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ABSTRACT 

 

 Climate change will have significant impacts on human populations and the natural 

environment. One key concern for human populations is the increased risk for meteorological 

extremes such as floods, droughts, extended heat waves, and severe events. Assessing 

vulnerability is important so that adaptation and mitigation techniques can be implemented to 

protect vulnerable populations. Although it is vital to evaluate vulnerability at large scales to 

cover populations, it is also important to apply it at city levels. Vulnerability to climate change 

can vary significantly across short distances and visualizing these changes allow governments to 

better prepare adaptation techniques. One way of assessing vulnerability is through a climate 

vulnerability index (CVI). In this, total vulnerability for Muncie, IN is assessed through a CVI. 

Variables such as percentage of green space, median income, existence of flood plains, and 

vulnerable populations are applied to Muncie at a block group level. The CVI encompasses the 

composite scores of each variable for every block group. Composite scores for the variables are 

dependent on classification method and the effects the variable has on vulnerability. The 

variables were separated into classes through statistical classification methods and justification is 

provided. Once all variables are scored, they will be added to create the CVI. Results showed 

that the south and northeast portions of the city were the most vulnerable, while the northwest 

portions were the least vulnerable. Utilizing fine-scale CVIs can lend itself to easily identifying 

the most at risk populations within a city, and thus, let the local government utilize resources 

targeted at the people who need it most.  
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I: INTRODUCTION 

Globally, climate change varies significantly across space. Many lesser developed 

countries are at risk for negative consequences as a result of the changing climate (Mertz et al., 

2009). Developed countries are better equipped to help mitigate and adapt to these changes, 

however, many vulnerable populations exist (Haines et al., 2006; Berrang-Ford et al., 2011). 

Minority groups, the elderly, those who are sick or disabled, children, women and Native 

Americans are some of these at-risk populations (Akerlof et al., 2015). Individuals have differing 

access to adaptive measures. Affluent families generally have the means to adapt to climate 

change without taking on too much of a financial burden. For some families, the financial strain 

may be too much. The loss of a job, increased food prices, or an extreme event may leave a 

vulnerable family without a home, or the ability to pay for damages, repairs, food, or necessary 

medical supplies. People who live near the poverty line are at risk of being dragged into an 

impoverished state if one or more of the events stated occur. Already impoverished communities 

and families are at the highest risk because these groups are already struggling.  

 Vulnerability to climate change has numerous dimensions and will vary between regions. 

Some of the variables that contribute to vulnerability are income, population density, amount of 

green space, existence of flood plains, access to food and clean water, whether an individual 

lives within a city (urban heat island effect: see section 2.6), and whether the individual is a part 

of a higher risk population group. In a place where there is significant poverty, lack of food, and 

high population density, there would be greater vulnerability than a place that is affluent, has 

plenty of food, and has a lower population density. The Intergovernmental Panel on Climate 

Change (IPCC) in 2007 defined total vulnerability as a function of exposure, sensitivity, and 

adaptive capacity (IPCC, 2007). Climatic variations measure the exposure of the system, effects 
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of variations on the system is the sensitivity, and the ability of the system to adjust to climate 

related stimuli is the adaptive capacity.  

 Climate Vulnerability Indices (CVIs) have been used to visualize or assess vulnerability 

to climate change in various parts of the world. Most indices described in the literature have been 

made for regions in the Middle East, Africa, and parts of Asia (Etwire et al. 2013; Aryal et al. 

2014; Malik 2012). However, there are relatively few for US cities. The variables that make up 

the indices for different regions will differ from one place to another. In less developed parts of 

the world, for example, a variable may be distance to a local watering hole. This would not affect 

a developed country, as most residents have running water, however, the quality of that water 

would be a variable. Although regional and state scale indices cover broad areas, they may not 

offer enough granularity. A finer resolution, like that on a city level, will lend itself better for 

local variations. Climate change vulnerability varies spatially, though the variations may occur 

over short distances (e.g. house to house). An index on the scale of census block groups within a 

city will display how much vulnerability varies within different sections of the city, and the city 

at large.  

 Fine-scale CVIs will permit local governments to better plan and implement localized 

adaptation and mitigation measures. Additionally, the smaller scale indices can be better utilized 

by the residents of that town. Knowledge of where an individual lives and the potential hazards 

that they may face is an integral part of preparation and planning. Using the index to see that a 

homeowner lives in a localized flood plain, and flood occurrences are likely to increase gives the 

homeowner the ability to take steps to better prepare the house for such events. This can 

potentially save lives or property, and in the long run, save people from economic hardship. 

Early planning, for governments and individuals alike, is essential to mitigate events that will 
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inevitably occur. Muncie, IN (the study area) is a typical medium-sized Midwestern town, 

therefore, this index might be generalizable to similar cities within the same region. Exposures 

and sensitivities will be alike, and thus, total vulnerability may be comparable. 

 The purpose of this study is to create the CVI for Muncie on a block group level so the 

local residents and government can better visualize their total vulnerability. More broadly, this 

study addresses the lack of CVIs for smaller US cities. Most of the literature focusing on indices 

in the US are at a state or region level. For larger US cities, Notre Dame’s Urban Adaptation 

Assessment includes information for 270 larger US cities (Urban Adaptation Assessment, 2018). 

Using this resource, the user can choose from and visualize each city’s risk to climate change 

and the city’s readiness in terms of economic outlooks. This is a good starting point for other 

indices to be made for smaller cities around the US. Larger coverage of areas on differing scales 

will let local residents and governments plan accordingly for their specific needs, while large 

scale CVIs let state or federal level governments plan allocation of resources to specific regions.  

In this study, Muncie is assessed through the framework laid out by the IPCC and the 

study examines how well the climatic change vulnerability variations across the city are 

represented. The methodological approach follows work by Binita et al. (2015). Their case study 

looked at the US state of Georgia. Similar methodologies and data sets are used to create the 

index in this study. Population density, amount of green space, median income, vulnerable 

populations, existence of flood plains and impervious surfaces, and building ages are used to 

create a composite vulnerability index per block group. 
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II: LITERATURE REVIEW 

2.1 Climate Change Definition  

 Climate is a description of the average and variability of atmospheric characteristics over 

a period of time (Merriam-Webster, 2003). This amount of time can vary, for example, from 30 

years to millions of years. Variability is described, most often, by changes in wind, temperature, 

and precipitation (Solomon et al., 2007). Climate change describes the differences of one or 

more of these variables over time. These differences may lead to changes in flooding risk, 

extreme weather events, and heat waves. Although climates have varied throughout the earth’s 

history, contemporary climate change has become synonymous with anthropogenic climate 

change (i.e. the way human behaviors and activities alter the atmosphere). 

