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ABSTRACT 

Urban form has the potential to influence urban climate. This in turn affects climate 

vulnerability. Urbanization characteristics pertinent to this relationship include 

imperviousness, reduced concentration of vegetation, increased density of built-up areas, 

and a socio-economically vulnerable population. The City County of Nairobi is rapidly 

urbanizing more reactive than through anticipatory physical planning regime. Together 

with the cityôs unique biophysical and socioeconomic dynamics, Nairobi has remained 

susceptible to climate related hazards. The objectives of the study included examining the 

evolution of Nairobiôs urban form, the climatic trends and patterns, and the relationship 

between urban form and climate. The study hypothesized that urban form significantly 

influences climate vulnerability. The survey used a descriptive case study design for the 

period between 1988 and 2018. The main variables were urban form, socioeconomic 

characteristics, and climate. The elements of urban form were landcover, soil, elevation, 

slope, and Normalized Difference Vegetation Index. The parameters of climate were 

average annual maximum, average annual minimum, highest annual and lowest annual 

temperatures, and rainfall. With the unit of analysis as sublocations, data were collected 

using observation checklists, self-administered questionnaires, and archival review. Data 

analysis methods included cross-tabulation, change detection analysis, time-series 

analysis, correlation, and regression. Hypothesis was tested at 95% confidence interval. 

The findings revealed an evolving urban form and changing climatic patterns. Urban form 

evolution manifested as 147% increase in built-up areas, 46% reduction in vegetation 

cover, and a 21% reduction in the Normalized Difference Vegetation Index. With the 

current trends held constant, 2048 projections revealed 21% reduction in open space, 60% 

reduction in Normalized Difference Vegetation Index and 44% increase in Built-Up Area. 

Climatic trends and patterns showed a 1.5  rise in average annual minimum and lowest 

annual temperatures between 1988 and 2018 with 5% - 14% increase in the minimum and 

extreme temperature values for the year 2048. The correlation and regression analyses 

showed, in descending order, Normalized Difference Vegetation Index, Forest and Built-

Up Area as the influencers of climate. These relationships led to varying levels of flooding 

and thermal stress vulnerability at the sublocation level. Ninety five percent of the 

sublocations showed moderate to very high thermal stress vulnerability while only 13% 

showed low vulnerability to flooding. The study findings strongly by supported the 

Integrated Urban Ecosystems Theory and advocated for the triangulation research 

approach in climate vulnerability assessment studies. It recommended an overall strategy 

of ecosystem-based urban planning and development to take advantage of ecosystem 

services offered by the green urban systems. These would be realized through distributive 

open space planning, green and blue system planning. 
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CHAPTER ONE 

INTRODUCTION  

Chapter 1  

1.1 Background to the Study 

Climate change risks all life on earth. The world has experienced conspicuous climatic 

anomalies in the recent past, mostly linked to a changing climate and variability. Climate 

anomalies threaten all countries irrespective of the level of development. For instance, 

between 2007 and 2009, the United States of America (U.S.A.) underwent the worst 

floods since 1993, Kenya and China had the worst drought in 20 years, and 50 years 

respectively and Southern Australia had the highest temperatures in 70 years (McMullen 

& Jabbour, 2009). Reid et al. (2009) further argues that the change is inevitable as we are 

beyond the tipping point. Even if all emissions ceased, climate change shall occur, and its 

impacts will be felt for time to come. 

Notwithstanding, the countries exhibiting the highest vulnerability are in the developing 

world (Hoornweg, 2012). For example, in Africa, the Intergovernmental Panel on Climate 

Change, (IPCC; 2007a) estimated that in the year 2020, over 75 million people were 

affected by climate change. The average temperature increase is expected to be one and a 

half times higher than global averages (Cavan et al., 2014). The most likely to be afflicted 

are the poorest and marginalized communities because of their vulnerable geographic 

locations and low adaptive capacity (Reid et al., 2009). 

Urban areas are at the core of climate action since they host large population densities, 

contribute to and are affected by climate anomalies (UN-Habitat, 2011; Solecki et al., 

2015; Bai et al., 2018). This is besides the challenges of urbanization in compounding 

environmental degradation (Dame, Schmidt, Müller, & Nüsser, 2019). Urban areasô 

contribution to climate change includes the release of Green House Gas (GHG) emissions, 

hosting of the most vulnerable populations and reduction of carbon sinks (Solecki et al., 

2015; United Nations ; 2015). Nonetheless, they remain susceptible to climate change and 
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variability because of the manifestations of urbanization (Grimmond et al., 2010; Zhou, 

Leng, Su, & Ren, 2019). 

Urbanization has 2 facets: a rise in urban populace and land-use changes. The global 

population in urban areas was 30% in 1950, 54% in 2018, and projected to reach 66% by 

2050 (UN, 2015). Accelerated urbanization has contributed to a rise in urban land area by 

a factor of five since the mid-20th Century. This has led to urban sprawl (Yuan et al., 

2019). 

The rates of urbanization are highest in low and middle-income countries mostly in Africa, 

parts of Asia and Latin America. Their rapid growth has occurred over a brief time frame 

(Hoornweg, 2012). For instance, up to the 1900s, Africa only had two major cities but 

between 1950 and 2000, this number grew to 37. In Asia and Latin America, the growth 

of the number of cities rose from 28 to 192 and 7 to 51 respectively in the same period 

(Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007a). 

The traditional driver of urbanization has been rural-urban migration in search of 

employment opportunities (Jayawardhan, 2017). However, there is an emerging trend of 

climate change driven urbanization where people migrate from rural zones to avoid the 

impacts of climate change such as drought (Wilkinson, 2016).  

Economic rather than social and environmental goals have shaped the urban surroundings. 

All urban neighbourhoods have in response to urbanization, modified their environments 

(Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007b). These modifications include 

topographical changes, clearing of vegetation, paving of surfaces, and location of 

structures that then result in precise geometric patterns (Gill, Handley, Ennos, & Pauleit, 

2007). Forests, grasslands and streams are replaced with deficient natural environments 

(Whitford, Ennos, & Handley, 2001; Hough, 2004; Yao, Cao, Wang, Zhang, & Wu, 

2019). This affects the climate, hydrology, and biodiversity (Whitford et al., 2001). It 

alters biodiversity typologies resulting in a wide variety of native and foreign species and 

habitats (Müller, Ignatieva, Nilon, Werner, & Zipperer, 2013).  
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The spatial configuration of urban areas, their physical structure, utilization and 

development of land influence how they react to climatic parameters and in part 

contributes to a unique urban climate (Stead, 2014; Environmental Protection Agency, 

2008a; Bridgman, Warner, & Dodson, 1995). For instance, the urban buildingsô complex 

geometry influences increased heat storage from concrete surfaces. The conversion from 

soil and vegetation to impervious materials decreases latent heat fluxes (Oke, 1988; Erell, 

Pearlmutter, & Williamson, 2012). It also leads to a gain in solar radiation absorption 

because of the lower albedo of urban surfaces and reduced wind speeds caused by the 

rougher urban fabric (Oke, 1995). The solar gain alongside other factors leads to the Urban 

Heat Island effect (Fokaides, Kylili, Nicolaou, & Ioannou, 2016). 

Urbanization also alters hydrological processes with a higher probability of precipitation 

in a city because of urban-modified atmospheric gases which increase the condensation 

nuclei ( Lu et al., 2019). Reduced vegetation cover results in less evapotranspiration and 

rainfall interception. Greater surface sealing decreases infiltration thereby increasing 

speed, volume and appearance time of runoff  (Gill et al., 2007). This enhances the risk of 

both riverine flooding and sewer overflows (Bridgman et al., 1995).  

Climate change causes occurrences of extreme weather events such as prolonged and 

heavy rainfall, longer drought, cold waves and heat waves (Hoornweg, 2012; Henson, 

2011; Konisky, Hughes, & Kaylor, 2016). The interactions between urbanization, unique 

urban climate and climate change contribute to undermining sustainable development since the 

ecosystem services control household air and water (Bolund, 1999; McDonald, Marcotullio, 

& Güneralp, 2013). This is shown by a study that claimed that 29 largest cities in the Baltic 

Sea region required ecosystem support of areas at least 500 ï 1000 times larger than the area 

of the cities themselves (Folke, Jansson, Larsson, & Costanza, 1997). The dynamics that occur 

in urban areas influence rural areas through the ecological footprint (Lambin & Geist, 2008). 

Urbanization determines how climate manifests in urban areas and the ways urban dwellers 

experience the impacts. 
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1.2 Problem Statement 

Rapid urbanization comes with the conversion of urban surfaces from permeable 

vegetated zones to built-up impervious surfaces. Global statistics quantify the increase of 

impervious surfaces at 50% (Gong et al., 2020). The reduced vegetation and increased 

imperviousness expose cities to environmental degradation and unique urban climatic 

patterns. 

This situation is further aggravated by climate change and localized climate variability. 

Climate change and variability manifest as extremes of precipitation and temperature. 

These interact with the urban fabric at the levels of landuses and landcover. Therefore, 

inadequacies in one system confound the climate-related hazards. Large vulnerable urban 

population in the developing world worsens the risk. 

Kenya is experiencing an increase in average annual minimum temperatures, reduced 

rainfall in the long rainy seasons and increased rainfall in the short rainy seasons. These 

changes can be traced back to the 1960s. Nairobi, Kenyaôs capital, is the largest and among 

the fastest-growing cities in East and Central Africa. It has similar characteristics to other 

cities in the developing world such as rapid population growth, increasing vulnerable 

urban population, increasing impervious surfaces, and reducing vegetated areas. 

Nairobi is experiencing instances of flooding and increase in minimum temperatures. The 

rapid population growth has led to urban sprawl and infil l development in lower-density 

areas such as Upper Hill, Kilimani and Lavington neighbourhoods. Impervious paving 

and structures have replaced previously vegetated surfaces. Buildings materials within the 

Central Business District (CBD) have changed over time from concrete to glass facades 

that reflect solar radiation thereby increasing air temperatures. The impermeable surfaces 

increase urban temperatures, reduce stormwater percolation and limit evapotranspirative 

cooling. For instance, the city has experienced an average increase of 2 ºC in annual 

minimum temperatures between 1960 and 2000 (Makokha & Shisanya, 2010). Surface 

sealing has resulted in about 43% chance of flooding every two years (Muli, 2011). 
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Notwithstanding the climatic challenges, there are global gaps in practical and theoretical 

approaches to managing climate change. From the practical perspective, the focus has 

been on coastal cities at the expense of inland cities which also host enormous populations. 

The theoretical deficiency is the lack of a strong linkage between urban form and the role 

played by ecosystems in managing climate and climate change impacts. 

Current studies, reports, and policies on local climate impacts and adaptation have 

identified general impacts and vulnerabilities that affect the entire country. Those that 

have looked at specific sectors have concentrated on agriculture and tourism. Investigation 

of climate vulnerability and adaptation in urban areas by among others Awuor, Orindi, 

and Adwera, (2008) and Opijah, Mukhabana and Ngôangôa (2007) have focused on coastal 

towns or identified the relationship between human activities and changing urban climatic 

trends. 

Kenyaôs disaster management system faces challenges of inadequate information and 

data, legal and institutional frameworks, human capacity, equipment, and poor integration. 

The Kenya National Adaptation Plan has also identified a gap in the enabling policy for 

adaptation in the sector of population, urbanization, and housing. Planning in Nairobi has 

mostly been reactive. For instance, the current city masterplan was due for review and 

revision in the year 2000. Curiously, the succeeding masterplan which was completed in 

2014 has not been gazetted for implementation. 

The close link between regional climate, Nairobiôs climate variability and urbanization 

patterns are expected to intensify the cityôs vulnerability. The improvement of urban 

climate resilience requires a clear understanding of the nature, location, and magnitude of 

vulnerability . The study sought to investigate how Nairobiôs urban form is influencing its 

climate. 

1.3 Purpose of the Study 

The empirical findings of the study, gained through case study survey, are useful in 

understanding the relationship between urban form development and climate 

vulnerability, thereby contributing to sustainable development. 
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1.4 Research Objectives  

1.4.1 Main  Objective 

To investigate the influence of Nairobiôs urban form on climate change vulnerability 

between 1988 and 2018. 

1.4.2 Specific Objectives 

The specific objectives of this study were: 

(i) To examine the evolution of urban form within the City County of Nairobi 

between the years 1988 and 2018. 

(ii)  To assess climate trends and pattens in the City County of Nairobi between the 

years 1988 and 2018. 

(iii) To determine the relationship between urban form and climate change in the City 

County of Nairobi between the years 1988 and 2018 

(iv) To develop a climate adaptation strategy for the City County of Nairobi. 

1.5 Study Hypothesis 

With the relationship between urban form and climate expressed in Equation 1.1, the null 

hypothesis (Ho [Equation 1.2]) portends that urban form does not significantly influence 

climate change vulnerability in the City County of Nairobi. The alternate hypothesis (Ha 

[Equation 1.3]) portends that urban form influences climate change vulnerability in the 

City County of Nairobi. 

 ὅὠ ὥπ ‍ὄόὭὰὸὟὴ ὃὶὩὥ‍ὊέὶὩίὸ‍ὕὴὩὲ ὛὴὥὧὩ‍ὔὈὠὍὩ (1.1) 

Where: 

Á CV is climate vulnerability. 

Á a is a constant 

Á NDVI is Normalized Difference vegetation Index. 

Á e is error. 

 Ὄȡ ‍ π Ὢέὶ ὥὰὰ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸί έὪ ὧὰὭάὥὸὩ (1.2) 

 Ὄȡ ‍ π Ὢέὶ ὥὸ ὰὩὥίὸ έὲὩ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸ (1.3) 
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1.6 Study Significance 

Previous studies in Kenya have focused on nationwide climate vulnerability. This leaves 

a gap in medium-scale climate adaptation recommendations. This study meets that gap by 

looking at climate change vulnerability at the smallest administrative unit (the 

sublocation). At this scale, the recommendations range from small to medium scale and 

therefore easy to implement. Implementations can be at the household, community, 

neighbourhood, or city scale. 

As a developing country, Kenya experiences a deficit in research outputs focused on 

solving climate-related challenges as pointed out in Sessional Paper no. 3 of 2016. This 

policy paper advocates for increased research and development on climate change 

adaptation and mitigation. The study focuses on adaptation in urban areas as one of the 

main climate action initiatives significant for the countryôs development.  

The study exposes the role of both Geographic Information Systems (GIS) and census 

statistics in environmental and physical planning. It also explores diverse thematic areas 

of urban ecology, urban planning and design and climatic modelling. The review of 

various cross-cutting themes assists in the generation of recent knowledge for academia 

and theoretical approaches. With a philosophical approach of positivism, the empirical 

data will add to the pool of information on climate change and metropolitan planning 

issues.  

Among the gaps and limitations identified are the coverage and consistency of 

meteorological data for the city of Nairobi. Further planning for extensive and efficient 

collection, storage, and analysis of climatic statistics is advocated for. This will aid in 

continuous analysis of vulnerability and a review of adaptation approaches based on 

established vulnerabilities. 

1.7 Study Justification 

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

instance, Nairobi has experienced an alternating flood and drought events and a shift in 
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established climatic patterns that affect human comfort. The studyôs recommendations on 

adaptation are ideal in increasing the resilience of both the urban dwellers and urban 

infrastructure. 

The country is reviewing policy, institutional and legal frameworks to be in tandem with 

the Constitution of Kenya 2010. This review is geared towards aligning the policies to 

new tenets of development and the shift into a devolved system of governance. This is, 

therefore, an opportune time to mainstream climate change adaptation strategies into 

different policy, institutional and legal frameworks. 

The study seeks to fill a gap that was identified by the Kenya National Adaptation Policy 

as the lack of enabling policy, especially in the population, urbanization, and housing 

sectors. This is through the recommendations on urban planning and development models 

sensitive to the effects of climate change in urban areas and climate change adaptation 

mechanisms. 

The solution to urban problems requires the collaboration of various decision-makers: 

urban managers, planning professionals, sociologists, architects, and politicians. The 

study takes a comprehensive approach. The combination of biophysical and 

socioeconomic characteristics of urban areas covers all aspects of urbanization. 

The City County of Nairobi hosts about a tenth of the countryôs population. Most of this 

population is classified as vulnerable even before the consideration of climate change due 

to the geographic and socioeconomic structure that exposes them to multiple risks. Urban 

dwellers make up a critical population whose resilience is important. 

It is argued that the next global conflict will be about water. Climate change affects the 

distribution of water thereby influencing rapid rural-urban migration. This increases the 

vulnerable urban populations. Such distress has the potential to cause social and political 

conflict. The adaptation approaches recommended by the study would improve the 

resilience of urban areas, minimizing the chances of social and political conflict.  
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Climate-related disasters have been on the rise and causing immense damage to property, 

livelihoods, and loss of life. Locally it is posing challenges to the attainment of Kenyaôs 

Vision 2030; specifically, the economic and social pillars by compromising economic 

development and sustainable environment for social justice (Government of Kenya, 

2016c). This study identifies the location, nature, and magnitude of vulnerabilities and 

recommends precise urban infrastructure adaptation and resilience thereby protecting the 

foundations of economic development.  

The most climate-vulnerable communities or populations are also the most at risk 

socioeconomically. Their empowerment requires a clear identification of their 

vulnerabilities. The study investigates the socioeconomic vulnerabilities of urban 

communities in Nairobi and recommends adaptation approaches that would help reduce 

the vulnerability of these social groups. 

Urban areas are argued to be major contributors to climate change but also opportune 

centres for innovation on climate change action technologies. This study provides a basis 

for the development of such innovations as it outlines area-specific vulnerabilities for the 

city of Nairobi. This allows for the generation of very distinct technological approaches 

that would be used in solving specific challenges facing individual communities or locales 

as advocated for in the Sessional Paper No. 3 of 2016. 

The Constitution of Kenya 2010 guarantees citizens a clean and healthy environment and 

the right to life among other rights under the bill of rights. Increased vulnerability to 

flooding and extreme temperatures exposes people to hazards that compromise those 

rights. The recommendations of this study would, therefore, help in protecting the rights 

of urban dwellers. They would also assist in environmental protection through the 

adoption of environmentally sensitive approaches to development. 

The study shall provide a basis for the revision and improvement of policy, legal and 

institutional frameworks for climate action in Nairobi and other urban areas. It shall also 

provide a baseline for future studies in climate change vulnerability in Nairobi. The 
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baseline data can also be used in future development of vulnerability indices for the city 

and the country. 

1.8 Study Assumptions 

i. Climate change is past the tipping point as noted by Reid et al., (2009). As such, 

the climate change impacts will be felt even if mitigation is undertaken. Climate 

change adaptation is therefore not in vain. In addition, climate change adaptation 

approaches can also aid in general climate amelioration in case climate change is 

fully mitigated. 

ii.  The city is a hotspot for environmental consequences of human activities and the 

emerging challenges whether global or regional are best mitigated locally 

(Hultman, 1993). The location specific approaches to urban resilience are therefore 

more effective than global or regional approaches. 

iii.  Direct observation of the urban form parameters for ground truthing offered no 

inference, and as a result, minimized the possible error associated with the 

classification method of determining landuse (Haynes & OôBrien, 2003). 

However, this was only applicable to the 2018 epoch which was the basis for 

vulnerability assessment. 

iv. The time series and forecasting method assumes that the recorded patterns will  

continue without any drastic changes outside the noted upper and lower confidence 

levels (Goodchild, 2005). The projected urban form and climate trends between 

2018 and 2048 follow this argument. 

v. The relationship between urban form and climate as well as the relationship 

between urban form and vulnerability is linear. This assumption is based on theory 

as argued by Mahmood et al., (2010). 

1.9 Scope and Limitations of the Study 

1.9.1 Spatial-Temporal Scope 

The geographical scope of the study was the City County of Nairobi as delineated by the 

boundary of the City County of Nairobi County. The unit of analysis adopted was the 
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administrative sublocation boundary. The duration of interest was a 30 year period 

between 1988 and 2018. 

1.9.2 Theoretical Scope 

The theory of good urban/city form and the Integrated Urban Ecosystem Theory (IUET) 

formed the theoretical underpinning of the study. The theory of good urban form guided 

the operationalization of urban form and its elements. Key constructs of the study were 

urban biophysical character, urban systems, and ecosystems. The key variables included 

Nairobiôs biophysical, climatic, and socio-economic characteristics. 

1.9.3 Methodological Scope 

The study was a descriptive case study research. It used both qualitative and quantitative 

approaches. The positivist and empiricist philosophical school of thought guided this 

combination. 

1.9.4 Study Limitations 

I. The distribution of weather stations around the city is not even. For instance, the 

central business district expected to have a unique micro-climate does not have a 

weather station. The interpolation approach is limited in its representation of the 

climatic patterns of Nairobi. 

II.  Climatic data had gaps in some stations for certain months and years of interest. 

This was reduced by increasing the number of epochs from 10 years to 5 years to 

establish non-biased trends. 

III.  The findings and recommendations of the study are not open to generalization due 

to the case study research design and purposive sampling undertaken. 

1.10 Study Outline 

The study is organized into five chapters. The first chapter, introduction, provides a 

background to the study that highlights aspects of the key variables. It also states the 

problem, the research objectives, hypothesis, justification, significance, assumptions, 

limitations, delimitations, and scope of the study. The second chapter, literature review, 

entails a comprehensive critical review of literature on the topics of urban planning and 
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form, urban climate, climate change vulnerability assessment, and climate change 

adaptation. The theoretical and conceptual frameworks discuss the evolution of concepts 

and their operationalization, respectively. The third chapter, research methodology, 

presents the study area, research approach, design, methods, techniques, data selection 

and processing procedure. It concludes with approaches to ensuring data reliability and 

validity. Chapter four details the study results and discussion. It explains the findings 

while referring to global approaches and the reviewed literature. It also analyses the 

opportunities of urban resilience and adaptation in Nairobi. The final chapter concludes 

the study and makes recommendations.  
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CHAPTER TWO  

LITERATURE REVIEW  

Chapter 2  

2.1 Introduction  

This chapter critically reviews the literature on four key components: urban form and 

climate, climate change, vulnerability assessment, and adaptation approaches. The study 

discusses the relationship between urban form and climate. The chapter then concludes 

with a review of the key theories pertinent to the generation of concepts and a proposed 

conceptual framework based on the concepts. 

The chapter addresses three key gaps. First is that climate change response studies have 

focused on larger sectoral aspects such as agriculture, tourism, and health (Government 

of Kenya, 2010; Government of Kenya, 2016). This omits medium and small-scale aspects 

such as urban development. Secondly, research on the effects of climate change in urban 

areas has been focused on coastal urban areas (Awour, Adwera & Orindi, 2008; Njoroge, 

2015). This leaves a major gap on large inland urban areas such as Nairobi that are also 

experiencing the impacts of climate change. Third, Nairobiôs urban plans from the 1898 

Railway town to 2014 Nairobi Integrated Urban Development Master Plan either lack or 

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

2.2 Urban Planning Models and Form  

2.2.1 Historical Urban Planning Models and Patterns 

Urban areas start spontaneously or as planned human settlements. In both cases, they 

evolve through an urbanization process based on various physical, environmental, 

political, and economic parameters. This process gives rise to urban settlements that in 

most cases, Rubenstein (2016) argues, are distinguished by social and physical 

characteristics such as large size, social heterogeneity, and high density. Sociologists, 

economists, and geographers have over time developed models that attempt to explain the 

distribution of the various social and economic structures within an urban area. Some 
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models proposed by the Chicago School include the concentric zone, the sector, and 

multiple nuclei models (Rubenstein, 2016; Hall & Barrett, 2018; Simmonds, 1988). 

