.59887! 9.t 8.02928962 8.3¢ 8.2502!
20C 21.2914806 4.25829612 3.82667: 5.t 2.71830963 5.3t 3.916¢
20E 36.3215853 7.26431706 6.85906. 9.t 6.54902332 6.3% 7.083¢
20F 24.0145603 4.80291207 5.77173. 8.C 3.83307637 1.6¢€ 4.7497!
20C 36.6169119 7.32338238 7.80837! 10.C 7.81853393 4,9¢ 6.C
20H 33.1798917 6.63597:33¢ 5.33687. 8.t 6.10301769 6.9¢ 6.2t
20l 32.8474529 6.56949059 4.97688! 7.5 5.46056795 8.6¢ 6.2¢
20, 43.4487621 8.68975242 8.894! 10.C 8.9777621 7.6¢€ 7.916:
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4.7 An Integrated Urban Environmental Quality Model for Nairobi City

In acknowledging that urban environmental qualigsessment requires integration of
multiple parameters, this study integrated urbampim@ogical parameters of development
density, land use and vegetation density with amlity and surface temperatures in the
assessment of the environmental quality of NaiGhy. The results of the analysis is
presented in Table 4.16 and further transformed Kigure 4.41 which is an integrated

spatial model showing the environmental qualityrdistion within the city.

The results of thePearson’s Product Moment CorrelatioBoefficient Indexef the
relationships existing between and among the varimorphological and environmental

guality variables considered in the study are shiowirable 4.17.

Table 4.17. Correlation Matrix Variables

IAggregate Air Quality |Surface DevelopmeniLand Use dVegetation
Environmental [Temperature{Density Urban Density
Quality Spatial
Structure
IAggregate
Environmental 1.000 0.847 -0.686 -0.915 0.779 0.958
Quality
Air Quality 0.84i 1.00( -0.597 -0.77¢ 0.44¢ 0.68¢
Surface Temperatur -0.68¢ -0.597 1.00( 0.39i -0.23¢ -0.632
Development Densit]  -0.91% -0.77¢ 0.397 1.00( -0.78¢ -0.871
Land Use or Urbg
) 0.779 0.446 -0.236 -0.788 1.000 0.840
Spatial Structure
\Vegetation Density 0.95¢ 0.68¢ -0.63: -0.871 0.84(C 1.00(




Table 4.18. The Morphological and Environmental Quéty Attributes of the Development Zones

Development Urban Form Nominal Values Vegetation Density Urban Morphology Average Urban Surface Air Quality Total Average
Zones Development Land Use or Urban Form Average Urban Nominal Values Nominal Values Morphology Temperature Nominal Environmental Environmental
Density Urban Nominal Form Nominal (VDNV) (DDNV+LUNV+VDNV) Nominal Values Nominal Values Values Quality Quality Parameters
Nominal Spatial Values Values (DDNV+LUNV+ Parameters Nominal Values
Value (DDNV) Structure VDNV)/3 Nominal Values
Nominal Values
(LUNV)
1 4.5 3.909924 8.409924| 4.204962 3.198275691 11.60819969 3.869399897 6.33 4.4165 10.7465 5.37325
2 5.5 3.393761 8.893761| 4.446880 2.945631854 11.83939285 3.946464285 4.66 4.250 8.91 4.455
3 5.5 2.94303 8.44303| 4.221515 3.693729638 12.13675964 4.045586546 6.33 6.91675 13.24675 6.623375
4 7.5 2.938691 10.438691| 5.219345 5.143442146 15.58213315 5.194044382 7.33 6.99975 14.32975 7.164875
5 8.0 3.517109 1151710 | 5.758554 5.133872083 16.6509810 5.550327028 7.99 8.91675 16.9067! 8.45337!
6 8.5 4.339698 12.839698| 6.419849 6.311175958 19.15087396 6.383624653 7.99 7.3335 15.3235 7.66175
7 4.5 3.193575 7.693575| 3.846787 1.859759055 9.553334055 3.184444685 5.33 4.50 9.83 4,915
8 4.5 2.81645 7.31645| 3.658225 1.812444931 9.128894931 3.042964977 4.33 2.3335 6.6635 3.33175
9 3.5 2.229635 5.729635| 2.864{17¢ 1.473561499 7.203196499 2.4010655 3.99 2.50 6.49 3.245
10 6.0 3.728247 9.728247| 4.864123 2.785694468 12.51394147 4.171313823 4.66 2.99975 7.65975 3.829875
11 7.0 4.986373 11.986373| 5.9931865 4.281189882 16.26756288 5.422520961 5.66 6.33325 11.99325 5.996625
12 8.5 3.784665 12.284665| 6.142332 5.290091783 17.57475678 5.858252261 7.66 9.25025 16.91025 8.455125
13 9.0 4.216689 13.216689| 6.6083445 5.567074211 18.78376321 6.261254404 7.66 9.5835 17.2435 8.62175
14 9.0 4.697541 13.697541| 6.848770 5.258060923 18.95560192 6.318533974 6.66 7.6665 14.3265 7.16325
15 9.0 5.146292 14.146292| 7.073146 5.125140067 19.27143207 6.423810689 7.33 8.83325 16.16325 8.081625
16 5.0 2.921903 7.921903| 3.960951 2.00300778 9.92491078 3.308303593 4.99 5.5835 10.5735 5.28675
17 8.0 4.70022 12.70022| 6.35011 3.559734386 16.25995439 5.419984795 5.33 7.66675 12.99675 6.498375
18 8.0 4.410786 12.410786| 6.20539: 3.11505382 15.52583982 5.17527994 3.99 5.75 9.74 4.87
19 9.0 5.466758 14.466758| 7.23337" 4.137669893 18.60442789 6.201475964 1.99 7.667 9.657 4.8285
20 5.0 3.523711 8.523711| 4.2618555 2.771158848672 11.29486985 3.764956616 4.66 3.0 7.66 3.83
20A 9.5 7.501878 17.00187 | 8.50093! 8.209498926 25.2113769 8.40379230 8.99 9.0 17.9¢ 8.99¢
20B 6.5 4.595745 11.095745| 5.5478725 3.541439372 14.63718437 4.879061457 4.99 7.91675 12.90675 6.453375
20C 9.5 7.598879 17.098879| 8.549439 8.029289628 25.12816863 8.376056209 8.33 8.25025 16.58025 8.290125
20D 55 3.826671 9.326671| 4.6633355 2.718309635 12.04498064 4.014993545 5.33 3.9165 9.2465 4.62325
20E 9.5 6.859062 16.359062| 8.17953. 6.549023321 22.90808532 7.63602844 6.33 7.0835 13.4135 6.70675
20F 8.0 5.771734 13.771734| 6.885867 3.833076373 17.60481037 5.868270124 1.66 4.74975 6.40975 3.204875
20G 10.0 7.808378 17.808378| 8.904189 7.818533939 25.62691194 8.54230398 4.99 6.0 10.99 5.495
20H 8.5 5.336874 13.836874| 6.91843 6.103017696 19.9398917 6.646630565 6.99 6.25 13.24 6.62
201 7.5 4.976885 12.476885| 6.2384425 | 5.460567959 17.93745296 5.979150986 8.66 6.25 14.91 7.455
20J 10.0 8.8945 18.894! | 9.4472! 8.97776214 27.8722621 9.29075404 7.66 7.9165 15.576! 7.7882!
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Establishment of the relationship existing betwedran morphology and the environmental

quality of the city was sequentially undertakefive steps notably: -

i.  Analysis of the level of significance of the reteiships existing between and among
the urban morphological and environmental quali#tyrface temperatures and air

quality) variables.

ii.  Analysis of the relationships existing betweenuhgan form (aggregation of the land
use and development density nominal values), unb@mhology and environmental

guality parameters of air quality and surface tenajpees.

iii.  Analysis of the relationship existing between théam form and the total
environmental quality parameter (aggregation ofjaality and surface temperatures
nominal values) values as well as the relationsbisting between urban

morphology and the total environmental quality paseter values.

iv.  Establishment of the levels of significance or tiwtributions of the individual
morphological and environmental quality parameterthe aggregate environmental

quality of the city.

v. Establishment of the relationship existing betwagban morphology and the

aggregate urban environmental quality.