 Changes in climate will likely vary across space. For example, the southwestern United 

States will likely become drier whereas the east is expected to become wetter (IPCC WGII AR5, 

2014). Seasons could shift, extremes in both temperature and precipitation may spike or fall, and 

exaggerated extreme events could become commonplace (Thomson, 2009; Trenberth, 2001).  

2.2 Greenhouse Gases 

Greenhouse gases (GHGs) play an integral role in the changing climate. The most 

prominent GHGs are water vapor, carbon dioxide, methane, nitrous oxide, ozone, and fluorinated 

gases (EPA, 2019). GHGs are good absorbers of outgoing longwave radiation, and thus, trap heat 

in the atmosphere (NASA, 2010). The most important GHG in the atmosphere is water vapor, 

however, humans do not have a direct effect on water vapor. Therefore, carbon dioxide (CO2) 

gets the most amount of attention. Humans do have a direct impact on the amount of CO2 in the 
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atmosphere, and they have been putting large amounts of it in the atmosphere ever since the 

Industrial Revolution.  

 GHGs presence in the atmosphere leads to changes in the radiation budget. The earth’s 

atmosphere tends toward an equilibrium, where the amount of radiation coming into earth should 

be the same amount leaving earth (ACS, 2019). Less radiation leaving the atmosphere means that 

more heat energy is being trapped. The majority of this radiation remains in the troposphere, 

heating the surface of the earth (IPCC WGI AR4, 2007). Warmer temperatures lead to melting of 

the ice sheets, reducing the overall albedo of earth. This in turn leads to enhanced warming, and 

the cycle continues. This is known as a positive feedback loop. CO2 is essential for plant growth; 

however, the benefits of increased amounts do not outweigh the risks. Adding more and more 

CO2 will cause a diminishing returns scenario as plant growth also relies heavily on nitrogen 

levels, which is sparser, and the limiting factor here (Reich et al., 2014). Additionally, increased 

deforestation means fewer trees and plants to intake the CO2.  

 Methane (CH4) is another GHG that humans have an impact on. CH4 has three major 

sources and many minor sources. The three main sources are: rice agriculture, cattle farming, and 

natural wetlands. Landfills, natural gas, coal mines, and urban areas are a few of the minor 

sources of methane (Khalil, 2000). The concentration of CH4 in the atmosphere is relatively 

small, but the amount has risen about 150% since 1750 (UCAR). In addition, CH4 is more 

effective at absorbing the outgoing longwave radiation than CO2 is; its global warming potential 

is 25 times higher than CO2 (Reay, 2015). 
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2.3 Climate Change Biggest Impacts 

 Anthropogenic climate change will bring about a multitude of impacts, including 

increased heat waves, precipitation changes, and extreme weather. Recent detections in extreme 

precipitation show that more locations are receiving increased instances of heavy precipitation 

compared to decreases (Seneviratne et al. 2012). However, there is low confidence that 

anthropogenic climate change has affected the frequency and severity of floods at a global scale 

(Kundzewicz et al. 2013). This is mainly due to a lack of well-kept data and the inability to 

definitively ascertain between human and naturally occurring climate drivers (IPCC WGII AR5, 

2014). 

 The effects of climate change will be compounded when mixed with anthropogenic, non-

climatic drivers. Places that will see increased dryness face additional stresses on the water 

supply by growing populations, greater urbanization, and land use changes. The potential for 

water shortages for large swaths of people exists (Muller, 2007).  

 Sea-level rise is another big issue. Roughly 40% of the world’s population lives within 60 

miles of a coast, with 10% of the population living in coastal areas that are less than 10 meters 

above sea level (UN, 2017). As the number of climate refugees grow, political unrest, wars, and 

state sponsored violence could meet them as they try to find a safe place to live (Levy et al., 

2015). Inland cities will see a large influx of people and drastic changes will need to be made to 

accommodate the new people seeking refuge. In poorer regions of the world, this may be 

impossible. The increased strain on electrical grids, water resources, and food resources could 

cause more unrest (United States Institute of Peace, 2007). 

 In Indiana, it is expected that the number of extreme heat days will increase in both 

intensity and length by 2050 (see section 2.5), putting more people at risk for complications such 
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as heat stroke, heat related deaths, and respiratory diseases. Those who are poor, disabled, or 

otherwise economically marginalized, may feel the effects more greatly. Those individuals who 

work outside and come home to an un-airconditioned apartment or house are even more at risk 

for heat stroke and heat exhaustion (Roelofs, 2015; Keller, 2015).  

 Crime rates are likely to increase with warmer temperatures (Ranson, 2014). Meta-

analyses indicate increased temperatures and higher precipitation rates leading to higher rates of 

crime, both by individuals and by governments (Hsiang and Burke, 2013). Furthermore, scarcity 

of key resources such as food or water leads to violence (Libiszewski, 1991). This can be in the 

form of wars, insurgencies, and general unrest amongst citizens (Homer, 1999). Poorer regions 

and peoples will suffer more as they have fewer resources. A study done in St. Louis found that 

months with strong upward temperature anomalies showed increasing crime levels. The resulting 

warming may lead to higher rates of crime, even in cities of wealthy nations (Mares, 2013). 

2.4 Climate Change and Health 

Climate change may also affect human health. For example, in places where flooding is 

frequent and projected to increase, this can cause strain on the water systems, possibly leading to 

sewage and other contaminants leaking into the drinking water (Cann, 2013). Additionally, 

increased temperatures in urban areas will further tax any residents with heat-related illness 

(Reid et al., 2012). Increased ozone levels at the surface, lack of mitigation of the heat (i.e. air 

conditioning), and a potential lack of access to health services will all play a role (Levy et al., 

2015).  

 Poor and marginalized groups who live in flood plains or drought prone areas are 

particularly at risk to the effects of climate change on their health (Bush, 2014; Lloyd 2007). 

These people tend to have less access to preventive services and lack the capital to deal with the 
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consequences of such events (Levy et al., 2015). In addition, poor and marginalized groups are 

more vulnerable to diseases (WHO, 2019). Growing populations, increased urbanization, greater 

movement of people and materials, and climate change will have a large impact on the 

distribution of diseases; including, West Nile Virus, Rift Valley Fever, malaria, and tick-borne 

encephalitis (Pascual, 2006; Anyamba, 2009, Jaenson, 2012; Reisen, 2010).   

Climate change will impact food security as well. In more temperate regions, increased 

temperatures could bring about positive effects for crops. Increased areas of suitable cropping 

lands and increased length of the growing season could cause crop yields to rise. Nevertheless, 

these gains have to be set against extreme weather events such as increased flooding for certain 

areas and droughts/heat waves for others (Schmidhuber et al., 2007). Warming can expand the 

range of crop eating pests while simultaneously allowing these pests to survive during winter to 

eat the spring crops as well.  