In 1923, Burgess developed the concentric model. It was the first to explain the 

distribution of different social groups within urban areas (Rodrigue, Comtois, & Slack, 

2013). It argued that the city grows from the centre outwards in concentric rings (Figure 

2.1) of varying sizes and widths ( Rubenstein, 2016; Burgess, 2008). 

 

Source Rubenstein (2016) 

Figure 2.1: The Concentric Model 

This model has faced criticisms and modifications. For instance, it is argued to be deficient 

in outlining how the settlement process responded to the physical characteristics and 

constraints of the land as it assumed among other things a uniform land surface (Dear & 

Flusty, 1998). As a result of such criticisms, it gave rise to the Sector and the Multiple 

Nuclei Models (Gonzalez & Medina, 2014). 

Homer Hoyt developed the Sector model as a modification of the concentric zone model 

in 1939 (Simmonds, 1988). It proposed that cities developed in a series of sectors and not 

rings (Figure 2.2). Hoyt argued that different activities were attracted to different areas of 

the city either due to environmental conditions, transportation opportunities or by mere 
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chance (Rubenstein, 2016). This appreciates the role played by environmental factors on 

the development of various landuses. 

 
Source: Rubenstein (2016) 

Figure 2.2: Sector Model 

The multiple nuclei model advanced in 1945 portends that the city structure is more 

complex and consists of multiple centres around which different activities develop (Figure 

2.3). 
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Source: Rubenstein (2016) 

Figure 2.3: Multiple Nuclei Model  

The Multiple Nuclei theory, as discussed by Rubenstein (2016), notes that certain 

activities are attracted to certain nodes while others are repelled by them, resulting in 

different centres of growth. As such, the resultant composition of urban elements and 

densities also vary from place to place. 

In a comparative study of the applications of the three models from the Chicago School, 

outside of American cities, Rubenstein (2016) agrees that they may not be a replica but 

should not be fully discarded as there are strong similarities and minor modifications in 

the patterns in Europe, Africa, and Asia. 

Other than the Chicago School arguments, the other compelling urban development model 

proposed was the garden city concept (Figure 2.4). Proposed by Ebenezer Howard, it 

proposed the marriage between the town and rural areas laid out in a circular plan with six 

wards divided by six major streets (Sharifi, 2015). 
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Source: Gardenvisit (2020) 

Figure 2.4: The Garden City Concept 

It evolved out of the need to solve urban degradation brought about by the industrial 

revolution of the late 1800 to early 1900 (Parsons & Schuyler, 2004). It faced criticisms 

which included urban sprawl and intense negative impacts on resources and the 

environment and the óoverlooking of the greenbelts approach because of the high cost of 

land within urban areasô (Sharifi, 2015). 

The original models and concepts did not consider the influence of climate in decision 

making at the time. Nonetheless as noted by Hall and Barrett (2018), climate plays a 

notable role in determining some of the urban development components and urban human 

comfort. The different layout, when viewed alongside later discussions by authors such as 

Erell, Pearlmutter, and Williamson (2011); Hough (2004), Oke, Mills, Christen, and 

Voogt (2017) reveal influences that such models have on localized urban climates. For 

instance, the multiple nuclei model is inclined to have a rougher aerodynamic composite 

due to the different centres of density that would influence wind flow patterns and surface 

temperature. 
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2.2.2 Emerging Urban Planning Models 

The emergence of new urban planning models and approaches was prompted by the 

inadequacies of the historical models. Some of the emerging approaches, it has been 

argued, are speculative innovations rather than conventional solutions (Mostafavi & 

Doherty, 2010). The ideas include new urbanism, landscape urbanism, and eco/ green 

cities approach. Due to their sustainability considerations, they are superior to the older 

models in managing environmental and social urbanization challenges (Sharifi, 2015). 

New urbanism is an urban design ideology and approach that proposes a variety of 

building types, mixed uses, housing mixes of different economic status, and a strong 

provision for the public realm (Fainstein, 2000). It was developed as a critique of the 

traditional American suburbia which suffered from the negative effects of urban sprawl 

(Bhatta, 2010). Its main principles (Figure 2.5) include walkability, connectivity, mixed-

use and density, mixed housing, quality architecture and urban design, traditional 

neighbourhood structure, sustainability, density, and smart transportation (Congress for 

the New Urbanism [CNU] and U S Department of Housing and Urban Development 

[HUD], 2000). The principles guide development within the regional, suburban, and urban 

renewal domains. 

 
Source: Steuteville (2017) 

Figure 2.5: Transition from Neighbourhood Unit to Sustainable Neighbourhood 
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Landscape urbanism emerged in the 1990s. It merges the fields of urban ecology and 

landscape urbanism. Landscape urbanism recommends landscape elements to be the 

structuring element in urban planning as opposed to new urbanism where green spaces 

were more of left-over spaces unsuitable for construction. It also ropes in urban ecology 

(Figure 2.6) that considers how people interact with other people, and the built and natural 

environment (Steiner, 2011). 

 
Source: Barista (2015) 

Figure 2.6: The New York Highline Project, an Example of Landscape Urbanism.  

Green and eco cities (Figure 2.7) approaches embrace sustainable development 

paradigms. They endeavour to develop in an environmentally sensitive or green way (El 

Ghorab & Shalaby, 2016). The seven concepts associated with green/ eco cities include 

compactness, sustainable transport, density, mixed land use, diversity, passive solar 

design and greening as essential for sustainable urban form. However, Tratalos, Fuller, 

Warren, Davies, and Gaston (2007) caution that density directly impacts the 

environmental quality and ecosystem services. The green and eco cities approach is being 

applied in Europe with success. 
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Source: Studio A+H (2020) 

Figure 2.7: Binhai Eco City Master Plan 

The main principles of the new urbanism, eco cities and landscape urbanism consider 

sustainability as a key element. In some instances, they also include green economy as a 

concept (Moughtin & Shirley, 2005). This is critical in development of holistic urban areas 

and neighbourhoods. There is also a crosscutting theme of nature-based planning and 

design. This change in approach is not only ideal for sustainable development but also for 

combating emerging climate-oriented challenges. 

2.2.3 Urban Form Elements 

Urban form and morphology are often interchangeably used by different authors (Oliveria, 

2018; Stangl, 2018; Chiaradia, 2019). Broad classification of the core aspects of urban 

form outlines them as natural and built environment (Kropf, 2018). The natural 

environment encompasses geology, plants, landform, and water. The built environment 

components are streets, open spaces, and buildings. The significance of urban form is the 

physical street layout, use of spaces, buildings, and expression of the cultural, and social 

aspects of life (Barke, 2018). It impacts planning, urban conservation, sustainability, 

crime, and public health (Barke, 2018; Javanroodi, Mahdavinejad, & Nik, 2018). 
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Urban form has undergone both positive and negative transformations. The positive 

transformations were geared towards aiding urban functionality such as easy construction 

of buildings and infrastructure  (Sattethwaite, Huq, Reid, Pelling, & Lankao, 2009). The 

negative effects of such transformations include sealing of urban surfaces and replacement 

of vegetation with buildings (Gill, Handley, Ennos, & Pauliet, 2007). This compromises 

the ecological performance of urban areas (Whitford, Ennos, & Handley, 2001). 

Other transformations have also been time sensitive. For instance, the 19th-century 

planning was more climate-sensitive compared to the 20th-century ones where buildings 

and street spacing appear similar in both warm and cold climates  (Bosselmann, Arens, 

Dunker, & Wright, 1995). The delinking of urban form from climate-sensitive design has 

gone on despite the global appreciation of the effect that urban form has on local and 

global climate and vice versa. This effect is shown in arguments by Brown, Katscherian, 

Carter, and Spickett (2013) when they study the role of trees in developing cool urban 

communities. This is further supported by Lindén, Fonti, & Esper, (2016) in their 

Germany experiment. 

The predominant classifications of urban form follow either density, architype, or 

Landuse/Landcover (Gu, 2019; Oliveira, 2016). Density is characterized as either sprawl 

or compact (Schwarz, 2010). Despite the variety in the classification of urban form or 

form, Stangl (2018) points out that two schools of thought have emerged. The English 

focus on the street, building and plot patterns and the Italian which focuses on building 

types (Osmond, 2010; Caniggia and Maffei, 2001). 

Viewed from the perspective of climatic interaction, the typological approach is the most 

ideal as it considers the elements of urban form that either impact or are impacted by 

climatic parameters (Lindén et al., 2016). For instance, Stone, Hess, and Frumkin (2010) 

puts forward a case for how urban sprawl can increase the UHI effect through the 

replacement of green systems with hardscapes and how that same urban sprawl can also 

increase surface runoff through surface sealing. 
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Oliveira (2016) enumerates the urban form elements like the street, the plot and the 

building or the constructed and open space, a position supported by Conzen (2018). 

Examples of these spaces are squares, parks, and streets differentiated by the patterns of 

function according to Krier (1979). Based on this classification, the study considered the 

urban form elements as open spaces, buildings, and streets/ plazas. 

2.2.3.1 Open Space in Urban Areas 

The definition of open spaces is wide and based on a myriad of factors (Table 2.1). 

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

Form 
Scale 

City Intermediate Neighbourhood 

Street 
Boulevards and 

highways 
Streets Alleys and paths 

Plaza Large city plazas 
Small neighbourhood 

plazas 
Courtyards 

Recreation 
Stadiums, Parks and 

Greenbelts 

Sports grounds, parks, 

institutional 

grounds, empty 

lots, and 

cemeteries 

Private gardens and 

yards 

Incidental 
Natural features and 

semi wild areas 
Empty lots 

Marginalized spaces 

between buildings 

Urban 

Agriculture  
Agricultural fields 

Grazing grounds and 

gardens 
Kitchen gardens 

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

 

For instance, they can be function-based according to Valente-Pereira (1982), typology as 

argued by Lynch (1981) and Moughtin and Shirley (2005), scale as forwarded by Krier 

(1979) and surface materials according to Woolley (2003). Nonetheless, the most common 

definition is that they cover any space other than the built-up areas and include parks, 

plazas, squares, greenways, courtyards, and streets (Krier, 1979; Valente-Pereira, 1982; 
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Byrne & Sipe, 2011). The typology classification is comprehensive as it combines both 

the scale, material, and amenities according to Byrne and Sipe (2011). The open spaces 

can either be forested or open grasslands (Stanley, Stark, Johnston, & Smith, 2012; 

Woolley, 2003; Yilmaz & Mumcu, 2016). 

2.2.3.2 Buildings in Urban Areas 

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

shapes and sizes (Figure 2.8). 

 
Source: Shishegar (2020) 

Figure 2.8: Housing Typologies in Urban Areas 

They change as development, regeneration, renewal, and revitalization occurs  (Sandalack 

& Uribe, 2010). Their sections and elevations affect how they relate to outdoor space 

(Krier, 1979; Sandalack & Uribe, 2010). This relationship controls both the functionality 

and microclimate of the spaces determined by plan density, building heights, height 

uniformity and materials (Erell, Pearlmutter, & Williamson, 2011; Allmendinger, 2017). 

High densities of concrete and masonry edifices exacerbate the UHI effect (Oke R. T., 

1987; Oke, Mills, Christen, & Voogt, 2017; Hu, White, & Ding, 2016). Reflective surfaces 

such as glazed facades increase the glare at the street level, raising temperatures as well 

(Roof, Crichton, & Nicol Fergus, 2005).  

2.2.3.3 Streets and Plazas 

The term street is used to encompass other typologies of circulation routes in urban areas. 

Under a landcover-based typology, plazas and squares can also be classified under streets 

as they have similar physical characteristics (Figure 2.9). 
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Source: National Association of City Transportation Officials (2020) 

Figure 2.9: Urban Street and Plaza 

Streets define the dimension and geometry of buildings thereby controlling the integration 

of buildings and open spaces (Oliveira, 2016; Valente-Pereira, 1982). They also impact 

the social and environmental aspects of urban life (Southworth & Ben-Joseph, 2003). 

Design of streets often considers its dimensions, intended uses, construction materials, the 

relationship between streets, street furnishings and plantings. These parameters determine 

morphological aspects such as a street canyon character. This influences the streetôs 

impact on the microclimate by influencing factors such as solar access (Chatzidimitrious 

& Yannas, 2015; Louafi-Bellara & Abdou, 2016; Shafaghat et al., 2016; Taleghani, 

Kleerekoper, Tenpierik, & van den Dobbelsteen, 2015). 

Within a climatic context, streets can be used to maximize shelter of street users, maximize 

pollutant dispersion, enhance thermal comfort, and solar access (Oke T. R., 1988). As 

such creating a street-level microclimate (Bosselmann, Arens, Dunker, & Wright, 1995; 
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Brown, Katscherian, Carter, & Spickett, 2013). The micro-climate can be tapped to 

enhance human comfort (Krier, 1979; Ragheb, El-Darwish, & Ahmed, 2016; Sodoudi, 

Zhang, Chi, Müller, & Li, 2018). 

The type of urban form elements and the interconnected nature between the street, 

building and open space typologies point to an equally interconnected influence these 

elements are likely to have on climate parameters. Surface properties such as albedo, 

permeability, and thermal capacity of materials influence air temperatures and stormwater 

runoff (Chatzidimitrious & Yannas,2015; Coseo & Larsen, 2015). 

The determination of the magnitude of this influence, therefore, requires proper 

measurement of urban form and its elements. Song and Knaap (2004) propose 

consideration of key elements such as circulation systems, density, and landuse. Recent 

approaches have introduced terminologies such as landcover in consideration of climate 

modifications (Findell et al., 2017). This is momentous particularly when using 

Geographic Information Systems in mapping and quantifying urban form (Lambin & 

Geist, 2008; Pradhan, 2006; Mölders, 2011). The landuse/ land cover provides the closest 

quantitative measure of urban form relevant to climatic studies. It considers the 

components of the natural and built environment characteristics through spatial and 

temporal measures that are suggested by Boeing, (2018). The scales at which these 

parameters can be measured are proposed by Kotharkar, Bahadure, and Sarda (2014) to 

be individual buildings, street, urban block, neighbourhood, and city-wide scale. 

2.3 Urban Climate 

Climate and weather can be studied and analysed at different temporal and spatial scales 

(Table 2.2). Nonetheless, basic climatic models anticipate three variables in the study of 

urban climate; the macroclimate, differences caused by location and the urbanization 

effect (Landsberg, 1981). The relationship between the micro and macro climate is in two 

ways: the macroclimate provides the basic climatic inputs into the urban areas while the 

urban areas by their unique biophysical characteristics have certain subtle modifications 
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on the microclimate (Salata, Golasi, de Lieto Vollaro, & de Lieto Vollaro, 2015; Gill, 

Handley, Ennos, & Pauliet, 2007). 

Table 2.2: Scale Dynamics of Weather and Climate 
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The basic elements of weather namely solar radiation, wind, humidity, temperature, and 

precipitation are affected by the elements of the land such as slope, landform, water, and 

plants alongside the urban form, built materials, vegetation, and human activities (Oke, 

1987; Hough, 2002; Grimmond, et al., 2010). The nature of this interaction is defined by 

aspects of albedo, permeability, and heat capacity and conductivity of specific locations 

(Chen et al., 2019; Mohajerani, Bakaric, & Jeffrey-Bailey, 2017; Wu, Liu, Yang, & Bai, 

2016). Therefore, this implies that the localized weather manifestations can be 

manipulated by changing the reflectivity, permeability, and heat retention ability of 

different surfaces. 

The interaction of climatic parameters and urban surfaces can be summarized as energy 

balances. They manifest as inflows, outflows, storage and production of water and energy 

(Demuzere et al., 2017; Hertel & Schlink, 2019). The energy flows also occur on a global 

scale. This informs the difference between global, regional, and local weather patterns. 

The energy balances have the potential to affect local and regional climates thereby 

creating unique urban climates (Grimmond, et al., 2010; Lambin & Geist, 2006). The 
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energy and water balances that determine urban climate are influenced by physical 

elements: construction materials, aerodynamic roughness, solar radiation, precipitation, 

and air quality (Hough, 2002; Oke, 1987; Landsberg, 1981). As such, manipulation of the 

physical properties of the physical elements has the potential to influence the impacts of 

weather. 

2.3.1 Solar Radiation and the Urban Heat Island Effect 

Urban areas are exposed to air temperature, surface, and subsurface temperatures 

(Grimmond et al., 2010). Air temperature is the temperature above the ground: either in 

the Urban Canopy Layer or the Urban Boundary Layer. Surface temperature is the 

temperature of the urban surface including vegetation, paving, building, water, and bare 

ground. Subsurface temperature is the temperature beneath the urban surface namely soil, 

and basements (Oke, Mills, Christen, & Voogt, 2017). Urban temperatures are determined 

by solar radiation, urban form, water availability, and surface properties. They affect the 

received, reflected, re-reflected, and absorbed radiation (Coutts, Tapper, Beringer, 

Loughnan, & Demuzere, 2012; Hough, 2002). 

The Urban Heat Island (UHI) is a phenomenon (Figure 2.10) where urban areas exhibit 

heat differences of sometimes 10  with the neighbouring rural areas (Environmental 

Protection Agency, 2008a; Stone, Hess, & Frumkin, 2010). This is attributed to human 

modifications of the geometry, surface materials, population, canopy typology, and 

vegetation of urban areas. (Oke, Mills, Christen, & Voogt, 2017; Ningrum, 2018; Ward, 

Lauf, Kleinschmit, & Endlicher, 2016). 
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Source: Velazquez (2020) 

Figure 2.10: The Urban Heat Island Effects 

Impervious surfaces and concrete building surfaces store and conduct heat much faster 

compared to soil and vegetation. This raises surface temperatures in urban areas compared 

to rural zones (Hough, 2002; Wilby, 2007). UHI is the best example of inadvertent 

climatic change (Oke, 1995). It has become one of the most important factors to consider 

in urban design especially in a changing climate (Pattacini, 2012). 

2.3.2 Wind 

The urbanization process impacts the interaction between urban areas and wind based on 

urban form. Urban densities exhibit varying vertical and horizontal morphologies that 

influence roughness dynamics ( Allegrini, Dorer, & Carmeliet, 2015). In most cases these 

result in slower wind speeds on a city-wide scale according to Wilby, (2007). This 

scenario is referred to as Urban Wind Island effect (Droste, Steeneveld, & Holtslag, 2018). 

Nonetheless, localized speeds are higher in specific areas depending on the urban forms 

(Hough, 2002).  

These flow patterns are characterized by vortices at the edges of buildings and 

intersections (Grimmond et al., 2010). Withal, there are scenarios where the prevailing 

high wind speeds translate to higher wind speeds in the urban canopy layer either through 

the downward deflection by tall buildings or the tandem orientation of the streets to the 
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prevailing wind directions (Oke R. T., 1987). Street orientation and widths affect wind 

flow patterns in urban areas, influencing local urban temperatures with notable input from 

the distance between buildings (Grimmond et al., 2010; Allegrini, Dorer, & Carmeliet, 

2015). As such, areas that show decreased wind speeds have higher surface temperatures 

(Yang et al., 2019). 

2.3.3 Precipitation 

Precipitation is any form of water particles that falls from the atmosphere and reaches the 

ground (Ahrens & Henson, 2015). Precipitation in urban areas is varied in temporal, 

spatial and state dynamics; falls as hail, rain or snow and is usually either detained or let 

to flow into natural and designed waterways (Grimmond et al., 2010). Some of the factors 

that work either in isolation or in tandem to control this variability include elevations, 

presence of water bodies, the UHI effect and pollution (McLeod, Shepherd, & Konrad II, 

2017; Zhu et al., 2019). 

Urban areas impact and are impacted by precipitation through convection, urban surface 

roughness and surface materials. Air pollutants provide nuclei for cloud formation and the 

UHI changes air pressures above the urban canopy layer (Oke, 1987). There is increased 

consensus that the resulting rain often falls down-wind. These result in about 28% more 

rainfall in 30-60 km downwind region of the city (Solecki & Marcotullio, 2013). Even so, 

depending on the topographical orientations of the entire region, the surface runoff can 

sometimes make its way to the urban areas without there being any rain in the urban areas. 

Impervious surfaces cause rapid run-off (Chithra, Nair, Amarnath, & Anjana, 2015; 

Ferreira et al., 2019; Haidu & Ivan, 2016). As a result, rainwater is neither intercepted 

before it reaches the ground nor infiltrated (Whitford, Ennos, & Handley, 2001). 

2.4 Relationship Between Urban Form and Climate 

The correlation between urban form and climate run both ways. On the one hand, urban 

form components such as density and types of landcover influence temperature, wind 

patterns, precipitation, and water flow (IPCC, 2014a). On the other hand, the design of 
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historical urban form elements such as street orientations has been influenced by 

prevailing climatic conditions (Hebbert, 2014). 

Winds and urban form interactions are based on two components; aerodynamic roughness 

caused by the varying heights of buildings particularly in the high-density areas and 

orientation of the urban voids in comparison to the prevailing wind directions (Oke R. T., 

1987; Hough, 2002). The success of outdoor spaces in the context of airflow and wind 

patterns has led to some standards being developed, for example, the Gandmer and Guyot 

(1976) that proposed a maximum wind speed of 5 m/s as quoted by (Szucs, 2013).  

Solar radiation which affects surface temperatures and evaporation rates manifests 

differently in different urban areas. The manifestation is influenced by the quality of urban 

surfaces and regional radiation patterns (Chang, Saha, Castro-Lacouture, & Yang, 2019). 

For example, road networks produce the highest thermal emissivity followed by industrial 

and commercial developments. Vegetated surfaces have the lowest thermal emissivity 

(Xiao, Li, & Wang, 2011). Overglazed building facades pose major thermal issues as they 

not only lead to overheating in both the internal and external environments but also 

increase light energy use within buildings as the blinds are often drawn (Roof, Crichton, 

& Nicol Fergus, 2005). 

Interaction between urban areas, and precipitation occurs at two distinct levels: the effect 

urban areas have on precipitation dynamics and what happens to the precipitation once it 

reaches the ground. First, urban areas control the regional climate and local wind patterns 

through convection and surface roughness (Oke T. R., 1988). Secondly, the perviousness 

of urban surfaces determine runoff; the more impervious a surface, the more the runoff 

(Chithra et al., 2015; Ferreira et al., 2019; Haidu & Ivan, 2016). For instance, 

transportation systems become the first casualty of flooding (Figure 2.11) as most 

drainage systems exist alongside them and their imperviousness (Singh, Sinha, Vijhani, 

& Pahuja, 2018). This implies that poorly designed and/ maintained and inadequately 

provided drainage systems exacerbate the flooding potential of roads and other paved 

surfaces. Other factors that would impact precipitation but not easily discernible at the 
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urban form level include slope and soil drainage properties (Bathrellos, Karymbalis, 

Skilodimou, Gaki-Papanastassiou, & Baltas, 2016; Gigovich, Pamvear, Bajic, & 

Drobnjak, 2017). 