This study was informed by the hypothesis whichitpothe existence of significant
relationships existing between and among the unmamphological variables and the
environmental quality parameters. In this regdrthe established correlation coefficient (r)

of a relationship was zero, then the study conclutiat there was no relationship existing
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between the variables under consideration. Sirygjlérithe correlation coefficient (r) value
was established to be between 0 and either -@%pthen the study concluded that there is a
weak relationship existing between the variabledeunconsideration. While the study
concludes that there is fairly significant relasbip existing between the variables under
consideration if the established correlation ceeffit (r) value was either -0.5 or 0.5, the
study concludes that there is a moderately sigmfiaelationship existing between the
variables under consideration if the establishedetattion coefficient (r) value ranges from
either -0.5to -0.7 or 0.5 to 0.7. Correlationftioent (r) values ranging from either -0.7 to -

1.0 or 0.7 to 1.0 were considered very significant.

Table 4.19 shows that the correlation coefficientdr the relationship existing between the
environmental quality parameters of air quality aodace temperatures is a moderate value
of -0.597. To test for the significance of the tielaship existing between the two variables,
the relationship was further subjectedttest which established that the calculatedlue

for the relationship is 3.939 compared to the aaiti-value of 2.048. This confirms that the
relationship existing between the two environmergahlity parameters is moderately
significant. The Analysis of Variance (ANOVA) dnd F-test was further used to test the
consistency of the relationship and the calcul&tedlue for the relationship was established
to be 15.516 compared to critical F-value of 4.2lhe above being the case, this study
concludes that the relationship existing betweenqaglity and surface temperature is

moderately significant and consistent.
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Table 4.19. Correlation Coefficients, the t- testred the (ANOVA) F- Test of the relationships existig between and among the Urban Morphological and thEnvironmental Quality Parameters

Relationship Variables

Air Quality and Surface Temperatures

Development Density and Air Quality

Land Use (the Urban Spatial Structure) and Air Qualty

Vegetation Index and Air Quality

Correlation Coefficients -0.597 -0.7751 0.446 0.684
Coefficients of Determination (7 or R) 0.357 0.6008 0.199 0.467
Calculated t - Value 3.93¢ 6.49: 2.63¢ 4.95¢
Critical t - Value 2.048 2.048 2.048 2.048
Regression Model Y =-0.8357X + 35.005 Y =-0.085X + 8.8316 Y = 0.567X + 3.682 Y = 0.711X + 3.089
ANOVA or the F- Test Value 15.516 42.149 6.961 24.56
Critical F - Value 4.2C 4.2C 4.2C 4.2C
Relationship Variables
Development Density and Surface| Land Use (the Urban Spatial Structure) | Development Density and Land Use (the Urban Spatia| Vegetation Index and  Surface
Temperatures and surface temperatures Structure) Temperatures
Correlation Coefficients 0.397 -0.236 -0.788 -0.632
Coefficients of Determination (F or R) 0.158 0.056 0.621 0.399
Calculated t - Value 2.28¢ 1.28¢ 6.767 4.311
Critical t - Value 2.048 2.048 2.048 2.048
Regression Model Y =0.0609X + 27.92 Y =-0.4204X + 31.67 Y =-0.068X + 6.670 Y =-0.0919X + 33.90
ANOVA or the F- Test 5.234 1.658 45.798 18.585
Critical F - Value 4.2C 4.2C 4.2C 4.2C

Relationship Variables

Development Density and Vegetation Index Land Use (the Urban Spatial Structure) and Developrnt Density Land Use (the Urban Spatial Structure) and Vegetion Index
Correlation Coefficients -0.871 -0.788 0.840
Coefficients of Determination (F or R) 0.75¢ 0.621 0.70t
Calculated t-Value 9.392 6.761 8.18¢
Critical t - Value 2.048 2.048 2.048
Regression Model Y =-0.9193X + 72.63 Y =-9.1227X +72.0 Y =10.262X- 2.331¢
ANOVA or the F- Test 88.216 45.793 66.992
Critical F - Value 4.2 4.2C 4.2C
Relationship Variables
Air  Quality and  Aggregate | Surface Temperatures and | Development Density and| Land Use (the Urban Spatial Vegetation Index and Aggregate
Environmental Quality Aggregate Environmental Quality Aggregate Environmental Quality Structure) and Aggregate | Environmental Quality
Environmental Quality
Correlation Coefficients 0.847 -0.686 -0.915 0.779 0.958
Coefficients of Determination (° or R) 0.717 0.471 0.83¢ 0.607 0.91¢
Calculated t — Value 8.427 4.992 11.966 6.581 17.740
Critical t - Value 2.04¢ 2.04¢ 2.04¢ 2.04¢ 2.04¢
Regression Model Y =3.235X + 8.3724 Y =-1.8734X + 84.518 Y =-0.3833X + 40.132 Y =3.7823X +11.191 Y =0.3806X + 11.502
ANOVA or the F- Test 71.00:" 24.92: 143.19! 43.30% 314.70:
Critical F - Value 4.20 4.20 4.20 4.20 4.20
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The analysis of the relationship existing betweevetbpment density and air quality reveals
a strong negative relationship corroborated by reetaiion coefficient (r) value of -0.7751
and a calculatetivalue of 6.492 compared to a crititalalue of 2.048. While the calculated
F-value for the relationship existing between the variables is 42.149, the critical F-value
is 4.20. This confirms that the relationship erigtbetween the development density and air
quality is significantly strong and is not occugiby chance. Contrary to the above, land
uses and air quality presents a weak relationshigieeced by a correlation coefficient (r)
value of 0.446 and a calculatedalue of 2.638 compared to a crititalalue of 2.048. The
calculated and critical F-values for the relatiopsdre 6.961 and 4.20 respectively. Granted
that the correlation coefficient (r) value for thedationship existing between the vegetation
density and urban air quality was established toOl&84, the study confirms that the
relationship is moderately significant as corrobedaby the calculatetivalue of 4.956
compared to a criticatvalue of 2.048. Since the calculated F-value efrélationship was
established to be 24.56 compared to the criticzlBe of 4.20, the study concludes that the

relationship existing between vegetation density@nquality is significant and consistent.

The correlation coefficient (r) valuetest and F-test established that there is a denslis
weak relationship existing between the developrdensity and surface temperatures. While
the correlation coefficient (r) value for the ré@aship is 0.397, the calculated and critical
values are 2.288 and 2.048 respectively. The ekdlF-value is 5.234 compared to a
critical F-value of 4.20. This confirms that deyaleent density weakly determines surface
temperature variations within the city. Analysis e relationship existing between land
uses and surface temperatures reveals consistgrgignificant relationship which is

evidenced by an insignificant correlation coefiiti€r) value of -0.236. The calculatéd
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value of the relationship was established to b88.cddmpared to a criticéd value of 2.048.

The calculated F-value for the relationship is 8.66mpared to a critical F-value of 4.20.