 Mental health of individuals can also be a concern. Coping with extreme weather events, 

disasters, and new environments may cause mental health to deteriorate. Immediate 

consequences can take form of injury or stress from an extreme weather event. However, the 

psychological effects of climate change, for many, will be gradual and cumulative. For example, 

those who experience a severe weather event could develop acute or posttraumatic stress 

disorder, depression, suicide, and alcohol or drug abuse. Prolonged heat waves (heat waves, 

typically, are defined as three or more days where temperatures reach or exceed 90°F) are likely 

to be associated with increased mortality, homicide, physical assault, and spousal abuse (Doherty 

et al., 2011). More than just psychological effects, there are psychosocial effects of climate 

change. These effects include heat-related violence, conflicts over resources, migrations and 

dislocations, post disaster adjustment, and environmental stress. These fall disproportionately on 
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groups/individuals of less economic privilege and social status (Berry, 2010). Even if events do 

not specifically happen to an individual, viewing images of disasters and human suffering does 

have a negative effect on the mental health of the viewer (Doherty et al., 2011). 

 A warming atmosphere will also lead to an increased risk of certain diseases where 

people are not used to seeing them. A good example of this is the spread of malaria. Simulation 

experiments show both a widespread increase in the transmission potential of malaria carrying 

mosquitos and an increase in the areas they inhabit (Martens et al. 1995). This section and 

section 2.6 go into detail about urbanization and the movement of diseases, and how increased 

rainfall can overwhelm sanitation systems, thus contaminating the drinking water with disease.  

2.5 Spatial Variations of Climate Change  

  Climate change will affect different regions in different ways. Many different factors 

play into how climate change will affect a certain area, such as emissions, socio-economic status 

of the region, and the ability to adapt/mitigate. According to the IPCC WGII AR5 report (2014), 

global mean surface temperature will increase 0.54°F to 1.26°F between 2016 and 2035 (medium 

confidence). Different emissions scenarios mean different rises in mean surface temperature, 

however, under the highest emission scenario, RCP8.5, the likely increase in temperature will be 

4.68°F-8.64°F by 2100. Moreover, the Arctic region will continue to warm faster than the global 

mean and the mean warming over land will be higher than over the ocean. Heat waves are very 

likely to increase in both occurrence and duration, while cold extremes will occur less 

frequently; cold events will still occur, just less frequently (IPCC WGII AR5, 2014). 

Precipitation changes will not be uniform over the globe; it is likely that high latitudes, the 

equatorial Pacific, and mid-latitude wet regions will experience increases in mean precipitation 

under the RCP8.5 scenario. In mid-latitude and subtropical dry regions, it is likely that mean 
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precipitation will decrease under the RCP8.5 scenario. For all RCP scenarios, Arctic sea ice is 

projected to be reduced year-round, with the potential for a nearly ice-free Arctic Ocean in 

September by mid-century for RCP8.5. For the Antarctic, projections for a decrease in ice 

volume and extent are done with low confidence. Sea level rise will not be uniform; however, it 

is very likely that sea levels will rise in about 95% of the ocean area (IPCC WGII AR5, 2014). 

Under the RCP8.5 scenario, rates of sea level rise during 2081-2100 will be 0.8 to 0.16 cm/yr 

(medium confidence).  

 Increases of severe hot events in the USA over the late 20th century have been observed 

(Kunkel et al., 2008). It is also very likely that annual precipitation has increased in parts of the 

eastern US over the past century (IPCC WGII AR5, 2014). Indiana’s average annual temperature 

has risen 1.2°F in the last century, with the temperature increases accelerating over the past few 

decades. The annual temperature for Indiana is expected to increase by 5°F or 6°F by mid-

century. Precipitation has increased 5.6 inches annually over the last century with more of that 

falling in heavy downpours (Widhalm et al., 2018). Winters and springs are likely to be wetter 

by mid-century; however, summer and fall are less certain. (Day et al., 2018). Historically, 

Indiana has experienced only 7 extremely hot days per year (temperatures above 95°F), but by 

mid-century this could increase to 38-51 days per year. Additionally, heat stress events are 

expected to increase in length. On average, these events have lasted 3 days, but, by mid-century, 

they could last 6 to 8 days (Day et al., 2018). In the cold months, less precipitation in the winter 

will fall as snow. Snowfalls of 2 inches or more will be extremely rare for southern Indiana, 

where the rest of the state will see a reduction of about half by the end of the century (Widhalm 

et al., 2018). 
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2.6 Effects on Urban and Rural Areas 

Urban areas house a large percentage of the world’s population, and continue to grow; by 

2050, it is projected that 66% of all people will live in urban areas (UN, 2014). Urban areas are 

generally more polluted, warmer, and less windy than the surrounding landscape (Emillison, 

2017). Increased urbanization and enhanced energy usage will exacerbate these parameters as 

well. Urban flooding is expected to increase over the coming years as more extreme rainfall 

events are more likely to occur (Wilby, 2007). Increases of high-precipitation events can cause 

drainage systems to be overwhelmed, leading to economic loss, general discomfort, and 

potentially loss of life (Semadeni-Davies et al., 2008). In addition, the urban heat index is not 

uniform across the entire urban space; there are certain areas that will experience it more or less 

than others. Densely populated areas with dilapidated buildings, such as those found in some 

inner-city cores, can experience temperatures some 3-5°F higher than what a weather station 

reports (Vijay, 2015). The dynamics of urban centers affecting precipitation patterns and 

intensity are complex, and there are conflicting reports of the effects (Vijay, 2015). However, 

warmer temperatures in the urban areas lead to an increase of thermal advection, which leads to 

lower-level convergence. When cool, moist air is pulled towards a city, rain clouds form 

downwind of the city. Moreover, air pollution allows water droplets to form and grow (Ornes, 

2011). Increased pollution in the city provides more particulate matter in which water can attach 

itself to. However, it is known that with climate change, heavy rainfall events are expected to 

become more common and intense (Wilby, 2007).  

Kalkstein et al. (1997) estimated that by 2050 urban areas could see an increase of 3,190-

4,478 summer deaths. For reference, in Arizona, deaths attributed to heat exposure rose from 76 
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in 2014 to 235 in 2017. In Nevada, they rose from 29 to 139 in the same time frame. These 

numbers were obtained from the U.S Centers for Disease Control and Prevention (Flavelle and 

Popovich, 2019). Climate change will also exacerbate poor air quality in urban areas. Ozone and 

large particulate matter increase with higher temperatures. The health effects of increased ozone 

and particulate matter include decreased lung function, increased flare ups of respiratory 

illnesses, and thus, an increase of premature death (Knowlton et al., 2004).   