 
Source: Angote (2018) 

Figure 2.11: Flooded Street in the City County of Nairobi 

There are also inter-relationships between the different parameters. This is based on the 

water-energy balance equation. For instance, Water availability determines local 

temperatures through evaporation or evapotranspiration (Oke, 1988; Coutts, Tapper, 

Beringer, Loughnan, & Demuzere, 2012). 

The interactions between urban surfaces, plants, and the atmosphere are complex that 

minor changes in any of the urban form components can result in major changes in the 

local climate (Bruse & Fleer, 1998). The process of urbanization which has been notated 

to carry the greatest negative impact on biodiversity also compromises the ecosystem 

services of natural systems thus aggravating challenges of climate in urban areas (Lyu, 

Zhang, Xu, & Li, 2018; Palomo, 2017; Breuste, Haase, & Elmqvist, 2010). 
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The relationship between climate and urban form is based on the physical characteristics 

of the urban form elements. These are dominantly manifest as landcover. As such, the 

management of climatic manifestations and impacts is can be enhanced through 

manipulation of the physical characteristics of urban form. This would include changing 

the permeability, conductivity, and emissivity of different urban surfaces. 

2.5 Climate Change and Vulnerability Assessment 

2.5.1 Climate Change Effects and Impacts in Urban Areas 

The two widely used definitions of climate change are by the Intergovernmental Panel on 

Climate Change (IPCC) and The United Nations Framework Convention on Climate 

Change (UNFCCC). The IPCC defines it as any change in climate over time, whether due 

to natural variability or because of human activity (IPCC, 2007b). The UNFCCC defines 

it as the change of climate which is attributed directly or indirectly to human activity that 

alters the composition of the global atmosphere and which is in addition to natural climate 

variability observed over comparable periods (UNFCCC, 1992).  

Despite the variety of definitions, key emerging issues are the duration of observation and 

the role played by both natural variability and human activities. To this extent, several 

theories have been advanced as to the causes of climate change. The commonly discussed 

ones include the anthropogenic global warming and solar variability theories of climate 

change. Others include bio-thermostat, cloud formation and albedo, ocean currents and 

planetary motion theories (Bast, 2010).  

Anthropogenic global warming attributes climate change to human activities, the release 

of Greenhouse Gas and reduction of carbon sequestration capabilities of earth systems 

whose arguments go back to the seventeenth century (Hulme, 2009). Solar variability 

proposes that sunspots and solar flares cause warming of the earth (Bast, 2010), a position 

also noted by IPCC as a contributing factor. That said, there is evidence by the IPCC, that 

human activities are playing a conspicuous role in global warming (IPCC, 2007b; Henson, 

2011; UN-Habitat, 2011). This has been done through the modelling of both natural and 

anthropogenic drivers both in isolation and together (IPCC, 2007a; IPCC, 2007c). 
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At the centre of the climate change debate is also the discourse on whether what we are 

experiencing is climate change or climate variability. Climate variability is generally 

defined as variations in the mean state and other statistics such as standard deviation of 

the extremes of climate on all temporal and spatial scales beyond that of individual 

weather events  (IPCC, 2007b; Ahrens & Henson, 2015). There is also consensus that the 

climate anomalies are quite varied, and the rates of variability are higher than any ever 

recorded (National Academy of Sciences, 2014). 

Urbanization and climate change are closely interlinked and show interrelations with 

processes such as economics, land-use change and demographics. However, the 

manifestations vary in urban areas due to uneven exposure and susceptibility (Krellenberg, 

2016). Climate change impacts sectors in the urban areas namely energy, infrastructure, 

water supply, waste, and communications which in turn affects social, economic, 

ecological, and cultural aspects of human life (Zimmerman & Faris, 2010; World Bank, 

2010). Statistics show that the globe is experiencing compelling climate anomalies 

(United Nations Environmental Programme [UNEP], 2010). The notable anomalies are in 

the elements of temperature, precipitation, winds, and sea-level rise (Hegerl, Brönnimann, 

Schurer, & Cowan, 2018; Mokhov & Semenov, 2016; Henson, 2011). 

The first effect of climate change is extreme temperatures (Figure 2.12). The top 10 

warmest years on record have occurred between 2005 and 2019 with 2016 being the 

warmest of them all (World Meteorological Organization [WMO], 2019; WMO, 2016; 

WMO, 2014) Urban areas have also experienced an increase in extreme heat events 

(Stone, Hess, & Frumkin, 2010). Most cities in Africa, Asia, and Latin America will 

experience more instances of heatwaves due to a combination of the UHI effect, the 

increasing global temperatures and increased air pollution in the larger cities of high 

density. On the other side is the lowering of temperatures in the normally cold days 

(Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007; Henson, 2011). 
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Source: Earth Observatory (2006) 

Figure 2.12: Global Extreme Surface Temperatures of January 2006 

Extreme temperatures, especially high temperatures, affect human productivity, health, 

and the air quality of the urban areas by increasing pollution (Roof, Crichton, & Nicol 

Fergus, 2005; Satterthwaite, Huq, Pelling, Reid, & Lankao, 2007; Henson, 2011; 

Environmental Protection Agency, 2008a). Noise pollution is expected to increase in 

previously cold climate cities due to increased outdoor activity because of warmer 

conditions (Roof, Crichton, & Nicol Fergus, 2005). Extreme heat events also cause 

morbidity, mortality, higher energy consumption, thermal pollution, pavement damage 

and wildfires with a higher number of deaths occurring during heat waves (Bell et al., 

2016; Horton, Mankin, Lesk, Coffel, & Raymond, 2016; Mitchell et al., 2016). 

The second effect is extreme precipitation. In tropical zones, the dominant form of 

precipitation is rainfall and sometimes hail. In the higher latitudes, precipitation manifests 

as rain, snow, sleet, and hail (Ahrens, 2015). These precipitation changes manifest as 
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extremes of rainfall or drought. Extremes manifest in the form of intensity or duration 

(IPCC, 2007b).  

When precipitation occurs in urban areas, the resultant water is usually either drained off 

as runoff, collected for use or infiltrated into the pervious surfaces (Figure 2.13) 

(Sattethwaite, Huq, Reid, Pelling, & Lankao, 2009). Surface runoff is the component that 

poses risks to urban areas as surface flooding. 
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Figure 2.13: Precipitation in Urban Areas 

Flooding is a normal natural occurrence and risk in urban areas (Satterthwaite, Huq, 

Pelling, Reid, & Lankao, 2007). However, the damage from flooding is a purely man 

instigated occurrence that happens at the confluence of meteorological, hydrological, 

physical, and anthropogenic activities (Associated Programme on Flood Management, 

2012). The physical characteristics manifest as landcover with different runoff 

coefficients (Table 2.3) which have great potential to impact ecosystem processes, 

hydrology, biodiversity, climate, and human activities (Alsaaideh, Al-Hanbali, & Tateishi, 

2012). Aside from the runoff coefficients, the dysfunctional drainage systems also 

contribute. They are often either underprovided or poorly maintained thereby blocking 

and not performing their intended functions. The replacement of natural landcover with 
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paved surfaces increases surface runoff, making urban areas vulnerable to flooding. 

Flooding experienced in African towns and cities is either pluvial, fluvial, or tidal (Figure 

2.14). 

Table 2.3: Runoff Coefficients of Urban Landcover Types 

By Surface Type (for flat areas) Runoff Coefficients 

Lawns:  

   Sandy Soil 

   Loamy Soil 

 

0.05 - 0.10 

0.10 - 0.20 

Park Areas 0.10 - 0.25 

Asphalt/Concrete Surfaces 0.70 - 0.95 

Roof Areas 0.75 - 0.95 

By Landuse K Values 

Unimproved 0.10 ï 0.30 

Suburban residential 0.25 ï 0.40 

Single-Family Units (Urban) 0.30 ï 0.50 

Apartments 0.50 ï 0.70 

Business Sector (Central City) 0.70 ï 0.95 

Industry: 

   Light 

   Heavy 

 

0.50 ï 0.80 

0.60 ï 0.90 

Note: Landsberg (1981) 
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Source: RIBA (2009) 

Figure 2.14: Sources of Flooding 

Flooding leads to economic losses, loss of life, livelihoods, and health risks (Cowie, 2013; 

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

on water quality, general water scarcity (Associated Programme on Flood Management, 

2012; Roof, Crichton, & Nicol Fergus, 2005). Other than the direct and indirect impacts 

of flooding, the other aspects of urban services that get affected include waste 

management challenges due to waste being swept away and increasing the risk of 

contamination (Roof, Crichton, & Nicol Fergus, 2005). These lead to various inter-related 

problems directly resulting from urbanization (Hammond, Chen, Djordjeviĺ, Butler, & 

Mark, 2015; Miller & Hutchins, 2017) as shown in Figure 2.15. 
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Source: Associated Programme on Flood Management (2012) 

Figure 2.15: Flood Dynamics in Urban Areas.  

Landslides are intricately linked to precipitation. They are influenced by vegetation cover, 

slope angle, and stability, and precipitation patterns. Spatial distribution data on landslides 

point to a strong correlation with rapid land-use changes (UN-Habitat, 2011). Nowhere 

are these changes more evident than in urban areas, particularly those settled by the urban 

poor which tends to be physically vulnerable such as riverfronts and mountainsides. Due 

to the confluence of precipitation and physical characteristics of a space, these locales 

have higher risks of landslide with impacts being loss of life and property, damage to 

infrastructure, and a general rise in the cost of living (UN-Habitat, 2011). 

Droughts are a typical occurrence in the climatic cycles of a region because of the El Niño 

and La-Nina effects. However, climate change has been noted to cause further changes in 

these known systems through increased evaporation during the dry periods (Henson, 

2011). The effects of drought on urban areas include water stress, high cost of access to 

water, compromised water quality, groundwater subsidence, interrupted inland water 
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transport, rural-urban migration, urban forestry loss, and hydro-electric energy shortages 

(UN-Habitat, 2011; IPCC, 2014a). In water-deficient environments, primarily cities in 

deserts and semi-arid areas, civil unrest, and wars between countries can be expected 

(Roof, Crichton, & Nicol Fergus, 2005). 

The third effect is extreme wind speeds (Figure 2.16). These manifest as either hurricanes, 

cyclone, or dust storms. Extreme winds are considered to affect coastal areas. However, 

inland areas are also affected by windstorms and tornadoes (Henson, 2011). These are as 

well projected to increase in intensity due to climate change. In a general context though, 

wind has the greatest impact on urban climate as it affects temperature and humidity 

through evapotranspiration and evaporation (Hough, 2002). It also affects human comfort 

in different spaces (Ghasemi, Esfahani, & Bisadi, 2015; Hsieh, Jan, & Zhang, 2016; Szucs, 

2013). 

 

Source: Thuo, (2019) 

Figure 2.16: Dust Storm Experienced in Nairobi in October 2019 
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The fourth effect is biodiversity loss and changes in plant phenology. Climate change is 

causing many changes to flora and fauna structures globally (Pecl et al., 2017; Turner, 

2018). Such changes include phenology, geographic distribution, flora and fauna 

community networks, and sometimes total biodiversity loss (Wilby & Perry, 2006; 

Henson, 2011; Staudinger et al., 2012). They are caused by effects such as extreme 

precipitation and temperatures that affect the entire ecosystem (IPCC, 2007b). 

Of the five transmission mechanisms through which climate change will affect human 

development, four will be heavily felt in urban areas. Three out of the four will be felt in 

inland urban areas. They include increased extreme temperatures, extreme precipitation 

and droughts and landslides (International Institute of Environmental Development 

[IIED], 2016). The impacts will, however, affect all the sectors of urban life ranging from 

tourism to natural ecosystems, infrastructure, and housing (MENR, 2014). Impacts 

manifest in extreme and mean values of the different parameters. These manifestations 

vary from location to location and affect different groups of people (Table 2.4). 
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Table 2.4: Summary of Climate-Driven Phenomena, Impacts and Affected Groups 

Climate-

Driven 

Phenomena 

Evidence of Current 

Impact 

Other Processes/ 

Stresses 

Projected Future 

impacts 

Zones, Groups 

affected 

Changes in Extremes 

Extreme 

Rainfall 

Erosion, Landslides, 

flood Casualties, 

economic losses, 

and infrastructure 

damage 

Landuse, population 

density, 

institutional 

capacity 

Effects in 

Settlements, 

health, 

economy, 

buildings, and 

infrastructure 

Population in 

settlements and 

infrastructure 

Heat or 

Cold Waves 

Health, social 

stability, water, 

energy, and 

infrastructure 

Building design, 

Social Contexts, 

and Institutional 

Capacity 

Health, 

populations, 

energy 

requirements 

5<age>65 and poor 

Drought Water, livelihoods, 

energy 

generation, water 

transport 

Water systems, 

water demand, 

and energy 

demand 

Water resource, 

migration, and 

economic 

activities 

Poor areas, Arid 

and Semi-arid, 

regions with 

human-induced 

water scarcity 

Changes in Means 

Temperature Energy demand and 

costs, urban air 

quality, 

recreation, 

livelihoods, retail 

consumption 

Demographic and 

economic 

changes, land-

use changes, air 

pollution, 

innovations, and 

institutional 

capacities 

Energy demand 

and costs, urban 

air quality, 

recreation, 

livelihoods, 

retail 

consumption 

Population 

vulnerabilities 

Precipitation Agricultural 

livelihoods, 

energy supply, 

and water 

infrastructure 

Competition from 

other places 

Flooding/Drought Poor regions and 

populations 

Note: Developed from IPCC (2007a) 
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2.5.2 Climate Change Vulnerability Components 

Vulnerability is the degree to which a system is susceptible to and unable to cope with 

adverse effects of climate change including climate variability and extremes (IPCC, 

2007b). It is multidimensional and a function of the cityôs biophysical, social, and 

economic characteristics (Birkmann et al., 2014). These make them susceptible to climate 

variations and include location, timing, slope, population size, density, and inhabitantsô 

economic status (Swart et al., 2012; Fritzsche et al., 2014). Vulnerability classifications 

have been varied. The three main classifications are shown in Table 2.5. 

Table 2.5: Summary of Vulnerability Classifications 

Classification Authors 

Biophysical versus Socioeconomic 

Klein & Nichols,1999; Krellenberg, 2016; 

Brooks, 2003; Brooks, 2003; Satapathy et 

al., 2014 

Physical, Economic and 

Environmental 
UN, 2004 

Physical-Environment, Social Moss et. al., 2001 

Despite the different classifications, recurrent terminologies in vulnerability discussions 

remain the same. They are susceptibility, sensitivity, adaptive capacity, exposure, and risk 

(Birkmann et al., 2015; Krellenberg, Welz, Link, & Barth, 2017). Risk is agued to exists 

at the confluence of vulnerability, hazard exposure and adaptive capacity (IPCC, 2014a; 

Madruga et al., 2011). This is evidenced by the Sorsogon and Kampala case studies (UN-

Habitat, 2014a; UN-Habitat, 2010). The point of convergence between impacts and risk 

is driven by the exposure and sensitivity dynamics (Ministry of Environment and Natural 

Resources [MENR], 2014). 

Reduction of vulnerability to its key components (Figure 2.17) of exposure, sensitivity 

and adaptive capacity remains critical in measuring vulnerability. This is due to the 

complex relationship between climate and non-climatic factors. This position is supported 
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by Krellenberg (2016), Gilard (2016), Herslund et al., (2015), Satapathy et al., (2014), 

Fritzsche et al., (2014), Revi et al., (2014), and Romero (2011). 

 

CLIMATIC FACTORS NON-CLIMATIC FACTORS  

CLIMATE 

CHANGE 

CLIMATE 

VARIABILITY  

BIOPHYSICAL 

CHARACTERISTICS 

SOCIO-ECONOMIC 

CHARACTERISTICS 

EXPOSURE SENSITIVITY 

IMPACTS HAZARDS ADAPTIVE CAPACITY 

VULNERABILITY  
 

Figure 2.17: Climate Change Vulnerability Components 

Exposure is defined as the presence of people; livelihoods; environmental services and 

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

adversely affected (IPCC, 2012). It is linked to climatic parameters and concerned with 

the presence of people in setting where they could be adversely affected by climatic 

elements (Fritzsche et al., 2014; Ramón & Thomas, 2015). 

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

adversely or beneficially, by climate-related stimuli (IPCC, 2001). The degree of a 

systemôs sensitivity to climatic hazards depends on geographic conditions and 

socioeconomic factors. Indicators of sensitivity encompass geographical conditions, 

landuse and socio-demographic factors (Ludena & Yoon, 2015). 
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Adaptive capacity is defined by IPCC (2007b) as the ability of a system to adjust to climate 

change and moderate potential impacts through the combination of the strengths, 

attributes, and resources. These can be used to prepare for and undertake actions to reduce 

adverse impacts, moderate harm, or exploit beneficial opportunities (IPCC, 2012). 

Indicators of adaptive capacity compose economic capability, physical infrastructure, 

social capital, institutional capacity, and data availability (Ludena & Yoon, 2015). 

The appreciation of vulnerability and the relationship of the components vary among 

different authors and viewpoints. For instance, Swanson, Hiley, Venema, and Grosshans 

(2007) ignore the sensitivity aspect in their aggregation of vulnerability as a concept 

(Equation 2.1). Lee (2017) considers sensitivity (Equation 2.2 and 2.3) while Satapathy et 

al.,(2014) brings in the aspect of weighting (Equation 2.4). Satapathy et al. (2014) position 

is the most comprehensive as it does not assume that all vulnerability parameters have an 

equal influence on the levels of vulnerability. As such, it was used for the study. 

 ὠ ὪὉȟὃ (2.1) 

Where:  V: Vulnerability    

   E: Exposure 

   A: Adaptive Capacity 

 
Ὓ
Ὓρ Ὓς Ὓσ

σ
 

(2.2) 

Where  S1 Exposure 

S2 Adaptive Capacity 

S3 Sensitivity 

 ὠ Ὁ Ὓ ὃ (2.3) 

Where:  V: Vulnerability 

   E: Exposure 

   S: Sensitivity 

   A: Adaptive Capacity 
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ὠ ύὛ ύὉ ύὃ 

(2.4) 

Where  V: Vulnerability index 

wA: Weighted indicators for adaptive capacity,  

wS: Weighted indicators for climate change sensitivity, 

wE: Weighted indicators for climate exposure 

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

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

from thermal stress vulnerability assessment based on the indicators to be considered. 

Flood and thermal stress vulnerability assessment indicators from different authors are 

shown in Table 2.6 and Table 2.7, respectively.  

Table 2.6: Summary of Flood Risk Factors 

Flood Risk 

Factors 
Indicators Authors 

Drainage 

frequency 

The ratio of 

stream no to the 

total area of the 

watershed 

(Elmoustafa & Mohamed, 2013) 

Drainage 

density 

The ratio of 

Stream length to 

the total 

watershed area 

(Elmoustafa & Mohamed, 2013; Elkhrachy, 2015; 

Stefanidis & Stathis, 2013) 

Surface flow 

length 

Distance travelled 

by water before 

reaching a 

stream 

(Elmoustafa & Mohamed, 2013; Gigovich, 

Pamoderate vulnerabilityear, Bajic, & Drobnjak, 

2017; Bathrellos, Karymbalis, Skilodimou, Gaki-

Papanastassiou, & Baltas, 2016; Ouma & Tateishi, 

2014; Elkhrachy, 2015; Dou et al., 2017; 

Skilodimou, Bathrellos, Chousianitis, Youssef, & 

Pradhan, 2019) 

Elevation Height relative to 

the lowest point 

in the area 

(Gigovich, Pamucar, Bajic, & Drobnjak, 2017; 

Bathrellos, Karymbalis, Skilodimou, Gaki-

Papanastassiou, & Baltas, 2016; Ouma & Tateishi, 

2014; Dou et al., 2017; Chen, Ito, Sawamukai, & 
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Tokunaga, 2015; Skilodimou, Bathrellos, 

Chousianitis, Youssef, & Pradhan, 2019) 

Slope (L/H) *100 

L: Horizontal 

distance 

H: Vertical change 

in height 

(Gigovich, Pamvear, Bajic, & Drobnjak, 2017; 

Bathrellos, Karymbalis, Skilodimou, Gaki-

Papanastassiou, & Baltas, 2016; Ouma & Tateishi, 

2014; Stefanidis & Stathis, 2013; Dou et al., 2017; 

Doyle, Sullivan, Mahtta, & Pandey, 2017; 

Skilodimou, Bathrellos, Chousianitis, Youssef, & 

Pradhan, 2019; Mentzafou, Markgianni, & 

Dimitriou, 2017) 

Landcover/Use The type 

(permeability 

and roughness 

of landcover) 

(Gigovich, Pamucar, Bajic, & Drobnjak, 2017; 

Bathrellos, Karymbalis, Skilodimou, Gaki-

Papanastassiou, & Baltas, 2016; Ouma & Tateishi, 

2014; Elkhrachy, 2015; Stefanidis & Stathis, 2013; 

Dou et al., 2017; Skilodimou, Bathrellos, 

Chousianitis, Youssef, & Pradhan, 2019; 

Mentzafou, Markgianni, & Dimitriou, 2017) 

Hydro-lithology 

(Soil and 

Geology) 

Geological 

permeability 

(Classified as 

permeable; 

semi-permeable 

and 

impermeable) 

(Bathrellos, Karymbalis, Skilodimou, Gaki-

Papanastassiou, & Baltas, 2016; Ouma & Tateishi, 

2014; Elkhrachy, 2015; Stefanidis & Stathis, 2013; 

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

Tokunaga, 2015; Skilodimou, Bathrellos, 

Chousianitis, Youssef, & Pradhan, 2019; 

Mentzafou, Markgianni, & Dimitriou, 2017) 

Rainfall 

Intensity 

Rainfall (mm) 

Duration (Hour) 

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

Tokunaga, 2015; Mentzafou, Markgianni, & 

Dimitriou, 2017) 

Flow 

Accumulation 

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

Dimitriou, 2017) 
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Table 2.7: Thermal Stress Risk Factors 

Thermal stress 

risk Factors 
Indicators Authors 

Temperature Land Surface 

Temperature, Air 

Temperature, No. of 

Hot Days (above a 

certain value), Daily 

Maximum, Daily 

Minimum 

(Inostroza, Palme, & de la Barrera, 2016; Bao, Li, 

& Yu, 2015; Romero-Lankao, Qin, & 

Dickinson, 2012; Weber, Sadoff, Zell, & de 

Sherbinin, 2015; Wolf & McGregor, 2013; 

Swart et al., 2012; Mendez-Lazaro, Muller-

Karger, Otis, McCarthy, & Rodriguez, 2017; 

Janicke et al., 2018; Macintyre et al., 2018; 

Apreda, DôAmbrosio, & Di Martino, 2019) 

Age Group Elderly and the young 

(+65 and below 5) 

(Inostroza, Palme, & de la Barrera, 2016; Pincetl, 

Chester, & Eisenman, 2016; Wilhelmi & 

Hayden, 2010; Bao, Li, & Yu, 2015; Romero-

Lankao, Qin, & Dickinson, 2012; Nayak et al., 

2018; Wolf & McGregor, 2013; Swart et al., 

2012; Sánchez, Peiró, & Gonzales, 2017; 

Gamble et al., 2018; Mendez-Lazaro, Muller-

Karger, Otis, McCarthy, & Rodriguez, 2017; 

Macintyre et al., 2018) 

Housing 

Quality 

Buildings Materials 

(Roof and walls) 

 

(Inostroza, Palme, & de la Barrera, 2016; Bao, Li, 

& Yu, 2015; Romero-Lankao, Qin, & 

Dickinson, 2012; Nayak et al., 2018; Wolf & 

McGregor, 2013; Stangl, 2018; Macintyre et al., 

2018) 

Normalized 

Difference 

Vegetation 

Index 

Plantings/Vegetation, 

Parks, Street Trees 

(Inostroza, Palme, & de la Barrera, 2016; Pincetl, 

Chester, & Eisenman, 2016; Weber, Sadoff, 

Zell, & de Sherbinin, 2015; Swart et al., 2012; 

Barron, Ruggieri, & Branas, 2018; Stangl, 

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

2019) 

Income Levels % Population below 

the poverty line 

(Pincetl, Chester, & Eisenman, 2016; Inostroza, 

Palme, & de la Barrera, 2016; Wilhelmi & 

Hayden, 2010; Romero-Lankao, Qin, & 

Dickinson, 2012; Weber, Sadoff, Zell, & de 

Sherbinin, 2015; Nayak et al., 2018; Swart et 

al., 2012; Sánchez, Peiró, & Gonzales, 2017; 

Sánchez, Peiró, & Gonzales, 2017; Gamble et 
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al., 2018; Apreda, D'Ambrosio, & Di Martino, 

2019) 

Albedo Surface Albedo 

character 

(Pincetl, Chester, & Eisenman, 2016; Wolf & 

McGregor, 2013; Apreda, D'Ambrosio, & Di 

Martino, 2019) 

Urban Form/ 

landcover 

% of landcover Pincetl, Chester, & Eisenman, 2016; Wilhelmi & 

Hayden, 2010; Romero-Lankao, Qin, & 

Dickinson, 2012; Nayak et al., 2018; Wolf & 

McGregor, 2013; Wolf & McGregor, 2013; 

Mendez-Lazaro, Muller-Karger, (Otis, 

McCarthy, & Rodriguez, 2017; Stangl, 2018; 

Savic et al., 2018.) 