To demonstrate the intra-linkages existing betwt®n urban morphological parameters,
analysis of the relationship existing between tlegetbpment density and land use was
undertaken. While the first analysis focused on téktionship with land use as the
dependent variable, the second analysis focuséaearlationship with development density
as the dependent variable. In both the cases, elationship existing between the two
variables were established to be strong with caticel coefficient (r) values of -0.788 while
the calculated-values and criticatvalues are 6.767 and 2.048 respectively in botlcdises.
However, there is a slight difference in the caltedl F-values for the two relationships as
occasioned by differences in the regression moegfsessing the relationships existing
between the two variablfesFor the relationship in which the developmentsitgnis the
independent variable, the calculated F-value wésbkshed to be 45.798 compared to a
critical F-value of 4.20. This had a slight diffece from the relationship in which land use
was the independent variable in which the calcdl&e/alue was established to be 45.793
compared to a critical F-value of 4.20. The abowrfioms that the relationship existing

between the two variables is consistently significa

The study reveals that vegetation density modegratéuences the spatial distribution of the
surface temperatures within the city. This is ena& by a correlation coefficient (r) value

of -0.632 with a corresponding calculatedhlue of 4.311 compared to the crititalalue of

* Development Density and Land Use (the Urban Spatiatture) Model: Y =-0.068X + 6.6709
Land Use (the Urban Spatial Structure) and Develop®ensity Model: Y =-9.1227X + 72.03
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2.048. The consistency of the relationship is cordd by the calculated F-value of 18.585
compared to a critical F-value of 4.20. This hasdena@evelopment zones with higher
vegetation densities such as Loresho and Lavingsbates (Zone 5), Muthaiga Estate (Zone
6), Karen neighbourhood (Zone 12), Gigiri, KitisuRidgeways and Safari Park Estates
(Zone 13), Karura Forest (Zone 20A), Ngong Fo(&sine 20J), Defence College-Karen
(Zone 20C), State House and Nairobi Arboretum (Z26A§ experience relatively lower
thermal values as compared to zones with low végetdensities such as zones 7, 8, 9, 10,
16, 17, 18 and 19 which are high density residengeghbourhoods and industrial areas. As
corroborated by a correlation coefficient (r) vahie0.871, calculated and critidavalues of
9.392 and 2.048 respectively, with a correspondaigulated F-value of 88.216 compared to
a critical F-value of 4.20, the relationship exigtibetween development density and
vegetation density is confirmed to be very sigaifitand consistent. Similarly, a correlation
coefficient (r) value of 0.840, a calculatedalue of 8.185 compared to the crititalalue of
2.048, corresponding to a calculated F-value %5 compared to a critical F-value of 4.20,
the relationship existing between land use and/iégetation density is confirmed to be very

significant and consistent.

The second level of the analysis focused on tladioaekhips existing between the urban form
and urban morphology (aggregation of the urban Idpweent density, land uses and the
vegetation index nominal values) on one hand aspeddent variables and the
environmental quality parameters of air quality aswface temperatures as dependent
variables. The study established that while thremnsistently moderate relationship existing
between urban form and air quality, there is caestly insignificant relationship existing

between urban form and surface temperatures. $husrifirmed by a correlation coefficient
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(r) value of 0.657 for the relationship existingween urban form and air quality while the
same is -0.339 for the relationship existing betwagban form and surface temperatures.
The calculated-value for the relationship existing between urliarm and air quality is
4.614 while the same is 1.905 for the relationgxsting between the urban form and the
surface temperatures, of which the crititalalues for both the relationships are 2.048.
Similarly, while the calculated F-value for theatgbnship existing between urban form and
air quality is 21.291, the same is 3.629 for tHati@nship existing between urban form and
surface temperatures with a corresponding criftcaalue of 4.20 for both the cases. As
earlier established, urban form elements of devetop density and land uses either weakly
or insignificantly influence the spatial distribomi of surface temperatures within the city.
This confirms that the distribution of the surfaemperatures within the city is influenced by
other factors notably the vegetation density, toaply, pedology, rainfall pattern and

amount, slope and wind velocity but not the urlamfparameters under consideration.

Similarly, a correlation coefficient (r) value 00.458 corroborates a weak relationship
existing between urban morphology and surface tesyres within the city. Due to
inclusion of the vegetation density alongside urfmam elements in the relationship existing
between urban morphology and surface temperattires;orrelations coefficient (r) value
has improved from -0.339 to -0.458. The weak reteginip existing between the two
variables is further corroborated by a calculatedlue of 2.730 compared to a critidal
value of 2.048. This is confirmed to be consisthnbugh the calculated F-value of 7.452
compared to a critical F-value of 4.20. Furtherthe above, the study establishes a
moderately significant relationship existing betwegban morphology and air quality which

is evidenced by a correlation coefficient (r) vakfe0.682. While the significance of the
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relationship existing between the two variablesasfirmed by a calculategvalue of 4.937
compared to a criticatvalue of 2.048, the consistency of the relatigmshiconfirmed by a

calculated F-value of 24.373compared to a crifrcahlue of 4.20.

Further analyses whose findings are shown in Talli@ were undertaken on the relationship
existing between the urban form and the total urkamironmental quality parameter
(aggregation of air quality and surface temperatuneminal) values as well as the
relationship existing between urban morphology treltotal urban environmental quality
parameter values. As evidenced by a correlatiefficent (r) value of 0.573 corresponding
to a calculated-value of 3.699 compared to a critidavalue of 2.048, the relationship
existing between urban form and the total enviramdeguality parameters is established to
be moderately significant. The consistency of tkiationship is confirmed by a calculated
F-value of 13.685 compared to a critical F-valugl.@0. Similarly, the relationship existing
between the urban morphology and total environnheqtality parameter values is

moderately significant (correlation coefficientwalof 0.65).

To establish the contributions of individual urbaorphological and environmental quality
parameters in determining the aggregate urban@magntal quality (the aggregation of the
morphological and environmental quality parametemimal values) in the city, it was
imperative to establish the strengths of the matstips existing between environmental
quality parameters of air quality, surface tempeest and aggregate urban environmental
quality as well as the relationships existing betwendividual urban morphological
parameters of development density, urban spatraictate, vegetation index and the

aggregate urban environmental quality. As illusdaby Table 4.19, the relationships
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existing between air quality, development densitppan spatial structure, vegetation index
and aggregate urban environmental quality wereestthblished to be very significant as
evidenced by correlation coefficient (r) value®9d@47, -0.915, 0.779 and 0.958 respectively.
On the other hand, the relationship existing betwsearface temperatures and aggregate
environmental quality was established to be modbratignificant as corroborated by a
correlation coefficient (r) value of -0.686. Fueth the calculated-values for the
relationships existing between air quality, surfeeraperatures, development density, spatial
structure, vegetation index and aggregate enviratahguality were equally established to
be significant with varying strengths. The F-valoés1.007, 24.922, 143.195, 43.307 and

314.701 respectively further confirms that paiiiie relationships are consistent.

The established correlation coefficient (r) valui® calculated-values and the ANOVA
assessments of the relationships existing betwaenqueality, surface temperatures,
development density, land uses, vegetation deasitlthe aggregate urban environmental
quality confirms that vegetation density is the teignificant variable determining the
distribution of the aggregate urban environmentallity in the city. This is followed by the
development density, air quality, land use and amexftemperatures in the order of
significance. The study further established theeggjon models depicting the relationships
existing between the urban morphological parametedsthe aggregate urban environmental
quality, regression models on the relationshipstaw between urban form variables, air
quality and surface temperatures, regression mamelthe relationships existing between
urban morphological parameters and the individnglrenmental quality parameters as well
as the regression models on the relationshipsirxibetween concerted elements of urban

form, morphological variables and the aggregatamdnvironmental quality.
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Table 4.20. Coefficients of Determination, the t-gst and the (ANOVA) F- Test for the Relationships Ksting between Urban Morphology and EnvironmentalQuality Parameters