Urban areas and rural areas experience climate change in different ways. Climate in 

urban areas is affected by the urban heat island, the phenomenon in which urban areas 

experience higher temperatures than proximate rural ones. Three direct parameters influence its 

strength: (1) increased dark surfaces where albedo is low and admittance is high, (2) decreased 

green space where shading and evapotranspiration occur, and (3) the release of heat due to cars, 

air conditioners, and other human activities (Emilsson, 2017). During the overnight hours, the 

urban heat island effect is at its peak (Pascal et al., 2006), and residents receive no relief from the 

heat. Overall, urban areas are a small fraction of Earth’s surface, so urban heat islands play a 

limited direct role in the global mean temperature increase (Parker, 2006), however, the local 

impacts will have a large influence on the residents. In rural areas, temperatures are substantially 

lower. Rural areas have more green space, allowing for shading and evapotranspiration, which 

further mitigates excess heat. Rural communities tend to rely heavily on natural resources for 

their livelihoods (Hales et al., 2014). Additionally, excess heat can cause decreased crop yields 

unless farmers take localized adaptation techniques such as surface cooling by irrigation or 

changing crop types (Siebert and Ewert, 2014).  
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2.7 Vulnerability  

 Vulnerability is the state of being susceptible to suffering (Mackenzie et al., 2014). 

Vulnerability varies both during a lifespan (young and old being the most vulnerable) and due to 

socioeconomic status. From a social perspective, vulnerability refers to a group’s or individuals’, 

ability to reduce and manage the impacts of climate change. Key factors that determine this are 

gender, age, social status, and ethnicity (Smit et al., 2001; Adger et al., 2009). Climate changes 

affect certain groups of people differently (e.g. women, children, indigenous people), even if 

they live in the same area. These groups experience more hardships and are less able to cope 

with daily risks and shocks (Eriksen and O’Brien, 2007; Ayers and Huq, 2009; Boyd and Juhola, 

2009; Barnett and O’Neill, 2010; O’Brien et al., 2010; Petheram et al., 2010). Socially and 

financially deprived populations will experience the ramifications of climate change and extreme 

weather events differently than wealthier groups; they are disproportionately affected by the 

impacts of climate change and extreme weather events (Kates, 2000; Paavola and Adger, 2006; 

Adger et al., 2007; Cordona et al., 2012). Moreover, in poorer areas, pollution of municipal water 

is a concern (Jean et al., 2006; Seidu et al., 2013). Disadvantaged regions of cities are often 

constructed of building materials that retain heat and these neighborhoods have fewer trees 

(Worland, 2014).  

2.8 Adaptation  

Adaptation to climate change means reducing risk and vulnerability, while building the 

capacity of both human and natural environment to cope with the implications from climate 

change (Tompkins et al., 2010). Adaptation techniques that work for one city, region, or nation, 

might not work for another. Even tackling the same issue can look vastly different from place to 

place. Wealthier countries will be able to build and innovate, where less fiscally privileged 
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places will need to find less expensive ways of remedying the negative impacts. For example, 

Vietnam could implement the use of mangroves to cope with rising seas, where another nation 

might find it better to build sea walls (Levy et al., 2015). With cities now housing more than half 

the world’s population, adaptation to climate change depends heavily on what is done in urban 

centers (World Bank, 2008; UN DESA Population Division, 2012). However, funding needed 

for adaptation techniques may be too great for some (Parry et al., 2009; Brugmann, 2012). 

Globally, urban areas around the world house 25-30% of impoverished individuals (Ravallion et 

al., 2007; IFAD, 2010); this could lead to greater vulnerability if they live where economic 

resources are low.  

Resource management is also important for adaptation. In the United States alone, the 

population throws away about 30-40% of the food (usda.gov). Not only could this food be 

utilized by those who desperately need it, but the waste contributes to climate change. Decaying 

food releases methane, which is a powerful GHG. The waste is not simply attributed to food, but 

to water as well. According to a 2014 Government Accountability Report, 40 out of 50 state 

water managers expect to have some kind of water shortage in a portion of their respective states 

by the next decade (EPA, 2018).  

Perhaps the most important adaptation to climate change is education. Educating the 

public on climate change is imperative but must be done in a specific manner. Anderson (2013) 

asserts, “The evidence shows that educational interventions are most successful when they focus 

on local, tangible, and actionable aspects of sustainable development, climate change and 

environmental education, especially those that can be addressed by individual behavior.” 

(Anderson, 2013). Only when it is shown that the effects will happen to them specifically do 
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people feel the need to act (Retchless, 2014). Education allows people to take an individual 

approach to tackling climate change, while providing a basis for understanding the science.  

 

2.9 Vulnerable Places 

 The places most vulnerable to climate change are heavily influenced by regional factors. 

Locations that are highly affluent with strong economies will see less impact and are better 

positioned to adapt to or mitigate the consequences. Typically, the more affluent places are the 

bigger consumers and the higher emitters of GHG, although not always. The United Nations 

Development Programme creates Human Development Reports, and for the report created for 

2019, there is a section on Environmental Sustainability. The section breaks down all nations and 

ranks them according to human development: Very High Human Development, High Human 

Development, Medium Human Development, Low Human Development, and other Countries or 

Territories. In addition, the total percentage of energy usage by fossil fuel or renewable energy, 

carbon dioxide emissions, etc. is examined. For example, the United States is considered a Very 

High Human Development nation and between 2010 and 2015 used 82.4% of fossil fuels for 

total energy consumption. For 2015 alone, the US got 8.7% of total energy from renewable 

sources. In addition, carbon dioxide emissions per capita was 15.0 tonnes, which is one of the 

highest on the list. Rwanda, which is classified as a Low Human Development nation, obtained 

none of its total energy from fossil fuels between 2010 and 2015; 86.7% of their energy came 

from renewable energy in 2015. Some Low Human Development nations, such as Syria, 

obtained almost all (97.8%) energy from fossil fuels. Some Very High Human Development 

nations that get very little of their total energy from fossil fuels; Iceland only obtained 11.3% of 

their energy from fossil fuels between 2010-2015.  
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Poor populations in rich nations still face a higher exposure to climate and weather 

catastrophes. An example of this is New Orleans and Hurricane Katrina. Both before and after 

the hurricane hit, wealthy individuals were able to leave. Poorer communities, typically the ones 

that were hit the hardest, were left stranded. Individuals with fewer financial assets were not able 

to simply leave their homes for somewhere new. These individuals lost everything and might not 

have the means to replace what they had lost. Moreover, government help typically went to the 

more affluent parts of town, where the poorer communities, again, were left stranded (Danziger, 

2006; Masozera, 2007).  