Population 

Density 

% Population per Km2 (Bao, Li, & Yu, 2015; Romero-Lankao, Qin, & 

Dickinson, 2012; Nayak et al., 2018; Wolf & 

McGregor, 2013; Swart et al., 2012; Gamble et 

al., 2018) 

Vulnerability assessment also lacks a unified system of indicators or framework for 

assessment (Mehrotra et al., 2009). As such, different studies have developed different 

indicators and frameworks of approach with the most developed theme indicators being 

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

Sub-variables Indicators Units Authors 

Precipitation Very wet days (90th 

Percentile) 

Very Dry days (10th 

Percentile) 

Mean Annual 

Rainfall 

Mean Annual 

Decadal Rainfall 

Rainfall Intensity 

 

mm 

 

mm 

 

 

mm 

 

mm 

 

 

mm/hr 

(Linkd, 2012; Ludera & Yoon, 2015; 

Marigi, 2017; Centre for e 

Research and Digital Innovation 

[CeRDI], 2014; Kumar, Geneletti, 

& Nagendra, 2016; Revi et al., 

2014; Ozkan & Tarhan, 2016) 

Temperature Mean Annual 

Maximum 

Temperature 

Mean Annual 

Minimum 

Temperature 

Higher Extreme 

(90th Percentile) 

Lower Extreme (10th 

Percentile) 

Land Surface 

Temperature, Sky 

View Factor, 

Albedo and Solar 

Exposure 

 

 

 

 

 

 

 

 

 

 

 

 

(CeRDI, 2014; Kumar, Geneletti, & 

Nagendra, 2016; Revi et al., 2014; 

Ozkan & Tarhan, 2016; Inostroza, 

Palme, & de la Barrera, 2016; 

Wilhelmi & Hayden, 2010; 

Chuanglin, Yan.Wang, & Jiawen, 

2016; Manik & Syaukat, 2015) 

Population 

Density, 

Gender Status 

and Age 

No of People per 

Km2 

% of females in the 

population 

% of female 

household heads 

Ratio 

 

% 

 

 

% 

 

 

% 

(Marigi, 2017; Moss, Brenkert, & 

Malone, 2001; Chuanglin, 

Yan.Wang, & Jiawen, 2016; 

Linkd, 2012; Lee, 2014; Ludera & 

Yoon, 2015; Krellenberg, 2016; 

Kumar, Geneletti, & Nagendra, 

2016; Revi et al., 2014; Adger, 

Brooks, Bentham, Agnew, & 

Eriksen, 2005; Rana & Routray, 
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% Population under 

5 years 

% Population above 

65 years 

 

 

% 

2017; Inostroza, Palme, & de la 

Barrera, 2016; Wilhelmi & 

Hayden, 2010; Gosain, 

Ravindranath, Garg, & Rao, 2014; 

Tapia et al., 2017) 

Slope, Landcover, 

Soil types and, 

Drainage 

Density, 

Elevation, 

Geology, and 

Flow 

Accumulation  

% Slope of the area 

of interest 

% of different 

landcover types to 

the overall area 

% Permeability 

Relative height to the 

lowest point 

Permeability 

% 

 

 

% 

 

 

% 

 

% 

 

 

% 

 

(UNEP, 1998; Satapathy et al., 2014; 

Fussel, 2007; Ludera & Yoon, 

2015; Krellenberg, 2016; 

Chuanglin, Yan.Wang, & Jiawen, 

2016; Ozkan & Tarhan, 2016; 

Ozkan & Tarhan, 2016; Adger, 

Brooks, Bentham, Agnew, & 

Erikson, 2004; Krellenberg & 

Welz, 2016) 

Density and 

Materials 

% of the floor area to 

plot 

% of type to the total 

dwelling stock 

The orientation of 

Building (E-W) 

Proximity to UHI 

Hotspot (CBD) 

Proximity to UHI 

Cool spots (Parks) 

% Ventilation 

% 

 

 

% 

 

 

Degree 

 

 

Km 

 

 

Km 

 

 

% 

(Lee, 2014; Chuanglin, Yan.Wang, & 

Jiawen, 2016; Rana & Routray, 

2017; Krellenberg & Welz, 2016; 

Inostroza, Palme, & de la Barrera, 

2016; Wilhelmi & Hayden, 2010; 

Gosain, Ravindranath, Garg, & 

Rao, 2014; Tapia et al., 2017) 

Access to water, 

energy, waste 

collection, road 

infrastructure, 

drainage 

infrastructure 

and to 

% of people with 

access to clean 

water 

% of households 

with electricity 

% 

 

 

% 

 

 

% 

(Linkd, 2012; Moss, Brenkert, & 

Malone, 2001; Ludera & Yoon, 

2015; Kumar, Geneletti, & 

Nagendra, 2016; Lee, 2014; 

Marigi, 2017; Adger, Brooks, 

Bentham, Agnew, & Erikson, 

2004; Rana & Routray, 2017; 
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healthcare 

services 

% of people with 

access to waste 

collection services 

% Population with 

paved roads 

% Coverage of 

drainage 

% Population with 

access to 

healthcare services 

 

 

 

% 

 

 

% 

 

 

% 

 

 

Inostroza, Palme, & de la Barrera, 

2016; Wilhelmi & Hayden, 2010; 

Manik & Syaukat, 2015; Gosain, 

Ravindranath, Garg, & Rao, 2014) 

Household 

income 

% of people above 

the poverty level 

% (Linkd, 2012; Lee, 2014; Kumar, 

Geneletti, & Nagendra, 2016; 

Satapathy et al., 2014; Fussel, 

2007; Adger, Brooks, Bentham, 

Agnew, & Erikson, 2004; Rana & 

Routray, 2017; Inostroza, Palme, 

& de la Barrera, 2016; Wilhelmi & 

Hayden, 2010; Manik & Syaukat, 

2015; Gosain, Ravindranath, Garg, 

& Rao, 2014; Tapia et al., 2017) 

Policy 

Frameworks 

 

Disaster 

Preparedness 

 

Existence of 

adequate policy 

frameworks 

Adequacy of disaster 

preparedness 

- (Ludera & Yoon, 2015; Satapathy et 

al., 2014; Swanson, Hiley, 

Venema, & Grosshans, 2007; 

Inostroza, Palme, & de la Barrera, 

2016; Gosain, Ravindranath, Garg, 

& Rao, 2014) 

Level of 

Education  

% Population over 

25 years without 

Form 4 education 

 

% (Marigi, 2017; Ludera & Yoon, 

2015; Swanson, Hiley, Venema, & 

Grosshans, 2007; Fussel, 2007b; 

Adger, Brooks, Bentham, Agnew, 

& Erikson, 2004; Inostroza, Palme, 

& de la Barrera, 2016; Manik & 

Syaukat, 2015; Gosain, 

Ravindranath, Garg, & Rao, 2014) 
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Mobile phone 

network 

coverage 

% Population with 

mobile phone 

% (Ludera & Yoon, 2015; Swanson, 

Hiley, Venema, & Grosshans, 

2007; Inostroza, Palme, & de la 

Barrera, 2016; Gosain, 

Ravindranath, Garg, & Rao, 2014) 

Green Spaces %Green Space Area % (Kumar, Geneletti, & Nagendra, 

2016; Satapathy et al., 2014; 

Inostroza, Palme, & de la Barrera, 

2016) 

 

2.5.3 Climate Change Vulnerability Assessment Framework and Method 

Proposed approaches to vulnerability assessment vary based on a scale (Ludena & Yoon, 

2015). Different approaches have been applied by different studies depending on the 

location (rural or urban), scope (regional or local) and the elements of interest (biophysical 

or social). The emerging frameworks are grouped either deductive or inductive; top-down 

or bottom-up. The inductive is data-driven while the deductive is theory-driven (Ge, Dou, 

& Dai, 2017). The top-down approach considers climatic parameters as the starting point 

while the bottom-up approach considers the adaptive capacity of the people as the starting 

point (Satapathy et al., 2014). 

Despite the different approaches in the method of vulnerability assessment, aspects such 

as spatial and temporal considerations are common. Other critical aspects include 

attributes of time and exposure (Madruga et al., 2011). Vulnerability assessment also 

requires mapping (Fussel, 2007). Because of the nature of the climate-related 

vulnerability, historical data are significant (Sherbinin, 2014). Twigg (2015) advocates for 

the combination of both quantitative and qualitative aspects. 

The selected method combines components from Satapathy et al. (2014), Linkd (2012) 

and Feenstra et. al., (1998). It favours an integrated approach that combined both 

qualitative and quantitative elements of the urban environment and climate. This is 

because the parameters under consideration are biophysical and socioeconomic. The 
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combination is based on the multi-dimensional nature of vulnerability which requires 

comprehensive considerations (Birkmann et al., 2014). 

The aspects that guided the assessment included: 

1. Purpose of the Assessment.  

2. Planning the Assessment. The planning includes: 

a) Setting the geographic boundary of the study area 

b) Determining the System of interest: Whether biophysical or socioeconomic. 

c) Unit of Measurement: Determining the unit of measurement. Scales can be city-

wide, landuse types, elective units, or administrative locations. 

d) Approach: Either Top-Down or Bottom-Up. A Top-Down approach 

recommended when dealing with biophysical elements. 

3. Assessment using quantifiable indicators. This follows the components of 

vulnerability: sensitivity, exposure, and adaptive capacity. 

a) Assess the Profile of Current System  

b) Assess the observed data.  

c) Assess the effects of climate stimuli on the system. 

d) Assess the tools of response to climate variability and extremes. 

4. Combining all the above to determine current vulnerability. The vulnerability can 

then be classified into low, medium, high, and extreme. 

Since the measured values in item three above are of different units, normalization as 

expressed in equation 2.5 is often used (Swanson, 2012; Inostroza, Palme, & de la Barrera, 

2016). 

 
.

6 6

6 6
 

(2.5) 

Where Nv is the Normalized Value of the parameter of interest; Vu: Value 

of the parameter of interest; Vmin: Minimum value of the parameter in the 

complete study area and Vmax: Maximum value of the parameter in the 

complete study area. 
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In the combination in part 4, weighting of the scores in each of the cases is key (Linkd, 

2012; Ozkan & Tarhan, 2016). This approach was favoured as it uses a pairwise approach 

and relies on expert opinions to determine the rankings in the weighting (Getahun & Gebre 

2015; Dou et al., 2017; Chen, Ito, Sawamukai, & Tokunaga, 2015; Gigovich, Pamucar, 

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

Vulnerability is often represented spatially by various authors using colour codes which 

have been green, yellow, orange and red. Green for low, yellow for medium, orange for 

high and red for extreme (Petersen et al., 2014). Notable is that these have variations of 

shades depending on the minor classifications which could either be Low to Extreme or 

Low-Low to High-High (Figure 2.18). 

Climate Change Vulnerability 

Very Low                                                 Very High 

        

  

Figure 2.18: Climate Vulnerability Colour Codes 

One limitation of this methodology is subjective nature of the classification into the 

various groups (Gosain, Ravindranath, Garg, & Rao, 2014). This aspect is best managed 

through the consideration of the types of vulnerability namely flood and heat vulnerability 

separately. 

Vulnerability and risk assessment are critical precursors to climate change adaptation. 

They determine the need for adaptation and how to conduct it since climate change is 

dynamic and affects different components of human life in unique ways (UNFCCC, 

2011). The uniqueness is determined by factors of exposure, sensitivity, and adaptive 

capacity and how they interact with external drivers (Figure 2.19). 
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Figure 2.19: Thermal and Flood Vulnerability Analysis Framework  

2.6 Climate Change Adaptation and Resilience Approaches in Urban Areas 

Management of urban vulnerability to climate requires climate action. Climate action, at 

all the scales, falls into the two categories of mitigation or adaptation (Fussel & Klein, 

2006). Climate mitigation is concerned with reducing the levels of greenhouse gas 

emissions in the atmosphere. Adaptation focuses on coping with impacts through 

adjustments in human and/or natural systems to reduce adverse impacts or take advantage 

of opportunities (UNFCCC, 2007; IIED, 2016). 

Climate action bestows economic benefits, aids in the achievement of national 

development goals and reduces climate-related disasters that cause loss of life and 

livelihood (Ashley, Kenton, & Milligan, 2009; World Bank, 2010; UN-Habitat, 2011). As 

such, it should inform the renewal, regeneration, and development of old and new urban 

locations (Shaw, Colley, & Connell, 2007; Pattacini, 2012). 

On the global scale, mitigation efforts are more established than adaptation measures 

(Sattethwaite, Huq, Reid, Pelling, & Lankao, 2009). Nonetheless, adaptation measures are 

already taking place globally albeit in a limited way and with extensive variations across 

societies due to varying capacities (IPCC, 2007b). The principal characteristics of 

adaptation are that it benefits most of the urban systems, affects both local and regional 

scales, fully  benefits the payer and has an immediate lead time (Fussel & Klein, 2006). 
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They often benefit the location where they have been conducted or have a knock-on effect 

on other areas (IPCC, 2014a). 

Climate change adaptation is a complex, dynamic process that cuts across scales, sectors, 

and levels of intervention. The scales of implementation are citywide to neighbourhood, 

site, and building (Lindfield & Steinber, 2012). They can also make use of both natural 

elements such as water and trees, or materials of construction (Hough, 2002). The 

interventions can target specific weather elements, or a combination of different weather 

elements such as precipitation, temperature, and wind, even though Wilbanks (2011) 

advocates for consideration of other development-related stresses. Nonetheless, aspects of 

institutional and governance frameworks also play a compelling role (IPCC, 2014a). 

However, the effectiveness and efficiency of the natural elements depend on the climate 

of the region, the slope of the site and the nature of the built-up area (Hough, 2002).  

Cumulatively, four elements are critical for successful adaptation. First is an 

understanding of current physical and socioeconomic changes. Second is the design and 

implementation of adaptation measures. Third is the need for coordinated action by all 

stakeholders. Fourth is the availability of reliable information on actions (IIED,2016). 

Adaptation approaches have schemes such as cooling services and designs, energy and 

water supply security, flood protection, relocation and zoning, blue and green 

infrastructure, building codes for extreme weather, early warning systems, and behaviour-

based services (Broto & Bulkeley, 2013). These measures can be classified into built 

environment initiatives, water sensitive urban design approaches, landuse planning and 

biodiversity conservation. 

2.6.1. Built  Environment Adaptation Measures 

The built environment in urban areas occurs at different scales. It can exist at a holistic 

mesoscale of the entire urban area and catchment or the individual buildingsô microscale. 

Several authors have outlined the scales as either catchment scale, neighbourhood scale 

or the building scale on one hand or regional, city and neighbourhood on the other (Shaw, 
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Colley, & Connell, 2007). The scales determine the appropriate types of adaptation 

measures. 

Built environment adaptation measures encompass avoidance, improvement, and 

replacement (Rattanachot, Wang, Chong, & Suwansawas, 2015). Replacement is 

concerned with the substitution of built environment elements that make it prone to 

climate hazards such as changing from non-porous to porous paving. Improvement 

includes upgrading the status of existing elements such as the addition of street trees. 

Avoidance is concerned with totally avoiding risky elements such as paving of green 

spaces. 

Hough (2002) opines that infrastructure systems such as roads, waterfronts, and railway 

lines have idle land that can green the urban areas as a green infrastructure improvement 

approach. Green and blue infrastructure systems can assist in adaptation through thermal 

regulation, runoff regulation and biodiversity conservation for evaporative cooling. 

Additional approaches include the provision of shade, water interception, storage, and 

infiltration to minimize flooding risk and enhance aquifer recharge (Demuzere et al., 2014; 

Gill, Handley, Ennos, & Pauliet, 2007). These functions are based on the ecosystem 

services of urban natural systems (Table 2.9).  
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Table 2.9: Ecosystem Services of Different Urban Natural SystemsEcosystem 

Services of Different Urban Natural Systems 

Ecosystem Services 
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Air Filtration X X X X - X 

Micro-climate 

Regulation 
X X X X X X 

Noise Reduction X X X X - X 

Rainwater Drainage X X X X X X 

Recreation/ Cultural X X X X X X 

Sewage Treatment - - - X X - 

Effectiveness of green infrastructural systems is dependent on the quantity, quality, 

connectivity of the green spaces, and the level of integration between the different green 

and blue systems in urban areas (Zinia & McShane, 2018). The larger the quantity, the 

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

effective they are in climate change adaptation. 

Specific approaches used at the built environment scale come at the building level, street 

level and green open space levels. Building level interventions are at the roof and facades 

as eco-roofs and walls. Street interventions exist as cool and permeable paving and street 

vegetation. Green open space interventions come as green parks at different scales. (Shaw, 

Colley, & Connell, 2007; Foster, Lowe, & Winkelman, 2011; Hoverter, 2012; EPA, 

2008c; Brown, Vanos, Kenny, & Lenzholzer, 2015; Bolund & Hunhammar, 1999). 

The first green infrastructural element is cool and/ porous pavements. They are pavements 

that have reflective and emittance properties (Environmental Protection Agency [EPA], 

2008c). They either reflect or emit low amounts of received thermal component and 

conserve aquatic biodiversity by reducing the temperature of runoff water that ends up in 
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the natural water systems (Hoverter, 2012). They also have voids that trap water and air 

(Figure 2.20), allowing for evaporative cooling in warm weather conditions and reduced 

runoff volumes (Battista & Pastore, 2017; Mohegh et al., 2017; Qin, 2015b, 2015a). To 

enhance their effectiveness in ameliorating UHI during the dry seasons, watering is 

recommended (Hendel, Gutierrez, Colombert, Diab, & Royon, 2016). 

 

Source Vanam, (2017) 

Figure 2.20: Porous Paving for Storm Water Management 

The second element is Eco-roofs and walls (Figure 2.21). They are either planted, cool or 

blue roofs and walls (Foster, Lowe, & Winkelman, 2011). The most researched and 

published ones include cool and green roofs and green walls. Green roofs and walls are 

vegetative layers grown on a rooftop while cool roofs are roofs made of highly reflective 

and emissive materials (EPA, 2008a; EPA, 2008b). According to Price, Jones, and 

Jefferson (2015), eco-walls are likely to be even more effective in urban cooling than eco-

roofs as they can cover a larger area. 

Eco-roofs and walls reduce the rate of flow of stormwater and heat loading, increase 

storage in the substrate and purify the suspended particles in water (Alcazar, Olivieri, & 

Neila, 2016; Francis & Jensen, 2017; Mayrand & Clergeau, 2018). They also reduce water 

acidity (Zhang et al., 2015; Berland et al., 2017). Additional benefits key to climate change 
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mitigation include reduction in air pollution, a reduction in carbon dioxide emissions and 

carbon sequestration in cases of intensive green roofs (Lee, Kim, & Lee, 2013). 

 

Source: Garden Design Academy, (2020) 

Figure 2.21: Ecoroofs and Walls 

Factors that determine the effectiveness of eco-roofs and walls include the plant species, 

type of substrates, size of plants and the elevation at which they are (Jim, 2015). They also 

perform better when they are on shorter buildings and upwind of taller buildings since the 

cool air is then deflected to the lower areas (Myint, Recktenwald, & Sailor, 2015). Their 

functionality also depends on the green roof typology which can either be extensive or 

intensive; extensive having mainly stonecrop species while intensive having normal 

garden plants including trees (Poórová & Vranayová, 2020; Lee, Kim, & Lee, 2013; EPA, 

2008a). 

The third element is greenways, parks, and street vegetation (Figure 2.22). Park and street 

vegetation provide ecosystem services such as cooling, biodiversity habitat, and surface 

runoff regulation through shading and evapotranspiration cooling (Stone, Hess, & 
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Frumkin, 2010; Duarte, Brown, Vanos, Kenny, & Lenzholzer, 2015). In the management 

of thermal stress, park and street vegetation are most effective, followed by water, grass, 

green roofs, and street orientation (Chatzidimitrious & Yannas, 2015; Andersson-Sköld 

et al., 2015). 

 
Source Kalvapalle, (2016) 

Figure 2.22: Greenways and Street Vegetation. 

Effectiveness of trees/vegetation in climate amelioration is determined by the species, 

planting design, distribution, and orientation (Brown R., 2010; Wenting, Yi, & Hengyu, 

2014; Morakinyo & Lam, 2016). On species, a mix of evergreen and broadleaved 

deciduous trees have the highest temperature regulation ability followed by deciduous 

broadleaved then coniferous trees (Wenting, Yi, & Hengyu, 2014). Deciduous trees offer 

cooling benefits in summer while evergreen ones offer shading all year round (Brown, 

2010). The effectiveness of shading is dependent on height and canopy coverage (Hough, 

2002). The greater the closed canopy of a cityôs trees, the bigger its impact on moderating 

surface temperatures (Hough, 2002). Smaller well-distributed parks also perform better 

than larger central parks in temperature regulation (Morakinyo & Lam, 2016). Zhao, Fu, 
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Liu, & Fu (2011) supports and notes that denser gardens and tree cover is predisposed to 

perform better. 

2.6.2 Water Sensitive Urban Design 

Water plays a considerable role in the challenges posed by climate change in urban areas. 