Relationship Variables
Urban Morphology and Surface Temperatures Urban Morphology and Air Quality
Correlation Coefficients -0.458 0.682
Coefficients of Determination (F or R) | 0.210 0.465
Calculated t - Value 2.730 4,937
Critical t - Value 2.048 2.048
Regression Model Y =-0.2553X + 33.944 Y =1.0857X + 7.3336
ANOVA or the F- Test Value 7.452 24.373
Critical F - Value 4.20 4.20
Relationship Variables

Urban Morphology and Total Environmental Quality Parameter Values

Urban Morphology and Aggregate Urban EnvironmentalQuality

Correlation Coefficients

0.650

0.943

Coefficients of Determination (F or R) | 0.423 0.889
Calculated t - Value 4.530 14.982
Critical t - Value 2.048 2.048
Regression Model Y =0.4334X + 5.1122 Y =1.4334X +5.1122
ANOVA or the F- Test 20.517 224.458
Critical F - Value 4.20 4.20
Relationship Variables
Urban Form and Surface Temperatures Urban Form and Air Quality
Correlation Coefficients -0.339 0.657
Coefficients of Determination (For R) | 0.115 0.432
Calculated t - Value 1.905 4.614
Critical t - Value 2.048 2.048
Regression Model Y =-0.2947X + 33.254 Y =1.6346X + 5.6937
ANOVA or the F- Test 3.629 21.291
Critical F - Value 4.20 4.20
Relationship Variables

Urban Form Nominal Values and Total Environmental Quality Parameter Values

Urban Form and Aggregate Urban Environmental Quality

Correlation Coefficients

0.573

0.900

Coefficients of Determination (F or R) | 0.328 0.811

Calculated t - Value 3.699 10.950

Critical t - Value 2.048 2.048

Regression Model Y =0.5967X + 5.1267 Y =2.1389X + 3.1765
ANOVA or the F- Test 13.685 119.894

Critical F - Value 4.20 4.20
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As shown in Table 4.20, the relationship existimgeen urban form and aggregate urban
environmental quality is characterised by a cotieacoefficient (r) value of 0.900 with a
corresponding calculataevalue of 10.950 compared to a crititalalue of 2.048. Further, a
calculated F-value of 119.894 compared to a cliiegalue of 4.20 confirms the consistency
of the relationship. This confirms that at bivagig&vel, urban form influences the aggregate
urban environmental quality in a very significantdaconsistent manner. As evidenced by a
correlation coefficient (r) value of 0.943 and dcakatedt-value of 14.982 compared to a
critical t-value of 2.048, the study further establishes tihare is a very significant
relationship existing between urban morphology aggregate urban environmental quality.
The consistency of the relationship is confirmed thg calculated F-value of 224.458

compared to a critical F-value of 4.20.

Regression analysis facilitated the determinatioih® strengths of the relationships existing
between morphological variables, air quality, stefaemperatures, total environmental
quality parameter values and the aggregate urbainoemental quality. The relationship

existing between air quality and the urban formmalets reveals regression equation 4.2 in

addition to other statistical attributes.

Y=-0.490% - 2.202% + 50.015  \eoeeeeieeeee e, (4.2)
Where: -

Y = The estimated air quality values

X1 = Development density values

Xz = Land use (urban spatial structure) nominal \&lue

While the calculatetivalue attributed to the development density inrticelel is 6.241, the

calculatedt-value attributed to land uses is 2.422, the catedlt-value attributed to error
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term (constant) is 7.944 and the combined caladil&tgalue for the relationship is 27.670.
This corroborates the significant role the develeptrdensity plays in the determination of

the spatial distribution of the air quality withime city as compared to land uses.

The relationship existing between the surface teatpees and urban form variables is
established to be represented by the regressiorld@&i

Y=0.085X + 0.357% + 25.542 ..ot (4.3)
Where: -

Y = The estimated surface temperature values

X1 = Development density values

Xz = Land use (urban spatial structure) nominal \&alue
Other statistical parameters in this relationshgdudes:-

t; = The calculatettvalue attributed to development density which.853
t, = The calculatettvalue attributed to land uses which is 0.706
tz = The calculatettvalue attributed to error term (constant) whicf.301

F = Calculated F-value for the model which is 2.820

The above statistics implies that in concert, dgwelent densities and land uses
insignificantly and inconsistently determines thetribution of the surface temperatures
within the city. Granted that the calculatedhlue attributed to the error term in the model is
greater than combined calculatedalues attributed to urban form variables, it ii@plthat

other environmental and physiographic parametes as the topography, pedology, rainfall
pattern and amount, slope, aspects and vegetatiositg which are not considered by the
model and/or the study significantly explains tleface temperature variations within the

city. Further, when the total environmental quaprameter values were regressed against
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urban form elements, the regression model 4.4 et statistical attributes were established
as follows:-

Y=-0.174X% - 0.748% + 20.911  .oooooiieieiei e (4.4)
Where:-

Y = The estimated total environmental quality partamealues

X1 = Development density values

X2 = Land use (urban spatial structure) nominal values

Other statistical attributes of the above statétionship are as follows:-

t; = The calculatettvalue attributed to development density which.235%
t> = The calculatettvalue attributed to land uses which in this case588
t3 = The calculatettvalue attributed to error term which is 6.411

F = The calculated F-value for the relationship wh&13.391.
The statistical attributes mentioned above imptlest it is only the development density
which significantly influences the spatial distrilmn of the total environmental quality

parameter values within the city.

The analysis of the relationship existing betwermaality and the urban morphological

parameters represented by model 4.5 reveals vagets of significance.

Y=-0.389% — 3.060% + 0.174% + 43.123  ..ooovoeeoeeeeeeee, (4.5)
Where: -

Y = The estimated air quality values

X1 = Development density values

Xz = Land use (urban spatial structure) nominal \&alue

X3 = Vegetation density values
Other statistical parameters in this relationsing-a

t1 = The calculatettvalue attributed to development density which.8/8
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t, = The calculatettvalue attributed to land uses which is 2.992
ts = The calculatettvalue attributed to vegetation density which 854.
t4= The calculatettvalue attributed to error term which is 5.835

F = Calculated F-value of the relationship whicB@s544

It is therefore evident that development densityhis most significant determinant of air
quality distribution in the city, followed by landses while vegetation density has

insignificant contribution on the phenomenon.

The relationship existing between urban surfacep&atures and the morphological

variables is represented by the regression moflel 4.

Y=-0.065X% + 1.630% - 0.258X% + 35.760  ......ocooiiuiiiriieieeeee, (4.6)
Where: -

Y = Estimated surface temperature values

X1 = Development density values

X, = Land use (urban spatial structure) nominal \&lue

X3 = Vegetation density values

Other statistical attributes explaining the strarmftthe relationship existing between surface

temperatures and the urban morphological elemeats a

t; = The calculatettvalue attributed to development density which.G08
t, = The calculatetivalue attributed to land uses which is 4.805

ts = The calculatettvalue attributed to vegetation density which B94.
t4 = The calculatettvalue attributed to the error term which is 14.590

F = Calculated F-value of the relationship whicR3s838
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From the above, it is evident that vegetation dgnsithe most significant factor among the
urban morphological variables considered in thigdgtwhich significantly explains the
spatial distribution of the surface temperaturesweler, the significance of the calculated
value attributed to the error term (14.590) in th@del implies that other factors such as the
topography, pedology, rainfall pattern and amosiipe, aspects and wind velocity not
considered by this relationship and/or study sigaiftly explain the spatial distribution of
the surface temperatures within the city more thermorphological variables considered by
the study. Further to the above, a calculated Eevaf 23.838 confirms that the relationship

as established by the model is reliable.

Determination of the model representing the retestigp existing between the morphological
variables and total environmental quality parametdues was undertaken to gain insight
into the contributions of individual morphologicakements in the determination of the total
environmental quality parameter values. The studgidished that the relationship existing
between the urban morphological variables and &taironmental quality parameter values

is represented by the regression model 4.7.