2.10 Environmental Justice 

It has been widely reported through the literature that poor communities in wealthy 

nations and poor countries or regions throughout the world have a higher risk to the detrimental 

effects of climate change (see Section: 2.4, 2.8, 2.9). Lack of the necessary resources to help 

mitigate and adapt to prolonged heat waves, lack of education, and in some cases, lack of priority 

given to climate change, will all contribute to the increased risk. For example, a family that is 

poor, struggling day to day, is not worried about climate change and its effects on them. This 

family is worried about making the next rent payment, car payment, or putting enough food on 

the table. However, it is this family that will experience more hardship when an extreme weather 

event hits and destroys their home, or when the increased food prices cause a financial strain 

because drought and excess flooding have severely lowered crop yields. Interestingly, programs 

implemented to cut power usage can have a detrimental effect on poorer communities. Especially 

in an urban area, the poorest communities should be running their air conditioning more while 

the wealthier communities, who have cooler neighborhoods to begin with, should utilize the air 

conditioning less (TIME, 2014). To achieve environmental justice and decrease the vulnerability 
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of the most vulnerable populations, multi-faceted methods of adapting to and mitigating climate 

change need to be taken (Levy et al., 2015). Another example of such is using biofuels to reduce 

GHG emissions. Increased usages of biofuel can have a shock on food prices. In 2011, it is 

estimated that 20-40% of the increases in food prices were a result of biofuels (National 

Research Council, 2012). This has a detrimental effect on the poor families because they spend a 

large percentage of income on their food. Poor populations also tend to have higher rates of 

health concerns that climate change will exacerbate. Moreover, these groups are likely to be 

politically powerless and disenfranchised, exacerbating their vulnerability.  
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III: METHODOLOGY 

3.1: Study and Study Area 

 The purpose of the study is to understand where and who is most vulnerable to climate 

change in a small city. Vulnerability indices are utilized to find which parts of the city are most 

vulnerable to climate change. Knowing where particularly vulnerable areas are located allows for 

better preparation and adaptation. People must be aware of the potential changes that will be 

coming in the future. Additionally, municipal governments must know the geographic variations 

in vulnerability. Information about where the most vulnerable people are located will help 

officials allocate resources accordingly. Early planning is essential, especially if cities are to fund 

changes adequately. Bottom-up adaptation techniques will allow the most vulnerable populations 

to be included in the conversation and give them access to resources they need. Numerous 

indices have been made for places in southeast Asia, the Himalayas, and Africa (Pandey and 

ShashidharKumar 2011; Sullivan and Meigh 2005; Hahn et al. 2009). However, little had been 

done on US cities. This study starts to address this gap.  
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Figure 3.1 shows the location of the study area, Muncie, Indiana. The small white lines are roads. The large white 

line that meanders through the center of the city is the White River. Just below that, there is another large white 

line; this is the railroad. Both of which are referenced through this work. 

 The study area is Muncie, Indiana, located in Delaware County (Fig. 3.1). Muncie is a 

typical mid-size Midwest city, so the parameters laid out in this thesis can be applied to other 

similar cities within the Midwest (i.e. population size, poverty rates, demographics, geography). 
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This is shown through utilizing the Urban Adaptation Assessment (from Chapter 1), cities of 

comparable sizes and geographies tend to have risk scores that are similar. The necessary data 

were cost-effective and easy to obtain, a boon for cash-strapped governments. A CVI is 

developed to distinguish areas more prone to negative climate change effects. The vulnerability 

index, for example, can be applicable to similar sections of other cities.  

Muncie’s coordinates are 40° 11’ 30.8” N, 85° 24’ 6.1” W and its elevation is 937ft 

above sea level. It has a humid continental climate, with average high temperatures ranging from 

33°F in January to 85°F in July. Average annual precipitation is 38.97 in., spread evenly 

throughout the year, with increases in May and June (U.S Climate Data, 2020). Economically, 

Muncie has a strong and spatially distinct wealth disparity between northwest Muncie, northeast 

Muncie, and south Muncie (see figure 4.1). Further demographic differences exist throughout the 

city. Most notably, the disparity between total White population and total Black/African 

American population. Figure 3.2 and Figure 3.3 show the percentage of White population and 

Black/African American populations per block group, respectively. Black/African American are 

differentiated in this because the black population is not always African American. Populations 

may be from Haiti, Jamaica, etc.  
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       Figure 3.2 shows the percentage of White population per block group.  

 



29 
 

 

        Figure 3.3 shows the percentage of Black/African American population per block group.  
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3.2: Variables Used in the Climate Vulnerability Index 

 A complete list of the variables used in the CVI are as follows: median income, female 

headed households with children, voting age population without a high school diploma, green 

space, flood plains, and population density. In this section, descriptions of the variables will be 

presented; in the Section 3.3 data sources are discussed.  

Population density data was used to determine where the most crowded parts of the city 

are. Higher population densities tend to mean higher pockets of the Urban Heat Island.  More 

people in one area causes an increased concentration in excess heat emission from cars and air 

conditioning units, leading to higher temperatures (Vijay, 2015). For individuals who do not 

have access to heat mitigation measures, the increased temperatures can be detrimental to their 

health.  

 Flood plain data is used to determine where flooding occurs. Muncie floods quite easily 

in certain areas and mapping flood prone areas is important. Floods are likely to increase with 

climate change. A higher prevalence of heavy downpours and more annual precipitation (both 

possible climate change impacts) will likely cause more flooding. For some, when flooding 

occurs and streets become impassable, it is simply an annoyance. For others, it could mean the 

difference between having a job and getting fired. Marginalized individuals sometimes have jobs 

that require attendance, regardless of conditions. When roads become impassable, getting to 

work might be impossible. The loss of a job for someone who is poor can be catastrophic. 

Flooding is costly and potentially hazardous. Families may not be able to afford to fix the 

damages or replace what is lost, and the growth of mold is hazardous to the occupants’ health. 

Moreover, flooding weakens the structural integrity of homes, further exposing the home to 

damage if a severe event such as strong winds or a tornado occurs.  



31 
 

 Poverty indicators, such as female single parent households (a significant poverty 

indicator) (Gould, 2012) and educational attainment, are used to represent how well people are 

able to adapt and mitigate climate change ramifications. In Indiana, poverty rates among those 

who did not graduate high school contrasted with those who did were 26.2% and 12.2% 

respectively (Strange, 2018). Rather than simply using poverty rates, these proxy variables give 

insight to why poverty exists. It allows for a deeper understanding of the areas, more so than a 

blanket poverty rate. Poverty will significantly increase an individual’s or family’s vulnerability 

to climate change because a lack of money directly results in a lack of access to necessary 

resources.  Higher educational attainment typically leads to higher incomes and better access to 

adaptation and mitigation techniques. More affluent parts of town will typically have access to 

air conditioning, water filtration systems, and can afford to stock up on food without too much 

financial burden. Marginalized groups do not have the same resources. Lack of air conditioning, 

combined with building materials that trap heat, can exacerbate the projected longer and more 

extreme heat waves. Poor residents can be living on a day-to-day basis and preparing adaptive 

measures to climate change are not the most pressing matter. For them, putting enough food on 

the table, keeping their jobs, paying rent, and other financial burdens take precedence over 

preparing for climate change. This causes multi-dimensional exposure as the ramifications of 

climate change will both affect the family (heat waves, flooding, droughts) and financially 

burden them further (increased food prices, adaptive measures, mitigation, and replacing or 

repairing after an extreme event).  