It exposes urban areas to flooding risk. However, it also assists in thermal regulation. As 

such, the management of water either through water sensitive design or sustainable urban 

drainage can play a momentous role in the adaptation of urban areas to multiple impacts 

of climate change (Shaw, Colley, & Connell, 2007). 

The concept of water management in urban areas is referred to by different names: Low 

Water Impact Development in the U.S.A., Sustainable Urban Drainage Systems in the 

United Kingdom and Water Sensitive Urban Design in Australia. Nonetheless, they 

involve the percolation, collection, treatment, and storage of stormwater (Gogate, Kalbar, 

& Raval, 2017). Alongside adaptation, these initiatives can help in meeting the growing 

global water demand (Chang, Lu, Chui, & Hartshorn, 2018). The interventions can be 

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

The elements used include vegetated bio-retention systems, porous pavements, wetlands, 

bio-swales rainwater tanks, rain gardens, and stormwater ponds. Other mechanisms 

include rain barrels and cisterns, stormwater planters, infiltration ponds, vegetated buffers, 

and green rooftop systems (Fletcher et al., 2008; Zölch, Henz, Keilholz, & Pauleit, 2017). 

The effectiveness of some of the systems is enhanced by having vegetation in them. 

Hough (2002) recommends the preservation of natural drainage systems either as swales, 

retention or detention ponds which should be protected as easements with undisturbed 

undergrowth. This approach encourages percolation of water into the ground thereby 

reducing surface runoff. It also provides for incorporation of nature in the otherwise highly 

paved urban systems. However, they often require higher maintenance compared to the 

paved drainage systems. 
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Source: Coutts, Tapper, Beringer, Loughnan, & Demuzere, (2012) 

Figure 2.23: Water Sensitive Urban Design Interventions at the Citywide and Local 

Scales 

Urban planning is a societal tool charged applied to bringing order and minimizing or 

eliminating conflict between the different components of the urban system (Matthews, 

2011). The spatial configuration of cities and towns, and how land is used and developed, 

have some compelling implications for adaptation (Stead, 2013). Aside from adaptation, 

certain urban patterns also ensure sustainable development initiatives such as the green 

economy (Robinson et al., 2012). 
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Landcover planning acts through preventive and curative approaches. They can be used 

in either ensuring developments are kept away from climate risk-prone areas, or infusion 

of ameliorative land uses where needed. For instance, green open spaces can function as 

flood plains and wetlands to control flooding or the relocation of informal settlements 

from vulnerable locations prone to floods and landslides (Hamin & Gurran, 2009). 

2.6.4 Biodiversity Conservation 

Adaptation approaches should consider biodiversity conservation measures such as the 

designation of reserves, increased habitat connectivity and countering the UHI effect 

(Wilby & Perry, 2006). Landscape Architecture interventions can be applied as they 

consider both the social and natural benefits of urban biodiversity (Pickett et al., 2001). 

This should be done at a more regional scale to ensure better success in meeting ecological 

services (Robinson et al., 2012). The success is dictated by ecological concepts such as 

connectivity, contiguousness, and networks. 

2.6.5 Challenges Facing Adaptation 

Urbanization in low- and middle-income countries occurs in the unplanned urban fringes 

of urban areas with massive urban sprawl (Sattethwaite, Huq, Reid, Pelling, & Lankao, 

2009; UN-Habitat, 2014b). This happens in either the high vulnerability zones of informal 

settlements or sub and peri-urban areas that were not originally within the planned 

boundaries of the city. As a result, deficiencies in infrastructure, low economic standards, 

and lack of technology pose challenges to adaptation in these areas (Sattethwaite, Huq, 

Reid, Pelling, & Lankao, 2009; UNFCCC, 2011). 

Inadequate knowledge or data in certain locations and the inability to predict certain 

climate-related scenarios with a high degree of precision is another challenge facing 

adaptation (IPCC, 2007b; IPCC, 2014a). The uncertainty involving the future impacts of 

climate change and the possibility of changes occurring or stabilizing is affecting 

adaptation and planning for adaptation (Associated Programme on Flood Management, 

2012). 
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Human, financial and institutional capacities remain a major challenge for climate change 

action in the developing world (UNFCCC, 2011; Leal Filho & Nalau, 2018). Adaptation 

is likely to be a challenge since the most vulnerable populations are usually the urban poor 

who are often overlooked in planning, funds allocation and enforcement of adaptation 

initiatives (Ashley, Kenton, & Milligan, 2009). This is shown by Douglas et al., (2008) 

who point out that in Africa, climate change adaptation has been individually driven. 

Where it has been institutionalized, the focus has been on adaptation in rural areas at the 

expense of urban areas and in a fragmented manner (Bulkeley & Tuts, 2013). Some 

adaptation approaches require intense investment which may not be a major budgetary 

priority for the developing countries (World Bank, 2010; IPCC, 2007b). 

Most climate change adaptation approaches have been a top-down approach with notable 

challenges of lack of appreciation of challenges unique to specific communities (Ashley, 

Kenton, & Milligan, 2009). Social and cultural barriers also pose a challenge to climate 

change adaptation. They affect the way societies experience, interpret, and respond to 

climate change (IPCC, 2007b). For example, in African societies within the urban areas, 

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

There is conflict between adaptation and mitigation in planning. For example, as Stone, 

Hess, and Frumkin (2010) argue in favour of a compact city form as an adaptation to 

dealing with the effects of extreme heat events, Hamin and Gurran (2009) point out that a 

sprawling urban area with established green fingers may be a better approach in adapting 

to flood risks. This discourse is carried further to whether planning as a tool should be 

used for adaptation or mitigation (Stead, 2013). To counter these challenges, Hamin and 

Gurran (2009) suggest an integrated approach where green spaces are fused into 

settlements but as ribbons along transportation corridors and drainage systems as opposed 

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

parks, and flood plains. 
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2.7 Theoretical Framework 

The theoretical framework considers three theories namely the theory of good city form, 

ecosystems theory, and the Integrated Urban Ecosystems Theory (IUET). The choice is 

based on the interlinked and sometimes cyclic relationship between urban land uses, urban 

forms and natural systems as pointed out by Moughtin and Shirley (2005). Environmental 

and social processes influence land use and urban forms. The ecological processes 

influence the functionality of urban areas in certain cadres (Breuste, Haase, & Elmqvist, 

2010). 

2.7.1 Theory of Good City  Form 

The theory of good city form, as proposed by Lynch (1981), highlights three concepts 

(Figure 2.24). First is the appreciation of urban areas as ecosystems made up of 

interdependent sub-systems. As such changes to one sub-system are likely to influence 

the performance of the other subsystems. Second is the relationship between the human 

and natural environment in determining the performance and sustenance dimension of 

good urban forms. The third is the consideration of flow versus adapted systems when 

observing urban areas. Lynch defines flow systems as the circulatory aspects and adapted 

as the usable non-circulatory systems. 

 
Urban areas as 

Ecosystems 

Human dimension Performance and 

Sustenance 

Good City/ Urban 

Form 

Flow systems and 

Adapted spaces 

Natural dimension 

 

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

2.7.2 Ecological Systems Theory 

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

origins to the transcending relationships between physics and ecology from the 1960s. 
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The general systems theory has been observed to exist in fields like earth sciences, geo-

form, meteorology, ecology, biology, and general popular thinking (Bertalanffy, 1968; 

Pickett, Kolasa, & Jones, 2007). Ecosystem theory comprises many integrated concepts 

such as, the network and hierarchical concepts (Jørgensen, 1997), all of which call for 

expanded knowledge in the fields of meteorology, geology, and hydrology (McIntosh, 

1985). Three of Jørgensenôs (2007) proposed eight laws of the ecosystemsô theory are 

relevant in the interaction between the natural and man-made elements in urban areas. 

Firstly, all ecosystems are open and embedded in an environment from which they receive 

energy-matter input and discharge energy-matter as output. This points to the interactive 

nature of the relationship between natural systems and man-made features. Secondly, 

ecosystems have levels of organization and work hierarchically. Within an urban context 

and based on the first law, this means that an impact at the bottom of the system is likely 

to exponentially affect other systems. Thirdly, non-ecological entities exist in isolation 

but are linked to other entities. This draws the link between the ecological biophysical 

parameters and non-ecological socioeconomic parameters of vulnerability in urban areas. 

 Energy exchange 

between different 

sub-systems 

Hierarchy of the 

subsystems 

Relationship 

between 

ecological & non-

ecological actors 

Urban Ecological System 

 

Figure 2.25: Aspects of Ecological Systems Theory Relevant to the Study 

2.7.3 Integrated Urban Ecosystems Theory 

The Integrated Urban Ecosystems Theory (IUET) is a continuation of what Mugerauer 

(2010) argues is the progression towards developing urban ecological theory. The theory 

as put forward by Steward, Pickett, Burch Jr, Dalton, and Foresman (1997) and supported 

by Huang and Du (2010), denotes the relationship between the sub-systems in urban areas 

(Figure 2.26). 
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Source: Huang & Du (2010) 

Figure 2.26: Integrated Urban Ecosystems Theory Model 

It outlines the momentous role played by the natural system in the survival of urban areas. 

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

urban areas as summarized in Table 2.10 (Bolund, 1999; Elmqvist et al., 2015). 
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Table 2.10: Ecological Services and their Quality-of-Life Indicators in Urban Areas 

Sustainability 

Dimension 
Urban Ecosystem Service Quality of Life Indicator 

Ecology Air Filtration; Climate 

Regulation; Noise Reduction; 

Rainwater drainage; Water 

Supply; Wastewater 

Management and Food 

Production 

Health (clean air, protection 

against cold and heat death); 

Safety; and Drinking water. 

 

Social Sphere Landscape; Recreation; Cultural 

Values; Sense of Identify 

The beauty of the environment; 

Recreation and Stress 

reduction; Intellectual 

endowment; Communication 

and Place to live 

Urban ecosystems offer various services to urban areas which can be classified as either 

provisioning, cultural, regulating, habitat and supporting services (Breuste, Haase, & 

Elmqvist, 2010). Even though they have been discussed in a different context, the 

ecosystem services as enumerated in Table 2.8 are like climate change adaptation, and 

those considered by authors such as Oke (1995) and Erell, Pearlmutter, and Williamson 

(2011) in urban climate amelioration. 

In the conceptualization of urban systems, Breuste, Haase, and Elmqvist (2010) considers 

the goal of urban systems the well-being of human beings. This aimôs achievement relies 

on the provision of basic human needs, access to goods and livelihood opportunities, 

security, health, social relations, and freedom, which are derived from natural resources 

and services provided by ecosystems. That said, Huang and Du (2010) denote the 

significance of the natural environment in supporting all the other seven subsystems. A 

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

considering physical and socioeconomic systems when viewing ecological systems. 
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2.8 Conceptual Framework 

The interaction between urban areas and climatic parameters occurs at the scale of urban 

surfaces, which manifest as either land uses or landcover. As such, urban areas have 

unique climates different from the regional climate in which they are. Due to this, they are 

affected by both the global or regional climate and their unique urban climate. Global 

climate change influences regional precipitation, temperature, and wind patterns. 

The unique urban climate exhibits certain characteristics that differ from the regional 

climate. This difference is caused by the confluence of urban physical characteristics and 

regional climates. The physical characteristics include density, landcover, surface 

roughness, and construction materials. The resulting unique phenomena include UHI, 

unique wind patterns, and unique precipitation dynamics. Impacts caused by the unique 

urban climate include flood risk and thermal stress risk. Risks translate to hazards when 

exposed to vulnerability components of exposure, sensitivity, and adaptive capacity. 

Climate action exists as either mitigation or adaptation. Adaptation is a more urgent 

climate action need in the developing world compared to mitigation. The adaptation 

approaches proposed in literature lean towards the modification of the urban physical 

environment. Existing theories on urban systems like the IUET Theory and Theory of 

Good Urban Form support this approach and stress the significance of both human and 

non-human, ecological and non-ecological, physical, social, and biological factors in the 

development of resilient and cohesive urban environments. They echo the interlinked 

nature of urban systems and further note that the natural system is the most critical in 

urban areas as it bears all the other systems and has direct contact with each of them. For 

a fully functional, harmonious, and resilient urban environment, the natural subsystem 

needs protection from the negative impacts of other subsystems. The natural subsystems 

within the urban planning and design context include elements like parks, lakes, rivers, 

wetlands, waterfronts, forests, and other green open spaces. It also encompasses urban 

vegetation in its various forms namely trees, shrubs, and groundcovers. 
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Deductively, action on the natural subsystem would achieve exponential success in the 

other subsystems. This is effective alongside the other urban physical elements viz. 

materials of buildings, the orientation of streets and extent of green spaces. The largest 

part focuses on using ecosystem-based approaches such as green infrastructure systems in 

the management of the thermal and stormwater component. The interventions include eco-

roofs and walls, distribution of green open spaces, planning, and zoning to avoid intensive 

development vulnerable locations and sustainable management of stormwater. 

These adaptation measures will not only contribute to climate resilience at the local scale, 

but they have the potential of mitigating climate change alongside the amelioration of 

urban climate challenges even if climate change and variability is eliminated from the 

equation. For instance, the distribution of green open spaces can manage air quality. Street 

vegetation can perform carbon sequestration. Bioswales can filter and percolate 

stormwater, thus recharging urban water aquifers. 

The conceptual model (Figure 2.28) shows the relationship between the different variables 

discussed above. These are grouped under four main classes: urban dynamics, climate, 

vulnerability assessment, and urban resilience/ adaptation. Urban dynamics encompass 

urban form and socioeconomics, which influence and are also influenced by climate. The 

climate component has 2 facets: unique urban climate and global climate change. These   

influence each other but also interact with urban form to dictate different vulnerability 

levels. These vulnerabilities are either thermal stress or flood related. The management of 

climate vulnerability is through climate change adaptation. This aids in improving urban 

resilience. The relationship between urban resilience/ adaptation and the other three 

variables is multidirectional. For instance, urban form determines the type of urban 

adaptation initiatives, while adaptation initiatives modify urban form elements for them 

to reduce vulnerability and increase resilience. 

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

influence climate change in the City County of Nairobi. The alternate hypothesis (Ha 
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[Equation 2.7]) signifies that urban form influences climate change vulnerability in the 

City County of Nairobi. 

 Ὄȡ ‍ π Ὢέὶ ὥὰὰ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸί έὪ όὶὦὥὲ Ὢέὶά (2.6) 

 Ὄȡ ‍ π Ὢέὶ ὥὸ ὰὩὥίὸ έὲὩ ὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸ έὪ όὶὦὥὲ Ὢέὶά (2.7) 

 

2.9 Operational definition of terms 

The operationally defined terms in the hypothesis are urban form, climate change, and 

vulnerability (Table 2.11). Urban form was measured as landcover (Km2), Normalized 

Difference Vegetation Index (NDVI) and Population Density (People/ Km2). Climate was 

measured from the climatic elements of average annual minimum temperature ( ), 

average annual maximum temperature ( ), highest annual temperature ( ), lowest 

annual temperature ( ), and annual rainfall (mm). Vulnerability was an expert ranking 

based aggregate of urban form, climate, and socioeconomic parameters. The 

socioeconomic parameters were poverty (%), age (%), gender (%) and access to services 

(%). 
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Table 2.11: Operationalization of Variables 

Variable Parameters Sub-parameters Units 

Urban 

Form 

Landcover Built-up area Km2 

Forest Km2 

Open Space Network Km2 

Normalized Difference Vegetation Index Unit 

Elevation Elevation m ASL 

Slope Slope % 

Flow accumulation Unit 

Soil Soil drainage properties % 

Density Population density People/ Km2 

Climate Temperature Average annual maximum temperature  

Average annual minimum temperature  

Highest annual temperature  

Lowest annual temperature  

Rainfall Annual rainfall mm 

Urban resilience in a changing climate depends on the development of adaptation 

mechanisms. The prescription of adaptation approaches requires a clear determination of 

different vulnerabilities. Climate oriented vulnerability assessment relies on the 

evaluation of biophysical and socioeconomic characteristics. These characteristics have 

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

form. 

Urban form influences the interaction between climatic elements and urban areas. This 

influence is based on the different landcover typologies. For instance, built-up areas 

worsen the UHI effect and increase surface runoff through thermal loading and surface 

sealing, respectively. These expose urban areas to heat and flooding risks. The 

vulnerability of urban areas to climate is therefore two-tier. Firstly, through unique urban 
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climates because of urbanization. Secondly, through the globally changing climate that 

exposes urban areas to impacts such as flooding and thermal stress at the regional level. 

Management of urban vulnerability to climate change is through adaptation. Climate 

change adaptation is through response to an individual or a collection of climatic 

parameters. Common approaches appear to be ecosystem-based, for instance, the green 

and blue infrastructure and water sensitive design. As such, an ecosystem-based approach 

is ideal in enhancing urban resilience to based climate change vulnerability as it responds 

to the intricate relationships between urban form, urban climate, climate change and 

vulnerability as shown in Figure 2.27 and Figure 2.28. 

 Urban Form Urban Climate and 

Climate Change 

Vulnerability  

Landcover 

Built-up density 

Surface roughness 

Urban Heat Island 

and Extreme Heat 

events 

Surface runoff and 

Flooding events 

Extreme winds 

Heat Stress 

Vulnerability 

Flood Risk 

Vulnerability 

Extreme wind 

vulnerability 

Ecosystem based Adaptation 

Infusion of ecosystem-based systems to 

improve reliance of urban areas and replace 

the lost ecosystem services. 

Other biophysical factors 

Á Hydro-lithology 

Á Topography 

 

Figure 2.27: Relationship Between Climate Change, Urban Form, Vulnerability, 

and Adaptation Approaches 
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Figure 2.28: Conceptual Model for Urban Climate Vulnerability Assessment, Resilience and Adaptation 
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CHAPTER THREE  

RESEARCH METHODOLOGY  

Chapter 3  

3.1 Introduction 

This chapter discusses key aspects of the City County of Nairobi County. It outlines the 

history of Nairobiôs urban planning from 1898 plan to the Integrated Urban Plan of 2014, 

key physical characteristics, and the legal and institutional frameworks for climate action 

in Kenya. This chapter also articulates the overall research design. It details the sources 

of data, sampling design, data selection, and processing methods, data analysis and 

presentation, data reliability, validity, and research ethics. In data choice, collection and 

processing it details the methods, and tools used while in data analysis it explains the 

methods of analysis, and the justification for their selection. 

3.2 Study Area 

3.2.1 Nairobiôs Urban Form History 

The origin of the city is not linked to the existence of an African village but precolonial 

urbanism which can be traced to 1889 town (Anyamba, 2011). This was driven by barter 

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

the development of an urban area when both the provincial headquarters and the 

protectorate headquarters were transferred from Machakos and Mombasa respectively to 

Nairobi (Owuor & Mbatia, 2012). Urban plans developed for the city were in 1898, 1927, 

1948, 1973 and 2014. 

The first plan for Nairobi was a railway town depot plan in 1898. The key features of the 

plan included the damming of Nairobi River to create an impounding pond, the location 

of senior staff housing at the current Upper Hill area, commercial plots along the current 

Moi Avenue and a parallel street (currently Tom Mboya Street) as the main town street 

(Japan International Cooperation Agency [JICA] and Japan Science and Technology 

Agency [JST], 2014a). The choice of location for the railway town was guided by the 

slope suitable for construction of shunting areas, workshops and commercial zones, 
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adequate water supply from Nairobi and Mbagathi rivers, and a deserted land offering 

space for expansion (Owuor & Mbatia, 2008; Vorgel, 2008). 

By 1905, the town (Figure 3.1) had grown into definite landuses hosting a population of 

over 11,000 inhabitants but without a clear spatial plan and, therefore, a very incoherent 

urban form (Owuor & Mbatia, 2008).  

 
Source: Morgan (1967) 

Figure 3.1: Nairobi Township and Central Business District in 1905 
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The town extent was originally 18 km2 which expanded to 25 km2. (Mwaniki, Wamuchiru, 

Mwau, & Opiyo, 2015). No form of development control or planning other than the 

gridiron street pattern layout seen within the Central Business District ([CBD] Figure 3.2) 

existed at the time (White, Silberman, & Anderson, 1948; Vorgel, 2008). 

 

Source: Adapted from Adebayo (2012) 

Figure 3.2: The City County of Nairobi Boundary Extensions 

The second plan was the 1927 plan which saw the extension of the boundary to 77 Km2 

(Mundia, 2017). It proposed the regularization of circulation routes, the drainage and 

clearance of the swamps and the regulation of buildings and density (Vorgel, 2008; JICA 

and JST, 2014). The other extensions of the boundary happened in 1963 (Adebayo, 2012). 

The third and final formal plan was the 1948 plan for the City of Nairobi (Vorgel, 2008; 

White, Silberman, & Anderson, 1948). The plan expanded the city to 83 Km2 (Mwaniki, 

Wamuchiru, Mwau, & Opiyo, 2015). This was to be achieved by segregating landuses 

and income classes into well-defined areas. Industry was to the south of the CBD, high-
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income neighbourhoods to the west, middle-income residential to the north, and low 

income to the east (Morrison, 1974). The recognition of emerging challenges posed by 

race, caste, and religion prompted the inclusion of sociologists in the planning team 

(White, Silberman, & Anderson, 1948). This led to the development of zones like the open 

spaces and parks, the railway, residential and commercial areas  (Vorgel, 2008). 

Hallmarks of the historical plans were segregation on racial grounds. The housing 

typologies also followed this system. The Europeans inhabited the western zone, the 

Asians to the northern and Africans to the eastern zones of the town. Housing typologies 

also followed this segregation with notable changes between the 1920s and the 1940s 

(Vorgel, 2008; Owuor & Mbatia, 2008; JICA and JST, 2014; Martin & Bezemer, 2019). 

The Asian and African neighbourhoods, which were in the lower areas of the city, had 

black cotton soil and this exposed them to flooding challenges compared to the European 

neighbourhoods that were in elevated areas and had well-drained volcanic soils (Owuor 

& Mbatia, 2008). 

The 1974-78 and 1979-1983 plans are known as the 3rd and 4th Plans (Richardson, 1980). 

They are the plans currently used by the city. Nonetheless, development outpaced them 

since they were planned for the period ending in the year 2000 (UN-Habitat, 2006; JICA 

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

The city strategy was the decentralization of urban development through the establishment 

of new self-contained centres to reduce the density in the city centre. The regional strategy 

involved the expansion of the city and linkage with the neighbouring urban areas of Thika 

town, Athi River and Machakos along an East and North-West Corridor  (Vorgel, 2008). 

However, the plans were never fully implemented due to lack of funds, skilled personnel, 

and short-term plans (JICA and JST, 2014). 

Other notable efforts at planning included the 1984-1988 the City County of Nairobi 

Commission Development Plan and the 1993 the City County of Nairobi Convention 

(Mundia, 2017; Owuor & Mbatia, 2008). They sought to manage the deteriorating urban 
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physical environment and social services (Mundia, 2017). These subsequent plans were 

also never implemented. 

The Integrated Urban Development Master Plan for the City of Nairobi commonly 

referred to as the Nairobi, Integrated Urban Plan was developed between 2012 and 2014 

to succeed the 1973 Metropolitan Growth Strategy. The plan was handed over to the 

County Government on 5th March 2015 but had not been gazette for implementation 

(JICA, 2015a; JICA, 2015b). Of key interest to this study are priority programmes II and 

IV which are urban transport and environment improvement, respectively. These point to 

the development of new urban sub-centres alongside the CBD and the improvement of 

water, solid waste management and air quality (JICA and JST, 2014). 

