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ABSTRACT 

There is an emerging concern in regards to the exclusion of socioeconomic changes in future climate change 

vulnerability studies. This study addressed this gap by developing an approach to incorporate socioeconomic 

changes focusing on the demographic change in the context of urban heat wave issue. Hence, the 

combination of population projection, land use model and dasymetric mapping were proposed to capture 

the population composition change and population density change as the selected demographic data that 

matter to assess urban vulnerability to heat wave in the future. Using produced data from the proposed 

method, this study highlights the effect of demographic changes for future vulnerability within intra urban 

scale, grid level vulnerability assessment method was applied using Oklahoma City as the Case study. This 

study revealed the importance of incorporating that that demographic changes will lead to different 

vulnerability condition in the future. The change of population composition contributes in giving insight 

about the future sensitivity as it shows the changes of vulnerable group population numbers. Meanwhile, 

the projected population density that might happen under various urban development scenario and 

population projection scenarios show that the exposure to heat wave will increase in terms of quantity and 

area extent in the future. All in all, this information provides a meaningful insight regarding vulnerable areas 

in the future including its demographic drivers, thus supporting authority and policy maker to deliver better 

climate change adaptation measures.  
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1. INTRODUCTION 

The introductory chapter provides the foundation of the study. It starts with the identification of emerging 

issues in climate change domain leading to the formulation of the research problem. This research problem 

is then outlined into research objectives and research questions presented as the closing of this chapter. 

1.1. Background 

Climate Change (CC) is a global phenomenon currently happening on the globe. It is defined as "a change 

in the state of climate that can be identified (e.g. using statistical tests) by change in the mean and /or the 

variability of its properties, and that persists for an extended period, typically decades or longer" (IPCC, 

2007b, Glossary, pg. 78). This phenomenon is attributed to the increase in the emission of Greenhouse Gas 

(GHG) mainly due to anthropogenic activities such as infrastructure development, land use changes, etc. 

(UN-REDD, 2009). In recent decades, changes in the climate have caused impacts on all region throughout 

the globe. Some of the significant impacts are including the changing precipitation, rising global temperature, 

melting ice caps, and rising occurrence of extreme events (IPCC, 2014). The impacts coming from the 

climate-related extremes such as heat waves, droughts, floods, cyclones and wildfires, create a certain degree 

of vulnerability of the human systems to current climate variability (IPCC, 2014).  

The word ‘vulnerability’ explains the condition of a system which is likely to experience harm due to 

exposure to a hazard (Turner 2nd et al., 2003). It is as a broad concept which incorporates various 

dimensions such as social, cultural, physical, and structural (Aubrecht, 2012). Vulnerability also refers to the 

factors determining a system’s ability to withstand and recover from stress or perturbation which mainly 

focus on intrinsic characteristics of population (e.g., age, sex, socioeconomic status, ethnicity, livelihood 

strategies) (de Sherbinin, 2014). From a climate change perspective, IPCC defined vulnerability as “The 

degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change, 

including climate variability and extremes” (IPCC, 2001). To the human system, the degree of vulnerability 

relies upon the exposure of stress/perturbation to the socioeconomic condition of the population. 

The dynamic condition of climate and human system would lead to a different vulnerability in the future. 

First, climate change impacts are expected to be more severe in the end of 21st century due to the more 

precarious global warming (IPCC, 2013). It is expected that this condition would lead to more vulnerability 

of human system. On the other hand, the human system itself is also changing throughout the years due to 

many reasons such as economic development, natural disaster occurrence, urbanization and other drivers. 

Consequently, this change could also lead to a changing degree of human system vulnerability in the 

upcoming years. All in all, this condition points out the need to address the vulnerability to the climate 

change impacts in the future.  

In the global context, scholars in climate change community have tried to address this issue by developing 

future climate scenarios namely Representative Concentration Pathways (RCPs) and future socio-economic 

scenarios called Shared Socio-economic Development Pathways (SSPs). The RCPs set the foundation of 

trajectories for climate modelling experiment (Van Vuuren et al., 2011) that is used in the climate-related 

research. Meanwhile, SSPs serves as “plausible alternative trends in the evolution of society and natural 

systems over the 21st century at the level of the world and large world regions, which consist of two 

elements: a narrative storyline and a set of quantified measures of development“ (O’Neill et al., 2014 pg. 



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

 

2 

384). Currently, these scenarios are being the central discussion among the scholars in climate change 

community as a mean to characterize the future vulnerability.  

To get a better insight about vulnerability condition in the future, it is also necessary to characterize the 

future vulnerability through vulnerability assessment. Within the domain of climate change, assessment of 

vulnerability serves the purpose of increasing scientific understanding of climate-sensitive systems, 

informing the targets for the climate change mitigation, prioritizing political and research efforts to 

particularly vulnerable sectors and regions, and developing adaptation strategies that reduce climate-sensitive 

risks (Fussel & Klein, 2006). To reflect the dynamic nature of vulnerability, climate change scholars have 

tried to enhance the vulnerability studies by incorporating the possibility of changes within climate and 

socioeconomic system. Following this initiative, much work has been carried out in terms of addressing the 

future climatic conditions (i.e. Amengual et al. (2014), Heaviside et al. (2016), Huang et al. (2011)) but very 

little has been done in incorporating the future socioeconomic condition (i.e. Lemonsu et al. (2015)). 

Therefore, it is necessary to conduct further study to address this shortcoming.  

1.2. Research Problem 

One of the most prominent climate change impacts is regarding the occurrence of extreme events 

particularly heat wave. Heat wave is associated with “particularly hot sustained temperatures have been 

known to produce notable impacts on human mortality, regional economies, and ecosystems”(Meehl & 

Tebaldi, 2004, pg. 994). Due to the concentration of population, urban areas area experiencing significant 

impact of this climate phenomenon. Heat-related problem in urban areas is also more severe because mostly 

high temperature reached during heat waves is often exacerbated by urban heat island (UHI) effect (Basara 

et al., 2010). UHI refers to the condition where slow cooling of built environment causes the urban core to 

be warmer at night compared to rural areas (Stewart & Oke, 2012). Due to UHI, the urban areas could be 

1−3 °C warmer (on average) than their rural surroundings during the daytime and potentially up to 12 °C 

warmer at night (Stewart & Oke, 2012). This condition makes the urban population being in the threat of 

heat-stress which is experienced differently for each person (i.e. some people have already heat stress in 

warmer temperature even without a heat wave). Nevertheless, regarding the CC impact, heat wave is still 

the main heat-related issue affecting the daily life of the human population in urban areas. Hence, urban 

areas deserve to be the focus regarding future heat related vulnerability study.  

Furthermore, urban areas are dynamic and changes happen to the physical and socioeconomic condition. 

These changes, particularly the socioeconomic changes are key determinants of most climate change 

impacts, potential adaptations and vulnerability (Malone & La Rovere, 2005). As reported in the IPCC AR4 

(2007), it is suggested to use five elements to characterize socioeconomic condition: demographic, 

economic, natural resource use, governance and policy, and cultural. Attention is pointed to demographic 

and it changes in the future as it serves as basic information to investigate the heat wave effect such as 

mortality to morbidity for current and future condition (Amengual et al., 2014; Costa-Font et al., 2008; 

Huang et al., 2011; Lutz & Muttarak, 2017). The demographic changes are also essential and often neglected 

in estimating the climate impacts (mostly due to temporal data availability issue) (Petkova et al., 2016). 

To the best of our knowledge, there is no literature that tried to incorporate the demographic change into 

future vulnerability assessment, particularly regarding the heat wave issues in urban areas This is mostly due 

to lack of framework and approach on how to integrate socioeconomic change, particularly the demographic 

change, in future vulnerability assessment. Therefore, this study will address this issue by developing an 
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approach to incorporate the effect of demographic change in heat wave related future vulnerability 

assessment focusing on urban area.  

1.3. Research objectives  

The main objective of this research is to develop an approach to incorporate demographic changes in 

assessing future urban vulnerability to heat stress. This objective is broken down into three specific 

objectives: 

1. To identify the common usage of demographic data in heat urban vulnerability assessment 

2. To develop methods to capture demographic changes that matter for future urban vulnerability 

assessment 

3. To identify how the demographic changes could affect future vulnerability to heat wave  

1.4.  Research Question 

Built upon the specific research objectives, research questions were formulated:  

1. To identify the usage of demographic data in heat urban vulnerability assessment 

• What are the determinants of urban vulnerability assessment? 

• What are the common demographic data used in assessing urban heat wave vulnerability? 

2. To develop methods to capture demographic data changes that matter for future urban heat wave 

vulnerability assessment 

• What is the difference between current and future vulnerability assessment? 

• What methods appropriate to provide the required data? 

3. To identify how the demographic changes could affect future vulnerability to heat wave  

• What is the effect of incorporating future demographic data in future vulnerability assessment 

practice? 
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2. LITERATURE REVIEW 

This chapter provides a brief literature review of the most important concepts in this study. It covers the 

basic vulnerability concept and how it is explained in urban heat wave context. It also discusses the relation 

between demographic data and the vulnerability assessment framework. As summary, the chapter draws the 

connection between these concepts. It is followed by the proposed approach on incorporating demographic 

changes into heat wave related future urban vulnerability assessment. 

2.1. Urban Heat Vulnerability Framework  

Basic knowledge regarding vulnerability concept within climate change domain is important in addressing 

the heat related climate change impact in urban area. The following section gives an overview regarding CC 

heat related vulnerability concept within urban context.  

2.1.1. Climate Change Vulnerability Concept 

IPCC in their Fourth Assessment Report (AR 4) defines vulnerability to climate change as “the degree to 

which a system is susceptible to, or unable to cope with, adverse effects of climate change, including climate 

variability and extreme events. Vulnerability is a function of the character, magnitude, and rate of climate 

variation to which a system is exposed, its sensitivity, and its adaptive capacity” (IPCC , 2007, Glossary). 

Under this framework, vulnerability comprises of three elements: exposure, sensitivity and adaptive capacity 

(see Figure 1). Exposure refers to the size of the area and/or system, sector or group affected and the 

magnitude of the stressor; sensitivity explains the characteristics of a system or population and the 

governance/market structures that influence the degree to which it is affected by stressors; and adaptive 

capacity is defined as capacities of the system, sector or group to resist impacts, cope with losses, and/or 

regain functions (De Sherbinin, 2014).  

 

Figure 1 Vulnerability Concept in IPCC Fourth Assessment Report 
Source : IPCC (2007) 

Through their SREX report (IPCC, 2012), IPCC tries to enhance climate change adaptation effort by 

incorporating disaster and extreme event management in an integrated framework (see Figure 2). They point 

out the notion that adverse impacts of climate change can be considered as disasters when they cause damage 

and severe alterations in the socioeconomic system. The exposure to these adverse climate impacts 

resembles to the exposure of hazard in natural disaster domain. As an implication, vulnerability can also be 

described as “the propensity or predisposition to be adversely affected” (IPCC, 2012). This type of 

vulnerability conceptualization refers to the definition of contextual vulnerability which focuses on factors that 

determine a system’s ability to withstand and recover from shocks (resilience).  



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

 

6 

 
Figure 2 SREX Framework 

Source : IPCC (2012) 

2.1.2. Urban Heat Wave Vulnerability in Climate Change Vulnerability Framework  

Furthermore, Romero-Lankao et al. (2012) present a holistic framework to analyse vulnerability of urban 

system to the adverse impacts of climate change (Figure 3). Build upon the prior more general vulnerability 

framework (IPCC 3rd and 4th Assessment), their work perceives urban vulnerability as the potential for 

people in urban areas to be negatively impacted by climate change. It is a function of 1) hazards (stresses to 

a system), 2) exposure (i.e., the extent to which urban populations are in exposed with hazards), 3) sensitivity 

(the degree to which subsets of urban populations are susceptible to hazards), and 4) adaptive capacity (the 

ability to avoid or lessen the negative consequences of climate change).  

 
Figure 3 A conceptual framework of urban vulnerability to global climate and environmental change. 

Source: Romero-Lankao et al. (2012) 

Compared to the more general vulnerability concept depicted in Figure 1, this framework breaks down the 

vulnerability components further. It distinguishes between the hazard component and exposure component 

while in the previous version both components are merged. Following this concept, heat wave or other 

perturbation is recognized as the hazard element only. The effect of heat wave to exposure and sensitivity 

component will result in potential impacts. Meanwhile, adaptive capacity determines to what extend the 

urban system can cope with the impacts. Adaptation / mitigation provides means to help reducing the 

adverse impacts that rise. These components are influenced from external, multilevel and structural drivers. 

All in all, this framework recognizes the adverse impacts of climate change (e.g. heat wave) as hazard element 

(similar in disaster management). This way it corresponds with the vulnerability framework in SREX 

document (IPCC, 2012) as depicted in Figure 2. All in all, the framework by Romero-Lankao et al. (2012) is 

able to provide a satisfactory overview regarding heat wave issues with vulnerability concept. Therefore, 

their framework is used as basic framework for further discussion in this study. 



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

7 

2.1.3. Urban Heat Vulnerability Determinants 

The heat vulnerability can be determined by numbers of variables derived from various sources (i.e. previous 

research, literature review and expert consultation) (Bao et al., 2015). There are numerous studies that have 

developed indicators for heat-related assessment. For instance, study by Stafoggia et al. (2006) regarding 

vulnerability to heat-related mortality showed that the elderly, women, widows and widowers, those with 

selected medical conditions, and those staying in nursing homes and healthcare facilities are vulnerable to 

high summer temperatures. Next, Johnson & Wilson (2009) investigate the relation of heat related death 

with distribution of vulnerable population comprises ethnicity, race, poverty, education in Philadelphia, 

USA. This study shows that there is a connection between poor communities with heat related death. 

Moreover, Loughnan, Nicholls, and Tapper (2012) developed an index of urban population vulnerability to 

heat stress. They identified “aged care facilities, nursing homes, Ethnicity, single person households, urban 

density, socio economic status, age, measure of disability, UHI, burden of disease, population density” 

(Loughnan et al., 2012) as the key factors of urban population heat vulnerability. On the following year, 

Aubrecht and Özceylan (2013) identified heat risk patterns in the U.S. National Capital Region by integrating 

heat stress and related vulnerability comprises of age, poor people, social isolation, education, land cover 

characteristic and linguistic isolation. Build upon meta-analysis study, Romero-Lankao et al. (2012) reveal 

that there are 13 variables commonly used to examine vulnerability to temperature-related hazard: hazard 

magnitude (i.e., temperature level), population density, age, income, gender, pre-existing medical conditions, 

minority status, education, poverty, acclimatization, and access to home amenities such as air conditioning 

and swimming pools. The summary of these heat vulnerability determinants from various literature can be 

seen in Table 1. 

Table 1 Identified Heat Vulnerability Determinants 

Determinants Source 

elderly, women, widows and widowers, those with selected medical conditions, 

and those staying in nursing homes and healthcare facilities  

Stafoggia et al. (2006) 

ethnicity, race, poverty, education Johnson & Wilson (2009) 

aged care facilities, nursing homes, Ethnicity, single person households, urban 

density, socio economic status, age, measure of disability, UHI, burden of 

disease, population density 

Loughnan, et al. (2012) 

age, poor people, social isolation, education, land cover characteristic, linguistic 

isolation 

Aubrecht and Özceylan (2013) 

hazard magnitude (i.e., temperature level), population density, age, gender, pre-

existing medical conditions, education, income, poverty, minority status, 

acclimatization, and access to home amenities such as air conditioning and 

swimming pools 

Romero-Lankao et al. (2012) 

Source:  synthesize of various sources 

Following Romero-Lankao et al. (2012) framework (Figure 3) the identified heat vulnerability determinants 

can be generalized and attributed into urban vulnerability framework components (). 

Table 2). 

Table 2 Heat Vulnerability Determinants within Climate Change Vulnerability Framework 

Components Variable 

Hazard Hazard magnitude (i.e. heat wave) 



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

 

8 

Exposure Population density 

Sensitivity 

age (infants, young population, elderly), gender, medical conditions (pre-and 

current), poverty, ethnicity, race, socio economic status, disability, aged care 

facilities, isolation (social, language, living alone). 

Adaptive Capacity 
Capital (education, income), acclimatization, and access to resource (health 

care, swimming pool, air conditioner, etc.) 

Source:  Derived from Romero-Lankao et al. (2012) combined with Table 1. 

2.2. Usage of Demographic Data in Heat Urban Vulnerability Assessment 

Having interest on the demographic change within future heat related urban vulnerability assessment, it is 

essential to investigating what are the common methods used in assessing vulnerability as well as identifying 

which kind of demographic data used for that purpose. Thus, the following section address this concern 

further.   

2.2.1. Vulnerability Assessment Method  

Common practice of assessing vulnerability is done by quantifying multidimensional concerns using 

indicators as proxies and later combined into a composite index allowing diverse variables to be integrated. 