Y=-0.055X% — 1.758% + 0.204X% + 12.804 ......ccoeviiiiieeeeeeeeeee, (4.7)
Where

Y = Estimated total environmental quality parametdues

X1 = Development density values

X2 = Urban spatial structure nominal values

X3 = Vegetation density values
The calculated-values and the F-value for the above stated oelstip are as follows:-

t1 = The calculatettvalue attributed to development density whoseevadil.452

t, = The calculatettvalue attributed to spatial structure whose vauke423
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tz = The calculatetivalue attributed to vegetation density whose vedie006

t4 = The calculatettvalue attributed to the error term which is 4.458

F = Calculated F-value of the relationship whose @ah25.236

The analysis further confirms that in concert, vatyen density is the most significant
variable among the urban morphological elementdetermining the spatial distribution of
the total environmental quality parameters. Onceenihe significance of the calculated

value attributed to the error term (4.458) in thedel implies that together with vegetation
density, other variables such as the topographdglpgy, rainfall pattern and amount, slope,
aspects and wind velocity which are not considdogdthis relationship and/or study
significantly explains the spatial distribution tfe total environmental quality parameter
values within the city. The calculated F-value &.286 confirms that the established

relationship is consistent.

The study also established the strength of theioekhip existing between urban form
variables and the aggregate urban environmentéityguehe relationship was established to

be represented by the regression model 4.8.

Y=-0.332X40.753%+35.111  oooeee e (4.8)
Where: -

Y = Estimated aggregate urban environmental quadityes

X1 = Development density values

X2 = Land use (urban spatial structure) nominal \&lue
Other statistical attributes explaining the stréraftthe relationship include the following:-

t1 = The calculatettvalue attributed to development density which.458

t, = The calculatettvalue attributed to land uses which is 1.263
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tz = The calculatetivalue attributed to the error term which is 8.508

F = Calculated F-value of the relationship whicii3s919

The above confirms that in concert, developmensitieris the most significant variable
among the urban form elements which influencessthagial distribution of the aggregate

urban environmental quality in the city.

A regression model on the relationship existingveen urban morphological variables and

the aggregate urban environmental quality was kstteld as equation 4.9.

Y=-0.154% - 0.758% + 0.306X% + 22.984 ..........ccecvmrimieineeeie e, (4.9)
Where: -

Y = Estimated aggregate urban environmental quadityes

X1 = Development density values

X2 = Land use nominal values

X3 = Vegetation density values
Other statistical parameters in this relationshgbude:-

t1 = The calculatettvalue attributed to development density whosee/&t.079
t, = The calculatetivalue attributed to land use whose value is 1.919

t3 = The calculatettvalue attributed to vegetation density whose vaue537

t, = The calculatetivalue attributed to the error term which is 8.055

F = Calculated F-value of the relationship whose @a170.078

The above analysis confirms that in concert, veégetalensity is the most significant urban
morphological variable determining the spatial ribstion of the aggregate urban
environmental quality in the city. This is followdxyy development density, which implies
that the achievement of sustainable urban developmaust include the design and

implementation of appropriate and innovative depelent standards. However, the
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calculatedt-value for the error term whose value is 8.055 camap to a criticat-value of
2.048 is statistically significant, implying thdtere are other factors such as topography,
pedology, rainfall pattern and amount, slope, aspaad wind velocity which are not
included in the model and/or the study but sigaifity determines the distribution of the

aggregate urban environmental quality.

4.8 Conclusion

The study has established that the most signifigceb@an morphological variable influencing
the spatial distribution of the urban environmemniality in the city is the vegetation density
followed by development density and to a weakeemxiand uses. The study further
underscores that vegetation and development desgysiteansportation and industrialisation
affects the spatial distribution of the urban emwmental quality variables of air quality and
surface temperatures. Urban developments lead toredt¢ation and increased urban
impervious surfaces such as the buildings and reduish stores thermal energy during the
day and slowly releasing the same in the evenimgating urban heat islands, thermal
discomfort and increased energy demand in theibgdd Further to the above, urban sprawl
has increased vehicular volume which exacerbate§,Gidspended particulate matter and
sulphur dioxide emissions to compromise urban @lity. High development densities also
influence urban air quality through attenuatiorwarfid velocity which restricts air pollutants
in the narrow canyons, leading to the concentratafithe same. Through a combination of
shading, evaporative cooling effects and photogfittiprocesses, vegetation mitigates urban
neighbourhoods against heating and air pollutinfece$ generated by the urban
developments. This makes vegetation density anratige urban morphological parameter

determining the distribution of the urban enviromtaéquality.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS
5.1 Introduction
This study which finds impetus from theoretical fpdations on the effects of
urbanisation on global warming and climate changeyvides a niche for the
development of a unifying model explaining the etation between urbanisation, urban
morphology, air quality, surface temperatures, glolvarming and climate change. The
objectives of this study were to evaluate the ihpédand use and land cover dynamics on
the LCR and LAC for Nairobi City between the yed®88 to 2015, to determine the
relationship existing between the urban morpholagyNairobi City and the surface
temperature values using geospatial techniquesstédlish the relationship existing between
the urban morphology of Nairobi City and the vaoias in air quality as well as to develop a
spatial and quantitative model depicting and exyptg the environmental quality variations
in the city. To understand the urban morphologozdterns and to establish the relationship
existing between the urban morphology and the enmental quality of the city, geospatial
techniques of satellite remote sensing and GIS weised. Whereas GIS provide platform
for integrating multiple attributes of the enviroantal quality which is imperative in urban
environmental monitoring, planning and managensaitllite remote sensing was employed
due to the technology’s ability to provide data ethis frequent, instantaneous and complete

in coverage.

5.2 Summary of Findings

While this study quantified the nature, magnitupattern and trends of land use and land

cover dynamics within the city between the year881% 2015, the implications of the
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changes on the environmental quality are demosstriirough the determined LCR and
LAC values.Compared to a steady expansion of the urban huilbpen and transitional
areas which imply an urban sprawhe study established marked decline in agricultural,
grass, secondary growth, riparian, rangeland angdbshas well as forest covers within the
study period. This has occasioned decline in thie od the city under vegetation cover to
area under urban built-up, open and transitiomaddavhich have significant implications on
the air quality, surface temperatures and overabm environmental quality. The decline in
the percentage of land under agriculture is partatributed to the population growth in the
peri-urban areas which leads to land fragmentatoacreages which are not agriculturally
viable. This necessitates conversions of such lemdssidential, industrial and commercial
developments. The above being the case, the c#tycbatinued to experience an overall

increase irLCR and LAC or the urban sprawl.

While the expansion of the built-up, open and titeomal areas was rapid between the years
1988 to 1998 and 2005 to 2015, the city grew thnoungernal densification in the years
between 1998 to 2005. The expansion has beentaflie eastern and southern parts of the
city due to the availability of cheaper land anktreely low construction costs in the zones.
Similarly, increased public investments in infrasture such as roads, water and electricity
in what used to be urban peripheries have impropgdity of life and attracted more people
into the neighbourhood3he persistent higher property and business tax#éi city centre
has equally contributed to the spread of the hupltareas into what used to be urban

peripheries leading to agglomeration of the busiegeito new satellite commercial centres
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The gradual encroachments and degradation of ttegbed areas such as the forest reserves
and the Nairobi National Game Park by developmants other anthropogenic activities
such as grazing has led to fragmentation and isolatf the remaining natural ecosystems
and animal migratory corridors, consequently legdimmass migration and death of the
wildlife during dry spell, loss of the park’s scemjualities that attract tourists as well as the
overall environmental quality of the city. Simikarlincreased demand for residential
facilities has up-scaled construction and quarryaagvities leading to conversions of
rangeland and shrubs, agricultural, grassland gatian reserves to built-up, open and

transitional (quarry) lands in the southern andezagarts of the city.