Nairobiôs growth is intricately connected to its colonial past, defined by racial segregation. 

This was maintained at independence and changed from racial to social class segregation. 

High income Africans replaced the Europeans. Middle income Africans joined the Asians. 

The low-income Africans settled in informal settlements (Anyamba, 2011). 

Even though the city boundary did not change after 1964, urbanization and urban sprawl 

has continued unabated. This sprawl is best captured by Mundia (2017) and Oyugi, 

Karanja, & Odenyo,( 2017). Between 1988 and 2015, changes included built-up areas 

increase of 73.08 Km2 in the year 1988 to 228.65 Km2 in the year 2015. The major losses 

were in green cover which encompassed forest and agricultural land. 

A pictorial review of Nairobiôs transformation between the 1900s and 1990s revealed a 

notable land cover change from an expansive grassland to built-up urban area (Figure 3.3). 

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

This period marked the development of 8 informal settlements to the west, south, western 

and northwest of the administrative district. Due to this informal growth, Nairobiôs 

urbanization story is dominated by informal settlements (Amnesty International, 2009; 

Mwaniki, Wamuchiru, Mwau, Opiyo, & Mwaniki, 2015; urbaNext, 2020). 
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The unplanned growth beyond independence was supported by the inadequacies of the 

legal frameworks such as the Local Government Act (repealed upon the advent of the 

Constitution of Kenya, 2010) and the Physical Planning Act (Adebayo, 2012). The 

provisions of these frameworks were inadequate in robust development control especially 

in the context of urban planning. The lack of urban plans after 1948 masterplan and the 

failure to implement the 1973-1978 plans aided the sprawl. To remedy this, the National 

Urban Development Policy was formulated; the Physical and Landuse Planning Act 

(PLPA) was also revised.  

    

   
 

Source: 1900s (The Agora, 2020); 1930s (Vintage East Africa, 2020); 1960s (Paul, 

2013) and 1990s (Doug Scott, 1998) 

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

The emerging provisions anticipated to assist in proper planning include provision for 

conservation of green spaces, development of adaptive housing, green urban landscapes, 
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incorporation of climate in design and the promotion of innovative technology on climate 

change adaptation (Government of Kenya, 2015). Enacted in 2019, the Physical and 

Landuse Planning Act provides for the planning, use, regulation, and development of land 

and any connected purposes. It noted climate change as one of the outstanding elements 

to be included in situational analysis during the preparation of development plans. Other 

than the direct provision, the Act also advocates for environmental conservation, 

protection, and improvement alongside the utilization of environmental management tools 

captured in the EMCA (Government of Kenya, 2019).  

Environmental degradation and the need to consolidate over 78 regulations managing 

environmental issues led to the development of the National Environment Policy (NEP) 

and Environmental Management and Coordination Act (EMCA) 1999 (Government of 

Kenya, 2010; Government of Kenya, 2012). EMCA created institutions such as the 

National Environmental Management Authority (NEMA). It also outlined environmental 

management tools such as Environmental Action Plans, Environmental Impact 

Assessment, Environmental Auditing and Monitoring, Environmental Quality Standards, 

Environmental Restoration Orders, Environmental Conservation Orders and 

Environmental Easements (Government of Kenya, 2000). The Act was also identified by 

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

individuals. 

Recognition of climate change as an emerging development challenge led to the 

development of National Climate Change Response Strategy, National Climate Change 

Action Plan and National Adaptation Plan (Government of Kenya 2010b; Government of 

Kenya 2016c & Government of Kenya, 2018). These led to the development of the 

Climate Change Act, the regulatory framework for climate change action (Government of 

Kenya, 2016a). The Act further advocates for mainstreaming sustainable development 

principles into planning and decision making alongside providing for climate action 

funding through the climate fund. 
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Climate challenges have also resulted in other disasters such as floods, droughts, storms, 

and landslides. A compelling number of these hazards are caused or exacerbated by 

climatic elements such as rainfall and temperature. Ongugo et al., (2014) argue that 

climate change parameters result in over 70% of the national disasters experienced in the 

country. The National Policy for Disaster Management was developed to address 

emerging disasters (Government of Kenya, 2009a). Even though the policy underscores 

the role of climate change action in sustainable development, it acknowledges the lack of 

capacity in dealing with climate change adaptation. The policy enumerated pillars of 

disaster management to offer an opportunity for climate change adaptation. Ongugo et al. 

(2014) cautions that the policy nevertheless does not give a strategy on how to manage 

disasters. 

Other legislations enacted to both streamline urbanization and realign legislations to the 

Constitution of Kenya 2010 include the Urban Areas and Cities Act. In the management 

of cities and municipalities, the Act creates a board that shall develop Integrated Urban 

Development plans, control landuse, land development, and zoning and promote a safe 

and healthy environment. The components of integrated development plans, landuse 

control, and zoning, offers a great opportunity in climate change action. (Government of 

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

Other Acts of Parliament deal with sectoral issues such water the (Water Act, 2002), 

forests (the Forest Conservation and Management Act, 2016) and wildlife conservation 

(Government of Kenya, 2002; Government of Kenya, 2016b; Government of Kenya, 

2009b). These have also established various institutions such as the Water Resources 

Management Authority, Kenya Forestry Service, and the Kenya Wildlife Service. These 

connected laws create frameworks that allow for climate action both at the national and 

local levels. 

3.2.2 Nairobiôs Climatic and Physical Characteristics 

The City County of Nairobi County (NCC) is Kenyaôs capital city. It is one of the 47 

counties and the only City County in Kenya (Figure 3.4) It is situated at the southern end 
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of Kenyaôs agricultural heartland and is the second-largest city in Eastern Africa (UN-

Habitat, 2014a). 

NCC's current area measures about 693 Km2 after various expansions. These expansions 

occurred in 1910, 1921, 1926 and 1964 (Owuor & Mbatia, 2008). The city is at the 

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

2010). It is at a mean altitude of 1700 m above sea level and longitude 36 48ôE and 1 17ôS 

(Makokha & Sishanya, 2010). Soils vary from red volcanic soils to alluvium, clay, and 

volcanic tuffs (Onyancha, Mathu, Mwea, & Ngecu, 2011). These display various porosity, 

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

of volcanic rock. This led to red soils of up to 15 m depth in selected locations (Saggerson, 

1991). 

 

 

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

2010). The physical, socioeconomic characteristics, and government policy, played a 

momentous role in determining the structure of the city (Kingoria, 1983). The physical 

aspects that influenced the expansion of the city include soils, slope, and gazetted parks. 

For instance, the eastern side has gentle terrain but clay soil which makes it a challenge 

for construction while the western side has favourable soils but steeper slopes (Mundia, 

2017). Racial segregation of settlements also followed the soil typologies. For instance, 

the higher altitudes north and west of the railway line were mostly red volcanic soils and 

inhabited by the Europeans. The Africans resided in the lower plains East and South of 

the railway line; areas comprising non-porous black cotton soils (Owuor & Mbatia, 2008; 

Anyamba, 2011). These patterns led to distinct settlement characters (Figure 3.5 and 

Figure 3.6). 

 
Source: Okwiri (2017) 

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

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

Nairobi has a temperate tropical climate with rainfall peaks in April and November (JICA 

and JST, 2014). The short rains are experienced in November and December while the 

long rains fall between March and April (UNEP, UN-Habitat, Nairobi City Council, 

2008). The average amount of annual rainfall is about 600 mm and mean daily 

temperatures between 12 oC and 26 oC as shown in Figure 3.7 (University of Capetown, 

2017; Central Bureau of Statistics, 2003). 

Climate projections, both Global Climatic Models and downscaled models point to a 

changing climate. For instance, the Average annual maximum temperature and Average 

annual minimum temperature are projected to increase by between 0.5 oC and 2 oC by the 

year 2040. Similar trends, though minimal, are expected in rainfall (University of 

Capetown, 2017). 

The initial planning models such as the sector model, multiple nuclei model and garden 

city concepts have not enhanced environmental sustainability either. The situation 

worsened in the year 2000 after the expiry of the 1973-1978 plans. The urbanization 
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challenges that prompted the initial plans have therefore continued unabated. They 

manifest as urban physical decay, environmental degradation, urban sprawl, and 

segregation of settlements. 

 
Source: http://www.nairobi.climatemps.com/graph 

Figure 3.7: Nairobiôs Climate Profile 

Nairobi has experienced uncontrolled urbanization and unplanned sprawl since the 1948 

masterplan. There has been consistent conversion of farmland and open grassland into 

sprawling built-up area. The racially segregated planning and the succeeding social class 

systems have acted in conjunction with the uncontrolled urbanization to make the city into 

a biophysically vulnerable zone. For instance, high-density low-income neighbourhoods 

are domiciled in the poorly drained areas, and this exacerbates flooding risk. Informal 

settlements and low-income neighbourhoods still have mud-walled housing typologies. 
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The low-income neighbourhoods that succeeded the racially segregated African 

settlements in the eastern zone of the city still experience flooding just as they did during 

colonization. 

Aside from the growth and expansion of the city, there are marked changes in climate 

affecting temperature. These changes can be traced to the 1960s with a marked increase 

in temperatures. The crossroads between Nairobiôs urban form evolution and climate 

change has predisposed it to climate related challenges such as flooding. The biophysical 

elements that prompted its selection and settlement are emerging as the vulnerability 

elements. 

Even though urban planning and management has been deficient, the legal and 

institutional frameworks have evolved to meet the emerging challenges. As such, there is 

an adequate legal, institutional and policy framework for action. The notably mentioned 

deficiency is in capacity. 

3.3 Research Design 

This research design was a descriptive case study research. The study investigated the 

trends in biophysical and socioeconomic characteristics as they relate to variations in 

climatic parameters within the City County of Nairobi using the framework illustrated in 

Figure 3.8. 

The biophysical and socioeconomic characteristics included landcover, elevation, soil 

drainage properties, Open Space Networks (OSN), Normalized Difference Vegetation 

Index (NDVI), and slope. The socioeconomic characteristics included poverty levels, 

population density, age, percentage of female-headed households and access to services. 

The climatic parameters were temperature and rainfall. Temperature was further divided 

into average annual minimum, average annual maximum, highest annual and lowest 

annual parameters. 
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Figure 3.8: Research Methodology Framework 

Data were collected through primary and secondary methods. The primary data sources 

were observation and self-administered questionnaires (Appendix 1). Secondary data 

sources entailed archival Geographic Information Systems and analogue maps, census 

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

1988 and 2018) in 10-year epochs. Both the urban form and climatic data were selected 
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from corresponding periods. These were the years 1988, 1998, 2008 and 2018 except for 

special circumstances where data gaps existed such as the years 1998 and 2008. In those 

cases, 5-year epochs of 1988, 1993, 1998, 2003, 2008, 2013 and 2018 were used to 

investigate any trends that would be lost due to data gaps in the earlier epoch selection 

method. 

Biophysical parameters were either directly derived or modelled from Landsat images 

(Appendix 5) or Digital Elevation Models (DEM). Landcover data were obtained through 

classification in ArcGIS and measured in square kilometres (Km2). The cityôs elevation, 

measured in meters above sea level (m ASL), was modelled using ArcMap 10.6 to extract 

the different elevations from the DEMs. The slope percentages were derived from the 

digital elevation model using spatial analyst tool in ArcMap 10.6. The slope data were 

classified using the ranges proposed by Nassif and Wilson (1975) and Huang, Kang, Yang, 

and Jin (2017). Flow accumulation was generated by deriving the flow direction followed 

by flow accumulation. The Normalized Difference Vegetation Index (NDVI) was 

modelled in ArcMap from the Landsat images using the formula (Equation 3.1). Landsat 

images. Flow accumulation and NDVI were indices and therefore had no units. The results 

standardized as percentages for comparison across the years. 

 
.$6)

.)22ÅÄ

.)22ÅÄ
 (3.1) 

Where NDVI is Normalized Differential Vegetation Index, NIR is Near 

Infra-Red. 

Climatic data were sampled from five weather stations. These were Jomo Kenyatta 

International Airport (JKIA), Wilson Airport, Eastleigh Moi Air Base (MAB), Dagoretti 

Corner and Kabete Agrovet Station (Table 3.1, Figure 3.9). 
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Table 3.1: Weather Station Identifiers 

Weather Station  Station ID 

Jomo Kenyatta International Airport 9136168 

Wilson Airport 9136130 

Dagoretti Corner 9136164 

Eastleigh Moi Air Base 9136087 

Kabete Agrovet Station 9136208 

Note: Developed from Kenya Meteorological Department data 

 

Figure 3.9: Distribution of Weather Stations in Relation to the Sublocations 

Rainfall was measured in millimetres (mm). Temperature was measured in Degree Celsius 

( ). The station-to-station data were converted to ArcMap 10.6 attribute table data and 

interpolated using the spline interpolation method to achieve data for the entire city. The 

interpolated data were then classified into 10 ranges using Equation 3.2. 
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Where z is the highest recorded value of the climatic parameter; and a 

is the lowest recoded value of the climatic parameter. 

Where there were data gaps, the scaling factor recommended by Fong et al. (2014) was 

used (Equation 3.3). This used existing reliable information, for example, population data 

from the 2009 Population and Housing Census to project the missing information. 

However, this process assumes that there are no compelling changes in social dynamics 

between the years 2009 and 2018.  

 
)$

&

&
!$  (3.3) 

Where ID is Inventory Data (Data of Interest); FIV: Factor Inventory 

Data (Estimation factor for the year of missing information); FAD: Factor 

Available Data (Estimation factor for the year with complete 

information) and AD: Available Data of the group of interest for FAD. 

  



93  

Table 3.2: Summary of Parameters, Data Set and Data Sources 

Data Class Data Data source Parameters 

Secondary 

data 
Statistical 

abstracts 
KNBS Poverty levels 

Housing and 

Population 

census 

reports 

KNBS 

Population, age, female headed 

households, access to water, water 

sources, access to sanitation, access to 

energy 

Climatic data KMD 

Average annual maximum temperature, 

average annual minimum temperature, 

highest annual temperature, lowest 

annual temperature, rainfall 

Soil map KALRO Soil drainage properties 

GIS Maps 
UN-Habitat Open space networks 

KNBS Sublocation boundaries 

Landsat 

images RCMRD and 

USGS 

Landcover, flow accumulation, 

normalized Difference vegetation 

index 

DEM Slope, elevation 

Primary 

data 
Expert 

Ranking 

Sampled 

experts 

Landcover, flow accumulation, soil 

drainage properties, normalized 

Difference vegetation index, 

temperature, rainfall, poverty, age, 

gender, access to services 

Soil type 

Sampled 

Coordinates 

Soil drainage properties 

Altitude Elevation 

Landcover 
Bare land, Built-up area, Forest, 

Waterbody and Grassland 

Note: RCMRD is Regional Centre for Mapping of Resources for Development, KMD 

is Kenya Meteorological Department, KNBS is Kenya National Bureau of Statistics, 

KALRO is Kenya Agricultural and Livestock Research Organization and USGS is 

United States Geological Survey 
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A triangulation approach combining qualitative and quantitative approaches was used. It 

aids in counteracting the weaknesses of each approach (Dawson, 2009). The quantitative 

approach focused on normalization and weighting of different data sets and vulnerability 

indicators, respectively. The qualitative approach was used to rank expert opinions and 

determine vulnerability ranks for the sublocations. Data analysis employed four methods: 

change detection (Appendix 8) analysis, time series analysis, correlation, and regression 

analysis. 

Scatter plots and trendlines were used in trend detection. In cases with outliers, the study 

sought theoretical explanations and checked for data entry errors. The criteria for retention 

of outlier data were guided by three parameters: theoretical explanation, data entry errors 

and consistency with other data sets (Anscombe, 1960). Trendline plotting was based on 

the linear trendline. This was guided by the theoretical associations discussed in Chapter 

Two. 

For purposes of vulnerability assessment, socioeconomic data were also collected. They 

were extracted from the 2008 housing and population census obtained from the Kenya 

National Bureau of Statistics (KNBS). The parameters included population density, age 

composition, gender of household head, poverty levels and levels of access to services. 

This data were based on the 2008 sub locations boundaries. 

Vulnerability assessment of the different counties required the aggregation of the different 

biophysical, socioeconomic, and climatic parameters. Of the two widely used methods, 

the study selected the weighting based on the expert opinion ranking method. This method 

required the collection of data on how experts ranked the contributions of the different 

parameters to the overall vulnerability of the sublocations. This was achieved through a 

questionnaire (Appendix 1) with a seven-level Likert type scale that ranged from most 

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

1 2 3 4 5 6 7 

Most 

unlikely 

to 

contribute 

Very 

unlikely 

to 

contribute 

Unlikely 

to 

contribute 

Neutral Likely to 

contribute 

Very 

likely to 

contribute 

Most 

likely to 

contribute 

The questionnaire was administered to twelve respondents in the field of Urban Planning, 

Sociology, Landscape Architecture, Landscape Planning, and Architecture were used. The 

number 12 was selected due to the concept of theoretical saturation, domiciled in grounded 

theory, where any data collected above 12 expert opinions was argued to be akin to the 

opinions gathered. The experts ranked (Appendix 3 and 4) the parameters of urban form 

and climate (Table 3.4). 

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

Vulnerability  

Parameters 
Expert opinions 

Mean 
Standard 

Deviation A B C D E F G H I J K L 

Elevation 5 6 6 5 7 6 6 7 5 7 7 6 6.08 0.76 

Slope 5 5 5 5 5 6 7 5 5 6 6 7 5.58 0.76 

Landcover 6 7 7 4 6 6 7 6 4 7 7 7 6.17 1.07 

Rainfall 7 6 6 6 7 6 7 7 6 7 7 7 6.58 0.49 

Flow 

Accumulation 
7 6 7 5 7 5 7 7 5 6 6 6 6.17 0.80 

Soil drainage 

Properties 
5 4 6 5 4 6 7 4 5 6 6 6 5.33 0.94 

Note: A to L represents the different experts 

 

3.4 Research Methods 

The study used three research methods: archival, interview and observation. Interview and 

observation methods yielded primary data. The archival method yielded secondary data. 

The combination of the three methods was to increase construct validity and plug the 
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shortcomings of each of the methods in case they were to be used in isolation (Gillham, 

2000; Yin, 2003). 

3.4.1 Archival Method 

The archival method included the review of housing and population census data, climatic 

data, boundary delimitation maps, soil property maps, Landsat, and Digital Elevation 

Models (DEM). The data from housing and population census generated socio-economic 

data. Climatic data generated the climatic parameters. Landsat, soil properties maps, and 

DEM datum was used to model urban form such as landcover, elevation, slope, soil 

drainage properties and flow accumulation. Climatic data generated the average annual 

minimum, average annual maximum, highest annual and lowest annual temperatures, and 

rainfall data. 

3.4.2 Interview Method 

The interview method was used to collect primary data from experts. These data helped 

the study determine the magnitude of the contribution that urban form, climate, and socio-

economic parameters had on climate change vulnerability. 

3.4.3 Observation Method 

The observation method generated information for ground truthing of urban form models 

and classifications. The questions raised by MacDonald and Headlam (2008) on the 

reliability of observation were solved using a standardized observation checklist as 

suggested by Mouton and Marais (1996) and Kothari (2004). The standardization process 

included preliminary use of the observation checklists (Appendix 2) by all research 

assistants on the same space and a full explanation of the method of translation. 

Nonetheless, since the items under observation were inanimate, the reliability and validity 

were guaranteed using other tools such as photographs. 
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3.5 Data Collection Techniques, Tools and Sources 

3.5.1 Techniques, Tools and Data Sources for the Archival Method 

Archival data were collected using the note taking and data transfer techniques. The digital 

data were transferred and stored in portable hard disk. The printed and published hardcopy 

data were printed and photocopied, respectively. Analogue maps were scanned using a 

portable scanner and digitized using ArchiCAD and ArcGIS software. To ensure all the 

required archival data were collected, the study developed an archival checklist (Table 

3.5). 

Table 3.5: Archival Review Checklist 

Variable Parameters Specific data sets Source Remarks 

Urban 

form 

Landcover, Slope, Open 

Space Network and NDVI 

Landsat images 

(1988, 1993, 

1998, 2003, 2008, 

2013 and 2018) 

RCMRD 

and 

USGS 

V  

Elevation, Slope and Flow 

Accumulation 

DEM RCMRD 

and 

USGS 

V  

Soil drainage properties Nairobi soil maps KALRO V  

Climate Average annual maximum, 

average annual minimum, 

highest annual and lowest 

annual temperatures 

Temperature KMD V  

Annual Rainfall Rainfall KMD V  

Socio 

economics 

Poverty levels, Age, Gender, 

Access to services, and 

Population Density  

Housing and 

Population 

census Data 

KNBS V  

Note: RCMRD is Regional Centre for Mapping of Resources for Development, KMD 

is Kenya Meteorological Department, DEM is Digital Elevation Model, NDVI is 

Normalized Difference Vegetation Index, USGS is United States Geological Survey 

and KNBS is Kenya national Bureau of Statistics 
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Housing and population census data were obtained from the Kenya National Bureau of 

Statistics (KNBS). Climatic data were sourced from Kenya Meteorological Department 

(KMD), and World Climate (https://www.worldclim.org/). Boundary delimitation maps 

were obtained from Nairobi County office, Kenya National Bureau of Statistics (KNBS) 

and Independent Electoral and Boundaries Commission (IEBC). Soil property maps were 

obtained from Kenya Agricultural and Livestock Research Organization (KALRO 

[https://files.isric.org/public/sotwis/SOTWIS_KEN.zip]). Landsat and Digital Elevation 

Models (DEM) were obtained from Regional Centre for Mapping of Resources for 

Development (RCMRD) and United States Geological Survey (USGS 

[https://earthexplorer.usgs.gov]). 

3.5.2 Techniques, Tools and Data Source for the Interview Method 

The questionnaire technique was used to collect primary data from the experts. The tools 

used were questionnaires (Appendix 1). These were self-administered to the 12 selected 

experts in the fields of landscape architecture, urban and regional planning, urban design, 

sociology, and hydrology (Table 3.6). 

Table 3.6: Number of Respondents per Profession 

Profession Number of respondents 

Urban and Regional Planning 3 

Urban Design 3 

Sociology 1 

Hydrology 2 

Landscape Architecture 3 

Total 12* 

3.5.3 Techniques, Tools, and Data Source for the Observation Method 

The technique used for the observation method was observation. The data collection tools 

were observation checklists (Table 3.7), handheld Global Positioning Systems (GPS) 

devices and digital cameras. The data were recorded using notebooks and photographs. 

https://www.worldclim.org/
https://files.isric.org/public/sotwis/SOTWIS_KEN.zip
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The data were collected from 17 locations spread around the city. The locations were 

sampled from the 17 sub counties (Figure 3.10 and Table 3.8) using the maximum 

variability sampling approach. 