Hahn et al., (2009) has coined 4 approaches of indices that are usually used in vulnerability assessment. The 

first method is averaging and additive approaches. In this method, the values of the indicators are normalized 

to an ordinal data scale. The second approach is Principal Component Analysis (PCA). In this method, the 

indicators are grouped based on the statistical relationships among the indicators according to similarity in 

their spatial distributions. The third approach is cluster analysis. In this method, the value of each indicator 

is aggregated and analysed based on the clusters that have been set prior to the data aggregation. The last 

approach is called Geons. Geons refers to an “aggregation method for modelling spatial units where similar 

(homogeneous) conditions apply with respect to a set of previously defined sub-indicators as well as spatial 

heterogeneity” (de Sherbinin, 2014, pg. 22). To add, the indices are calculated following certain unit of 

analysis (from global to community level) and then the result is mapped. In this sense, vulnerability 

assessment also refers to vulnerability mapping. By doing this, the location of areas with higher vulnerability 

or the concentration of vulnerable people can be detected easily and mostly it is done in Geographic 

Information System (GIS) environment.  

In addition, assessing urban vulnerability requires analysis with appropriate spatial resolution. In this case, 

within-city analysis of heat vulnerability is required to give deeper information about local vulnerability than 

a national map (Reid et al., 2009). In relation with heat stress issue, data and information for heat 

vulnerability at spatial resolutions finer than the regional or city scale is fundamental to assist decision makers 

with the allocation of resources to cope with extreme heat events (Wolf & McGregor, 2013). Both concern 

makes understanding about intra-urban vulnerability is vital to deliver more accurate and specific adaptation 

strategies. This mostly done by using district, census tract, census block, district, or wards as the unit of 

analysis. Thus typical intra-urban vulnerability mapping within urban area is conducted in district level (Wolf 

et al., 2011), census block (Bradford et al., n.d.), census tract (Wolf & Mcgregor, 2013; Chow et al., 2012; 

Johnson et al., 2012) and District level (Harlan et al., 2006; Uejio et al., 2011). Nevertheless, conducting VA 

should seek to map at a resolution appropriate for the end users (decision makers) and should avoid using 

coarse-resolution data when higher-resolution alternatives are available, thus 30-250 meter resolution is 

desirable for VA in local setting (de Sherbinin, 2014b). Study of heat vulnerability assessment with fine 

resolution (100 m resolution) can be seen in the work of Morabito et al. (2015).  
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Vulnerability cannot be measured directly, therefore it involves a process of identifying “indicating 

variables,” which point to the construct of vulnerability, and aggregating them (Hinkel, 2011). This 

indicating variables mostly derived from socioeconomic data such as economic, health and particularly 

demography.  

2.2.2. Definition of Demography 

Hauser and Duncan (1959) explain demography as “the study of the size, territorial distribution, and 

composition of population, changes therein, and the components of such changes”. Following this 

definition, demography comprises dimensions of size, distribution, composition and changes (including the 

drivers). In regards to demography definition, “size” could refer to the magnitude of the population that 

could include number of population or population density; “distribution” refers to the spread of the 

population within certain area; “composition” refers to the structure of the population commonly described 

by age group, gender, ethnicity or race; and “components of such changes” mostly refers to the factors that 

influence the internal changes of population such as birth, death and migration. Given these points, it can 

be concluded that demography (represented by demographic data) describes the characteristics of 

population in regards to numbers, density, age and sex/gender of population whereas the changes of 

demography are influenced by birth, death and migration.  

2.2.3. Demographic Data on Heat Urban Vulnerability Assessment 

Demographic data is often used as one of the proxies in measuring the human vulnerability to heat wave 

(Aubrecht & Özceylan, 2013b; Johnson & Wilson, 2009; Romero-Lankao et al., 2012; Stafoggia et al., 2006). 

Reflecting the definition of demography in section 2.2.2 with the elaboration of urban heat vulnerability 

determinants in ). 

Table 2, there are few determinants sourced from demographic data:  

• Age 

Mortality risk varies with several social factors such as age in particular (Kovats & Hajat, 2008). Age can 

affect how efficiently an individual’s body can adapt to inclement weather and maintain normal 

thermoregulatory processes (Bao et al., 2015). The elderly’s adjustment ability is relatively poor, and they 

usually have chronic illness (Schwartz, 2005) and a higher probability of social isolation. Therefore, old age 

increases the risk of adverse effects in the face of extreme heat (Ebi, Teisberg, Kalkstein, Robinson, & 

Weiher, 2004). The old age here refers to the age more than 65 years old. On the other hand, young 

population (mostly under 5 years old including infant) also poses greater susceptibility to the effects of heat 

(Xu et al., 2014). Among of the reasons are: young population have less developed thermoregulatory systems 

and a greater body surface area-to-mass ratio compared to adults, allowing more heat and cold exposure 

(Blum et al., 1998); and they are dependent to others to protect from unsafe environment (Danks at al., 

1962). As implication of the old and young age population, areas with high proportion of elderly and very 

young citizens are considered more vulnerable (Loughnan et al., 2012). Many studies have also used number 

of elderly population as variables in assessing heat vulnerability (i.e. Morabito et al., (2015), Inostroza et al. 

(2016)). Accordingly, the percentage of children and elderly in the population is one of the key aspects of 

the system’s sensitivity to various climate change events (Kumar, Geneletti, & Nagendra, 2016). All in all, 

the high proportion of elderly (>65 years old) and young population (<5 years old) will make certain area 

more sensitive to heat wave.  

• Gender 
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Moreover, gender was among the factors that increases individual vulnerability to heat wave as observed by 

a D’Ippoliti et al. (2010), they found that females are more susceptible to heat stress. Moreover, heat effects 

are greater as age increases, and greater in females than in males (Ishigami et al., 2008). Many studies have 

found that women pose higher risk for mortality to heat stress than men  (Medina-Ramón et al., 2006; 

Michelozzi et al., 2006). This sense, similar with old and young population, the existence of women could 

make certain area more sensitive to heat stress. Therefore, to represent gender determinant,  the proportion 

of female population is the data commonly used as indicator (Johnson et al., 2012) 

• Population Density  

Population density falls into exposure element because it describes how many people in certain area that are 

exposed to the heat stress. A previous study of 50 US cities found that larger heat effects is associated with 

higher population density (Medina-Ramón & Schwartz, 2007). Study by Kovats and Hajat (2008) reported 

that increased population density could also lead to increased heat risk. In vulnerability assessment practice, 

this determinant is represented with the number of people per certain extent of area (Johnson et al., 2009). 

To add, in regards to the spatial element possessed by this determinant, population density also shows used 

as proxy to identify the area where the population is exposed to the heat wave. Therefore, the population 

density is commonly attributed to the exposure component of CC vulnerability concept as it indicates the 

area of exposure to climate change impact.  

• Ethnicity and Race 

Study by Romero-Lankao et al. (2012) found that there is a relation between minority status with heat-

related death. This minority status is commonly associated with ethnicity or race. The minority status is also 

associated with isolation in the sense of Aubrecht and Özceylan (2013) because of the language and culture 

barrier possessed by different ethnicities. Regarding future vulnerability assessment, the minority 

determinant is commonly represented by the population number of various races (i.e black, asian, etc) or 

ethnicity (i.e Hispanic, Indian, etc) (Bassil et al., 2010; Loughnan et al., 2012; Reid et al., 2009). 

All in all, there is a linkage that can be drawn between demographic data, heat vulnerability determinant and 

urban vulnerability framework. This linkage is illustrated in the Figure 3.  

 

Figure 4 Relations Between Demographic Data, Heat Vulnerability Determinant and Urban Vulnerability 
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Source: Romero-Lankao et al. (2012), modified. 

2.3. Conceptual Approach on Incorporating Demographic Changes into Future Urban Vulnerability 
Assessment to Heat Stress 

To give an overview regarding future vulnerability assessment framework, this study reviewed the future 

vulnerability assessment practice conducted by GIZ & CCA RAI (2014). In their report, there are 4 steps 

of assessing future vulnerability (GIZ & CCA RAI, 2014): 1) assessing the future exposure, 2) assessing 

future sensitivity, 3) assessing future adaptive capacity and 4) assessing the overall future vulnerability. First, 

assessing future exposure refers to projection of the climate/hazard. Second, assessing future sensitivity 

refers to knowing how the projected climate would impact the system under influence in the future. Next, 

assessing future adaptive capacity relates more to the socioeconomic changes that are most likely to emerge 

in the system of interest in the future. Lastly, the result of these steps then combined into overall future 

vulnerability. The illustration of these steps is presented in Figure 5. 

 
Figure 5 Future Vulnerability Framework by GIZ & CCA RAI (2014) 

The main idea can be taken from  GIZ & CCA RAI (2014) study is that future vulnerability assessment 

incorporates the possible states of the affected system in the future.  It takes into account the long-term 

changes (spatially and temporally) in climatic and socio-economic variables in order to be able to increase 

the accuracy and efficiency of policy options and responses. (GIZ & CCA RAI, 2014). In regards to the way 

vulnerability is measured, the changes that might happen in terms of climate and non-climatic aspects should 

be able to be quantified. Therefore, the approach can be taken to conduct future vulnerability assessment 

or mapping is by projecting the data (climatic or non-climatic) that matters to determine vulnerability of a 

system to stress. This means that to incorporate demographic changes into future urban vulnerability to 

heat stress, one should use the projection of related data as input to measure vulnerability in the future. 

Build upon this understanding, this study proposes a framework that combined the future vulnerability 

assessment with the urban heat wave vulnerability concept (as depicted in Figure 4) into a so called “future 
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heat related urban vulnerability assessment framework” (presented in Figure 6). This proposed framework 

serves as the guideline for further analysis. 

 
Figure 6 Proposed Future Heat Related Urban Vulnerability Framework 

Source: Modified from Romero-Lankao et al. (2012) 

2.4. Methodological Approach of Incorporating Demographic Changes into Future Urban 
Vulnerability Assessment to Heat Stress 

The following parts discuss briefly about the concepts regarding the selection of vulnerability variables 

followed with the justification of the proposed methods. Next, this section will also explains briefly 

regarding basic concept of the proposed method.  

2.4.1. Vulnerability Variables Selection and Proposed Method 

It has been identified that there are numbers of urban heat vulnerability determinants coming from 

demographic data such as: age, population density, gender and race/ethnicity. This study serves as an 

exhibition of how the proposed methods could be beneficial in addressing the issue in future vulnerability 

assessment. Therefore, it is necessary to simplify the analysis process (considering the time limit and data 

resources also) as an example where later the same approach could be use in a more data intensive or further 

study. Given these points, the study focuses on the elderly (65+ years), young population (0 – 4 years), 

population density (hectare / meter), and female population as the measured variables for assessing future 

heat vulnerability due to their practical reason. These data are embedded in the basic population count data 

(census) which the projection of the population count are based on, thus the current and future data of 

these variables can be derived easily from the census and projection result with no additional data required. 

Moreover, to project the selected demographic data, there are few ideas that can be explored. First, number 

of elderly, young population and female population, and population by ethnicity is associated with 

population composition which can be easily derived from the population count data. Thus, the projection 

of this data can be derived from the population count projection. In this sense, population projection could 
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be the answer to get the future data of young, female, elderly and by ethnicity population. As an example, 

demonstration of this idea can be seen in study by Lutz & Muttarak (2017). 

Second, as mentioned earlier, population density is represented with the number of people per certain extent 

of area (populated area). It can be calculated by simply dividing the number of population with the area 

limited by certain spatial extend such as administrative boundary (such as district, wards, census, block, etc). 

There are studies also that make use of land use/land cover (LU/LC) as the spatial boundary rather than 

the administrative boundary to calculate the population density by means of dasymetric mapping which 

produce population density data in high resolution (Gallego et al., 2011; Mennis, 2003, 2009; Peña, 2012). 

However, the change of population density is not only happening to the quantity of people overtime but 

also to the area where these people live. To capture these changes, generating population density with 

LU/LC is more relevant compared to administrative boundary. This mostly because administrative 

boundary is relatively constant but LU/LC is changing overtime as the consequences of the human activity. 

For this purpose, it is necessary also to capture the changes of LU/LC in that might occur in the future. 

Thus, LU/LC change modelling can be of useful for this matter. Given these points, land use/land cover 

change modelling coupled with population projection and dasymetric mapping model could be the answer 

to get the future population density data in high resolution. In addition, the fact that there is a spatial element 

changes embedded in the changes of population density makes this study not only try incorporate the change 

demographic data by quantity overtime but also the spatial changes (spatial-temporal change).  

2.4.2. Population Projection 

Demographer perceived population projection as a way to get insight of population in the future (Rayer, 

2015). Technically, population projection could be defined as a numerical outcome of a set of assumptions 

in respect to the future population (George et al., 2004). The population projection could be conducted at 

global, regional or local scales. For local scale population projection, Smith, Tayman, & Swanson  (2013) 

proposed four projection models: trend extrapolation, cohort-component method, structural and 

microsimulation method: 

Trend extrapolation model determines the future population based upon the historical trend whereas the 

methods are ranging from a simple model (linear, geometric, and exponential growth) to complex model 

(polynomial, logistic curve fitting, and ARIMA time series) (Rayer, 2015). The main short coming of this 

model is that it does not take into consideration the element of population change (such as migration, death 

and birth,) so it fails to recognize the difference of demographic composition and cannot be related to the 

theory of population change. On the other hand, this model is easy to operate due to less data intensive and 

simple technical operability (George et al., 2004).  

Cohort-component model is the most common population projection method used by many institutions 

throughout the globe. For instance, The US Census Bureau has consistently used this method to project 

population in the USA for decades (George et al., 2004). The major benefit of this method is that it could 

provide more detailed demographic information (e.g., age, gender, ethnicity) of population growth. The 

cohort-component model has been gradually extended to population projection of smaller areas (e.g., state, 

county) with availability of key demographic information. With the proper assumptions of three major 

components (births, deaths, migration) by age cohort, the model would produce the reasonable population 

projections at the smaller areas (Choi, 2010).  

In a structural model, the population projection focuses more on the one or two population change element 

particularly on the migration (Rayer, 2015). There are two major types of structural models: economic-
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demographic and urban system models. Economic-demographic models project the future population based 

on complex economic theory complex, resource intensive, and the main usage is for large scale areas such 

as counties, metropolitan areas, states, and nations (Smith et al., 2013). The urban system models are more 

suitable for small scale projection; these models typically rely on GIS technology incorporating land use and 

transportation components (Rayer, 2015). Similar with the economic-demographic models, the urban 

systems models are data intensive and require substantial expertise technicality (Smith et al., 2013).  

Microsimulation models work on the level of the individual or the household level rather than or aggregated 

data which rely on iterative random experiments (Imhoff & Post, 2008). Focusing on individual behaviour 

model, these models provide detailed projection outputs, and allow for scenario testing whereas on the 

downside, the models are data intensive and complex with issues on validation and assumptions underlying 

the model (Birkin & Clarke, 2011; Wilson, 2011). 

Current usage of population projection in climate change domain mostly focused on investigating the 

relation between the climate and the adverse impacts on society. For instance, using cohort- component 

method, Petkova et al. (2016) projected the urban heat mortality by linking multiple population projection 

scenario, climate condition and adaptation pattern. In addition, climate change studies that utilized 

population projection mostly focusing on the overall future population number on the broad scale (national 

or regional) (e.g. Aubrecht et al., 2013; Huang et al., 2011; KC & Lutz, 2014; Petkova et al., 2016) and rarely 

focusing on demographic component the projection in local area. 

2.4.3. Land Use Change Modelling 

Land use change (LUC) is a dynamic and complex process, connecting natural and human systems 

(Koomen, et al., 2007). Land use change modelling can be described as “the art of expressing in 

mathematical terms the interaction of people and activities in the urban environment “ (Prastacos et al., 

2011 pg. 5). by expressing various relationships through mathematical terms, land use change modelling 

provides a framework for simulating future growth of cities while simultaneously estimating the impact of 

various policies (Prastacos et al., 2011). This way, modelling land-use change could help to understand 

urbanisation process which of value in informing policymakers of possible future conditions (Koomen, et 

al., 2007). Thus, land-use change models is beneficial as tools to support the analysis of the causes and 

consequences of land-use change (Verburg et al., 2004). 