Over the years, expansion of the built-up aressexacerbated paved surfaces consequently
leading to frequent occurrences of floods, loskfefand property as well as reduced water
percolation thereby lowering the ability of the dexs to recharge. Other environmental
implications of the urban sprawl and increased ldgveent densities in the city includes
increased generation and accumulation of orgaaiicl, ®il and chemical wastes which often
find their way into drainage channels through tinéage-runoffs to cause eutrophication and
algae blooms in the riparian bodies. The organid¢teanaand the chemical compounds
generated from the built-up areas may also infétiato the aquifers to contaminate the
ground water supply. Increased surface-runoffs #&swols to land compressions which
exacerbates cracking of building foundations, slopkapses and land subsidence which

often destroy and make it expensive to maintairervaewerage and road networks.

Urban sprawl promotes motorised modes of transgpamtén cities such as Nairobi with the

CBD being the major employment centre. This leadstreased vehicular traffic which
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exacerbates the emission of GHGs, sulphur dioxadesaspended particulate matter, making
the city a major contributor of global warming aslshate change. Granted that urban sprawl
leads to loss of vegetation cover and farmlandsieational spaces and deterioration of
wetlands which collectively moderate urban surfegaperatures, enhance air quality and
mitigate floods, continued depletion of the urbagetation and wetlands will exacerbate the

effects of urban heat islands, compromise air tuahd increase prevalence of urban floods.

The study established that by the year 2015; weslaccupied 0.94 kivor 0.13% of the
city, parks and other recreational spaces occul®&k4 kn or 19.32% of the city, forests
occupied 26.45 kfmor 3.69% of the city, commercial developments piai 41.29 krhor
5.76% of the city, airport land occupied 17.442kor 2.43% of the city, industrial
developments occupied 24.15 kar 3.37% of the city, residential developments péed
204.65 kM or 28.56% of the city, quarries occupied 2.93 lan 0.41% of the city,
undeveloped land occupied 120.77%an 16.85% of the city, urban agriculture and nigna
reserves occupied 112.64 kmr 15.72% of the city, water bodies occupied X&f or
0.53% of the city, railway land occupied 2.20%mon 0.31% of the city and public purpose

lands which occupied 20.97 kror 2.93% of the city.

The study established that when urban morphologieahents are collectively considered,
development density is the most significant deteami of the distribution of urban air
quality. This is followed by the vegetation densihile land uses have insignificant
contribution on the phenomenon. Contrary to thevabthe analysis of the strengths of the
morphological variables in determining the spalfiatribution of the surface temperatures in

the city established that vegetation density ant lases are most significant factors
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explaining the occurrence of the phenomenon. Howelie regression model representing
the relationship have a significant error term alihimplies that other factors such as the
topography, pedology, rainfall pattern and amosiipe, aspects and wind velocity not
considered by the study and/or the model signifigaaxplains the distribution of the

phenomenon more than the morphological variables.

The study confirms that vegetation density is thestsignificant urban morphological
variable influencing the spatial distribution ofetlurban environmental quality. This is
followed by the development density and land usethé order of significance. The study
further establishes that the environmental qualitthe city can broadly be dichotomised into
four broader categories namely; therthern and western, southern, eastern and titeate
parts of the city whichsignificantly corresponds to the variations in tgggphical,
pedological and climatological base of the citync®i the red volcanic soils which
characterises the northern and western parts otitiieare rich in nutrients and humus
contents, they support healthy natural and exo#igetation and biodiversity whicare
carbon sinks anchoderators of surface temperatures. The southetreastern parts of the
city which are characterised by low lying plaingddslack cotton soils with low nutrient
contents are dominated by sparse vegetation couets as thelisturbed bushes, shrubs,
perennial grasses and under storey trees whicmareffective moderators of the urban
micro-climatesTherefore, th@resence of forest reserves to the northern antbmegsarts of
the city coupled with low development densitiesrahterising the regions have acted in
concert towards the achievement of relatively betieface temperatures and air quality and
by extension better environmental qualities in mbgions. This contrasts with the southern

and eastern parts of the city which are charaetrisy sparse vegetation covers, high
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development densities and dominance of land usebl &s transportation, industrial
developments and quarries which enhances therrhasrand compromising the air quality
leading to poor environmental qualities in the oegi The central part of the city which is
characterised by mixtures of red volcanic and bleckon clay soils supports moderate
vegetation growth thus the zone experiences mademnatironmental quality. The above
being the case, this study concludes that vegatdmsity has acted in concert wittban
form, physiographical,climatological and pedological factors to influence the spatial
distribution of the surface temperatures, air dqualalues and by extension the

environmental quality variations within the city.

5.3 Conclusions

Nairobi City has continued to experience rapid lasd and land cover changes. The built-up
areas have significantly expanded into the natwedetations leading to ecological
disruptions. Some of the factors which have infaezh the rapid urbanisation and by
extension land use and land cover succession® inityrinclude modest national economic
growth and development, high rural-urban migratod naturapopulation increasetes as
well as favourable physiographical base of the witych apart from providing excellent
sources of building materials has also loweredtmestruction costs in the city. It is therefore
evident that Nairobi City whose urbanisation raas been averaging 4.7% per annum since
independence as compared to 3.5% per annum for wier African cities urgently need

sound environmental management policies to aclies&inability.

Enactment of appropriate development standardsngiion of consumption habits and

practices that conserves and protects the envinoihgheuld be prioritised. However, this is
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hard to achieve in the absence of adequate spatiperal data which facilitatesapping,
monitoring and accurate assessment of the landbditif for urban growthTowards this
end, thisstudy has demonstrated that lack of relevant $gaf@mation crucial for urban
planning can be alleviated through geospatial tiegci@s notably the remote sensing and GIS
which provides opportunities for periodic surveylafd use and land cover changes and
integrating the same with conventionadsitu data. However, it is imperative to note that
technology alone is not sufficient in shifting egionto sustainable environmental quality
trajectory and that complex interactions betweane® underpinning urban development
such as the role of urban management institutiofigstructure, land markets, regulations
and people’s inclinations to environmental cond@mapresent a web of constraints and
opportunities for addressing urban environmentalityjuproblems. Therefore, a sustainable
urban environmental quality can be achieved throadloption of technology and a
combination of urban environmental planning and agement techniques such as
promotion of green infrastructure, innovative urlo@sign and conservation. Other measures
should include tightening up legislations on prbtec of urban ecosystems and the
implementation of sustainable drainage and trartgpon systems. This should further
involve the participation of public sector, privatector and civil society, the re-orientation of
legal infrastructure and institutions towards delimg sustainable urban environmental
quality, giving more scope and encouragement tallaction, behavioural change and
innovation. Indeed urban environmental quality as embodiment of sustainable
development should be anchored on proactive legdlnaanagement policies focussed on
socio-economic development strategies and institali capacity building for planning

both at the local, county and national governmevels.
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5.4 Recommendations

The achievement of sustainable urban environmentality requires implementation of
multiple strategies and techniques which are knaenwork within the standard
practice of urban environmental planning and manegg. As earlier mentioned such
strategies should include promotion of green itftature, innovative urban design and
conservation as well as tightening up legislationgrotection of urban ecosystems such as
the green belts, gardens and trees, urban rivéoraéien and implementation of
sustainable drainage and transportation networkbam environmental management
further requires a new environmental contract empassing civil society, public and private
sector participations. Other measures should ieckedorientation of legal infrastructure,
institutions and development infrastructure towatdsvering urban environmental quality.
This should build on the strengths of planning amber environmental management
strategies which give more scope and encourageiméotal action, behavioural change and
innovation. Therefore, urban sustainability shdegdanchored on proactive policies focussed
on socio-economic development strategies and untital capacity building for planning
both at the community, national and county govemtnievels. For the achievement of

sustainable environmental quality of the city, shedy recommends the following: -

i. Enhancement of the Vegetation Cover within the Cibyough Adoption of Sustainable Urban