Table 3.7: Checklist with Sample Data Collected for Ground Truthing 

Urban form 

Observation locations 

Point 1 
(36.882, -1.223) 

Point 2 
(36.992, -1.256) 

Point 3 
(36.929, -1.2557) 

Point 10 
(36.842, -1.276) 

Soil 

Poorly drained - - - X 

Well drained X X - - 

Very well drained - - - - 

Altitude*(m ASL) 1642 1495 1561 1652 

Land-

cover 

Forest/ Woodlot X - X - 

Grassland - - - - 

Water - - - - 

Built-Up - X - - 

Bare ground - - - X 

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

Point Subcounty 
Coordinates (Decimal Degrees) 

X - Coordinate Y - Coordinate 

P1 Roysambu 36.882 -1.223 

P2 Kasarani 36.992 -1.256 

P3 Embakasi Central 36.929 -1.2557 

P4 Embakasi South 36.869 -1.316 

P5 Langata 36.758 -1.319 

P6 Dagoretti South 36.717 -1.289 

P7 Westlands 36.796 -1.255 

P8 Dagoretti North 36.807 -1.277 

P9 Kibra 36.788 -1.308 

P10 Starehe 36.842 -1.276 

P11 Makadara 36.862 -1.289 

P12 Mathare 36.873 -1.253 

P13 Embakasi North 36.882 -1.256 

P14 Embakasi East 36.924 -1.283 

P15 Embakasi West 36.885 -1.265 

P16 Kamukunji 36.871 -1.264 

P17 Ruaraka 36.870 -1.239 

 

The resultant data were compared with secondary data on landcover, and soil drainage 

properties obtained from Regional Centre for Mapping of Resource for Development 

(RCMRD) and Kenya Agricultural and Livestock Research Organization, respectively 

(KALRO). 

3.6 Sampling Design 

According to (Kothari, 2004), a sampling design is a definite plan for getting a sample 

from a population. The sampling design considered three aspects: sampling approach, 

sampling unit and sampling procedures. 

3.6.1 Sampling Approach. 

The study sampling approach considered four elements: the universe, the sampling unit, 

sample size and parameters of interest. The universe was considered as the City County 
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of Nairobi since this was a case study research design. The urban form, and climatic data 

collected covered the entire city either directly or through interpolation. 

3.6.1.1 Sampling unit 

There were three sampling units. The sampling unit for climatic data were the weather 

stations. However, the climatic data were interpolated to cover the entire city and finally 

analysed at the sublocation level. Sampling unit for vulnerability assessment was the 

sublocation. This was based on the unit of analysis of the population and housing census 

data. Expertôs sampling unit was the individual person. Other authors such as Linkd 

(2012) who have conducted similar studies in other places used the ward as the unit of 

analysis which is comparable to sublocation. The third sampling units was the 

sublocations (Figure 3.11, Table 3.9, Appendix 6 &7). This was used to compute the 

interpolated climatic parameters and the urban form parameters. 

 

This numbering of sublocations 

is random and not based on any 

ranking system 

Legend 

Refer to the table 3.8 

 

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

No.  Sublocation 

0 Mihango 

1 Ruai 

2 Eastleigh north 

3 California 

4 Ngandu 

5 Mbotela 

6 Makongeni 

7 Kaloleni 

8 Shauri moyo 

9 Muthurwa 

10 Ofafa Maringo 

11 Hamza 

12 Lumumba 

13 Majengo 

14 Bondeni 

15 Gikomba 

16 Kamukunji 

17 Kimathi 

18 Eastleigh south 

19 Air base 

21 Uhuru 

22 Harambee 

23 Bomas 

24 Embakasi 

25 Umoja 

26 Mlango Kubwa 

27 Mabatini 

28 Mathare 

29 Pangani 

30 Ziwani/Kariokor 

31 Ngara east 

32 Garden 

33 Roysambu 

34 Kiwanja 

35 Kahawa west 

36 Kongo Soweto 

37 Kamuthi 

38 Githurai 

No.  Sublocation 

39 Zimmerman 

40 Savannah 

41 Kayole 

42 Komarock 

43 Karen 

44 Hardy 

45 Langata 

46 Mukuru kwa 

Njenga 

47 South c 

48 Land Mawe 

49 Viwandani 

50 Imara Daima 

51 Hazina 

52 Nairobi south 

53 Karura 

54 Njathaini 

55 Huruma 

56 Kiamaiko 

57 Utalii 

58 Mathare north 

59 Mathare 4a 

60 Mowlem 

61 Kariobangi south 

62 Njiru 

63 Saika 

64 Mwiki  

65 Dandora b 

66 Dandora a 

67 Korogocho 

68 Nyayo 

69 Gitathuru 

70 Kariobangi north 

71 Ruaraka 

72 Kasarani 

73 Muthaiga 

74 Lenana 

75 Mutuini 

No.  Sublocation 

76 Kirigu 

77 Kabiria 

78 Kitisuru 

79 Spring valley 

80 Upper parklands 

81 Highridge 

82 Ngara west 

83 City centre 

84 City square 

85 Nairobi west 

86 Kenyatta/ Golf C 

87 Mugumoini 

88 Laini Saba 

89 Silanga 

90 Olympic 

91 Makina 

92 Kibera 

93 Soweto 

94 Lindi 

95 Gatwikira 

96 Uthiru 

97 Ruthimitu 

98 Waithaka 

99 Loresho 

100 Kyuna 

101 Kilimani 

102 Riruta 

103 Ngando 

104 Kawangware 

105 Gatina 

106 Maziwa 

107 Muthangari 

108 Gichagi 

109 Kangemi 

110 Mountain view 

111 Kileleshwa 

112 Woodley 
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3.6.1.2 Sample size 

The study sample sizes were computed at different levels. For the administration of 

questionnaires (Appendix 1), a sample size of 12 respondents was settled on based on the 

concept of theoretical saturation. For observation and computation of evolution trends and 

patterns for both urban form and climate, multiple sample sizes were used. To develop the 

urban form and climate relationship models, all the 112 sublocations were used. For 

comparative analysis, the five sublocations with weather stations and an additional 25 

were sampled. 

3.6.3 Sampling Procedure. 

3.6.3.1 Purposive Sampling 

Purposive sampling was used in the selection of the case to study. It is a non-probability 

sampling procedure that does not provide the guarantee that each item might be included 

in the sample (Kothari, 2004). In the study, it was employed in selecting Nairobi for the 

study. The justification is that Nairobi is the fastest-growing urban area with the largest 

population in Kenya. It also has the most varied landcover characteristics and the highest 

concentration of weather stations among the urban areas in the country. The varied 

landcover characteristics allow the study to cover all urban form variations possible within 

the same urban and regional climate. 

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

fields of urban and regional planning, landscape architecture, hydrology, and sociology. 

They had at least 15 years of experience in their respective fields. The number of experts 

sampled was 12. This was guided by theoretical saturation concept in grounded theory for 

qualitative data collection as the respondents were considered experts in their respective 

fields (Bloor & Wood, 2006). 

3.6.3.2 Maximum Variability Sampling  

The maximum variation sampling was used to ensure maximum coverage of the urban 

form and climate scenarios as proposed by Benaquisto and Given (2008). It was also used 
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in determining the ground truthing points by dividing the city into the 17 sub-counties. 

Global Positioning System (GPS) data points within each sub-county were then 

purposively selected for ground-truthing resulting in 17 locations for ground-truthing. 

For comparative analysis, 30 sublocations (Table 3.10 and Figure 3.12) were sampled 

using the maximum variation sampling method. The criteria included six parameters 

namely widest spread around the city, sublocations hosting weather stations, sublocations 

with informal settlements, those with lowest and highest poverty levels and those with 

highest and least urban form changes between 1988 and 2018. 

 

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

SN Sublocation 

1 Ruai 

2 Eastleigh North 

13 Majengo 

18 Eastleigh South 

19 Air base 

22 Bomas 

23 Embakasi 

26 Mabatini 

31 Garden 

33 Kiwanja 

40 Kayole 

42 Karen 

SN Sublocation 

43 Hardy 

45 Mukuru Kwa 

Njenga 

52 Karura 

66 Korogocho 

67 Nyayo 

71 Kasarani 

72 Muthaiga 

74 Mutuini 

75 Kirigu 

76 Kabiria 

77 Kitisuru 

SN Sublocation 

82 City Centre 

83 City Square 

84 Nairobi West 

91 Kibera 

92 Soweto 

94 Gatwikira 

98 Loresho 

103 Kawangware 

104 Gatina 

105 Maziwa 

108 Kangemi 

111 Woodley 

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

3.7 Data Selection and Processing 

This section explains the rationale for selecting the spatial and temporal resolutions. It 

also explains how the Landsat and Digital Elevation Models were geometrically and 

radiometrically corrected for errors.  

3.7.1 Rationale for Temporal and Spatial Selection. 

The study relied on spatial and urban geometry data supported by other statistical and 

imagery information for biophysical and climatic data. The criterion for spatial static data 

selection included spatial and temporal resolutions, the month of interest and the years of 

focus. Using spatial and temporal resolutions as a guide for selection is supported by 

Hoaôs (2013) argument on the principles of urban morphological analysis of time, 

resolution, and form. 

Temporal resolutions were 5 and 10 years for the 30 years between 1988 and 2018. This 

resulted in the selection of 1988, 1998, 2008, and 2018 data sets. The 30 years is based on 

the WMO definition of a timescale boundary between weather and climate (Mudelsee, 

2009). The combination of 5- and 10-year epochs was necessitated by data gaps in climatic 

information. These gaps had the potential of disguising climatic trends. Spatial resolution 



107  

was based on the available resolutions of the Geographic Information Systems data. This 

translated to 30 meters for the landcover and two meters for the DEMs. The Landsat 

images used were from path 168 and row 061. This covered the Nairobi County area for 

all the epochs 

The months of interest were January-February and June-August for the landcover and 

NDVI data. This period selected months are among the hottest and driest in Nairobi. As 

such, the vegetation would be under stress, exposing the challenges they would face in the 

provision of ecosystem services such as temperature amelioration. The land surface 

temperature would also be unmasked due to a lack of seasonal vegetation covers. The 

selected period is succeeded by the long rains and short rains, respectively. Considering 

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

exposing the flood risks further. 

3.7.2 Processing and Classification of Form and Climatic Data 

Landcover features were derived using a hybrid classification system, combining both 

supervised and unsupervised classification methods. Di Gregorio (2016) argues that this 

approach eliminates the shortcomings of each of the classification systems if used in 

isolation and allows for comparative analysis. The selection of classification groups for 

the landcover data were guided by, among others, the classifications used by Zope, Eldho, 

and Jothiprakash (2017) who propose the built-up area, waterbody, vegetation, open land, 

forests, and grassland. As such, the study settled on built-up area, grassland, forest, bare 

ground, and waterbody. This was guided by the relationship between landcover types and 

climate. 

The landcover images were loaded into ArcMap one epoch at a time. The data were then 

geometrically and radiometrically corrected. A set of training areas were created using 

built-up areas, vegetation, and water surfaces. The adoption of training areas was based 

on prior knowledge of the city. The resultant signature file was then used to classify the 

different representations using the landcover classification framework (Figure 3.13). 
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Data Pre-processing 
  

Geometric Correction, 
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(Landsat TM &amp; ETM 

Bands 1,4,7) 

Supervised Classification 

Maximum likelihood 

Landcover maps (1988, 1998, 2008 and 2018) 

Ground Truthing  

GPS location of different landcover 

types, soils types and vegetation 

 

Figure 3.13: Landcover Classification Framework 

The accuracy of the supervised classification is heavily dependent on prior knowledge, 

the skill of the individual processing the image and the distinctness of the classes (Gillian, 

2012). For this reason, unsupervised classification was also considered by generating 

clusters by defining the number of classes and assigning classes. Finally, to generate the 

map outputs, the classified image was processed using the reclassify tool to merge the 

various classes. The landcover classes were namely: built-up areas, forest, bare lands, 

grasslands, water bodies (Table 3.11). 
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Table 3.11: Landcover Types, Descriptions and Colour Codes 

Landcover Description Colour code 

Built-up  Temporary and permanent structures, artificial infrastructure Red 

Forest Areas with dense trees cover Green 

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

Grasslands Shrublands, Yellow 

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

Classification inaccuracies and mixed pixels problems were minimized through post-

classification refinement as recommended by Alsaaideh, Al-Hanbali, and Tateishi, (2012). 

Visual interpretation through ground-truthing and Global Positioning System tagging was 

used to confirm accuracy for the 2018 data sets. The accuracy of the 1988 to 2013 epochs 

was corroborated using analogue aerial photographs and historical google earth images 

(https://earth.google.com/web/search/Nairobi/) of the city. 

The NDVI, Flow Accumulation and slope were modelled in ArcMap 10.6. The resultant 

maps were overlaid on the different epochs. The year 2018 was overlaid with the 

sublocation map to reveal the relationships between the different parameters and the 

sublocations. Even though soil, and elevation data were not modelled for all the epochs, 

the maps were also overlaid with the sublocation maps. 

Climatic data was cleaned and enhanced using the procedure proposed by Boissonnade, 

Heitkemper and Whitehead (2002). They advocate for the use of official climatic data 

records which have usually undergone cleaning by the national meteorological services. 

This procedure was implemented by using multiple data sets from the Kenya 

Meteorological Department from different collection points. For instance, data was 

purchased in the years 2019 and 2020. These were then compared with each other to check 

for any inconsistencies. The emerging gaps filled by comparing raw data from the five 

weather stations with the collated data from the Kenya Meteorological Department at 

Dagoretti Corner. For instance, the monthly data was collected from the JKIA weather 

station, the annual means were then computed and compared with the collated data from 

https://earth.google.com/web/search/Nairobi/
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the KMD headquarters at Dagoretti Corner for the same station. In instances where there 

were gaps and disparities, corroborative sources such as WorldClim (2019), National 

Oceanic and Atmospheric Administration (2019) and United States Geological Survey 

(2016). These sources were used for homogeneity testing to check the consistency of the 

weather station data with the surrounding areas as they primarily relied on satellite data 

and were therefore not point data. Climate thematic maps were classified into temperature 

and rainfall to correspond to thermal stress and flood risk vulnerability assessment. 

Thermal stress maps relied on the Average annual maximum temperature, Average annual 

minimum temperature, highest annual temperature, and lowest annual temperature. 

Rainfall used annual rainfall volume in millimetres. Thematic climate maps were 

modelled using the spline interpolation method. The interpolation method relies on the 

existing data to generate information for the zones without data using the algorithm 

expressed in Equation 3.4 and 3.5. The selected interpolation method was restricted to the 

county barrier in ArcMap 10.6. (ESRI, 2020). The data points were based on the five 

weather stations around the city. 

 

Ὓὼȟώ Ὕὼȟώ ʇὙὶ (3.4) 

Where:  

Á S (x, y) is the interpolated point. 

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

equation. 

Á R(r) is expressed as Equation 3.5 for a regularized interpolation. 

Á J = 1, 2, ..., N. 

Á N is the number of points. 

Á ɚj are coefficients found by the solution of a system of linear equations. 

Á rj is the distance from the point (x,y) to the jth point. 
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Where:  

Á r is the distance between the point and the sample. 

Á † is the Weight parameter. 
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Á Ko is the modified Bessel function. 

Á c is a constant equal to 0.577215. 

The temperature ranges were standardized into 10 classes for comparison across the years 

(Equation 3.6). 

 
$

$ $
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 (3.6) 

Where Dr represent the range used in modelling; Dmax represents the 

highest recorded value of the climatic parameter for all the epochs and 

Dmin represents the lowest recorded value of the climatic parameter for 

all the epochs. 

The resultant maps were overlaid based on the thermal stress thresholds as defined by 

Abdel-Ghany, Al-Helal, and Shady (2013), Matzarakis and Amelung (2008), Matzarakis 

and Mayer (1996). The thresholds are Ò 13  for cold stress and Ó 23  for heat stress. 

3.7.3 Vulnerability  Ranking 

Vulnerability ranking of the different sublocations was based on the three elements of 

exposure, sensitivity, and adaptive capacity. Climatic parameters dictated exposure; urban 

form determined sensitivity while socioeconomic aspects determined the adaptive 

capacity. The relationships between the parameters and vulnerability aspects were based 

on the theoretical associations established in the literature review. 

For instance, the denser the built-up area, the higher the risk of flooding and higher thermal 

stress. The lower the urban elevation, the higher the risks of flooding and thermal stress. 

The steeper the slopes, the lower the risk of flooding. A summary of the vulnerability 

ranks (Table 3.12) outlining the rationale for vulnerability ranking was developed based 

on arguments by Oke (1987), Nassif and Wilson (1975) and Huang, Kang, Yang, and Jin 

(2017), Abdel-Ghany, Al-Helal, and Shady (2013), Matzarakis and Amelung (2008), 

Matzarakis and Mayer (1996), Stangl, (2018) and Ludena & Yoon, (2015). 
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Table 3.12: Summary of Vulnerability Ranking Rationale 
V

a
ri
a
b

le

s 

Parameters 

Vulnerability 

Very High 

Vulnerability 

High 

Vulnerability 

Moderate 

Vulnerability 

Low 

Vulnerability 

U
rb

a
n

 F
o

rm
 

Built-Up Area <25% 25-50% 50-75% >75% 

Forest Cover <25% 25-50% 50-75% >75% 

Elevation 
1452-1566 m 

ASAL 

1566-1676 m 

ASAL 

1676-1784 

m ASAL 

1784-1951 

m ASAL 

Flow Accumulation <25% 25-50% 50-75% >75% 

Slope <4% 4-8% 8-16% >16% 

Soil drainage 

Properties 

Paved & Very 

Poorly Drained 

Poorly 

Drained 

Imperfectly 

Drained 

Well 

Drained 

NDVI <25% 25-50% 50-75% >75% 

C
lim

a
te

 

Avg. Monthly 

Maximum Temp 
>33 33-29.6 26.3-23 <23 

Avg. Monthly 

Minimum Temp 
<7 7-10 10-13 >13 

Highest annual 

Temp 
>33 33-29.6 26.3-23 <23 

Lowest annual 

Temp 
<7 7-10 10-13 >13 

Rainfall >1300 mm 
1300-1150 

mm 

1150-950 

mm 
<780 mm 

S
o

c
io

e
c
o

n
o

m
ic

s 

Population Density <25% 25-50% 50-75% >75% 

Age (above 64 

years) 
<25% 25-50% 50-75% >75% 

Gender <25% 25-50% 50-75% >75% 

Poverty <25% 25-50% 50-75% >75% 

Access to Services <25% 25-50% 50-75% >75% 

Note: 

M ASL is meters Above Sea Level 
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3.8 Data Analysis and Interpretation  

3.8.1 Post Classification Change Detection Analysis 

Of the three popular methods of change detection, the study considered post classification 

method. It was selected as it minimizes sensor, atmospheric and environmental 

differences. This eliminated normalization errors between the two epochs of change 

detection (Mishra, Shrivastava, & Dhurvey, 2017). 

According to Butt, Shabbir, Ahmad, and Azizi (2015) post-classification change detection 

is ideal for urban research as it shows the location, nature, and rate of change. It also 

derives summary statistics (Pradhan & Abdullahi, 2017). This was significant for the study 

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

either lost or gained from the changes. 

The comparisons were of independently classified images such as 1988 and 1998 to detect 

the change between the two. The classified data sets were rectified independently, and 

thematic maps generated. This was followed by comparison of corresponding sections to 

identify the areas of change. Further analysis involved two operations: area extraction and 

crosstabulation. Area extraction was conducted in ArcMap and the resulting area entered 

in excel where charts and trendlines were generated (Figure 3.14 and 3.15). The same data 

were used to generate line graphs for trend determination. 
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Figure 3.14: Framework for Trend and Pattern Analysis 
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Figure 3.15: Summary of the Cross Tabulation Analysis of Landcover Types 

The input process was for two landcover maps at a time, for instance, 1988 and 1998. The 

outputs used were the cross-classification image and the cross-tabulation table. The 

statistical data were then exported to Microsoft Excel. It was cross tabulated to determine 

the nature of change and the changes in and between landcover types. The change analysis 

included which landcover types changed, by what area, and to what other landcovers 

between the different years. Change detection was also conducted using percentage 

change formula (Equation 3.7).  

 ὖὩὶὧὩὲὸὥὫὩ ὧὬὥὲὫὩ
Ὁ Ὁ

Ὁ
ρzππ (3.7) 

  Where E2 is the succeeding year and E1 is the preceding year. 
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This detected percentage change in urban form and climate between epochs and the 

overall change between the 1988 and 2018 epoch (Appendix 18 & 19). The change was 

expressed as percentage. Negative values denoted reduction while positive values denoted 

increase in the parameter being measured. 

3.8.2 Time Series Analysis 

Even though time series analysis was primarily developed for economic forecasting and 

projections (Kirchgässner & Wolters, 2007), it can be used for other forms of forecasting 

and/ projections based on its concept of using underlying past trends in making 

projections. Yin (2003) and Gillham (2000) advance Time Series Analysis as an 

appropriate method of analysing quantitative data in a case study research approach as it 

can generate longitudinal view and projections. This was ideal in making a non-spatially 

oriented projection for climatic and landcover characteristics for the city using Statistical 

Package for Social Sciences (SPSS). The other urban form elements such as elevation and 

soil drainage properties were not projected as they showed no discernible trends or cycles. 

The study relied on the Autoregressive Integrated Moving Averages (ARIMA) and 

seasonally adjusted trends to estimate percentages of different landcover types and 

climatic parameters in 10-year epochs between 2018 and 2048 ([Equation 3.8] Al -Chalabi, 

Al -Douri, & Lundberg, 2018). ARIMA was selected as it takes care of trends, seasonality, 

cycles, errors, and non-stationary aspects of a data set when making forecasts (Bista, 

2016). 

 

ώ ‘ „ώ —‐ ‐ (3.8) 

Á yt is the actual data over time. 

Á µ is the mean value of the time series data. 

Á p is the number of autoregressive cut-off lags. 

Á q is the number of cut-off lags of the moving average process. 

Á ů is autoregressive coefýcients (AR) 

Á ɗ is moving average coefýcients (MA) 

Á t is time {1, . . ., k}.  
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To fulfil the requirements of time series analysis, the data were of equal time scales, 

arranged in chronological order with the projections limited to the same time scales. For 

instance, the 5-year epochs of past data were used to project 5-year epochs of future trends 

up to the 30-year mark of 2048. The models incorporated four elements: the projected 

values, the lower confidence level, the higher confidence level, the fit line, and the 

projected value (Figure 3.16). The fit line, mean value, was used to determine the 

projected values of urban form and climate parameters. 

 

Figure 3.16: Sample Forecasting Graphic Output from SPSS 

3.8.3 Overlay and Trend Analysis 

To reveal spatial trends of urban form and climate parameters, the classification and 

interpolation raster were subjected to overlay analysis. This entailed changing the classes 

to estimated solid fills of different colours per epoch. The fills were systematically 

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

Two resultant maps were produced; one covered all the epochs to show the spatial trends 

and the other covered the years 1988 and 2018 epoch to reveal the overall spatial change. 

The spatial zones of growth or reduction were then highlighted for vulnerability 

assessment. 

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

This was conducted by tabulating the urban form and climate parameter values. These 

were then plotted in two ways: firstly, against time and secondly against the other variable. 