There are few technical terms that are important to be reviewed in regards to land use change model. First, 

one of the most important distinctions is about static and dynamic models. “Static (or cross-sectional) 

models directly calculate the situation at a given point in time, whereas dynamic models work with 

intermediate time-steps, each of which might become the starting-point for calculating the subsequent 

situation” (Koomen et al., 2007 pg. 3). The main difference of these two type of simulation is that the 

dynamic model results in a richer behaviour that could mimic better the actual spatial development 

meanwhile the static model gives a more aggregated and less precise result. Next, approaches the land-use 

change model may be either deterministic or probabilistic. Deterministic model reflects the cause-effect 

relations, whereas the probabilistic model considers the probability of land-use changes taking place by 

incorporating uncertainty element  (Koomen et al., 2007). Lastly, the land-use change models can also be 

characterised by transformation or allocation type. Transformation models simulate the possible conversion 

into another land-use type, e.g. based on a transformation probability or the status of surrounding locations 

meanwhile allocation models, allocate a certain type of land use to a certain location that suit with its 

characteristic (Koomen et al., 2007).  
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Furthermore, there are various types of models that have been developed to model LC/LU. Referring to 

the review of practices and methods for land use change model by Verburg et al. (2004), there are four 

common methods of land use change model that can be identified: 

• Starting from the micro level, models based on the micro-level point of view are all pointing on 

individual’s behaviour simulation and relates it to changes in the land use pattern. Examples of this 

type of model are multi-agent model and economic land use model. Multi-agent models simulate 

decision-making by individual agents of land use change explicitly addressing interactions among 

individuals. Agent Based Model is the example of multi-agent based model implementation that has 

been used in various studies to model land use change (i.e. Cantergiani & Delgado, 2016; Ding, et al., 

2015; Valbuena et al., 2010).  

• Economic land use change models is a type of LU/LC change model that is built upon economic 

theory from the perspective of individuals who make land use decisions aiming to maximise revenue 

or utility of the owned land (Ruben et al., 1998). Study by Irwin & Geoghegan (2001) exhibits the usage 

of economic model in spatially explicit projecting land use change in Maryland, USA.  

• Third type is cellular automata based LU/LC model. Cellular Automata is commonly used in urban 

studies especially regarding urban development. “Cellular automata can be thought of as very simple 

dynamic spatial systems in which the state of each cell in an array depends on the previous state of the 

cells within a district of the cell, according to a set of state transition rules” (White et al.,  2001). Cellular 

automata are also seen as a paradigm to investigate complex spatial-temporal phenomena and to 

experiment for testing ideas (Itami, 1994). CA have become useful as a tool for modelling urban spatial 

dynamics and encouraging results have been documented in many studies (Batty & Xie, 1997; 

Deadman et al., 1993; White et al., 1997). CA-based models are simple and allow for dynamic spatial 

simulation (Torrens & O’Sullivan, 2001). 

• Lastly, there is a group of models that are commonly referred to the integrated assessment models that 

attempts to capture the social, economic, environmental and institutional dimensions of a problem 

(Rotmans & van Asselt, 2001). For integrated assessment model type, the same conclusions applied: 

many models consist of linked subsystems that are not fully integrated. This means that these models 

are complicated but not complex, because of which their dynamic behaviour is almost linear and does 

not adequately reflect real world dynamics (Rotmans & van Asselt, 2001). 

Many scholars have tried to utilized land use/land cover projection to address climate change issue. White 

et al. (2001) utilized CA model coupled with economic model to investigate the impact of climate change in 

St. Lucia. Solecki and Oliveri (2004) downscaled the climate scenario into land use/land cover by developing 

SLEUTH model that could accommodate the narrative derived from the climate change scenarios. (Zhang, 

2016) investigated the influence of urban expansion to UHI effect by using statistical land conversion model 

in Beijing-Tianjin-Hebei metropolitan area. Similar effort was also done by (Lemonsu et al., 2015). They 

utilized the socio-economic land-use transport interaction model (NEDUM-2D), which is an example of 

integrated model, to investigate the effect of urban expansion to UHI and heat wave in Paris, France.  

2.4.4. Dasymetric Mapping   

Dasymetric mapping is a common tool used to disaggregate population data spatially into smaller unit of 

analysis. The data used mostly from census data ranging from administrative boundary (national, country, 

province, city, district, district) which is then converted into pixel based and seamless area such as land use 

or land cover. Dasymetric mapping can be defined as an area interpolation method that uses ancillary 

(additional and related) data to aid in the areal interpolation process (Mennis, 2003). Eicher & Brewer, (2001) 

have identified three traditional dasymetric mapping techniques: binary, three-class, and limiting variable. In 
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binary technique area-class map delineating inhabited and uninhabited regions is used to redistribute data 

from choropleth map zones. Three-class approach the functional relationship between the area-class map 

categories and the statistical surface is quantified on a percentage basis. Meanwhile area-class map assigns 

maximum density limits to the area-class map categories. There is an effort to enhance dasymetric mapping 

technique by incorporating statistical technique such as regression (Reibel & Agrawal, 2007) as well as using 

multi-layer and multi-class data (Su et al., 2010).  

In practice, dasymetric mapping tool is used for many purposes. For instance, Peña (2012) utilized 

dasymetric mapping to investigate urban growth of the lower Rio Grande Valley, Texas. The approach that 

was taken for the study was to use land-cover classification maps derived from satellite data to redistribute 

population to high, medium, and low density classes using a multi-class weighted distribution technique. 

Meanwhile, Tenerelli et al. (2015) utilized dasymetric mapping to develop population distribution model to 

support disaster risk management. (Nelson et al., 2015). In climate change studies, dasymetric mapping has 

also been used by many scholars. As examples, Aubrecht et al. (2013) used dasymetric mapping to determine 

long term impact variation of social vulnerability particularly to elderly. Next, Aubrecht & Özceylan (2013b) 

also utilized dasymetric mapping to investigate heat risk pattern in the U.S. national capital region. 

2.5. Summary 

This chapter tries to tie the knot among demographic data, heat vulnerability determinant and future 

vulnerability assessment (Figure 6). It is identified that demographic data such as number of elderly (>65 

years), young population (<5 years), number of female, population by race/ethnicity and population density 

are the common data used in assessing vulnerability to heat wave. Reflecting back to the urban vulnerability 

framework by Romero-Lankao et al. (2012), number of elderly, young population, population by race, and 

also female population fall into sensitivity component meanwhile population density falls into exposure 

component. The fact that the changes of these selected demographic data would occur not only  

The changes in regards to value and spatial extent of this data are the information that should be considered 

when conducting future vulnerability assessment to heat stress in urban setting. Therefore, there are few 

methods proposed for this purpose: 

• To project the future number of elderly (>65 years), young population (<5 years) and, population by 

race and number of female in the future, it is necessary to project the population based on age and sex 

and ethnicity future population numbers as it provides the base data to derived these desired urban 

heat vulnerability indicators. For this purpose, cohort-component model is considered as the suitable 

method due to its output which is based on age and gender and the flexibility of its calculation 

mechanism that can be operated for specific ethnic group/race individually.  

• On the other hand, projecting future population density in fine resolution requires not only population 

projection but also a population disaggregation model combined with future land use/land cover. For 

this purpose, dasymetric mapping is considered as a convenient method to disaggregate population 

because of the easiness of operability which has been tested in many studies. Next, CA model is 

considered as the suitable method to be used in this study because the model can do efficient 

computation and allow analysis with very fine spatial resolution (Roger White, Uljee, & Engelen, 2012) 

is in accordance with the requirement of intra-urban heat vulnerability mapping. In addition, CA-Land 

use change model is relatively simpler to operate and can be done in any platform (preferably via 

ArcGIS) which favours the author in doing the modelling. 

In addition, based on the discussion in the previous sections, it is identified that demographic change is 

affecting mostly to the exposure and sensitivity of urban area to the threat of heat wave. This way the 
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demographic changes is not effecting the adaptive capacity due to the reason that the determinants and data 

used to measure adaptive capacity are not coming from the pure demographic data. The adaptive capacity 

to heat wave mostly attributed to the resource that can be used to cope with heat wave such as capital 

(education, income), acclimatization, and access to resource (health care, swimming pool, air conditioner, 

etc.). In this view, demographic change is not enough to capture the changes that might happen regarding 

these factors in the future. There are more analysis covering the subject of economic, social and 

infrastructure study required to address the changes that might affect the adaptive capacity in the future. 

Hence, the future changes of adaptive capacity are not of interest of this study.  
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3. RESEARCH SETTING 

This chapter explains the setting of the research. The chapter starts with the description of the case study, 

explanation of the methodology applied in the study, and it ends with the description about the data set and 

data preparation. 

3.1. Study Area  

The following section explains the justification of the case study selection followed by brief explanation 

regarding its background, location characteristic, development pattern and land use change trend. 

3.1.1. Case Study Selection 

Cities in the USA are some of the cities affected by heat wave in the globe. For example, in the Summer 

2011 American heat wave event, cities on the southern part of the country including Houston, Dallas, 

Austin, Oklahoma City, and Wichita, set records for the highest number of days recording temperatures of 

100ºF or higher in those cities’ recorded history (Melillo, et al. 2014). It is projected by mid-century (2041 – 

2071 period), these cities will experience increased hot days and warm nights (Melillo, et al. 2014). Oklahoma 

City carries more the effect from the heat stroke because it is the most populated cities among those cities. 

Oklahoma City possess an important function of Oklahoma State due to its function as the state’s economic 

centre which mainly focused on oil and gas industry. This condition makes Oklahoma City an attractive 

place for people to come to get a better live. As the consequence, the city possesses a high population 

growth which is also accompanied by rapid physical development.  

With high population growth, Oklahoma City will be more populated with more physical development in 

the future. The threat from heat wave possess by the city is aggravated with urban heat island (UHI) that 

could increase the temperature of the urbanized area by 0.5o C during the day and 2◦ C warmer at night 

compared to the rural area. The heat wave and UHI impacts of the city is going to be worse in the future as 

it is predicted by scientists that the global warming and climate change impacts are becoming more severe 

(IPCC, 2013). The fact that the city possess high population growth and rapid physical development creates 

another problem as it could affect the city’s vulnerability to heat wave in the future. Therefore, it is necessary 

to conduct studies to address climate change and heat waves issues in general in Oklahoma City. Given 

these points, Oklahoma City is considered as an appropriate case study to be used in this research. 

3.1.2. Study Area Background 

Oklahoma City is the capital city of Oklahoma State. In total, the city covers the area of 1,606.67 km2 with 

urban area expanded through several counties such as Cleveland County, Canadian County and 

Pottawatomie County. In addition, there are 5 small cities that is not included in the administrative boundary 

of Oklahoma City, they are Mustang city, Bethany City, The Village City, Nichole Hills City, Valley Brook 

City and Forest Park City. These small cities are not of interest in the study and excluded for this study. The 

city is further divided into 8 wards (see Error! Reference source not found.) which are functioned as 

representative boundary for the election.  
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Figure 7 Case Study Area 

The explanation of the study area background is divided into two parts; the city level and ward level. The 

city level gives explanation about the city’s condition in general meanwhile the ward level explains the 

condition of the city in regards to the wards characteristics. 

City level 

As the Capital City, Oklahoma City is the most populated city in the State of Oklahoma. Based on 2000 

census, there were 506,132 people resided in Oklahoma City with 7.3% of the population were in the age 

of 0-4 years and 11.5% of the population were in the age of 65 years or older. In the next decade, as 

enumerated in 2010 census data, the total population increased to 579,999. Within this year, 7.9% of the 

population are in the age of 0 – 4 years old, and 26.3 % of the population are over 65 years old. This data 

shows that there was a significant increase in the percentage of the elderly (+65 years old population) from 

2000 to 2010. This data indicates that Oklahoma City was experiencing aging population in the last decade.  

In the state level, Oklahoma State’s economy is mainly influenced by energy industry such as oil and natural 

gas mining. This is reflected with 15.5% industry share based on GDP in 2016 together with government 

spending, which are the second largest portion after trade, utilities and transport sector (see Figure 8) 

(Oklahoma Department of Libraries, 2016). 

 
Figure 8 Industry Share of Oklahoma’s Economy 

Source: Oklahoma Department of Libraries (2016) 
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The dynamic of energy industry has influenced the migration in Oklahoma in the last decades (State 

Chamber of Oklahoma, 2014). This influence is mainly attributed to the job creation in energy industry that 

correlates with the world’s natural gas and oil price. The evidence is shown by the population change in 

2000 – 2010 period. Within this time frame, the price of natural gas and oil showed increasing trend and 

reached the all-time peak price. The high price trend favoured the energy industry so that many jobs were 

created within this industry. There were roughly 29.000 wage and salary jobs created by oil and gas firms in 

Oklahoma State in the same period (State Chamber of Oklahoma, 2014). In addition, it is reported also that 

the growth in oil and gas industry in Oklahoma has raised the per capita income (from 85% to 96%), boosted 

investments and gave positive impact in other economic activities (State Chamber of Oklahoma, 2014). 

These points made Oklahoma an attractive place for people who are looking for a better job. Thus, 

Oklahoma City as the biggest city mostly became the main destination of the people that came to Oklahoma 

State. This is showed by significant increase of the city’s population with 14.9% increase between 2000 – 

2010 (US census bureau) which is mainly attributed to the migration into the city (see Figure 9). 

 
Figure 9 Oklahoma Population Net Migration in 1991 – 2012 

Source : State Chamber of Oklahoma (2014) 

It is expected that energy industry will continue giving impact for Oklahoma City in the future. As the price 

of oil and gas are still going to be fluctuated throughout the years, oil and natural gas mining would still be 

a significant jobs provider of the city. The city’s population would still increase particularly with population 

in productive age that are looking for jobs. Most likely this condition would change the population 

composition of the city which is subject for further analysis in this study. 

Ward level 

The profile of these wards can be seen in Table 3. The table, the northwest ward is a ward with the highest 

population increase (up to 40%). Ward 2 and 6 are the downtown area of the city which is also the location 

of the old part of the city.  The urbanized area of Oklahoma City mostly covers the area of ward 1, 8 , 2, 6 

and 5 meanwhile ward 3, 7 and 4 are the area of urban-rural transition. Moreover, looking at the population 

composition, it can be see that ward 7 is the least populated by the white ethnicity. Next, ward 3 and 6 are 

where most of the elderly live. The young population is concentrated more in wards 1, 2 and 5 meanwhile 

ward 8 are the area where most of the women are concentrated. 
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Table 3 Wards Profile 

Wards 
Geographic 

Description 

Population 

Increase 

2000 – 2010 

(%) 

Typical Land 

Use 

Population Composition in % (2010) 

White 

ethnicity 

Elderly 

(65+) 

Young 

Population (0-4) 
Women 

1 
Northwest 

Central 
14 Settlement 76 7 13 52 

2 
North Central 

(downtown) 
1 

Commercial, 

Settlement 
59 7 13 52 

3 Southwest 18 Settlement 70 9 10 50 

4 Southeast 14 
Settlement, 

Agriculture 
67 8 10 49 

5 South Central 24 Settlement 76 7 13 48 

6 Downtown 6 

Commercial, 

industry, 

Settlement 

51 9 8 47 

7 Northeast 7 
Settlement, 

Agriculture 
38 8 12 52 

8 Northwest 40 Settlement 79 7 12 53 

 

3.1.3. Location Characteristic 

Oklahoma City is located in a non-hilly area with the elevation ranging from 274 m above sea level in the 

eastern part of the city to 449 m above the sea level in the western part of the city. The city is crossed by 

the Canadian river and several streams which make the city is a flood prone area. In addition, there are three 

big lakes exist in the city boundary which are mainly functioned as tourism place. 

Oklahoma City lies in a temperate humid subtropical climate with consistent winds coming from the south 

or south-southeast during the summer. This condition helps temper the hotter weather. Consistent northerly 

winds during the winter can intensify cold periods. Oklahoma City's normal annual mean temperature is 

16.3 °C with precipitation of 928 mm averaged annually. Within a year, May until September are the hottest 

months with average temperature ranging from 22.4 °C – 15.3 °C (National Weather Service, 2016). The 

maximum temperature in the summer time reached 45 °C as experienced in August 2012 (National Weather 

Service, 2016). 

3.1.4. Development Policy  

Currently, Oklahoma City is following their long-term development plan called the Planokc 

(www.planokc.org). Planokc that was launched in 2015 is their first comprehensive plan since 1977. The 

planokc identifies ways to maximize Oklahoma City’s strengths which goals are developing inclusive 

transportation system; increasing housing quality and quantity; building pro health and wellness urban 

environment; catalysing development and innovation; ensuring stable, safe, attractive, and vibrant 

neighbourhoods; sustainable and improved quality of life; and preserving rural area as well as natural 

resources. The planokc comprises of many plans in many dimensions. One of the plan is regarding the 

zoning regulation that is represented in the form of Land Use Typology Area (LUTA). There are two main 

typology land use areas: base land and layer land. Base typology areas define a spectrum of development 

intensities¸ comprised of open space, rural intensity, urban intensity and downtown usage. Layer typology 

areas describes the designation of the base LUTAs. This includes the area of agricultural preserve, urban 

http://www.planokc.org/
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reserve, employment reserve, industrial, regional, commercial and TOD district. Furthermore, this land use 

arrangement is detailed with the existence of the zoning area which is called the straight zoning. The straight 

zoning defines the usage of land in parcel level. This zoning area consists of 34 areas, arranging various type 

of parcel usage regarding settlement, industrial and commercial function. These LUTA and straight zoning 

area are the guidance that will lead the physical development of the city in the future. 