 Education also gives individuals the ability to find information. Educated individuals will 

likely be able to find quality information about their surroundings and be better prepared overall. 

Moreover, educated, and likely wealthier, individuals may purchase mitigation measures, such as 
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flood insurance. Flood insurance will help lessen the costs of repairing and replacing what is lost 

if a flood occurs.  

 Green space (i.e. vegetation) is a natural remedy to the negative effects of increased 

temperatures. Within some works, green space may be defined as dedicated green space (i.e. 

parks), however, within the context of this work, green space will be defined as any and all 

vegetation. Vegetation can also aid in stormwater management, which can reduce flooding 

potential. Rural areas, which tend to be more vegetated, are cooler than urban, built up areas (due 

to urban heat island effects). More green space contained within urban areas allow the residents 

to have relief from excess heat. As the number of extremely hot days increases and heat waves 

become longer and more extreme, green space can be utilized to help mitigate the heat. Locally, 

vegetation can mitigate the effects of climate change through evapotranspiration. Places with 

higher amounts of green space will have more evapotranspiration (a cooling process), leading to 

cooler temperatures. Economically challenged areas of cities have less green space than the 

surrounding areas (Astell-Burt et al., 2014). Green space lets residents get away from the hustle 

and bustle of urban life. It is good for mental health to be in nature and in a secluded place 

occasionally (Barton and Pretty, 2010). Parks allow families to get out of the house, potentially 

socialize, and move around. Exercise is important for both body and mind; the existence of parks 

and local green space help encourage this. Trees and other vegetation are carbon sinks. They take 

in carbon and store it, lowering the amount of carbon that is found in the atmosphere. To help 

mitigate climate change, higher amounts of vegetation are needed to take CO2 out of the 

atmosphere. In urban areas, it is advised that long-lived, low maintenance are used. This way, the 

fossil fuel emissions from maintenance and planting/removal are diminished (Nowak, 2002). 
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3.3: Data Used to Describe Vulnerability 

 Data utilized in the CVI are outlined and discussed in this section. Additionally, data 

sources are discussed.  

 3.3.1: Median Income: Median income data was retrieved from census.gov for the 

entirety of Delaware County. For the median income data, the American Community Survey 

(ACS) does not record every single block group for each year. 2017 median income and 2018 

median income data was retrieved to fill in the gaps when no data was available.  

 3.3.2: Female Headed Households with Children: Percentages of female-headed 

households with children are generated from the total numbers of female-headed households 

with children and total household. This data is from the Bureau of the Census (2010 census) and 

retrieved from the online geographic database at Ball State University.  

 3.3.3: Voting Age Population without High School Diploma: Educational attainment 

for the voting age population came directly from census.gov (2018 Census).   

 3.3.4: Green Space: The data layer was retrieved from a previous graduate student, Dan 

Lange, from the Geography department. Mr. Lange created a 1x1m resolution grid of Muncie 

categorizing the city into 3 categories. The first was short vegetation (<1ft), the second was tall 

vegetation or trees (>1ft), and the third was no data or built up areas. The grid was created 

utilizing LiDAR elevation data and color-infrared air photos from the National Agricultural 

Imagery Program. The data obtained for this layer was retrieved in 2014.  

 3.3.5: Flood Plain: This layer was retrieved from Dr. Adam Berland, a professor within 

the Department of Geography, who obtained the data from FEMA’s National Flood Hazard 

Layer (NFHL) Viewer. All of Delaware County was retrieved from this software.  
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 3.3.6: Population Density: Population density (from the Bureau of the Census, 2015) 

was retrieved from the block group layer. Population density data are described by people per 

square mile. 

 3.3.7: Use of Secondary Data: Data utilized in this index was secondary data. The point 

of this index is to be a generalization, as well as something cash strapped governments can use. 

Anyone with access to ArcGIS Pro (see section 3.4) can make a climate change vulnerability 

index and get an understanding of where vulnerable populations/sections of the cities are.  

3.4: Software 

The software used to create the index was ArcGIS Pro. ArcGIS Pro is a 2D and 3D 

geospatial analysis software developed by Esri. It is the latest version in Esri’s list of 

professional GIS desktop applications. The software is used to visualize geospatial data, utilize 

tools to find trends, manipulate, edit, or create new data fields, create maps that can be shared 

with the world through ArcGIS online, and much more.  

3.5:  Methods 

In this section, methods used to set vulnerability from the data previously described are 

outlined and detailed. Explanations of how the data was classified and visualized within ArcGIS 

Pro, the equation(s) used to calculate the variable(s), and the construction of the Poverty Index 

and the CVI are presented. 

 3.5.1: Data Classification: Geometric interval was used as the classification method 

unless otherwise noted. Consistency with classification method across variables was important so 

data was not classified in potentially vastly different formats that could lead to 

misrepresentations of certain variables. 
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3.5.2: Median Income: FIPS codes (unique identifiers) were used to link median income 

data to their respective block groups within ArcGIS Pro. This resulting dataset was split into four 

categories based on the median income of Muncie, which was $33,616 in 2018 (census.gov, 

2018). Using the median value, 4 classes were generated. These were categorized as <75% of the 

median value, between 75-100%, between 100-125%, and >125% of the median value. Greater 

than 125% is the least vulnerable and received the lowest vulnerability rating (1) and <75% is the 

most vulnerable (4).  

3.5.3: Female Headed Households with Children: The data needed to calculate the 

total percentage of female headed households with children (by percentage) was computed as: 

% 𝑜𝑓 𝐹𝑒𝑚𝑎𝑙𝑒 𝐻𝑒𝑎𝑑𝑒𝑑 𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 =  
𝐹𝑒𝑚𝑎𝑙𝑒 𝐻𝑒𝑎𝑑𝑒𝑑 𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠 𝑤𝑖𝑡ℎ 𝐶ℎ𝑖𝑙𝑑

𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐻𝑜𝑢𝑠𝑒ℎ𝑜𝑙𝑑𝑠
∗ 100            Eqn. 3.1 

Following this, the layer was categorized into four groups (1-4), using a 4-class geometric 

interval method, with 4 corresponding to the most vulnerable (highest percentage) and 1 to the 

least vulnerable (lowest percentage). 