For instance, average annual maximum temperature was plotted against the Normalized 

Difference Vegetation Index (Figure 3.18). The scatter plots were also used to extract the 

rate of change using the resultant trendline equation. 
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Figure 3.18: Sample Trend Analysis of Average Annual Maximum Temperature 

against NDVI Between 1988 And 2018 

The resulting trend statistics were the rates of change (M) and the coefficient of 

determination (R2). The M and R2 were used to statistically explain the variations in either 

the urban form and climatic parameters against time or climatic parameters against urban 

form parameters. 

3.8.4 Correlation Analysis 

The relationship between urban form and climate was studied at the averaged city and 

interpolated sublocation levels. In both cases, the epochs were 1988, 1998, 2008 and 2018. 

The overall change considered was between 1988 and 2018. In either case, corelation 

analysis was conducted. Climatic data from the weather stations were averaged to get the 

city level data. Urban form data were used as modelled in ArcMap since the information 

was modelled at the city level. 

Literature revealed multiple variables of urban form related to climate. The study therefore 

focused on the derivation of the model expressing the relationships between various urban 

form elements and climate. To achieve this, the county level and sublocation level climatic 
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and urban form was entered into Statistical Package for the Social Sciences (SPSS) for 

correlation analysis This phenomenon argues that urban climate is a function of urban 

form parameters in addition to other parameters (Equation 3.9) 

 Ὗὶὦὥὲ ὅὰὭάὥὸὩὊὄὟὃȟὊȟὔὈὠὍȟὕὛὔȟὔ  (3.9) 

Where: 

Á BUA is Built-Up Area (Km2) 

Á F is Forest (Km2) 

Á NDVI is Normalized Difference Vegetation Index (Index) 

Á OSN is Open Space Network (Km2) 

Á N is other parameters not measured. 

The data were correlated at two levels: the global city level and sublocation level. For the 

city level, the overall climate was derived through averaging of weather station data. The 

sublocation was derived from the landcover classifications and climate interpolation data 

(Appendix 14-17). The urban form data were then standardized using percentages 

(Equation 3.10) before correlation analysis. 

 
ὛὸὥὲὨὥὶὨὭᾀὩὨ ὓὩὥίόὶὩ Ϸ

ὟὊὃ

Ὓὃ
ρzππ 

(3.10) 

Where UFA is the Urban Form Area and SA is the sublocation Area. 

The correlations were expressed in correlation matrices. The parameters that significantly 

correlated at 99% and 95% confidence intervals highlighted (Table 3.13). For instance, in 

the sample table, the Average annual Maximum Temperature significantly correlated with 

all urban form parameters at 99% confidence interval. The Pearson Correlation (r) 

explained the strength of the correlation.  
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Table 3.13: Sample Correlation Matrix Table Showing Correlations Between the 

Average Annual Maximum Temperature and Urban Form for the Year 2018. 

  

Average 

Annual 

Maximum 

Temp. 2018 

Built-Up 

Area 2018 

NDVI 

2018 

Forest 

2018 

Average 

Annual 

Maximum 

Temp. 2018 

Pearson 

Correlation 
1 .394**  -.446**  -.318**  

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

N 112 112 112 112 

Built-Up 

Area 2018 

Pearson 

Correlation 
.394**  1 -.660**  -.622**  

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

N 112 112 112 112 

NDVI 2018 Pearson 

Correlation 
-.446**  -.660**  1 .703**  

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

N 112 112 112 112 

Forest 2018 Pearson 

Correlation 
-.318**  -.622**  .703**  1 

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

N 112 112 112 112 

Note: * Correlation is significant at the 0.05 level (2-tailed) and **. Correlation is 

significant at the 0.01 level (2-tailed). 

 

3.8.5 Regression Analysis 

The urban climate is therefore bound to change in response to changes in the respective 

urban form variables. It was inferred that these urban variables can explain the changes in 

climate and vice versa. Therefore, the objective of this model was to find out urban form 

parameters that are significantly correlated to the changes being experienced in urban 

climatic parameters over the 30 years. Stepwise regression was adopted in the generation 

of the models expressing the relationship between urban form and climate in Nairobi. 
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The relationship was expressed using regression models derived from the model summary, 

ANOVA, and Regression Coefficients tables in SPSS. The model summary table revealed 

the coefficient of determination and the F test for the model (Table 3.14). 

Table 3.14: Sample Model Summary Regression of 2018 Average Annual 

Maximum Temperature Against 2018 Urban Form Elements 

Model R R2  

Adjusted 

R2 

Std. 

Error of 

the 

Estimate 

Change Statistics 

R2 

Change 

F 

Change df1 df2 

Sig. F 

Change 

1 .446a .199 .191 .25273 .199 27.040 1 109 .000 

Note: a. Predictors: (Constant), NDVI 2018 

The regression coefficients table was used to write the models and the t-test for the 

individual parameters (Table 3.15).  

Table 3.15: Sample ANOVA for Regression Of 2018 Average annual Maximum 

Temperature Against 2018 Urban Form Elements 

Model 

Sum of 

Squares df 

Mean 

Square F Sig. 

1 Regression 1.727 1 1.727 27.040 .000b 

Residual 6.962 109 .064     

Total 8.690 110       

In the multiple regression equation, the dependent variable was a linear function of more 

than one urban form variable as expressed in the Equation 3.11. The significance of the 

overall models and the individual parameters were evaluated using the F and t-tests, 

respectively. The tests were conducted at 99% and 95% confidence intervals. This was 

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

 ὣ ὥπ ɼὄὟὃɼὊ ɼὔὈὠὍɼὕὛὔὩ (3.11) 

Where: 

Á Y is Climate Vulnerability Index. 

Á a0 is a constant equivalent to the dependent variable if no independent 

variable is influencing the dependent variable. 

Á ɓn is a coefficient of urban form. 
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Á BUA is Built-Up Area (Km2) 

Á F is Forest (Km2) 

Á NDVI is Normalized Difference Vegetation Index  

Á OSN is open space network (Km2) 

Á e is the error. 

Table 3.16: Sample Regression Coefficients For 2018 Average annual Maximum 

Temperature Against 2018 Urban Form Elements 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients 

t Sig. B Std. Error Beta 

1 (Constant) 24.577 .035   708.742 .000 

NDVI 2018 -.004 .001 -.446 -5.200 .000 

 

3.9 Research Credibility 

Measurement is at the centre of social science. It involves the determination of the 

relationship between empirical indicators and unobservable concepts. The two 

fundamental properties of empirical measurement are reliability and validity. 

3.9.1 Reliability.  

The variables in the study were climatic, biophysical, and socioeconomic parameters. 

Questionnaires were used for the collection of expert vulnerability ranking data. Ground 

truthing data were collected using observation checklists. Climatic and socioeconomic 

data were purely secondary data and therefore not subjected to reliability and validity tests. 

Even though the biophysical data were also secondary, it was remodelled to extract the 

required parameters in the cases of landcover and normalized Difference vegetation index. 

As such, these components alongside expert ranking (Appendix 3 and 4) were subjected 

to reliability testing at a 0.7 threshold suggested by DeVellis (2016), Gliem and Gliem 

(2003) and Nunnally (1994) 

The chance error that emanates from all objective measurements according to Carmines 

and Zeller (1979) and Kothari (2004) was minimized through the systematic refinement 

of the questionnaire. The refinement included a reduction in the length of the inquiry 
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period, elimination of vagueness, and simplification of the measures using the Likert 

scale. 

3.9.2 Validity  

Validity is the extent to which an indicator of a concept measures the concept it purports 

to equate to (Carmines & Zeller, 1979). Just like reliability, validity also carries a measure 

of chance error known as non-random error which shows systematic bias. 

The study considered two types of validity: construct and content validity. The construct 

validity sought to determine whether tools measured what they sought to measure. The 

content validity looked to show whether the tests were representative of what they sought 

to measure. Construct validity was determined through correlation of the items measured 

and other previous measurements on the subject. 

3.10 Research Ethics 

Research ethics forms an integral part of any research. They encompass the pre-data 

collection, data collection and post data collection stages (Oliver, 2003). The study is 

guided by the five key principles of ethical social research as outlined by MacDonald and 

Headlam (2008) and augmented by arguments from Oliver (2003), and Ruane (2005). 

First is the principle of informed consent. The expert respondents who filled the self-

administered questionnaires were issued with an Informed Consent form first Second is 

the confidentiality of the information supplied by research subjects and the anonymity of 

respondents was ensured through issuing anonymous questionnaires. None of the 

respondents was expected to identify themselves on the questionnaire. 

Third is voluntary participation. This was ensured by seeking prior permission from 

participants and allowing them to halt participation when they are uncomfortable with 

continuing their participation. In scenarios where data collection tools such photographs 

were used to collect data on biophysical characteristics, no faces or identifying signage 

were recorded. 
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Fourth is safety of researcher and respondents. Since the respondents only filled 

questionnaires at their convenience, they were not exposed to any harm. As for the 

research assistants who were collecting data in the field, prior caution was taken to engage 

the local administration to accompany them. Permits (Appendix 20) were also acquired 

before the research from the National Commission for Science, Technology, and 

Innovation (NACOSTI). 

Fifth is the research was independent and had no conflict of interests. It was partially 

funded by Jomo Kenyatta University of Agriculture and Technology (JKUAT) which 

remained impartial through the entire study. None of the respondents was induced to 

provide information as this would create bias according to Oliver (2003). 

The research relied on both primary and secondary data. The parameters of urban form 

and climate were selected and processesed then analysed using Ms. Excel, SPSS and 

ArcGIS. The resultant models discussed urban form evolution, climate trends, and their 

relationships.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

Chapter 4  

4.1 Introduction  

The chapter discusses the findings of the study, analysis, and interpretation of the findings. 

It commences with the urban form evolution for the city followed by the climatic trends 

and patterns. It then discusses the resultant vulnerability patterns and concludes with the 

analysis of biophysical, socioeconomic, thermal stress, flood, and overall vulnerability of 

the sublocations. 

Reliability of the expert ranking was assessed using the Cronbachôs Alpha coefficient in 

SPSS. The test used 12 cases (Table 4.1) and 29 items. The 12 cases were the expert 

respondents while the 29 items were the 29 questions that each of the 12 respondents 

ranked on a Likert scale system. The resultant Cronbachôs alpha was 0.838 (Table 4.2) 

which is well above the 0.7 suggested for dependability. 

Table 4.1: Case Process Summary for Expert Ranking 

 N % 

Cases Valid 12 100.0 

Excludeda 0 .0 

Total 12 100.0 

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

 

Table 4.2: Reliability Statistics for Expert Ranking in SPSS 

Cronbach's Alpha 

Cronbach's Alpha Based on Standardized 

Items N of Items 

.838 .840 29 

 

Reliability tests for biophysical parameters considered landuse and Normalized 

Difference Vegetation Index in the 112 sublocations (Table 4.3). It revealed a Cronbachôs 
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alpha of 0.802 (Table 4.4) which is also above the 0.7 threshold therefore the modelled 

data is dependable. 

Table 4.3: Case Processing Summary for Selected Biophysical Parameters 

 N % 

Cases Valid 112 100.0 

Excludeda 0 .0 

Total 112 100.0 

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

 

Table 4.4: Reliability Statistics for Selected Biophysical Parameters in SPSS 

Cronbach's Alpha 

Cronbach's Alpha Based on 

Standardized Items N of Items 

.802 .802 2 

 

4.2 Results 

4.2.1 Evolution of Nairobiôs Urban Form Between 1988 And 2018 

The urban form parameters studied included landcover, soil drainage properties, slope, 

elevation, Open Space Network, Normalized Difference Vegetation Index, and flow 

accumulation. These were grouped under biophysical parameters.  

4.2.1.1 Landcover  

Nairobi County was classified into five landcover typologies. These are forests, bare soils, 

grassland, built-up areas, and water. The rationale of the classification was guided by the 

influence that the different urban landcover types have on flood and thermal stress risks. 

All the studied landcovers changed in all the years considered. The changes were both 

negative and positive. Negative denoted decrease while positive denoted increase. 

The most pronounced landcover change between 1988 and 2018 was the built-up area; it 

increased by 147.13%. Grassland and forest cover reduced by 46.26% and 46.28% 
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respectively. A side-by-side bar graph in Figure 4.1 and a line graph in Figure 4.2 shows 

the percentages of change and trends, respectively. 

    

    

 
 

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

The inter-epoch change (Table 4.5 & Figure 4.3) displays similar patterns to the overall 

change between 1988 and 2018 except for the bare lands and water body. Bare land 

increased by 100% and 65% between 1988 and 2008 then decreased by 12% in 2018 

while the water body increased in 1998 then reduced. The changes in bare lands could 

have been caused by aggravated weather patterns and increased human activity that 

possibly decimated the grasslands. 

The significant increase of 150% in water body in 1998 can be attributed to the increased 

rainfall and therefore water pooling due to the El Nino phenomenon. The consistent 

increase in built-up area was due to rapid urbanization while the reduction in grassland 

and forest cover can be attributed to the increase in built-up area. The increase in bare 

grounds between 1988 and 2008 was attributed to the rapid urbanization without the 

accompanying environmental sensitivity. The reduction can be attributed to the deliberate 

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

Landcover 

1988 1998 2008 2018 1988-2018 

Area 

(Km2) 

Area 

(Km2) 

%Change 

from 1988 

Area 

(Km2) 

%Change 

from 1998 

Area 

(Km2) 

%Change 

from 

2008 

% Change 

1988 - 

2018 

Grasslands 427.21 362.29 15.20%* 262.54 27.50%* 229.60 12.50%* 46.30%* 

Forest 113.86 99.75 12.40%* 90.34 9.40%* 61.17 32.30%* 46.30%* 

Built-up 86.57 98.81 14.10% 125.15 26.60% 214.55 71.40% 147.80% 

Bare lands 63.99 127.98 100.00% 211.73 65.40% 185.38 12.40%* 189.70% 

water body 1.88 4.71 150.00% 3.76 20.00%* 2.82 25.00%* 50.00% 

Sum Area 693.52 693.52  693.52  693.52   

Note: * denote reduction in area between the two epochs 

 

 

Figure 4.3: Landcover Patterns for 1988, 1998, 2008 and 2018 
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The spatio-temporal landcover patterns (Figure 4.4 to Figure 4.7) reveal an increase in 

impervious surfaces. Most of the built-up area growth between 1988 and 2018 is to the 

east of the city with sections to the west (Figure 4.5). Forest cover reduction of 46% 

between 1988 and 2018 affected both Karura and Ngong Forests (Figure 4.6). It occurred 

at the periphery of the forests. It also manifested as fragmentation of connecting 

vegetation between zones of dense forests. 

  

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

Change detection analysis was conducted to determine how landcover typologies were 

changing over time. Change detection through cross-tabulation (Table 4.6) specified the 

nature of changes between the specific landcover types. This covered the quantity of 

landcover types that remained the same; those that changed and how much each landcover 

was converted to each of the others (Figure 4.8). This was conducted between two epochs. 

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

  

Figure 4.6: Overlay Analysis of Forest Cover Between 1988, 1998, 2008 and 2018 
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Figure 4.7: Overlay Analysis of Forest Cover Between 1988 and 2018 

The landcover changes between 1988 and 2018 affected all the groups used in the 

classification. Table 4.6 represents which landcovers changed and to which landcover 

they converted to. For instance, between 1988 and 1998, a total of four km2 of forest 

cover changed to built-up area, two km2 grassland changed to water due to the El- Nino 

rains. It also represents the area of the landcover types that remained the same (the 

diagonal highlighted cells). For instance, the area of forest that remained forest between 

1988 and 1998 was 77 km2. The area of grassland that remained grassland between 1998 

and 2008 was 204 km2. 
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1988 to 1998 1998 to 2008 

2008 to 2018 

 

Figure 4.8: City County of Nairobi  Change Detection Analysis between 1988 and 

1998 
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Table 4.6: Cross Tabulation of Landcover Changes Between 1988 and 2018 

 YEAR 1988   
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Land Cover 

Area 
(Km²) 

 
121 

 
92 

 
68 

 
454 

 
2 

 
737 

 

1
9

9
8 

Forest 96 77 1 0 17 0 95 -27 

Built-up 105 4 58 2 42 0 106 14 

Bare lands 136 1 11 43 80 0 135 67 

Grasslands 395 39 22 23 312 0 396 -57 

Waterbody 5 1 0 0 2 2 5 3 
 Sum B 737 122 92 68 453 2   

   YEAR 1998   

  
Land Cover 

Area 
(Km²) 

 
96 

 
105 

 
136 

 
395 

 
5 

 
737 

 

2
0

0
8 

Forest 96 66 1 96 96 1 260 164 

Built-up 134 6 79 12 36 0 133 29 

Bare lands 225 1 8 88 127 0 224 -7 

Grasslands 279 23 16 35 204 0 278 -185 

Waterbody 3 0 0 0 0 3 3 -1 
 Sum B 737 96 104 231 463 4   

   YEAR 2008   

  
Land Cover 

Area 
(Km²) 

 
96 

 
134 

 
225 

 
279 

 
3 

 
737 

 

2
0

1
8 

Forest 65 55 0 0 9 0 64 -33 

Built-up 228 5 119 40 63 0 227 94 

Bare lands 197 1 1 138 56 0 196 -28 

Grasslands 244 36 13 46 150 0 245 -33 

Waterbody 4 0 0 0 0 3 3 0 
 Sum B 737 97 133 224 278 3   

Note: The highlighted cells reflect the percentage of the landcover area that remained the same 

between the two epochs 

 
 

The 2018 landcover map of the city (Figure 4.9), revealed a centrally concentrated built-

up area that also follows the main transportation corridors. The forests are located to the 
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northwest and southwest of the city. The main waterbody on the map is the sewage 

treatment plant located to the east. Bare lands are spread to the south and east. The large 

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

 
 

Figure 4.9: Nairobiôs Landcover Patterns for 2018 

 4.2.1.2 Elevation  

The elevation of Nairobi rises from 1452 meters Above Sea Level (ASL) on the eastern 

side to about 1900 meters above sea level on the western side (Figure 4.10). The 

elevations of the different sublocations determine their vulnerability to both flooding risk 

and thermal stress. The lower elevation of the city located to the eastern side is likely to 

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

 4.2.1.3 Slope 

The slope percentages for the city range between 0% and 78% (Figure 4.11). Slope Ò 4% 

are concentrated on the eastern and southern sides of the city. Steeper slopes Ó16% 

concentrated on the Western side of the city and zones along riparian areas. The range of 

slope used for classification was based on the ranges argued by Nassif and Wilson (1975) 

and Huang, Kang, Yang, and Jin (2017) to influence surface runoff. They postulate that 

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

4.2.1.4 Flow Accumulation 

Flow Accumulation was used as a tool to further determine the flood vulnerability of the 

different sublocations (Kit, Ludeke, and Reckien, 2011). It determines the accumulation of 

surface water over the entire landscape. Despite the countyôs good coverage of rivers 

systems, not all sublocations have rivers passing through. Withholding the aspect of 

constructed drained systems, these sublocations stand an elevated risk of flooding. 
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Figure 4.11: Slope Analysis Map of Nairobi 

 

Figure 4.12: Nairobi's Flow Accumulation Ranking 
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Using a flow accumulation threshold of 250 units, the modelled map (Figure 4.12) 

displayed an even spread of flow over the county. However, they vary greatly. For 

instance, Bondeni, City Square, Lumumba and Mbotela sublocations displayed extremely 

low flow accumulation which makes them susceptible to flooding. 

4.2.1.5 Soil Drainage Properties 

KenSOTER classifies soil drainage properties into Excessively Well-drained (EWD), 

Moderately well-drained (MWD), Imperfectly drained (ID), Poorly drained (PD), Very 

poorly drained (VPD) and a non-classified section. The non-classified section comprises 

zones with densely built-up areas. Of these classifications, five exist within the City 

County of Nairobi County. The five are Well-drained, Imperfectly drained, Poorly 

drained, Very poorly drained and a non-classified section (Figure 4.13). 

 

Figure 4.13: Soil Drainage Properties. Source: Adopted from Kenya Agricultural 

and Livestock Research Organization 
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The central zone of the city was densely built-up and corresponded with the landcover 

classification. The southern part of the city was imperfectly drained. The northern and 

southern western edges of the city were well-drained. A central belt together with a 

western patch were either poorly or very poorly drained. As a result, more than half of 

the city was either imperfectly, poorly, or very poorly drained. Statistically, 21 

sublocations are well-drained, 31 are very poorly drained and 7 imperfectly drained. The 

rest is zoned as dense development.  

4.2.1.6 Open Space Network  

The space framework combines the Open Space Network and the Normalized Difference 

Vegetation Index. The Open Space Network is an inventory of the open spaces in the city; 

combines private and public spaces. It revealed a particularly good spread of open spaces 

at the city level. Nonetheless, the trends (Figure 4.14 & Figure 4.15) reveal reducing open 

space concentrated at the central zone of the city with patches to the east and west. This 

is in tandem with the built-up area expansion trends. 
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Figure 4.14: Overlay Analysis of Open Space Networks for 1988, 1998, 2008 and 

2018 

 

Figure 4.15: Overlay Analysis of Open Space Networks Between 1988 and 2018 

4.2.1.7 Normalized Difference Vegetation Index 
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The Normalized Difference Vegetation Index (NDVI)  analyzed the health of the 

vegetation using Landsat images from the dry month. The trend points to a sustained 

reduction in healthy vegetation between 1988 and 2018 (Figure 4.16 and Table 4.7). The 

highest reduction of 13% occurred between 2008 and 2018. This could be attributed to the 

rapid urbanization rates that led to increase in built-up area. 

 

Figure 4.16: Normalized Difference Vegetation Index showing Vegetation Presence 

and Health 
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Table 4.7: Open Space and Normalized Difference Vegetation Index Change 

Patterns 

Parameter 

1988 1998 2008 2018 1988-2018 

Area 

(Km2) 

Area 

(Km2) 

%Change 

from 1988 

Area 

(Km2) 

%Change 

from 1998 

Area 

(Km2) 

%Change 

from 2008 
% Change 

OSN 278.8 171.8 25.25* 141.3 17.56* 208.4 17.75* 49.32* 

NDVI  652.2 614.5 5.78* 597.5 2.77* 515.1 13.79* 21.02* 

Note: * denote reduction in area between the two epochs. 

 

An overlay analysis revealed remarkable reduction in healthy vegetation in the central 

zone of the city. The reduction was concentrated on the southeastern edge of the western 

forest cover (Figure 4.18) and affected riparian areas as well. The largest patch to the 

eastern side was the sewage treatment plant at Ruai. The most affected sublocations 

included City Square, and Mbotela. 

  

Figure 4.17: Overlay Analysis of Normalized Difference Vegetation Index 
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Figure 4.18: Overlay Analysis of NDVI between 1988 & 2018 

 

4.2.1.8 Summary of Urban Form Evolution 

There were two types of urban form parameters: the evolving and non-evolving. The non-

changing urban form parameters were elevation, slope flow accumulation and soil 

drainage properties. The changing urban form parameters that theoretically had a 

relationship with climate were built-up area, open space network and Normalized 

Difference Vegetation Index. 

Forest cover had the lowest rates of reduction at 16.75 Km2 per 5-year epoch. Change in 

time explained over 90% of the changes in urban form with two out of the four cases 

statistically significant at 99% confidence interval (Table 4.8). 

  