3.1.5. Land Use Change Trend 

To give an overview of the land use trend in Oklahoma City, the land use maps in 2000 and 2010 derived 

from the Landsat data was compared. The comparison revealed the land use changes over 2000 – 2010 

period as presented in Table 4. 

Table 4 Land Use Change of Oklahoma City in 2000 – 2010 period 

Land Use 2000 (ha) 2010 (ha) Difference (Ha) 

Medium Density Urban Settlement 1706 2324 618 

Low Density Urban Settlement 15300 22396 7096 

Rural Settlement 1712 1503 -209 

Commercial Area 10085 10868 783 

Vacant Land 120680 112392 -8288 

Point of observation is focused on the area difference of the urban settlement land use classes. It is observed 

that these land uses classes are increased within 2000 – 2010-time frame. It is also noticeable that between 

these land use classes, the low density urban settlement area is experiencing the most significant increased. 

Referring to the population increase within 2000 – 2010 period, it seems that the population increase 

contributes more to the increase of the low-density settlement area rather than the medium density 

settlement. In addition, judging from the land use maps in Error! Reference source not found., the low 

density settlement is growing by following the edge-expansion pattern (Sun et al. 2013). In the city context, 

this finding implies that the city grows by outward expansion of low density settlement area located on 

fringe of the city. This growth trend is supported by the condition of the city which has unlimited supply of 

land (due to flat area) with low land values (Penticton, 2015).  

In contrast, the data shows that the rural settlement area was decreased by 209 ha within 2000 – 2010 period. 

In the real condition, it is impossible for the rural area to decrease this much as there is no crucial event 

happened in 2000-2010 period that could cause this (such as war, or disaster). Most likely this is due to the 

error from the remote sensing process. It was found that visually, the rural settlement area is not visible 

within the 30-m resolution satellite imagery data so that the reflectance of this area is not well captured in 

the supervised classification process in both years. Consequently, the remote sensed image cannot detect 

the rural settlement area adequately for both 2000 and 2010 satellite imagery. Therefore, when both maps 

are overlaid, it gave fewer the rural settlement area. 

3.2. Methodology  

There are there steps employed in the research: identifying the future population composition (Chapter 4), 

estimating high resolution future population density (Chapter 5), and calculating current and future 

vulnerability index (Chapter 6). 

The first phase was about identifying the future population composition. It started by projecting the future 

population count of Oklahoma City in ward level with 2030 as the target year. The population projection 

was conducted in ward level due to the reason that the interest of the study is to see the demographic 



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

23 

changes within the city level. Meanwhile, year 2030 was selected as the study time horizon due to the 

consideration that 20 years’ period is sufficient to capture the changes that might happen within the urban 

system and the projections post 2030 are too uncertain. Consequently, year 2030 was set as the timeline 

basis for the whole analysis. Furthermore, the population projection was conducted by using cohort-

component method. This model was run by applying three migration scenarios, aimed to address the 

uncertainty in the future. Lastly, the future population composition was derived from the projected 

population numbers. Detail elaboration of this phase is presented in chapter 4. 

The second phase of the research was to estimating high resolution future population density. It started with 

projection of the future land use of Oklahoma City by means of GIS-based CA model, aiming the same 

target year as the population projection. The land use projection was produced the configuration of the land 

use change model consists of land conversion probability calculation and followed by future land allocation. 

The land conversion probability was calculated by taking into consideration several development driving 

factors / such as environment, transportation infrastructure and land use that were selected based on 

literatures with also considering the city development context. The future land allocation determines the 

number of increased area which is derived from the population projection result. To address the uncertainty, 

this study employed two land use change scenarios which have different configuration setting. Combined 

with the population projection result, the outputs of the land use change model then used to derive high 

resolution population density by means of dasymetric mapping. Detail description about this phase is 

presented in chapter 5. 

Lastly in the third phase, a composite vulnerability index was calculated. This chapter starts with calculation 

of all vulnerability variables and continues with the calculation of the vulnerability index. The vulnerability 

index does not include all the heat vulnerability components (as described in chapter 2) but rather focused 

merely on sensitivity and exposure component. This is due to the reason that this study tries to integrate 

socioeconomic scenarios and projections in future vulnerability assessment which is mainly attributed to the 

socioeconomic components of vulnerability (exposure and sensitivity). In this sense, it is useful to focus on 

these components rather than conducting full heat stress vulnerability assessment as it makes the analysis 

simpler and less data intensive. Next, the index was calculated for the current condition (2010) and the 

future condition (2030). The index score of both conditions then compared to see the effect of demographic 

changes in the future. The calculation method and result of this phase is reported in chapter 6. 

In addition, interested in the future vulnerability condition in detail level within the city area, this study 

adopted high resolution heat wave vulnerability assessment demonstrated by Morabito et al. (2015). They 

conducted heat wave vulnerability assessment in 100-m grid spatial resolution. As implication, 100-m grid 

spatial resolution is applied as the unit of analysis in the land use modelling, calculation of vulnerability 

variables as well as the calculation of composite vulnerability index. 

The whole phase of this research is described in a flow chart presented in Figure 10. 
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Figure 10 Research Flowchart 

3.3. Data set and Data Preparation 

The following sections explain the data set used in this study including the brief explanation of how these 

data area prepared to be used in the analysis. 

3.3.1. Data Set 

There are two major data set used in the research; statistical and spatial dataset. The statistical dataset consists 

of decennial census data of Oklahoma City in year 2000 and 2010 obtained from the US Census Bureau 

(https://www.census.gov/). These data mainly used to conduct the population projection in phase 1. On 

the other hand, the spatial dataset comprises of raster and vector file which are listed in Table 5. The spatial 

data set is used mainly to conduct the land use projection in phase 2. 

Table 5 Spatial Dataset 

Data Format Year Source 

Landsat Image 4-5 TM Tiff file 2000,2010 USGS 

LUTA Jpeg file 2016 www.okc.go 

City Boundary GIS Shapefile 2016 www.okc.go 

Wards Boundary GIS Shapefile 2016 www.okc.go 

Oklahoma City Census Tract Boundary GIS Shapefile 2000,2010 US Census Bureau 

Oklahoma Road Network GIS Shapefile 2016 www.okc.go 

Straight Zoning GIS Shapefile 2016 www.okc.go 

Oklahoma School Area GIS Shapefile 2016 www.okc.go 

Water Body GIS Shapefile 2016 www.okc.go 
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3.3.2. Ward Level Data Generation 

To capture the future vulnerability variation within the urban area, this study uses wards boundary as the 

unit of analysis for the population projection. Therefore, ward level population data is required to perform 

the projection. Unfortunately, the necessary data is available in census tract level in the form of excel table 

file. To overcome this issue, the census tract data was aggregated according to the wards boundary. The 

aggregation process was done in ArcGIS. First, the census tract polygons in 2000 and 2010 were grouped 

into the respective wards. Next, the census data (in excel file format) of both years is linked with the census 

tract polygons that have been group into ward boundary. The aggregated data for each ward is produced by 

summarizing the grouped census data according to the wards boundary.  

3.3.3. Land Cover / Land Use Generation 

Landsat 4-5 TM satellite imageries in July 2000 and July 2010 were used to derive the land cover of 

Oklahoma City. The satellite data of these years were used to match the base year (2000) and launch year 

(2010) of the population projection. The images were taken in the same month to help reduce the variation 

of vegetation reflectance and the effect of sun positions. The images in this month are also the best available 

during the analysis period in terms of image quality, concerning the clouds coverage and shadow. To avoid 

distortion, the images are projected into WGS 84 UTM Zone 14. Later, these images are clipped with the 

city boundary polygon obtained from the website of Oklahoma City municipality (data.okc.gov). To ease 

the land classification process, the water body is also eliminated from the images. This was done by 

subtracting the image with water body polygon that are also obtained from Oklahoma City municipality 

website. All this process was done with ERDAS IMAGINE 2015. 

The next step is to classify the image into land cover. Using supervised classification feature in ERDAS 

IMAGINE 2015, a signature file that contains the sample reflectance of each land classes target was made. 

There are approximately 10 samples taken for each land cover classes. The “natural colour” band 

combination that comprises of band 3 (red), band 2 (blue), and band 1 (green) was used to take the sample. 

In this band combination, ground features appear in colours similar to their appearance to the human visual 

system. This process was conducted for both images, 2000 and 2010. Based on the visual comparison, there 

are three urban classes that can be distinguished: two urban classes (type 1 and type 2) and non-urban land 

cover class. 

Furthermore, the result of the image classification is converted into land use. This was done by visually 

comparing the produced land cover with the land use typology area (LUTA) and straight zoning (mentioned 

in sub sub chapter 3.1.3). Prior to the land use conversion, the produced land cover data is resampled from 

30 m resolution (original resolution of Landsat data) into 100-m resolution as the desired resolution of this 

study. There are 4 different land uses derived by overlaying the land cover with LUTA: rural settlement, 

urban settlement, other urban land usage (commercial, industry, offices, etc.) and vacant land (vegetation, 

bare ground, etc.). Furthermore, since the urban settlement is the main interest of the study, this result is 

overlaid again with the straight zoning area to provide a detail typology of the urban settlement. The straight 

zoning area comprises of many types of urban settlement usage. This usage can be group into two types: 

low density urban residential area and medium density urban residential area. The low residential area mostly 

comprises of single-family housing meanwhile the middle density residential area comprises of settlement 

with higher intensity such as multi-family housing. The final output of this step for both years (2000 and 

2010) is a land use map with 5 classes: rural settlement, medium density urban settlement, low density urban 

settlement, other urban, and vacant land. This result mainly served as the basic data for study area description 

and to develop the LUC model. 
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4. IDENTIFICATION OF POPULATION COMPOSITION 
CHANGE IN THE FUTURE 

This chapter elaborates the process of future population composition identification by means of the 

population projection. The chapter starts with explanation about the population projection method, 

population growth scenario, validation, calibration and the result. 

4.1. Method 

The population projection in this study was produced by means of cohort component method. The 

projection was calculated in 5-years’ increment from year 2010 into 2030. This method comprises of three 

population change components: birth, death and migration. The process started with calculating the number 

of birth which was done by multiplying the birth rate within each age cohort with the number of female 

population of that age group. Unfortunately, there is no birth rate data available for Oklahoma City. 

Therefore, the average birth rate of Oklahoma State from 2000 – 2010 obtained from Oklahoma State 

Department of health (http://www.health.state.ok.us/ok2share/) is used to substitute the birth rate of 

Oklahoma City (see Appendix A). Mathematically, the number of future birth in the next 5 years calculated 

by the formula of: 

Birtht+5 = female population t * (birth rate) * n 

With “Birtht+5” as the birth at the year t+5, “t” as the base year, and “female populationt“ as the female 

population at the base year. This calculation was not applied to all age groups, but only for the fertile age 

(14 – 44 years old). The number of baby born resulted from the fertile age then summed to get the total 

amount of baby born in the next 5 years. Next, the total amount of birth was multiplied by 0.52 to get the 

number of male babies (attributed to male population in 0-4 age cohort) and 0.48 to get the number of 

female babies (attributed to female population in 0-4 age cohort). 

Next step is to calculate the number of the people that are survived in the next five years. This was done by 

multiplying the 5-years survival rate with the total population in each age cohort. The survival rate for 5-

year projection was calculated by using the formula of: 

5-years survival rate = (1-Mortality rate/1000)5  

Similar with the birth rate case, the mortality rate for Oklahoma City is replaced with the average mortality 

rate of Oklahoma State from 2000 – 2010 obtained from Oklahoma State Department of health 

(http://www.health.state.ok.us/ok2share/) (see Appendix B). The result of this calculation represents the 

number of people that are still alive in each age cohort in the next 5 years. For instance, using 2010 as the 

launch year and 2015 as the target year, the number of population in the age group of 5-9 years in 2015 is 

obtained by multiplying the number of population of 0-4 years in 2010 with the 5-years survival rate. 

The last step is calculating the migration component. In this study, the population projection is calculated 

in ward level. Thus, there is no data available regarding the movement of people in and out of each ward. 

Given this condition, the migration data for each age cohort in each ward is calculated by subtracting the 

number of population from official census in one year (2010 census) with the population from previous 

census (2000 census), together with the natural population increase (mortality and fertility only) within the 

two census years. This method is well known as residual method and mathematically described as:  

http://www.health.state.ok.us/ok2share/
http://www.health.state.ok.us/ok2share/
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Net migration = (population2010  – population2011) – (births – deaths) 

With, “population2010“ as the number of population in the launch year (2010 census), and “population2000” 

as previous census (year 2000). 

The result of this calculation is the net migration which reflects 10-year migration trend of each age cohort 

within each ward. This calculated migration number then divided by two to get the 5-year migration. The 

value resulted from this calculation is added every 5 years in the projection process starting from the 2015 

projection until the projection reached the target year (2030). 

Combining all the population change components, the projected population that includes births, survival 

population and migration for each age cohort in each ward for the next 5 years is calculated as: 

Populationt+5 = (populationt x 5-years survival rate) + Birtht+5 + Net migration 

With, “populationt+5” is the population in the next 5 years, “populationt” is the population in the launch 

year, “Birtht+5” is the number of birth in the next 5 years, meanwhile Net migration is the migration number 

that is added when calculating the population in every 10 years from the base year and applied for both 

scenarios. 

4.2. Population Projection Scenarios 

In addition, to address the uncertainty of population change in future migration scenarios were employed 

in the population projection. As mentioned in the background part, Oklahoma City population growth is 

influenced by the jobs coming from oil and gas industry which are sensitive to global oil and gas price. 

Considering the dynamic of the oil and gas price, there are three migration scenarios employed to project 

the future number of population in Oklahoma City (see Table 6). 

Table 6 Population Projection Scenario 

Population Projection Scenario 

(PPS) 
Assumption 

PPS 1 Migration number is constant 

PPS 2 Migration number is reduced by 10% every 5 years  

PPS 3 Migration number is increased by 10% every 5 years 

 

PPS 1 is a baseline scenario (current trend) whereas the mortality rate, birth rate and migration number are 

held constant over the population projection horizon. This scenario assumed that the population growth 

trend in 2000 – 2010 period continues in the next decades. Next, in PPS 2, the migration number is reduced 

by 10% every 5 years while mortality and birth are held constant over the projection period. This scenario 

is employed to address the possibility the effect of the current oil and gas price which stand at a lower level 

compared to 2000-2010 price. The falling oil and gas price could affect the job market in the city which lead 

to less job creation in the next decades and as the consequences, the migration numbers might fall. In PPS 

3, it is assumed that the migration will be increased by 10% every 5 years while mortality and birth rate are 

held constant. This scenario is employed to address the possibility of rising oil and gas price considering the 

current US policy which favours the fossil fuel industry. Rising oil and gas price might induced more job 

creation and respectively, more job creation that could lead to increased migration in the future. 

Furthermore, PPS 2 and PPS 3 were applied for year 2020, 2025 and 2030 projection. Projection for year 

2015 was excluded because the year itself has passed. Therefore, it is make sense to apply the scenario for 
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the next projection year. In addition, the 10% migration difference in both scenario was derived from the 

population growth difference when the oil price started rising between 1990-2000 and 2000-2010 period. In 

this sense, the 10% value reflects the effect of high oil and gas price to the migration. This value is considered 

realistic as it reflects the real migration change during the oil and gas price boom.  

4.3. Validation and Calibration 

After using the conventional cohort-component method to produce series of population projections, the 

next process is to validate the result with the actual population of Oklahoma City. Scenario 1 was used to 

validate the population projection result due to the reason that this scenario reflects the current trend 

(business as usual) without modification of the population change component. In this sense, Scenario 1 is 

considered as the projection trajectory that is more realistic to happen in the future.  

The validation started by aggregating the population number projection of scenario 1 in the city level for 

the year 2015. This data the then compared with the Oklahoma City population estimation in 2015 obtained 

from US Census Bureau. The result for 2015 was 618.202 people meanwhile the population estimation was 

631.346 people. The projection underestimated the population in 2015 as much as 13.144 people or 

approximately 2%. To get a better result, the model then was calibrated by applying the following ratio (R) 

as an adjustment factor to the future population projections: 

R = Estimated Population 2015 / Projected Population 2015 

The ratio generated from this calculation was 1.0213 and this ratio was multiplied to each cohort, sex, ward 

in all the population projection scenario to get a calibrated result. 