3.5.4: Voting Age Population without High School Diploma: The percentage of the 

population that is without a diploma was calculated using Eqn. 3.2:  

% 𝑛𝑜 𝑑𝑖𝑝𝑙𝑜𝑚𝑎 =  
𝑇𝑜𝑡𝑎𝑙 𝑙𝑒𝑠𝑠 𝑡ℎ𝑎𝑛 9𝑡ℎ 𝑔𝑟𝑎𝑑𝑒+𝑡𝑜𝑡𝑎𝑙 9𝑡ℎ−12𝑡ℎ 𝑔𝑟𝑎𝑑𝑒 𝑛𝑜 𝑑𝑖𝑝𝑙𝑜𝑚𝑎

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑜𝑡𝑖𝑛𝑔 𝑎𝑔𝑒 𝑐𝑖𝑡𝑖𝑧𝑒𝑛𝑠
∗ 100                 Eqn. 3.2 

Like median income, FIPS codes were used to join an Excel file to the block group layer in 

ArcGIS Pro. The data were classified from 1-4 using geometric interval with the highest 

percentage of no diplomas having the greatest vulnerability (4) and the lowest percentage having 

the lowest (1).  
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 3.5.5: Poverty Index: Utilizing median income, percentage of female headed 

households, and percentage of voting age individuals without a diploma, an index was created 

for poverty. There are many facets of poverty, so creating perfect index is not feasible. However, 

the factors used are representative of poverty, which helps streamline the everything into one 

representative value. The values of each corresponding variables were summed to create a 

composite poverty index. The FIPS codes were used to denote each block group. After the 

variables had been added, the Excel file was joined to the block group layer for visualization. 

The poverty index is used in the overall CVI. Totals for the poverty index range from 3-12, with 

3 being the least vulnerable and 12 being the most vulnerable.  

 3.5.6: Green Space: To calculate the percentage of green space per block group, the 

green space layer was clipped to the block group layer. Each individual block group needed to be 

calculated using Eqn. 3.3:  

% 𝑜𝑓 𝑔𝑟𝑒𝑒𝑛 𝑠𝑝𝑎𝑐𝑒 =
𝑆ℎ𝑜𝑟𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑖𝑥𝑒𝑙𝑠 + 𝑇𝑎𝑙𝑙 𝑣𝑒𝑔𝑒𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑖𝑥𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝𝑖𝑥𝑒𝑙𝑠 𝑖𝑛 𝑡ℎ𝑒 𝐵𝐺
∗ 100                            Eqn. 3.3 

This was done for each of Muncie’s 73 block groups. However, a few block groups share a 

border with the surrounding cities. As a result, these block groups contain no area. Four block 

groups could not be calculated and were excluded. Green space was calculated and put into 

Excel. FIPS codes again were used to join the data to the block group layer. Finally, the green 

space layer was symbolized into four classes using a 4-class geometric interval class structure, to 

then be reclassified (1-4) for use in the overall CVI, with 1 being the least vulnerable and 4 being 

the most vulnerable.  

 3.5.7: Flood Plain: This data layer was clipped to the Muncie city block group layer. The 

flood plain layer differs from the other data because it does not follow in the block group format, 
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however, it is still possible to reclassify the layer. Most importantly, flood plains only add 

vulnerability to a block group if they encompass homes or local businesses. Going block group 

by block group is important to see whether the flood plain affects built up areas. The flood plain 

layer is reclassified into three categories: no flood plain, non-residential flood plain (NR flood), 

and residential flood plain (R flood). R flood has the highest vulnerability as it will affect the 

local population. No flood plain will be classified as a 0, NR flood will be classified as a 1, and 

R flood will be classified as a 4. The lack of a 2 and 3 is because there either is a flood plain or 

there is not. The difference between a NR and a R flood plain is based on adding vulnerability to 

a block group. A NR flood plain will not add nearly as much vulnerability to a block group as a 

R flood plain will, so they are assigned 1 (NR) and 4 (R), respectively. Using Excel, the data was 

recorded using FIPS to denote block groups, then the Excel file was joined to the block group 

layer in ArcGIS Pro.  

 3.5.8: Population Density: Population density came from the Census Bureau. Four 

population density classes were generated. The lowest population density corresponds to the 

lowest vulnerability (1) and the highest population density corresponds to the highest 

vulnerability (2); population density is not always associated with poverty and will be discussed 

further in section 3.6. Population density is not weighted as heavily as the other variables, so the 

indices are lower than the rest. For this variable, the middle values are 1.33 and 1.66 (see section 

3.6 for justification.) 

 3.5.9: Climate Vulnerability Index: After the data had been classified, the poverty 

index created, and the initial results (correlations) have been gathered, the composite index was 

ready to be created. The respective values of the variables were recorded in an Excel spread 

sheet, using FIPS codes to denote each block group. The values were added up and the Excel file 
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was joined to the block group layer for visualization. The vulnerability range is 5-22, with larger 

values corresponding to greater vulnerability. Results from the CVI can be utilized to locate 

where the most and least vulnerable areas are within Muncie. From this, decisions can be made 

on resource allocation and mitigative and adaptive measures. 

3.6: Weighting Variables 

Three variables are weighted more heavily than others. These are green space, flood 

plains, and the poverty index. Vegetation is integral in mitigating urban heat island effects for the 

local population. It has been mentioned in section 2.5 that Indiana will see longer and more 

intense heat waves. For families without air conditioning, green space becomes increasingly 

important for their health. Moreover, Indiana is expected to see higher amounts of precipitation 

both in intensity and amount, which can lead to higher frequencies of localized flooding, 

especially in pronounced flood plains. Muncie tends to flood frequently due to the large amounts 

of underlying clay present; this may be exacerbated in areas within or surrounding flood plains in 

the area. The poverty index also receives a heavier weight because poverty’s impact on 

mitigation and adaptation. Poverty tends to be systemic, where impoverished families tend to 

stay impoverished for multiple generations. Poor families are more likely to be burdened 

financially under a changed climate.  

The only variable that is not weighted heavier is population density. High population 

density does not always mean higher vulnerability. For example, there could be an apartment 

complex condominium development in wealthier area. Although this would correspond with a 

higher population density, these residents are not necessarily more vulnerable. Their homes and 

apartments are air conditioned and they have the money to adapt and mitigate.  
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The 1-4 weighting schemes are correlated with the 4 classes present. Four classes were 

chosen because it follows the methods laid out by Binita et al. (2015). The 1-4 scale shows that 

even on the low end, people are still vulnerable. For all of the variables, other than flood plain, 

there exists non-zero values, which means vulnerability within a block group will be present. The 

two variables that received a different class scheme are flood plain and population density. 

Section 3.5.7 explains why the flood plain class scheme is 0,1,4. Population density received a 1-

2 rating, and as outlined above, is because high population density does not necessarily mean a 

higher climate risk. Therefore, the impact this variable has on the CVI is dampened.  