Growth Policies: As demonstrated by this study, the vegetatiohistyato enhance air

quality and to moderate surface temperatures mtilesegetation density the most
significant urban morphological variable influergithe spatial distribution of the urban
environmental quality. However, this is negated the urban sprawl currently

characterising theastern and southern parts of the dtyerefore to achieve sustainable
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urban environmental quality, measures such as #wgm and implementation of
appropriate, innovative and dynamic developmernitigsl geared towards increasing the
vegetation cover should be prioritised. Such pedicghould entail implementation of
programmes such as development of urban forestsredum, open parks, playgrounds
and/or village squares, picnic sites and walkwayshe residential, commercial and
industrial neighbourhoods as well as tightening legislations protecting urban
ecosystems such as the green belts, gardens amdrniver restoration among others.
The above can be achieved through implementatiodesklopment policies which
minimises land fragmentations and urban sprawl sischp-scaling of sky lines through

increments of plot coverages, ratios and minimuoh gizes for various developments.

Privatisation and restitution concepts which hawentl niche in the management of
public affairs have altered the urban housing ntaildee concepts empowers the private
sector to be the main providers of the urban mmuget the sector is more interested in
providing housing for the middle and high-incomeups. This has made housing
unaffordable to the urban poor who move to the mnbpeariphery and/or open lands to
establish informal settlements, consequently leadinrapid land use and land cover
changes as well as environmental degradation. fidrerghe government should roll-out

sustainable urban low income housing developmesgrammes if the environmental

degradation and encroachments into the fragileystess has to be managed.

The study underscores that hindrances to the eahwent of the vegetation cover in the
city are ad-hoc enactments of the development control policies aagulations,

inadequate implementation of the development péantsland speculations which over
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the years have accentuated proliferation of illetg@lelopments leading to undesirable
land use and land cover conversions. To rectify, tie city authority should regularly
update the existing development plans and enfdri# adherence to the development
control standards. This should also include shortethe time period in plan approval
process which tends to promote illegal developmerite evolved development plans
should spell out the number of trees to be plapedacreage of a developed plot. In
accordance with the provisions of Environmental dotpAssessment Regulations of
2003, all the proposed developments within the witych are likely to compromise the
air quality and increase the surface temperaturesld be subjected to Environmental
Impact Assessment. This should be enforced by Nati&nvironment Management

Authority in conjunction with the Nairobi City CotynGovernment.

Creation of Environmental Quality Monitoring Statios in the City to Facilitate Enactment of
Appropriate Environmental Management, Transportatio and Industrial Development

Policies: Industries and motor vehicles emits GHGs, sulphoxide and suspended
particulate matter which apart from lowering thbaur air quality also makes cities major
contributors of global warming and climate chanbeerefore, the Nairobi City County
Government should formulate policies and enactslaons and standards for the
reduction of air pollution in the city. The polisishould include popularisation of public
transportation, none-motorised modes of transpontas well as limiting the number of
vehicles coming into the city. Other transportatipolicy measures that should be
favoured include the development of arterials wtgapports rapid vehicular flow for it
has since been established that vehicles emit @HI@s, sulphur dioxide and suspended

particulate matter when their speeds are low. Tidestrial and commercial districts are
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often characterised by high density developments \ahicular concentration which

apart from compromising the vegetation cover a¢stricts the dispersal of air pollutants
leading to the increased concentrations of the s@ihexefore to ensure that air pollutants
are properly dispersed, policy measures such aenttatisation of industrial and

commercial developments should be pursued. Howelegrthe above to be undertaken
there is need for frequent air quality monitoringietr can be achieved through the
establishment of adequate network of stationargwaity monitoring stations as well as

undertaking mobile air quality monitoring along ddeansects.

Expansion and Regular Maintenance of the Urban Ifstructure: Increased frequencies of
sewer blockages and bursts indicate that develogmerthe city have surpassed the
capacity of the existing infrastructure. Therefdoe,the city to continue supporting the
current population through re-densification of éxsting land uses (curtailing the urban
sprawl), there is need for expansion and regulainter@aance of the existing water

reticulation, sewer and road networks.

Instituting Geospatial, Information and Communicatn Technologies (GICTs) in the Urban
Planning and Growth Management in line with the Siaénable Development Goals' (SDGS)

Recommendationstn undertaking regular reviews of the developnmans and standards
as earlier proposed, cognisance should be takiam@fuse suitability. This is impetrative
in protecting the fragile ecologies such as theedbrand riparian reserves against
encroachment by anthropogenic activities. The lasd suitability analysis is also
imperative in protecting human life and propertyaiagt disasters such as floods.

However, the above can efficiently and effectivbly undertaken if the Nairobi City
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County Government institute the utility of ICT atite geospatial techniques notably

remote sensing and GIS as planning tools whiah lisé with the SDGs’ stipulations.

V. Multi-Sector Partnership Approach to Urban Environemtal Planning and Management
Despite the constitutional stipulations on the Iagment of the citizens in the
development plan formulation and implementationisiglaring that the current urban
development paradigms operational in the city aoé people driven and various
development agents feel left out in the processrdthre, in the evolution and review of
the development plans for the city, the peoplearius development agents should be
brought on board. This makes it easy for people el development agents to
understand the issues entailed in the plan andki ¢harge in implementing the same.
Therefore, the city authority should enact a pobeypartnership building with citizens
and other development agents as well as registédiegeighbourhood associations and
empowering the same to undertake self driven dpwamt control and compliance
monitoring. It is equally imperative to explore atbbased (in issues and stakeholders)
and participatory institutional framework on whighrious strategies that are meant to

enhance the city’s environmental quality can bel@mented.

5.5 Areas for Further Research

Since poverty is a major contributor to land use land cover dynamics, this study proposes
research to be undertaken on the relationshipirgibetween the income levels and the rate
of land use and land cover dynamics in the cityjc&ivarious development zones and
electoral units of the city fairly correspond tocame levels, they can be used in the

establishment of the relationship. Whereas incamel$ for the development zones can be
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obtained through household surveys, income levietheoelectoral units can be postulated
using secondary data from the poverty indexes nbwa years which are often undertaken
by the Government for all the constituencies in timaintry for the purposes of the
disbursement of the National Constituency Develagnf@ind. In line with the Vision 2030
which is the national development blue-print cutlsebeing implemented, the study should
further project land use and land cover of thg loit the year 2030 with an assumption that
the current underlying factors influencing the samik not change. This is imperative in
justifying the role of geospatial techniques in éwaluation of the impact of a public policy
and enabling the city to safeguard against envieniah degradation, attract investments and

to remain being a regional economic hub.