4.4.  Result and Discussion 

The result and discussion presented in this chapter is divided into two parts, the city level and ward level. 

The city level part shows the result in regards to the whole city context meanwhile the ward level part 

elaborates the projected population of each projection type in respect to the ward division within the city.  

4.4.1. City Level 

The final calibrated and aggregated result for every population projection type including the natural increase 

of the city (projection without migration) in city level is presented in Figure 11. The graph shows increased 

population for the next 20 years in all population projection scenarios. If the current population growth 

continues (PPS 1), the population will increase by 28% with total projected population of 744.408 people. 

Compared to the real condition in 2010 census with 579.999 population, Scenario 3 yields in the highest 

future population number in 2030 with 754.079 people (30%). Meanwhile, PPS 2 yields a lower population 

number with 733.730 people (27%). Looking at this data, the applied migration scenarios are affecting the 

population growth with 1 – 2 % difference with the current population growth trend of the city. However, 

the decreased and increased migration scenario gives different numbers of future population but both shows 

that the population in Oklahoma City will be increased in the next 20 years. As implication, this could mean 

that with the effect of the oil and gas price dynamic to the city population growth, Oklahoma City’s 

population could grow by 27 – 30% in 2030.  

Looking at the bigger context, in the state level, it is projected that the population will increase by 14% or 

approximately equal to total 4,302,501 people (Barker, 2012). Comparing the percentage of population 

increase between the state and city level, Oklahoma City clearly shows higher population increased (in all 
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scenarios) in 2030. Possible explanation is that because the migrants that are coming to Oklahoma State is 

concentrated in Oklahoma City due to the attractiveness of the city. Therefore, Oklahoma City is expected 

to experience higher population growth compared to the state level. 

 

Figure 11 Validated Population Projection Result for Oklahoma City 

Figure 12 shows the percentage of population change per age group between 2010 and 2030 projection in 

various scenarios. It is shown clearly in all charts that the biggest increased population in 2030 is attributed 

to the elderly (65+ years old). On the other hand, the young population (0 – 4 years old) is going to decrease 

in all projection scenarios. This finding is accordance with the natural increase of the city depicted in Figure 

12 . The city’s natural increase will make the city loose big number of young population (particularly 0 – 23 

years old) and left the city with high number of elderly (65+ year). This could happen due to low birth rate 

and long life expectancy (up to 76 years old) as stated in Lewis & Burd-Sharps (2014), which means that 

there will be less baby born in the next 20 years while the people in general will live longer. This finding 

indicates that Oklahoma City will experience aging population aging in the next 20 years. In addition, the 

migration scenarios employed does not giving effect too much to the aging population as they show similar 

trend.  
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2010 – Scenario 3 2010 – Natural Increase 

Figure 12 Oklahoma City Composition Changes in 2010 – 2030 Period 

However, the difference between scenarios projection and the natural increase is regarding the migration 

component. As depicted in Figure 12, judging from the percentage changes given by the projection scenarios 

and the natural increase, it can be concluded that the migration gives surplus to the future population count. 

It can be seen also that the migrants coming into the city in the next 20 years are concentrated on the age 

of 0-43 years old. The migrants with 25 – 43 years old can be attributed to oil and gas mining workers as 

this range of age is the prime workers for the industry (BLS, 2012).  

 

Figure 13 Oklahoma City Female Population in 2000 and 2030 (based on each PPS) 

The comparison of female population in 2010 and 2030 (all PPS) for the city level is presented in Figure 

13. Overall, the figure shows that the female population will increase in all PPS for 2030. Figure 1 

4.4.2. Ward level  

The population projection result within ward level for Oklahoma City in 2030 is presented in Figure 14. The 

population projection in ward level shows a similar pattern of the result in the city level. In all wards, it is 

projected that the population will increased with Scenario 3 yields in the highest future population numbers 

meanwhile PPS 2 yields in the lowest future population numbers. Nevertheless, the future population count 
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difference between scenarios in each ward is small and not too obvious. This could mean that the effect of 

different migration scenarios employed does not give significant effect to the increased of population in the 

ward level. 

Another notable observation that can be pointed is that among all the wards, ward 8 is projected to be the 

most populous ward (captured in all the projection scenarios). In this sense, ward 8 is expected to experience 

the most significant population increase in the next 20 years. Since the population growth is mainly driven 

by the migration, allegedly the high future population in ward 8 is caused by massive migration in the next 

20 years.  

 

Figure 14 Ward Level Population Projection Result 

Furthermore, the changing demographic composition in ward level within the period of 2010 – 2030 in 

Oklahoma City can be seen in Figure 15. The figure presents the changing percentage of young (0 – 4 year), 

elderly (65+ year) and female population for each scenario. From this depiction, it can be observed that the 

young population are projected to reduce in the next 20 years in most of the wards according to all projection 

scenarios. In contrast, the young population reduction is not experienced in ward 8 (all scenarios) and ward 

5 (PPS 3). To add, the percentage of elderly population and female population in all wards are projected to 

increase in the next 20 years based on all type of the projection. This finding shows that the aging population 

trend in the City Level is also experienced in the ward level. 

1 2 3 4 5 6 7 8

2010 63299 77099 75676 73821 71073 72949 66643 79439

PPS 1 78519 82177 101833 92925 99874 85420 76806 126854
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PPS 3 79535 82310 103416 94051 101847 85379 77348 130193
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2010 – Scenario 1 2010 – Scenario 2  

 
2010 – Scenario 3 

Figure 15 Demographic Composition Changes 2010 – 2030 Period in Oklahoma City 

In addition, the charts in Figure 15 show that there is an increase of young population in ward 8 (in all 

scenarios) and ward 5 (PPS 3). Allegedly, this is happening because within these wards (in respect to the 

scenarios employed) there is more migration coming in the young age compared to other wards so that it 

gives surplus to the population count. This young age population is attributed to the family or born baby of 

the population in the working age, the same condition discussed in the city level. All in all, this finding shows 

that the employed migration scenarios are giving notable effect to the future population composition in the 

future.  

The summary of the population composition for 2030 in each scenario is presented in Table 7 below. 

Table 7 Population Composition in 2030 (in percentage) 

Wards 
Scenario 1 Scenario 2 Scenario 3 

young old woman young old woman young old woman 

1 ˅ 6 ˄ 20 ˄ 53 ˅ 5 ˄ 21 ˄ 53 ˅ 5 ˄ 20 ˄ 53 
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2 ˅ 6 ˄ 16 ˄ 50 ˅ 5 ˄ 17 ˄ 50 ˅ 6 ˄ 15 ˄ 50 

3 ˅ 8 ˄ 15 ˄ 51 ˅ 6 ˄ 15 ˄ 51 ˅ 6 ˄ 14 ˄ 51 

4 ˅ 7 ˄ 16 ˄ 49 ˅ 5 ˄ 17 ˄ 49 ˅ 6 ˄ 16 ˄ 49 

5 ˅ 7 ˄ 18 ˄ 39 ˅ 5 ˄ 19 ˄ 39 ˄ 5 ˄ 18 ˄ 38 

6 ˅ 7 ˄ 10 ˄ 46 ˅ 6 ˄ 10 ˄ 45 ˅ 7 ˄   9 ˄ 45 

7 ˅ 6 ˄ 19 ˄ 52 ˅ 5 ˄ 20 ˄ 52 ˅ 6 ˄ 18 ˄ 52 

8 ˄ 8 ˄ 20 ˄ 53 ˄ 5 ˄ 20 ˄ 53 ˄ 5 ˄ 20 ˄ 53 

Note: ˄ increased percentage from 2010, ˅ decreased percentage from 2010 
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5. PROJECTION OF FUTURE POPULATION DENSITY 

This chapter explains the process of estimating high resolution future population density in Oklahoma City. 

It starts with estimating the population density of each the settlement class. Next, the chapter continues 

with GIS-based CA model development and it ends with the population disaggregation process. 

5.1. Estimating Population Density of the Settlement Land Use Classes 

Estimation of the settlement’s land use classes was done by taking sample of the areas that represent the 

settlement land use classes. Based on the land use map generated in Chapter 3, there are 3 main land use 

classes in Oklahoma City: settlement, commercial, and vacant land. The process began by selecting the 

census tracts with settlement land use class dominance. This was done by calculating the ratio between the 

settlement area and commercial area with the vacant land. The census tracts with ratio of settlement area 

more than 0.8 then selected for further sampling process. The step then continued by selecting the census 

tract that represent the best one of the settlement land use class (low, middle or rural) with the criteria of 

(Tenerelli et al., 2015):  

acg / Ag – ano pop g > 0.80 

where: “acg” is the area of the urban land use class c in the census tract g, “c” is one of the land use classes, 

“Ag” is total area of the census tract g and “ano pop g” is the total area of no population class in the census 

tract. The result of this process is the census tracts that represent the best each of the settlement land use 

class. The population density then calculated by averaging the division of population number with the area 

of land use C in all of the census tracts that belong to land use “c”. It is important to note that due to the 

resolution of Landsat data that is not adequate to capture the reflectance of rural settlement area, it was 

impossible to do a proper estimation of the rural settlement population density. To overcome this issue, the 

rural settlement population density was obtained from the description of rural settlement area in Oklahoma 

City land use map (LUTA). This process was done by using 2010 census data due to the reason this year 

census data is the latest data that can be obtained. All in all, the final estimated population density for the 

settlement land use classes can be seen in Table 8. 

Table 8 Population Density Estimation 

Settlement Land Use Class Population Density estimation (people/Ha) 

Medium Density Urban  38 

Low Density Urban 27 

Rural Density Urban 25 

The result of this step is important to determine the land allocation to project the future land use of 

Oklahoma City. In addition, the estimated population density will be used further in the future population 

distribution phase presented in Chapter 6. 

5.2. GIS-Based Cellular Automata Modelling 

The following section describes the development of the CA model. It includes model conceptualization, 

development driving factor selection, calculation of probability conversion and factor’s weight definition.  



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

35 

5.2.1. Conceptualization  

This study interested in the future land use of Oklahoma City which is observed from the city’s urban 

growth. For this purpose, GIS-based CA model was used to simulate the spatial growth of Oklahoma City. 

In principal, there are two mechanisms of GIS-based CA simulation: unconstrained and constrained (Sui & 

Zeng, 2001; R White et al., 1997). Unconstrained-CA model refers to the condition where the conversion 

probability is calculated for each cell whereas in constrained-CA model, the conversion probability is 

calculated only for the cells that meet certain criteria (Sui & Zeng, 2001). It is understood that the 

“constraints” here refers to the condition that could restrict the development to occur. These constraints 

are added to make more reliable and realistic prediction of urban land-use patterns (White et al. 1997). The 

evolution of a city in reality is influenced by complex factors which exist in local, regional or global level 

(Yen & Li, 2001). These complex factors could refer to “constrains” in the sense of Sui & Zeng (2001) and 

White et al. (1997). Accordingly, the constraints can be divided further into three level: local, regional and 

global. Local constraints represent the cell-by-cell values or the effect of surrounding cell to the modelling 

process (such as neighbourhood effect), regional constraints measure (mostly with distance decay function) 

the influence of certain geographic phenomenon or urban facility feature, meanwhile global constraint 

defines the land allocation of the model (Li & Yeh, 2000).  

Formulation of the constraints as variables in the GIS-based CA model requires identification of factors 

that influence or drive the urban growth in Oklahoma City. This part is explained further in the next section. 

5.2.2. Selection of Land Use Change Driving Factors 

Build upon the heat stress vulnerability concept that focus on temporal and spatial demographic changing, 

attention is given to the existence of the settlement area which is the place where the population reside. 

Accordingly, the CA model developed in this study is specifically meant to project the growth/change of 

Oklahoma City’s settlement area in the future. Therefore, the constraint variables in the model was selected 

based on the factors that drive the growth of settlement area.  

For this study, the driving factors are derived from the literature review and consideration of the city’s 

development trend. The selected factors along with the logic underlying the factors selection is described as 

follows:  

• Neighbourhood Function  

Neighbourhood forms the basis of any CA model (Couclelis, 1997). The neighbourhood function 

reflects the spatial effects of the surrounding area. In the urban growth/LUC context, this function 

explain that a land use class will grow or occur in the area surrounded by similar land use class. Thus, 

it is expected that the settlement area will grow on the adjacent or in the vicinity of the same settlement 

area. This mechanism also supports the expansion of the settlement area city which grows as a 

continuation of the urban fringe area and formed an edge-expansion growth trend. 

• Urban Centre 

Urban centre plays an important role in the city growth as it provides resources supporting the urban 

activity (Yen & Li, 2001). In Oklahoma City context, the city centre is the place it where entertainment, 

high class housing, hospitality, retail, offices and service centre are located and makes the city centre 

attractive. Due to this reason, it is reasonable for the developers to build housing with proximity to the 

city centre. As implication, the city is growing in a more concentrated rather than dispersed manner 

(as mentioned in chapter 3). There is a certain degree of centrality that influenced the city growth. 

Thus, it is important to include the proximity as one of the variables in the CA model.  
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• Urban Amenities 

Amenities have a significant role of attracting people to come to cities. This claim has been reported 

in many study such as Duranton & Puga (2014), Roback (1982) and Rosen (1979). From these 

literatures, it is obvious that cities with better amenities will attract more people that could lead to the 

growth of the city. In the same manner, within the city context, the urban amenities could attract the 

people to live closer to it. As consequences, this idea drives the growth of the settlement closer to the 

urban amenities as the housing industry would use this demand as opportunity for the sake of their 

business. Furthermore, Gottlieb (1995) stated that amenities may be defined as place-specific goods or 

services that serve as utility function. This could mean social space, entertainment, tourism, education, 

social service, etc. In Oklahoma City context, most of these functions are covered in the urban centre 

area which already selected. Nevertheless, considering the massive population growth in young age 

coming to the city, it is necessary to emphasize more the role of education and tourism utility function. 

As mentioned in the background part, there are 3 big lakes within the boundary of Oklahoma City. 

These lakes are functioned as tourism places for the urban population to relax and as a getaway from 

the busy life. Thus, the urban population might want to live closer to these places to get a better access 

for it. Moreover, the closeness to school area is also an important consideration of the urban 

population to choose their living place. Reflecting to the population condition where the main force 

of population growth is the migration within the young age, it is important for them to live in the place 

that is closer to school area. This is to makes sure that they can get a proper access to a good education. 

Given these points, the proximity to lake and school are important to be incorporated in the model 

configuration. 

• Flood and river area 

Oklahoma City is located in a riparian area. That is why there are rivers, streams and lakes in the city’s 

landscape. In general, the condition of a piece of land located in the flood area will reduce the value of 

the land and it will be less attractive for the developers. Thus, this clearly becomes a constraint for the 

development and it is important to be incorporated in the model configuration. 

• Transportation 

Transportation is obviously one of the essentials factors of urban growth. This claim has been 

investigated in many research such as Becker et al. (2006) and Burchfield et al. (2006). The growth of 

the city most likely will also follow the existence of the road because it serves as the main infrastructure 

to transport goods and materials. However, considering the hierarchy of the road and the purpose of 

the model (focus on the settlement area), not all type of the road was used in the model configuration. 

For that matter, the arterial road was selected as one of the driver factors. The reason for this selection 

is because the arterial road is the pioneer of all roads and the network reaches the entire area of the 

city. Thus, with this characteristic, it is expected that the growth of the city will happen in the vicinity 

of the arterial street.  

• Land Consumption 

The land consumption defines the total area dedicated for the development. This factor is important 

as it determines how much area will be developed in the upcoming years. In CA model, this factor 

controls the amount of growth in each iteration throughout the entire time frame. 

• Zoning area 

The municipality of Oklahoma City has set a zoning area that constitutes the usage of each land parcel 

(LUTA). These zoning area polygon is obtained from the municipality of Oklahoma City website 

(www.okc.com) which includes the zoning for rural settlement, urban settlement, commercial, 

industrial and agriculture land use. In this sense, the zoning area is being a guidance for the 

development of these land uses to take place.  

http://www.okc.com/
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All in all, these driving factors are grouped based on their characteristic according to the definition of local, 

regional and global constraint by (Li & Yeh, 2000). The result of this grouping is presented in Table 9. 

Table 9 Constraints Factors 

Component Local Regional Global 

Neighbourhood Neighbourhood function - - 

Zoning Area 
City Boundary, Urban Settlement Area, Airport 

and Military Area 
- - 

Environment Flood and River area - - 

Urban Center - Distance to downtown - 

Amenities - 
Distance to school, 

distance to lake 
- 

Accessibility - Distance to arterial road - 

Land 

Consumption 
- - 

Land 

Allocation 

Finally, these factors are used to calculate the conversion probability which will be described further in the 

following part. 

5.2.3. Conversion Probability and Transition Rules  

All the constraints explained in the previous part were treated separately to produce the conversion 

probability value (the driving factors maps are presented in Figure 16 : 

• Starting with the zoning area, the land use raster data is subtracted (in ArcGIS) from the boundary of 

small cities, airport and military base. This is to make sure the modelled land use class does not interfere 

with these areas as their primary functions are not the subject of the model. Next, since the increased 

population is subject to the increase of the urban settlement, practically, urban settlement zone is being 

the basic zoning area for the model. In the model configuration, the urban settlement zone is given 

value “1” meanwhile the other zone is given value “0”. Furthermore, flood and river area is becoming 

a barrier for the development in the sense that it makes a piece of land unattractive to be developed but 

it does not make the development will not occur in those areas. Therefore, the area of flood and river 

zone area given value “0.5” meanwhile other area is given value “1”. All in all, the treatment of these 

local constraints resulted in a composite map that serves a suitability map for settlement development 

in Oklahoma City.  

• Next, all of the factors in regional constrain is calculated using decay function. For this purpose, 

Euclidean distance that represent the distance/proximity to the selected factors such as lakes, 

downtown, school and arterial road was calculated.  

• Lastly, the land consumption is derived from the result of the population projection. This part will be 

elaborated further in the next section.  
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Figure 16 Driving Factors 

Next step of the process is to calculate the conversion probability. For this purpose, Multicriteria evaluation 

techniques was employed to obtain the conversion probability (Wu & Webster, 1998; Yen & Li, 2001). 

Following this method, the conversion probability for each cell is defined as:  

CPi = ((α1*lake + α2*downtown + α3*main road+ α4*neighbourhood)/ (α1+ α2+ α3+ α4)) 

*suitability 

CPi is the conversion probability form vacant land to urban settlement; α1, α2, α3 and α4 are the weight of 

each factor; lake, downtown, road variables area the Euclidean distance to the nearest lakes, school zones, 

and main road; meanwhile the neighbourhood variable is the value of neighbourhood effect calculated with 

rectangular 3x3 grid cells moving window; and suitability is the value of 1 (urban settlement) or 0 (non-

urban settlement). To operate this formula, the value for lake, downtown and main road should be 

normalized to be uniform with the value of the neighbourhood function. The normalization was done using 

minimum maximum method (Voogd, 1983). Later on, the calculated value was divided with the sum of the 
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factor’s weight to obtain the weighted-average score of the CPi. Lastly, the result is multiplied with the 

suitability score (1,0) to make sure the conversion probability is calculated for the pixel that suits the 

settlement allocation. 

Next step is to apply the transition rule. The state of the cell is decided by comparing the probability of the 

conversion with a predefined threshold. There is only a binary value for the transition: developed (1) or not 

developed (0). If the value is higher than the threshold, then it is classified as developed and if the value is 

lower, it is classified as undeveloped. Later on the cell is converted to this state, subject to the global 

constraints (as demonstrated in White (1998)). For this study, a simple calculation model (made in ArcGIS 

model builder) is used to iteratively define the threshold and convert the cells accordingly to get the desired 

cell allocation.  

5.2.4. Defining the factor’s weight 

The factor’s weights are calculated by using multinomial logistic regression. The process started with making 

a pseudo panel. This panel is a table that comprises cross section of locations (build and unbuilt), including 

the affecting variables (in this case its 2000 and 2010).  First, point samples are taken by creating random 

points of the study area. Next, the urban settlement land use and vacant land in year 2000 and year 2010 

were reclassified so that the urban settlement land use is valued 1 and vacant land is valued 0. The classified 

values then extracted into the point samples. These values are used to represent the amount of vacant land 

that is converted into urban settlement within 2000 – 2010 period and will be the input to create the 

dependent variable in the regression calculation. Furthermore, the normalized values of lake, school and 

main road variables are also extracted into the point samples. These values are used as independent variables 

in the regression analysis. The point samples data then imported to excel data and this data is the pseudo 

panel mentioned before. Prior to the multinomial regression calculation, the data was tested for 

multicollinearity and the result shows that there is no multicollinearity found as the VIF value of all variables 

are below 10 according to Field (2009). 

 Next, the multinomial regression analysis was performed using this data. This step resulted in the weight 

of each factors. These weights then incorporated to the conversion probability formula to calculate the 

probability of each cell. The result of the regression can be seen in Appendix C meanwhile the weight of 

each factor presented in Table 10.  

Table 10 Weight of the Factors 

Component 

Weight 

Vacant - Medium 

Settlement 

Vacant – Low 

Settlement 

Arterial street 4.691 4.832 

School Area 21.881 1.865 

Lake 2.636 .335 

Distance to 

Downtown 
-9.991 -.186 

Neighbourhood 17.694 5.800 

This is important in the modelling process as the values (weights) produced by the multinomial logistic 

regression analysis represents the influence of each factors on how the vacant land was converted into the 
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urban settlement. In this sense, this part is considered as the calibration of the GIS-based CA model for 

Oklahoma City.  

5.2.5. Projection of Future Land Use in Oklahoma City 

The projection of future land use in Oklahoma City is made upon the following considerations. Firstly, as 

discussed in previous section, the focus point of the model is regarding the growth of the settlement area. 

Therefore, the model simulation was solely run to project the future settlement area. Secondly, it was defined 

that the increased population is subject to the growth of the urban settlement rather than rural settlement. 

This is due to the assumption that the people coming to the city mostly attracted to the urban living style 

which means that they want to live in the urbanized settlement and not in the rural area. Practically, this 

makes low and medium density urban settlement being the specific settlement land use class modelled in 

this study.  

The projection of future land use in Oklahoma City is built upon scenarios of land allocation that represent 

the city’s possibilities of growth. Therefore, the land use change model is simulated following different land 

allocation for low and medium density urban settlement. This land allocation was derived based on their 

proportion of population increased. The proportion was calculated by comparing the multiplication of the 

population density with the increased area of each urban settlement classes (see Table 11). At the end, the 

total land allocation for 2010 – 2030 is calculated by multiplying the proportion of each urban settlement 

class with the increased population of all population projection scenarios in the same time frame. The final 

land allocation of this scenario can be seen in Table 11. 

Table 11  Land Allocation 

2000 – 2010 Period 

Urban 

Settlement 

Classes 

Area 

Increased 

Population 

Density 

Population 

Increased 
Proportion 

Low 618 27 130.464 0.6 

Medium 7096 38 70.87 0.4 

Land Allocation for 2030 period 

Urban Settlement Classes 
Population Projection Scenario 

1 2 3 

Low 3654 3416 3868 

Medium 1731 1618 1832 

Next, the conversion probability value was calculated using the weight from the regression analysis that 

describes the changing from vacant land to low density urban settlement (from Table 10). After that, the 

new developed land is allocated according to the land demand of each projection type. In addition, we 

simplify the model simulation by running the model statically (in one run for 20 years) without the iterative 

process. This way the simulation time is reduced and it still produced meaningful result (even though it is 

less precise) with less uncertainty (the result is more aggregated).  

To add, the model was simulated by incorporating 2 development scenarios, which were formulated based 

on 2 documents: the analysis of Oklahoma City future growth reported by ECONorthwest (2014) and the 

Planokc document. In that document, it was reported that there are three possible growth scenarios. The 

first scenario was made according to the historical trend of the city which has resulted in a low-density 

expansion on the fringe of the city.  The second and third scenarios are meant to address the changing of 
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housing market that supports the high-density development. The high-density development in scenario 2 

and 3 is reflected upon the current plan of revitalizing the old city centre that would attract people to come 

and live closer to the city centre. Given these points, there are two LUC scenarios employed in the model: 

sprawl and dense. The sprawl scenario (LUCS 1) refers to the current development growth that reflects 

sprawl type of growth meanwhile the compact scenario (LUCS 2) reflects the high-density development that 

could lead to a denser and concentrated development by maximizing the effect of the downtown. The 

difference of both scenarios is regarding the weight of the distance to downtown (as presented in Table 10). 

The sprawl scenario use the weight of distance to downtown variable as listed in Table 10. Meanwhile, to 

reflect the effect of revitalized downtown in the dense scenario, the weight of distance to downtown was 

set the same as the highest variable weight in each urban land use classes in the dense scenario model. 

The simulation result of all the development scenarios which also incorporating the population scenarios 

result. Therefore, there are 6 combination of simulation as listed in Table 12. 

Table 12 Land Use Change Scenario Combination 

Land Use Change Scenario (LUCS) Population Projection Scenario (PPS) Combination 

1 (sprawl development) 

1 (current trend) LUCS 1 – PPS 1 

2 (decreased migration) LUCS 1 – PPS 2 

3 (increased migration) LUCS 1 – PPS 3 

2 (compact development) 

1 (current trend) LUCS 2 – PPS 1 

2 (decreased migration) LUCS 2 – PPS 2 

3 (increased migration) LUCS 2 – PPS 3 

5.2.6. Land Use Projection Result 

The explanation of the LUC simulation result is divided per urban settlement class. For the medium density 

urban settlement class, both LUCS scenarios in all PPSs resulted in the same development pattern of the 

new medium density urban settlement. Since the results are similar for all simulation combination, we 

showed the result with the most distinguishable difference presented in Figure 17, whereas the complete 

result can be seen in appendix D. It is predicted that most of the growth occur on the east and northeast of 

the city, particularly around the North Canadian River which is located in Ward 7 area. There is also some 

infill-development pattern can be found from the figure on both LUC scenario projection result. For the 

sprawl scenario, the medium settlement area is projected to grow towards the nearest vacant land where 

there are many school. This is because of neighbourhood function and the proximity to school are the most 

significant variables variable. On the other hand, regarding the result for LUCS 2 in a glance the 

development pattern is similar with LUCS 1. However, it is projected that there will be more developed area 

on the southern part of the North Canadian River. This reflects that the revitalization of the downtown 

would create more development on the northern and southern side of the river. This difference is because 

of the high weight of distance to downtown which affecting the development in a radial pattern that produce 

new medium density settlement area pattern as depicted in Error! Reference source not found.. To add, 

the population projection scenarios do not affect the development growth pattern as they just determine 

the land allocation. The different land allocation as consequences of different population projection 

scenarios depict similar development pattern in each LUCS.  
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LUCS 1 – PPS 3  LUCS 2 – PPS 3 

Figure 17 Medium Density Land Use Simulation Result Example  

Next, the results of the low density urban settlement projection show different development pattern of the 

new low density urban settlement area for LUCS 1 and LUCS 2. To show this difference, we presented the 

result with the most obvious difference in Figure 18 meanwhile the full result can be seen in Appendix E. 

In the sprawl scenario, it seems like the growth occur in all parts of the city. On the northern and north-

western part of the city (ward 1 and ward 8) the growth occurs as the continuation of the urban fringe. This 

is as expected from the effect of the neighbourhood function as one of the most significant variable. It can 

be seen also that there is new developed land that grows following the road pattern and far from the city’s 

urban area. Development in this area happened because the effect of proximity to road as well as the land 

use zoning. In the compact scenario, it is highly noticeable that there would be a massive growth on the 

north-eastern part of the city which is in the area of ward 7. This captured phenomenon happened because 

of the effect from the modified distance to downtown weight to reflect the effect of downtown 

revitalizations (as the main assumption in LUCS2). The downtown revitalization effect would drive 

development to be focused on the vacant land located in the nearest distance (radially) to the city center. To 

add, similar with the medium density urban settlement simulation, the population projection scenarios do 

not affect the development growth pattern as they just determine the land allocation.  
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LUCS 1 – PPS 3 LUCS 2 – PPS 3  

Figure 18 Low Density Land Use Simulation Result Example 

The summary of the new area development for low and medium density development by numbers for all 

simulations is presented in Table 13. 

 

Table 13 Increased Area of Low and Density Urban Settlement Area (in Ha) 

Wards 
LUCS1 - PPS 1 LUCS1 - PPS 2 LUCS1 - PPS 3 LUCS2 - PPS 1 LUCS2 - PPS 2 LUCS2 - PPS 3 

Low 
Urban 

Medium 
Urban 

Low 
Urban 

Medium 
Urban 

Low 
Urban 

Medium 
Urban 

Low 
Urban 

Medium 
Urban 

Low 
Urban 

Medium 
Urban 

Low 
Urban 

Medium 
Urban 

1 127 668 112 641 140 686 49 585 42 601 53 613 

2 158 108 157 106 166 103 149 135 146 137 154 131 

3 156 465 150 420 164 486 140 430 136 473 144 461 

4 222 403 203 301 249 470 213 281 189 318 227 283 

5 59 306 55 308 67 302 55 312 45 319 63 307 

6 134 15 124 19 137 13 160 0 160 58 160 0 

7 817 768 767 716 872 828 951 1184 880 1133 982 1339 

8 29 920 26 877 31 936 13 666 13 669 13 689 

Note:  
 

5.3. Population Disaggregation 

The following part will explain regarding the population disaggregation using dasymetric mapping technique. 

The discussion comprises of description about the method of dasymetric mapping itself followed by the 

result and interpretation. 

Higher Increase
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5.3.1. Dasymetric Mapping 

The population disaggregation method used in this research followed the method of dasymetric mapping 

by Mennis (2009), Peña (2012) and Nelson (2004). This technique interpolates the statistical data in coarse 

resolution (ward) into the desired unit (100 m resolution) by using land use area fraction as proxy to assign 

number of population in each of the grid cell. In this study, the area fraction is derived from the density of 

the settlement classes (rural, low, and medium density urban settlement). This method was applied for all 

the population and LUC scenarios. The process began with calculating the fraction of the total population 

that should be assigned for each of the settlement classes within the ward: 

duz = (puz) / (phz+plz) 

Where “dus” is the fraction of a settlement class in city level, “prs” as the population density of rural 

settlement class, “pls” is the population density of low urban settlement class, and “pms” is the population 

density of high urban settlement class. Next step is to calculate the percentage of a wards’ total area that is 

occupied by a certain settlement class, divided by the assumed percentage of 50%: 

asa = (nsa/ na)/ 0.5 

With “asa” area ratio of a settlement class s in ward a, “nsa” as the number of grid cells of settlement class 

“s” (rural/low/medium density urban settlement) in ward “a” (1/2/3/4/5/6/7/8), na = number of grid 

cells in district a. Furthermore, the total the fraction of a wards’ total population that should be assigned to 

one of the three settlement classes in ward level were calculated with: 

fsa = (drs* ara)/ [(drs* ara) + (dlc* ala) + (dmc*ama)] 

With “fsa” as the total fraction of a settlement class “s” in ward “a”, “drs” is the fraction of rural settlement, 

“ara” as the area ratio of rural residential class in ward “a”, “dlc” as the population density fraction of low 

urban settlement class, “ala” as the area ratio of low density urban settlement class in ward “a”, “dmc” as the 

population density fraction of medium urban settlement class and “ama” as the area ratio of low density 

urban settlement class in ward “a”. Last step is to assign the population value for each grid based on the 

fraction calculation in respect to the settlement classes and wards:  

popra = (fra * popa)/ nra 

with “popsa” as the number of population assigned to one grid cell of settlement class “s” in district “a”, 

“fsa” as the total fraction of a settlement class “s” in ward “a”, “nra” as the number of pixel of settlement 

class “a” and “popa” as the total population number of ward “a”. 

5.3.2. Result 

The result of this process is the population density map in 2010 and 2030 condition of all simulation 

combination (referring to Table 12). These results are mapped and presented in Figure 19. 
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2010 Legend 

  
LUCS 1 – PPS 1 LUCS 2 – PPS 1 

  
LUCS 1 – PPS 2 LUCS 2 – PPS 2 
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LUCS 1 – PPS 3 LUCS 2 – PPS 3 

Figure 19 Dasymetric Mapping Result 

Based on the figure, there are several observation points that can be made. In LUCS1 – PPS 1, LUCS1 PPS 

2 and LUCS 1 – PPS 3 simulation, most of the area in ward 5 and 6 will experience increased density. This 

mostly because of these wards are experiencing increased but there is no significant increase of urban area 

(low and medium urban settlement). In contrast, ward 2 and 3 in LUCS1 – PPS 3 are experiencing decreased 

density. This is happening because the increase of urban area is more significant than the increase of the 

population. As the consequences, the population is more distributed.  

Moreover, focusing on the land use change scenario 2, LUCS 2 – PPS 1 and LUCS 2 – PPS 2 reveal the 

same pattern of density. This means that there is no significant change in both population numbers and 

urban area. On the other hand, as seen in LUCS2 – PPS 3, ward 1 is experiencing increased density. This 

indicates that there is a significant increase of population with less new urban area.  
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6. CURRENT AND FUTURE COMPOSITE 
VULNERABILITY INDEX 

This chapter explains the process of current and future composite vulnerability index calculation. It starts 

with explanation regarding the conceptualization of the index. Next, the chapter continues with explanation 

of the urban heat wave vulnerability indicator and it ends with the explanation of the result.  