Vegetation density is the most significant urbanrphological variable determining the
spatial distribution of the urban environmental lgya This is followed by urban
development density and land use in the ordergriifstance. However, the significance of
the error term in the model representing the wmtahip existing between the urban
morphological variables and the environmental dquatalues implies that other factors such
as the topography, pedology, rainfall pattern amdumnt, slope, aspects and wind velocity
which were not considered by the study are equadigificant in determining the spatial
distribution of the same. Therefore, this studyppses research to be undertaken on the
relationship existing between urban environmentadlity and the above stated variables
collectively with morphological variables of veg#ta density, development density and
land uses in the city. It is further proposed thattudy on institutional framework which
takes cognisance of broad based stakeholders’vien@int in the implementation of the

urban environmental quality management be undertake
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APPENDIX I: THE DEVELOPMENT ZONES OF THE CITY
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Zone Areas Covered Ground Plot Ratio Type(s) of Developments Minimum Plot Remarks/Policy Issues
Coverage (%) (%) Allowed Area (Ha)
Central Business Distric
Core CBD 80 600
Peri CBD 80 500 Commercial/Residential/Light
West of Tom Mboya Street 60 600 | Industry 0.05
East of Tom Mboya Street 80 350
Uhuru Highway/ University Way/ Kipande Road 80 500
Upper Hill Area
Block 1 - Offices (Community) 60 300
Block 2 - Commercial / Offices 60 250
Block 3 - Offices 60 300 Commercial/Offices/ 0.05
Block 4 - Residential 35 150 | Residential
Block 5 —Institutional (KNH)
Block 6 — Mixed (institutional, Hotels, Offices) 60 200
Eastleigh
Eastleigh District Centre 80 250 Commercial/Redidén
Eastleigh Commercial/Residential Area 60 240 | (High-rise Flats) 0.05
Pumwani/California 60 240
Ziwani/Starehe Commercial/Residential
Commercial 80 150 (High-rise Flats)
Residential 35 75
Parklands
Commercial 50 100
Residential 35 75
City Park/ Upper Parklands 35 75
Westlands Commercial/Offices/ 0.05
Westlands Business District 80 240 | Residential (High-rise Flats) -
Westlands/Museum Hill Four Storey maximum
Block 1 - Commercial 80 200
Block 2 and 3 - Offices and High-rise Resident|al 5 3 80
Block 4 - Offices 80 200
Block 5 - Commercial/Residential Hotels
Spring Valley 35(s) 75(s)
Riverside Drive
Kileleshwa Residential  (Four  Storey Apartments allowed on sews
Kilimani 25(u) 25(u) maximum) 0.05 only)

Thompson




Woodley
5. Upper Spring Valley
Kyuna 25 25 Low Density Residential + 0.2(u) Maisonettes allowed on sewered
Loresho One Family House areas of Lavington
Lavington/Bernard Estate on sewer/unsewered 0.1(s)
6. Muthaiga 25 25 Low Density Residential 0.2 Single Family &img
New Muthaiga
7. Mathare Valey 0.05 Special Schedule High Density
Mathare North 50 75 High density residentigl (Lower on Site| informal developments
Lower Huruma flats/Informal Settlements and Service
Kariobangi (Slums) Schemes)
Korogocho
Dandora
8. Old Eastlands
Shauri Moyo
Maringo
Bahati Largely Constitute Old City Special Schedule Areas
Kaloleni Council Housing — Ripe fof * NCC site and service
Makongeni High Rise High Density schemes as low incomnje
Mbotela Redevelopment areas
Jericho
Jerusalem
Makadara 50 100 Mixed Residential 0.05 Comprehensive Subdivision
Doonholm Neighbourhoo (Block 82) 50 75 | Developments Allowed
Uhuru (1-3) 50 75 - Flats
Buru-Buru (1-6) (Blocks 72 -79) 50 75 - Maisonettes
Umoja 1 and 2 50 75 - Bungalows Minimum To Fit a House on
Umoja Inner core 50 150 - Site and Service Type Plan Design
Komarock Commercial 80 150 Schemes
Komarock Residential 50 75 - Condominium
Kayole Commercial 80 150 (Single Rooms)
Kayole Residential 50 75
9. Main Industrial Area 80 300 Industrial and Godowns 0.05(s) Becomingr@eaeloped
9E. Dandora industrial zone 80(S) 150(s)
50(u) 100(u) Light Industrial and Godowns 0.01(u) Ruaraka EPZ Covered
Kariobangi Light Industrial Zone 50(u) 100(u)
Mathare North Light Industrial Zone 50(u) 100(u)
10. Nairobi West 35

Madarak

High Density and Mixed

Comprehensive subdivision
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South “B” 35 Residential Developments allowed with lower sizes on type
South “C” 75 - Flats plan
Nairobi Dam 50 - Maisonettes 0.5
Ngummo - Bungalows Development density at 35 units
High-View per hectare
Magiwa

Golf Course
Langata Estates
Southlands
Otiende

Ngei 1 And 2 75 75
Onyonka

Masai

Uhuru Gardens
Jonathan Ngeno

10E. Imara Daima 50 75
Tassia Mixed Residential Area not fully sewered,
Fedha Developments 0.5 comprehensive subdivision
Avenue Park allowed with lower sizes on type
Embakasi Village Commercial 80 150 plan (Max. 35 units/hac)
Embakasi Village Residential 50 75

11. Special Scheduled Area (Kibera Slums) Informal Mixed NHC Plan lacking in social
National Housing Corporation (NHC) Estates Developments and 0.05 infrastructure  such as the
Ayany 50 75 Comprehensive  Residential schools, clinics, recreational and
Olympic Schemes commercial spaces
Fort Jesus Comprehensive subdivision
Karanja Road allowed with lower sizes on type

plan

12. Karen/Langata Low density resident|al 0.2

Karen developments (one family
dwelling house) 0.4

13. Gigiri
Kitisuru Low density residential Plan well implemented. There
Ridgeways 25 25 developments (one family 0.2 exist only pockets of intensive
Garden Estate dwelling house) developments such as the
Safari Park Village Market and the
Balozi Housing American Diplomatic Housing

14. Roysambu Low density residential 0.2 Intensive  developments in
Thome 25 25 developments (one family Marurui and Roysambu
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Marurui dwelling house)
15. Dagoretti Agricultural/Mixed Area maintains  agriculturg!
Riruta Residential Developments 0.1(u) character
Kangemi - Gap Flats High-rise flats development
Mutuini 35 75 - Maisonettes 0.05(s) becoming popular
Waithaka - Bungalows
Ruthimitu
Uthiru
16. Baba Dogo Industrial 80(s) 300(s) Industrial Zone and Mixed 0.05 High density residential
50(u) 100(u) Residential Developments | development
Baba Dogo Residential 35(s) 75(s) Lower f
25(u) 25(u) comprehensive
Ngumba/Ruaraka 50(s) 200(s) developments
17. Githurai 44 and 45 50(s) 200(s) Replete with unplannegd
Zimmerman Industrial Zone and Mixed developments hence Blanket
Kahawa West Commercial 50 100 | Residential Developments Approval” vide town planning
Kahawa West Residential 50 75 resolution of 18/09/1997
Kahawa West Industrial 50 100
18. Kasarani
Clay-works 2.0 Area has potential for residential
Clay-City 50 100 Agricultural/Mixed 0.05 developments. However, the
Sports View Residential Developments 056) area has been invaded by land
Mwiki 50 200 0.1(u) buying companies and
Njiru 25 25 Lower speculators. In_dustrie I
Ruai . . developments not attractive here
minimum  sizes
if land buying
company
19. Special Scheduled Area Area fully influenced by the city
Githurai - Kimbo Agricultural/Mixed dynamics. The area S
Wendani Residential Developments overwhelmingly dependant gn
Kahawa - Sukari services of the city. Howevey,
NCC is not in control of
developments.
20. Public/Strategic Reserved Areas (Gazette
e  State House Special/Strategic Facilities Boundaries not clearly
«  JKIA Airport and Developments demarcated

«  Wilson Airport
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Military Sites

o Military Airbase Eastleigh
DoD Headquarters
Kahawa Barracks
Langata Barracks
Defence College, Karen
0 Forces Memorial Hospital

O O 0o

20A-G

Recreational and Forests

e City Park

e Arboretum

* Ngong Forest
e Karura Forest

National Game Park

Stadia

¢ Moi Sports Complex, Kasarani
e City Stadium
* Nyayo Stadium

Public Parks

e Uhuru Park

e Central Park

¢ Uhuru Park

e Central Park

e Uhuru Gardens

Public open spaces, resery
and recreational facilities