6.1. Conceptualization 

To see the effect of demographic change to heat stress urban vulnerability, composite index of exposure 

and sensitivity index for the current condition and future condition is calculated. It begins with deriving the 

required information of the selected vulnerability variables (the future number of elderly population (>65 

years old), young population (<5 years old), female population) into the 100-m grid level. For the current 

condition index, the required data is derived by multiplying the percentage of each variables obtained from 

the age and sex based population count in 2010 census, with the population density in 2010. On the other 

hand, for the future condition index, the required data is derived by multiplying the percentage of each 

variables obtained from the age and sex based projected population count in respect to the applied 

population projection scenarios and LUC scenarios. This process will be elaborated further in the next 

section. 

The next step of the vulnerability index calculation was normalizing the data of both condition (current and 

future) based on each variable. The normalization was done using minimum maximum method (Voogd, 

1983). The final score is obtained by the sum of the normalized indicator value multiplied by the weight of 

each variable. In this study, equal weight allocation is applied to determine the weight of the selected 

variables (Morabito et al., 2015). This treatment was used because to avoid subjectivity due to lack of data 

and resource. Accordingly, the variables’ weights are presented in Table 14.  

Table 14 Weight of the Selected Vulnerability Variable 

Element Weight Variable Weight  

Exposure 50% Population Density 50% 

Sensitivity 50% Young 16.7% 

Elderly 16.7% 

Female 16.7% 

 

Finally, the index calculation can be described mathematically as:  

Total score = (NV. Population density*weight1) + (NV. Young*weight2) + (NV. Elderly*weight3)  

+ (NV. Female*weight4) 

With, “NV” as the normalized value, “weight 1” as the weight of population density variable, “weight 2” 

as the weight of young population variable “weight 3” as the weight of elderly variable and “weight 4” as 

the weight of female variable.  
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6.2. Urban Heat wave Vulnerability Indicators 

The following part discusses the vulnerability indicators in 100-m grid for the current and future condition. 

These indicators are derived from the current and future population numbers following the method 

mentioned in the previous section. The discussion in this section is divided per vulnerability indicator.  

6.2.1. Young Population 

The maps of young population data (0 – 4 years old) for current (2010) and future condition (2030) in 

regards to the various simulation combination (as stated in Table 12) are presented in Figure 20. The 

disaggregated 100-m grid young population data resulted young population density from 1 – 4 people / ha. 

As shown in the maps, the combination of population projection scenarios and LUC scenarios resulted in 

a different pattern. LUCS1 – PPS 1 and LUCS2 – PPS 2 resulted in a similar pattern of young population 

distribution. In these scenario combination, compared to 2010 condition, it is identified the young 

population density is decreased condition in most of the area in ward 2, 4, 5 and 6 meanwhile the young 

population density is increased most of the area in ward 8. Next, LUCS1 – PPS 2, LUCS1 - PPS 3, LUCS2 

– PPS 2 and LUCS2 – PPS 3 resulted in a similar pattern showing a decreased young population density 

(compared to 2010 condition) in most of the area of ward 2,3,4,5,6. This different pattern is mostly attributed 

to the multiplication of different composition change (resulted from the population projection scenarios) 

with the estimated high resolution population density. The fact that there is a notable difference in 

population projection 1 in both LUCS indicates that the population projection scenario influence more the 

100-m grid elderly population data rather than the type of LUC scenario employed. 

 

 

 

2010 Legend 
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LUCS 1 – PPS 1 LUCS 2 – PPS 1 

  
LUCS 1 – PPS 2 LUCS 2 – PPS 2 

  
LUCS 1 – PPS 3 LUCS 2 – PPS 3 

Figure 20 Young Population Urban Vulnerability Indicator 
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6.2.2. Elderly Population 

The maps of elderly population data (65+ years) for current (2010) and future condition (2030) in regards 

to the various simulation combinations (as stated in Table 12) are presented in Figure 21. The disaggregated 

100-m grid elderly population data resulted in the elderly population density with 4 classes: 1-2 people/ha, 

3-4 people/ha, 5-6 people/ha and 7-8 people/ha. Compared to 2010 condition, the maps show that the 

elderly population is increased in most of the area in ward 1,3,4,5,6 and 8 which is captured in all simulation 

combinations. This indicates that in 100-grid level, different migration scenarios coupled with sprawl or 

compact scenario reveal a similar trend showing increased elderly population in theses wards. 

 

 

2010 Legend 

  
LUCS 1 – PPS 1 LUCS 2 – PPS 1 
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LUCS 1 – PPS 2 LUCS 2 – PPS 2 

  
LUCS 1 – PPS 3 LUCS 2 – PPS 3 

Figure 21 Elderly Population Urban Vulnerability Indicator 

6.2.3. Female Population 

The maps of the female population data for current (2010) and future condition (2030) in regards to the 

various simulation combination (as stated in Table 12) are presented in Figure 22. The disaggregated 100-m 

grid elderly population data resulted in the elderly population density with 4 classes: 1-6 people/ha, 7-12 

people/ha, 13-18 people/ha and 19-24 people/ha. The maps show that compared to 2010 condition, the 

female population is increased in most of the area in ward 2,3,6 and 8 meanwhile the female population is 

decreased in ward 7 captured in all simulation combinations. This indicates that in 100-m grid level, different 

migration scenarios coupled with sprawl or compact urban development reveal a similar trend. 
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LUCS 1 – PPS 3 LUCS 2 – PPS 3 

Figure 22 Female Population Urban Vulnerability Indicator 

6.3. Result  

The index calculation resulted in a composite score with 0 – 1 scale. To map this result, the score was 

classified by using equal interval method into 5 classes: low (0 – 0.2), very low (0.21 – 0.4), medium (0,41 – 

0.6), (0.61 – 0.8) high and very high (0.8 – 1). The profile of each index class is presented in Table 15. In 

addition, to simplify the discussion, the index calculation result is presented per LUC scenarios.  

Table 15 Index Classification 

Class Score 
Population Density 

(people/ha) 

Young 

Population 

(people/ha) 

Elderly 

Population 

(people/ha) 

Female 

Population 

(people/ha) 

Very Low 0 – 0.2 0 - 11 1 1 1 – 4 

Low 0.21 – 0.4 11 – 27 1 2 – 4 6 – 10 

Medium 0,41 – 0.6 29 – 37 2 2 – 6 7 – 11 

High 0.61 – 0.8 31 – 38 2 – 4 3 – 7 15 – 20 

Very High 0.8 – 1 41 – 46 2 – 4 4 – 7 16 – 22 

The maps of the score classification for LUCS 1 simulation are shown in Figure 23.  
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2010 LUCS 1 – PPS 1 

  
LUCS 1 – PPS 2  LUCS 1 – PPS 3 

 

Figure 23 Index Calculation Map Result of Land Use Change Scenario 1 

Based on the figure, there is a notable increase of several class index area. There is an increase of high class 

index located in ward 8. This increase is attributed to the increase of low density urban settlement. 

Meanwhile, it is observed that there is an increase of low class index in ward 7 area. The increase in this area 

is attributed to the increase of low and medium density urban settlement as predicted in the LUC model. 

Furthermore, there is also a changing of class index from high to very high class occurred in PPS 1 

particularly in ward 6 but not in other simulation. Referring to the projected population composition in 

Table 7, this finding happened due to the effect of young population number. PPS 1 resulted in a higher 



INCORPORATING SPATIO-TEMPORAL DEMOGRAPHIC CHANGES IN FUTURE HEAT STRESS VULNERABILITY ASSESSMENT 

55 

number of young population among all of the population projection scenario for ward 6. As result, when 

this data incorporated in the index calculation, it gives a higher score so it is categorized in very high class. 

The maps of the score classification for LUC scenario 1 simulation are shown in Figure 24.  

  
2010 LUCS2 – PPS 1 

  
LUCS2 – PPS 2 LUCS2 – PPS 3 

 
Figure 24 Index Calculation Map Result of Land Use Change Scenario 2 
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Based on the figure, it can be seen also that there is a notable increase of low class index concentrated on 

ward 7 area. The increase in this area is attributed to the increase of low and medium density urban 

settlement as predicted in the LUC model. This is in accordance to the result of the LUCS 2 simulation 

which resulted in a significant new urbanized area concentrated in ward 7. Furthermore, similar with the 

result of LUCS 1, it is also found that there is a changing of class index from high to very high class occurred 

in ward 6 and 8 in PPS 1 but not in other simulation combinations. This finding mostly attributed to the 

effect of the higher projected young population number within these wards resulted by PPS 1. As result, 

when this data incorporated in the index calculation, it gives a higher score so it is categorized in very high 

class.  

To give a better overview regarding the future urban heat wave vulnerability, an aggregate area based on the 

vulnerable index classes was calculated and presented in Figure 25. 

 

Figure 25 Urban Heat wave Vulnerability Index Aggregated Area 

In general, the graphs show that there is an increased area that possess very low to very high vulnerability. 

This condition occurred because there is a significant change of the exposed area due to the increase of 

settlement area in the future. It is captured from the estimation of high-resolution future population density 

that utilized the projected land use as basis map for the areal interpolation.  

Next, the graph shows that vulnerability index in LUCS1 – PPS 1 and LUCS1 – PPS 2 produced the largest 

area with very high class. Referring to the visual observation of the maps in Figure 24, the existence of the 

very high vulnerability class in both simulation combinations can be found in ward 6. Looking back to the 

explanation regarding vulnerability indicator in current and future condition (in section 6.2), ward 6 is 

experiencing increased population density, elderly and female population. Furthermore, judging from all the 

vulnerability maps, ward 4 possesses a high and very high vulnerability class area which can be found in the 

2010 and 2030 in all simulation combinations. Looking back at its vulnerability indicator, this ward also 

experiencing increased population density, elderly and female population. These findings indicate that ward 

4 and 6 will be the most vulnerable ward in the future due to increased population density, elderly and female 

population. In addition, focusing on the existence of very high vulnerability class, the fact that LUCS2 – 

PPS 1 give the highest area of very high vulnerability indicates that compact development with the current 

population growth lead to the most vulnerable condition affecting particularly ward 4 and 6.  
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7. DISCUSSION 

This chapter presents the discussion of the research findings. It starts with discussion about the population 

composition change projection followed by discussion about projection of the high-resolution population 

density. It continues with the reflection on the grid level vulnerability indicators as well as grid level 

vulnerability index calculation. Lastly, it ends with the discussion of findings regarding the future heat wave 

vulnerability of Oklahoma City. 

7.1. Projecting population composition change in the future 

The future population projection by age and gender makes it possible to derive the selected demographic 

data that matter for assessing urban vulnerability to heat wave. For this purpose, cohort-component method 

has performed well. The population projection conducted in ward level could reveal the changes of 

population composition in the ward level whereas the result can be aggregated to show the population and 

composition change in the city level.  

Looking further to the population change component, the change of the population composition is highly 

sensitive to the migration in each age group. It seems that the increased or decreased population within each 

age group (induced by the migration) influence more the population composition change rather than the 

mortality and fertility components. Therefore, thorough study about migration focusing on the migration 

in each age group could be beneficial in getting insight about the population change in the future. 

Migration is hard to predict and it is affected by many aspects such as economic and environment. 

Therefore, migration is the most volatile component of population change and it possesses the biggest 

uncertainty of population change. This study tries to address this uncertainty issue by incorporating 

population projection scenarios focused on different migration setting. In the city level and ward, the 

population projection shows that the scenarios applied were not giving significant difference of the total 

population count at the end. All three PPS showed an increasing trend (no extreme result) compared to the 

2010 data whereas the population count difference among scenarios is relatively small. It seems that the 

migration scenarios employed in this study is not fully explored. This is due to the lack of resource and 

knowledge regarding the city’s population growth trend and drivers. However, applying 10% difference for 

the current, decreased and increased migration (accounted for all population age groups) in the population 

projection scenario showed that slight difference of migration number assumption projects different 

population composition change in the future. Therefore, in regards to characterise the future demographic 

composition, the scenario development is essential. All in all, to what extend this scenario should be defined 

is depended on many factors such as the current development policies, stakeholders interests, policies in the 

broader scale, etc. 

 

The most obvious effect revealed by employing different population projection scenario is that each scenario 

resulted different population composition in the future. Even though all PPS showed the same trend, they 

reveal different population composition both in the city level and ward level (in respect to each wards). By 

far, PPS 1 or the continuation of the current trend showed more vulnerability in all LUC scenario (captured 

in the area of ward 6). However, different assumption and scenarios employed would result different 

population composition in the future and it is necessary to build comprehensive migration scenario built 

from robust assumption. Thus, proper knowledge regarding the population characteristics and population 

growth trend and driver is essential. 
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Another point observation that can be pointed out regarding the population projection part is about the 

validation method. This study validated the population result by comparing the projected population in 

certain year (in this case it was year 2015) with the actual population count in the same year. This method is 

chosen simply because it is the common validation method used by demographers (i.e. Choi (2010)). 

However, there are many methods can be used to validate and assess the accuracy of the population 

projection result (such as face validity, plausibility, costs of production, timeliness, etc.) (Swanson & Tayman, 

2012). Hence, how advance and detail the validation method used to assess the accuracy of the population 

projection depends of the purpose of the study, data availability, and stakeholder involved. 

7.2. Projecting Future Population Density in High Resolution  

The combination of population projection, land use model and population disaggregation method were 

proven able to produce future population density. There are two points that can be criticized regarding this 

process; the land use change model and the population disaggregation result.  

Land use modelling 

The developed GIS-based CA land use model has produced the future land use of Oklahoma City showing 

a future development trend of the city. The model incorporated the factors that drive the city’s future 

development. These driving factors were selected by considering the city development trend combined with 

common factors that drives spatial development coming from the literatures. However, these driving factors 

are poorly formulated as they are not validated by stakeholders or thorough studies of land use change in 

Oklahoma City. However, for this study purpose, the selected driving factors are adequate as they can show 

the possibility of growth and land use change from different assumptions.  

This study has produced the future land use of Oklahoma City under two possible development trajectories: 

sprawl and compact development scenarios. These scenarios showed different development pattern that 

might happen in the future. The scenarios employed in the land use change model are simplified to reflect 

the on-going development policy stated in the emerging land use plan. For this study purpose, these land 

use change scenarios are considered adequate to reflect the possibility of future land use as consequences 

of the emerging development policy in Oklahoma City. However, ideally, in regards to assessing future heat 

wave vulnerability in urban area, the model scenarios should be comprehensive to reflect all the possible 

development as the consequences from the on-going development policies. This is to give a better insight 

regarding the future physical development of the city that might influence the vulnerability in the following 

years.   

Population Disaggregation Result 

Dasymetric mapping has successfully aggregated the population data into 100-m grid level for current (2010) 

and future condition (2030). From this process, the results showed that there is an increased population 

density in certain wards captured in all simulation combination. The combination of different population 

projection scenarios and urban growth scenarios reflect the possibility of different population distribution 

in the future as the consequences of the uncertainty in population projection and the urban growth. 

However, there is one notable finding revealed from the combination of urban and population projection. 

There is a mismatch between the increased population and the increased urbanized area. For instance, in 

LUCS1- PPS 1, ward 8 is projected will experience significant increased population but it is not accompanied 

by increased of urbanized area. This means that the population growth in ward level does not necessarily 

mean increased urbanized area. There are two points that caused this mismatch. First, there is a gap of 
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analysis scale between the population projection and land use model. The population projection was 

calculated based on ward level meanwhile the land use change model was simulated in city level. As 

consequences, the land allocation is aggregated for the whole city but not according to wards. Simulating 

the land use model by dividing the land allocation per wards could be a solution to overcome this issue. 

Second, population projection and the land use change model have different driving factors. The population 

projection is influence by death, birth and migration meanwhile the land use change model is influenced by 

spatial feature such as proximity to downtown, existence of certain infrastructure or geographic 

phenomenon, land use zoning, etc.  

7.3. Grid Level Vulnerability Variables  

The elderly (65+ years), young (0-4 years) and female population are considered as the vulnerable groups to 

heat wave occurrence. The proportion of these vulnerable groups are used to quantify sensitivity of certain 

area in heat wave vulnerability assessment. The essence of this “population group proportion” in the heat 

wave vulnerability mapping is to show where these vulnerable groups “located and concentrated” so that 

the area with high proportion of these vulnerable groups is more sensitive to heat wave. To show this 

condition, the proportion of these vulnerable groups is calculated as percentage within certain administrative 

boundary (wards, district, block, etc.) in the common vulnerability mapping practice. The CC VA assessment 

method in this study follows the high-resolution VA which makes the analysis is done in grid level which 

has small area boundary (squared, 100m x 100m). Accordingly, the data used in the assessment should be 

transformed into this grid level.  

In this study, as vulnerability indicators, the vulnerable groups are represented in a disaggregated population 

data resulted in vulnerable groups population density within 100-m grid. This is due to the reason that the 

total population in one grid/pixel is so small compared to the total population in ward or district level which 

makes using fraction (i.e. percentage, proportion) is not relevant to show the “concentration of vulnerable 

groups” in grid level. For example, the disaggregated data showed that there are 44 people in one grid with 

100 m2 size. Referring to this grid data, it is clearer to say there are “x number of female in this grid” rather 

than there are “z percent of female/young/elderly in this grid” as there are only few numbers of population 

there. Looking broader at the whole city context of this grid-level data, at the end it is more convenient to 

represent this data in terms of population density of female/young/elderly rather than percentage of 

female/young/elderly to express the concentration of the vulnerable groups in 100-m grid level. As 

consequences, the vulnerable groups population density is the vulnerability indicator used to quantify heat 

wave vulnerability (current and future condition) in this study. All in all, this finding reveals one of the main 

differences of conducting VA assessment using administrative boundary (choropleth map) (i.e. Bassil et al. 

(2010); Inostroza et al. (2016); Zhu et al. (2014)) with LU/LC (high resolution map) (i.e. Aubrecht et al. 

(2013); Freire & Aubrecht (2012); Morabito et al. (2015) and Tenerelli et al. (2015)). However, at the end, 

practitioners and researcher should map vulnerability at a resolution appropriate for the decision makers or 

stakeholders (de Sherbinin, 2014b) 

7.4. Vulnerability Index Calculation in Grid Level 

Furthermore, as vulnerability variables, even though the population density of female/young/elderly in high 

resolution is derived from the total population density, this does not make the vulnerability to heat wave is 

heavily dependent on the population density itself. High population density does not mean high population 

density of female/young/elderly as the percentage of female/young/elderly population in each ward also 

contribute to produce the female/young/elderly population density in the 100-m grid level.  
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The importance of the selected variables in measuring the vulnerability to heat wave depends on the weights 

of each variable (see Table 14). This concern brings another discussion regarding the determination of these 

weights. This study employed equal weight to calculate the composite index which comprises of sensitivity 

and exposure as the selected vulnerability components (both have 50% weight each). These components 

then broken down into its own vulnerability variable whereas the weights are also divided equally from the 

initial weight of the component. For instance, population density has 50% weight because it is the only 

vulnerability variable in the exposure component meanwhile population density of female, young and elderly 

weight 16.7% because there are 3 variables in sensitivity component (50% divided by 3=16.7%). With this 

weight allocation, practically, population density possesses the highest weight and the vulnerability index 

produced is influenced more by the population density rather than other selected vulnerability variables. 

With the limitation of knowledge regarding the study area, this weights allocation is considered appropriate 

as it avoids subjectivity and assumption without robust basic. At the end, in general, the weight allocation 

highly depends on the number of variables included in the VA and it depends also on the context of each 

area. This concern reflects to the importance of having more knowledge (documents, stakeholder 

involvement) to select the vulnerability variables as well as determining the weights of the vulnerability 

variables.  

The vulnerability assessment approach demonstrated in this study has been proven able to produce detailed 

vulnerability map. The product of this VA approach can provide information regarding vulnerable area in a 

seamless manner, not bounded by certain administrative area. Hence, the output maps reveal detail variation 

of vulnerability area of the whole city. This output is beneficial for the policy maker to get a more advance 

understanding regarding the city’s vulnerability to heat stress so that improved adaptation policy can be 

made. For instance, the detailed vulnerability map could be a useful input to see the coverage area and 

calculate how many people can be covered with a health care centre particularly in the area with high level 

of vulnerability index. This way, they could know how many people are covered and not covered, so this 

information could be a consideration whether they need to build a new health care centre or not including 

where they should put it in that highly vulnerable area. This is the main advantage of the vulnerability map 

produced by grid level VA approach as demonstrated in this study. However, one obvious shortcoming 

identified from this type of VA approach is that the result is rather difficult to interpret. This is mostly due 

to the reason that the output map is seamless and it is not associated with any spatial entity (wards, 

postcodes, blocks, district, etc). For instance, in this study we used the words such as “in the area of ward…” 

or “most of the area in wards…” to express the location of certain vulnerability index class. We cannot 

simply say that “this ward possesses high vulnerability class” to express the location of certain vulnerability 

index class as due to the detailed map, within a ward there maybe few vulnerability classes exist. This issue 

is also found when interpreting the vulnerability indicator in grid level. Another reason is that because the 

data is mapped in grid level, the changes of the vulnerability spatially cannot be seen vividly form the maps 

(unlike the VA map in choropleth map). Given these points, since it is hard to interpret, the result of the 

grid level VA is also hard to communicate. Thus, this is the biggest shortcoming identified from the grid 

level VA. 

7.5. Future Heat Wave Vulnerability of Oklahoma City  

There are several main findings regarding future heat wave vulnerability of Oklahoma City obtained from 

this study: 

• The projected population in the city level showed that there will be more elderly population 

(65+years) meanwhile the young population (0-4 years old) are decreased indicating that the 

population of Oklahoma City is aging. Respectively, the projection in ward level shows similar trend 
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of aging population. In addition, the population projection in city level showed increasing female 

population and this result is also captured in all wards. 

• The land use modelling predicted that ward 7 and 4 will experience a significant increase of built 

up area particularly on medium and low development settlement area. This result is captured in all 

LUC scenario employed. This contributes to the increased of exposure area to heat wave in 

Oklahoma City. 

• The estimated future population density showed that  

• Referring to the vulnerability variables, from all simulations, this study predicts that there will be an 

increase of exposure in most of ward 3, 4, 6 and 7 area due to increased population density. It is 

also captured that the sensitivity will be increased particularly due to the increase of elderly and 

female population in most of ward 2,3,4, 6 and 8 area. 

• All in all, the total vulnerability index maps show that there will be more exposure area to heat wave 

in the next 20 years particularly in ward 4 and 6 area in Oklahoma City. In the meantime, the result 

of the vulnerability index calculation shows that big portion of ward 4 and 6 area are the most 

vulnerable area in the next 20 years. This condition mostly driven by the increase of population 

density, elderly and female population within these wards. 

These findings indicate that regarding the heat wave issue in Oklahoma City, the authority should pay 

attention more to ward 4 and 6. As captured from the spatial-temporal VA, these areas are having more 

exposure to heat wave because of the dense population compared to other areas (both in current and future 

condition). To add, these areas are also more sensitive to heat wave because of the vulnerable groups 

concentration (particularly elderly and female population) both in the present and future condition. This 

information is beneficial for the authority as input to evaluate their CC adaptation measures. For instance, 

using the output maps, the authority in Oklahoma City could evaluate their health care service in respect to 

the area covered as well as the number of people covered by the health care focusing on the vulnerable 

groups. This way could be one of the important input to enhance their health care service to cope with the 

vulnerability condition in the future.  

7.6. Limitation  

There are few limitations acknowledged in this study: 

• First point is regarding the land use data. This study used the land use data in 2000 and 2010 derived 

from Landsat image using remote sensing technique. Even though the resulted land use maps are 

cross-checked with the existing land use data and land use zoning of Oklahoma City, the produced 

land use maps are considered are not representative enough. This is because the produced land use 

maps area not validated through ground check or consultation with the local authority. Moreover, 

the remote sensed 30-m grid Landsat data was found not adequate to capture the settlement area 

especially the rural settlement. This is due to the reason that the rural settlement is scarcely 

developed so it is hard to get the reflectance sample that is good enough to represent the rural 

settlement. As consequences, the produced land use maps are of low quality. Fortunately, the rural 

settlement is not of interest in the LU modelling as the model was designed to model the change 

of urban settlement based on the assumption that population increase is attributed to the urban 

settlement but not the rural settlement. Therefore, the fact that the rural settlement is not properly 

mapped does not affect the projection process. However, it still considered limitation as the poorly 

remote sensed rural settlement area is used in the dasymetric mapping process and it reduced the 

quality of the produced disaggregated population data. 

• Another notable limitation of this study is regarding the stakeholder involvement. This point has 

been mentioned in discussion parts, particularly regarding population projection scenario, land use 
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change scenario, vulnerability variable selection and vulnerability weight definition. Stakeholder 

involvement is considered as essential part that is missing as it could be beneficial in providing 

information regarding these essential parts of the study. Consultation with the local stakeholder 

would enhance the study by providing more information that can be used to develop better 

population projection and land use scenarios, select a more thorough vulnerability variables and 

provide more contextual vulnerability variables weight. In general, consultation with the local 

stakeholder would also beneficial in giving deeper understanding about the heat wave issues in the 

study area. This information would be helpful as input in delivering a more comprehensive urban 

heat related vulnerability study. 
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8. CONCLUSION AND RECOMMENDATION 

8.1. Conclusion 

This study has fulfilled the main objective of developing an approach to incorporate demographic changes 

in assessing future urban vulnerability to heat stress. This is supported by the fulfilment of the specific 

objectives of this study. 

First, a research framework that ties the knot between demographic data, heat wave vulnerability 

determinants and urban vulnerability framework was. This framework served as the conceptual basis to 

identify the required demographic data for future urban heat wave vulnerability. As the conclusion of the 

first research objective, the framework showed that population density, female population, young 

population (0 – 4 years old), elderly population (65+ year) and population by ethnicities are the common 

demographic data used to measure heat wave vulnerability in urban area.  

Meanwhile, as the conclusion of the second research objective, the future vulnerability assessment in urban 

context requires projection of the selected demographic data in intra urban scale (100-m grid was chosen as 

the unit of analysis). Therefore, population projection by means of cohort component method was used to 

project the future population composition (attributed to the future number of female population, young 

population, elderly population) meanwhile combination of population projection (cohort component 

method), land use modelling (GIS-Based CA Model) and population disaggregation (dasymetric mapping) 

were used to estimate the future population density.  

 

Next, the proposed methods successfully provide the required data to conduct future urban heat wave 

vulnerability in high resolution. After incorporated in the vulnerability index calculation (current and future 

condition), the demographic changes captured by the proposed methods give difference to the future 

vulnerability condition in terms of increased vulnerability area and changed vulnerability class. This is the 

conclusion of the third research objective.  

In addition, as the novelty of the research, combination of population projection, dasymetric mapping and 

land use change model has successfully captured the spatial – temporal demographic change in the future 

vulnerability assessment. These methods are not new and already well developed. This implicates that it is 

possible to use a combination of various methods and approach to address climate change issues particularly 

in the area of future vulnerability assessment.  

Overall, this study reveal the importance of incorporating that that demographic changes will lead to 

different vulnerability condition in the future. The change of population composition contributes in giving 

insight about the future sensitivity as it shows the changes of vulnerable group population numbers. 

Meanwhile, the projected population density that might happen under various urban development scenario 

and population projection scenarios show that the exposure to heat wave will increase in terms of quantity 

and area extent in the future. All in all, this information provides a meaningful insight regarding vulnerable 

areas in the future including its demographic drivers, thus supporting authority and policy maker to deliver 

better CC adaptation measures.  
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8.2. Recommendation for Future Studies 

This study explores the possibility of combining existing and developed methods to address the issues 

identified regarding the future vulnerability assessment. However, further studies are required to the test 

usage of proposed methods in different settings and to improve the concept or operability of the concept.  

One possible recommendation is to test the usage of the proposed method in different type of cities. Cities 

in developing countries possesses more threat to climate change impact due to lack of resource, overly dense 

and populated area, and many other problems faced by those cities. This condition superimposed with the 

more severe climate change impact the future, raise a need to characterize the future vulnerability to 

formulate better climate change adaptation policy. Thus, it is worthy to try the usage of this study approach 

in developing countries setting.  

Furthermore, exploring different scenarios regarding population growth or land use change trend also 

valued as a worthy further research avenue. For example, using extreme population change scenario 

(supported with robust assumption and background), decreasing population or shrinking cities might be 

interesting to be use as scenarios to be explored further study. 

It is also important to test the effect of methodological variation in operating the proposed approach. For 

instance, using more advance population projection method, using more complex land use model and using 

another type of population disaggregation. This way could enhance and improve the proposed method by 

finding the most convenient and efficient methods combined or it could also reveal more the shortcomings 

and benefit of the proposed method leading to a different ideas and approach in addressing the future 

vulnerability assessment issues. 

Regarding future vulnerability assessment in local scale such as urban area, it is necessary to investigate the 

usage of the SSPs and see the difference with the scenario developed from the local context. The SSPs are 

formulated from the global scale whereas the assumptions used are different with the real condition in the 

local scale. Regarding this mismatch, one can compare which one is more useful in regards to addressing 

CC future in the future. It could be useful also to evaluate the SSPs by reflecting it with the scenario from 

local context. However, there are many areas of interest can be explored within this view and it is worthy as 

a further research direction in CC future vulnerability studies.  

Moreover, reflecting to the vulnerability by (Romero-Lankao et al., 2012), it is necessary to address the 

possible future changes within the exposure, sensitivity, adaptive capacity and hazard. The first two have 

been addressed in this study. What is needed is to conduct a complete future vulnerability assessment by 

incorporating changes that might happen in regards to all vulnerability component. This emerge as a 

potential future study direction in CC studies. 

 

All in all, demographic changes clearly influence the vulnerability in upcoming years. Referring to elements 

of socioeconomic characteristics as reported in the IPCC AR4 (2007), it is suggested to investigate the 

changes in other elements such as economic, natural resource use, governance and policy, and cultural and 

to see how the changes of these element could affect CC future vulnerability. Research in this perspective 

are still lacking and it is important to foreseen these changes to deal with CC in the future. 
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APPENDICES 

APPENDIX A: Birth Rate (per 1000 people) of Oklahoma County (average 2000 – 2010 period) 

Mother’s Age Birth Rate 

10-14 years 0.6 

15-17 years 18.5 

18-19 years 52.6 

20-24 years 67 

25-29 years 63.2 

30-34 years 45.3 

35-39 years 19.7 

40-44 years 3.7 

45-54 years 0.2 

Source: http://www.health.state.ok.us/ok2share/ 
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APPENDIX B: Death Rate (per 1000 people) of Oklahoma County (average 2000 – 2010 period) 

Age Group male female 

<1 year 9.302833333 7.781 

1-4 years 0.351181818 0.3596364 

5-9 years 0.218 0.2358333 

10-14 years 0.2769 0.1922857 

15-17 years 0.635 0.305 

18-19 years 1.37675 0.513 

20-24 years 1.32575 0.428 

25-29 years 1.373166667 0.67675 

30-34 years 1.64275 0.8985 

35-39 years 2.360416667 1.4710833 

40-44 years 3.57725 2.2291667 

45-49 years 5.435916667 3.3099167 

50-54 years 7.993666667 4.8381667 

55-59 years 10.89933333 6.9793333 

60-64 years 15.81991667 10.683083 

65-69 years 23.24208333 15.30775 

70-74 years 35.51058333 23.677167 

75-79 years 53.05516667 38.390167 

80-84 years 83.96733333 59.329833 

85+ years 158.718 137.41083 

Source: http://www.health.state.ok.us/ok2share/ 
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APPENDIX C: Multinomial Regression Result 

Parameter Estimates 

urban00a B Std. Error Wald df Sig. Exp(B) 
95% Confidence Interval for Exp(B) 

Lower Bound Upper Bound 

1 

Intercept -29.019 17.739 2.676 1 .102    

street_nor 4.691 5.528 .720 1 .396 109.010 .002 5536377.677 

sch_nor 21.881 16.702 1.716 1 .190 3183839661.354 1.935E-5 
523983354173961

500000000.000 

lake_nor 2.636 3.269 .650 1 .420 13.964 .023 8470.345 

dt_nor -9.991 3.696 7.308 1 .007 4.582E-5 3.276E-8 .064 

nn1_00 17.694 2.704 42.820 1 .000 48341389.465 241385.914 9681136305.290 

nn2_00 8.471 1.700 24.824 1 .000 4776.030 170.529 133762.937 

2 

Intercept -10.992 2.251 23.846 1 .000    

street_nor 4.832 1.914 6.372 1 .012 125.502 2.945 5347.477 

sch_nor 1.865 1.907 .957 1 .328 6.455 .154 270.970 

lake_nor .335 1.038 .104 1 .747 1.398 .183 10.690 

dt_nor -.186 1.064 .031 1 .861 .830 .103 6.688 

nn1_00 5.800 1.559 13.842 1 .000 330.255 15.557 7010.959 

nn2_00 10.024 .703 203.194 1 .000 22556.789 5684.808 89503.246 

a. The reference category is: 0. 

 

Source: SPSS 
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APPENDIX D: Projection of High Density Urban Settlement in 2030 
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APPENDIX E: Projection of Low Density Urban Settlement in 2030 
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