3.7: Ball State University 

Ball State University represents an interesting factor in the index, because the university 

has around 20,000 students who impact the CVI outcomes. College students are typically 

dependents, and thus they will not be counted in something such as median income, however, 

they dwell in the housing here and can contribute to population density. Some dorms do not have 

air-conditioning and may cause problems for students during August/September when heat 

waves are still prevalent. Those students living in housing near campus live among local citizens. 

The census data may be skewed in these areas where there are a lot of college students coming 

and going throughout the year. 
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IV: RESULTS AND DISCUSSION 

4.1: Spatial Variations of Variables 

 Throughout this section, the spatial variability of the six variables across the city of 

Muncie will be discussed.  

4.1.1: Female Headed Households with Children: The lowest percentage of female 

headed households with children (FHHC) are largely concentrated in the neighborhoods 

surrounding Ball State (Fig. 4.1). There are several possible explanations for this. First, many 

students live around Ball State, especially on the east side of campus, where one finds a low 

percentage of FHHC. Second, on the west and north sides of campus, it is surmised that many 

faculty and staff may live in those neighborhoods. These places are more affluent and less likely 

to be affordable for FHHC. The percentages of FHHC start to increase as one moves away from 

campus. In the block groups east of Wheeling Ave and south of the White River, there is a 

drastic increase of FHHC. Most are in the moderate-high and the high percentage classes. The 

south side of Muncie contains the greatest number of block groups with high percentages of 

FHHC, with a large concentration directly south of the railway and the southeast corner of the 

city.  
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Figure 4.1 shows the vulnerability number for female headed households per block group (2010 Census,1 is low, 4 

is high) 
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4.1.2: Voting Age Population without High School Diploma: The percentage of people 

of voting age lacking a high school diploma shows the lowest values proximate to Ball State 

(Fig. 4.2). On the east side of the campus, the low percentages are prevalent, and again, this is 

largely because of the student population. Students who attend Ball State are required to have a 

diploma. In addition, the professors and staff living nearby will have their diplomas as well.  

Muncie was a largely industrial town and many of the older population may have not 

finished high school, instead going straight to work in the factories. This could explain the 

locations of block groups with high percentages without diplomas found in Muncie’s north side. 

South of the White River one finds greater numbers of block groups in the moderate high and 

high classes (i.e. those with a considerable number of people without a high school diploma). 

These are more dispersed in this case. Much like the FHHC data, there exists a concentration of 

high percentages in the south and southeast portions of the city. 
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Figure 4.2 shows the vulnerability number for the voting age population without a high school diploma (2018 

Census, 1 is low, 4 is high). 
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4.1.3: Median Income: Median income for the block groups shows more spatial 

variation than any of the previous variables within the poverty index (Fig. 4.3). Around the Ball 

State area, where the students are mixed in with the local population, the median income is 

within the high risk category (where median incomes are low). Additionally, this risk class is 

concentrated directly south of the railroad where FHHC and people without diplomas are higher 

in number. Large variations do exist between block groups. For example, on the south side of 

Muncie, block groups with both low and high median incomes sit right next to each other. Areas 

to the west of Ball State’s campus are within the high median income class. A substantial portion 

of the city sits in the moderate-low income class, which is close to the city’s median income of 

$33,616. Most of the block groups with moderate-high risk sit on the northeast, east, and 

southeast fringes of the city.  
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Figure 4.3 shows the vulnerability number for median income per block group. In this case, the lowest income (4) is 

the most vulnerable, while the highest income (1) is the least vulnerable (2017 and 2018 Census). 
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4.1.4: Green Space: The green space layer has few block groups that are within the 

highest contributing risk class (i.e. no green space) (Fig. 4.4). The few block groups in this class 

exist within Ball State’s vicinity (where the majority of the land is developed), the downtown 

area, and directly south of the railroad. These few areas are extremely built up compared to the 

areas surrounding them. Downtown has few trees and little green space; locations directly south 

of downtown are still heavily built up. Most of the homes in the suburban neighborhoods have 

lawns, trees, and shrubbery. These areas have high amounts of green space and low vulnerability 

(for this variable). The class with high amounts of vegetation is largely found on the east side of 

the city and to the west side of the city. As one moves towards the outskirts of Muncie, in all 

directions, green space becomes more dominant. In the urban and built up areas of the city 

center, yards are small or non-existent in some cases. The densely populated, urban areas give 

way to rural environments where yards and green space is much more prevalent. This is a typical 

occurrence in the Midwest.  
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Figure 4.4 shows the vulnerability number for green space per block group. Here, the lowest amount of green space 

(4) is the most vulnerable, where the highest green space (1) is the least vulnerable. 
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4.1.5: Population Density: The population density layer shows densities increasing 

towards the downtown area as well as the Ball State campus (Fig. 4.5). The block groups on the 

perimeter of the city show a ring, where almost all of the block groups have relatively low 

densities. However, population density starts to increase beyond this zone. Surrounding Ball 

State, especially to the east of campus where many students live, population density is high. 

There are numerous apartment complexes and houses with multiple people living in them. 

Moreover, numerous block groups through the downtown area, as well as the south side next to 

downtown, have moderate high and high densities. Here are homes that are extremely close to 

one another. Population density through the majority of the more suburban areas is within the 

moderate low to moderate high categories. Although these homes are more widely spaced, many 

have families living in them and by extension, multiple residents.  
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Figure 4.5 shows the vulnerability number for population density per block group (2015 Census 1 is low, 2 is high). 
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4.1.6: Flood Plain: Flood plains all follow the paths of the creeks and rivers that run 

through the city (Fig. 4.6). Along the White River, most of the flood plains are contained within 

flood catchment areas or parks, however, there are places where residential areas become 

affected. The creeks throughout the city run through more residential areas, where their 

associated flood plains affect the local population. The Muncie Creek, towards the northeast side 

of the city, runs through housing stock directly east and southeast of the Muncie Mall. York 

Prairie Creek also runs through housing stock and a flood plain through neighborhoods exists on 

the west side of Tillotson Ave. Buck Creek runs through the south of Muncie and the associated 

flood plains affect the residential areas that are built by the creek.  
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Figure 4.6 shows the vulnerability number for flood plains per block group (0 is no added vulnerability and 4 is 

high vulnerability). 
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4.2: Variations in Poverty Index and Climate Vulnerability Index 

 Throughout this section, the spatial variability of the Poverty Index and the Climate 

Vulnerability index will be discussed.  

4.2.1: Poverty Index: There exists spatial variation of poverty in Muncie, as seen in the 

map of the Poverty Index (Fig. 4.7). In the vicinity of the Ball State campus, poverty is less 

present than in south Muncie. There are a few block groups within the south of Muncie that are 

in the moderate low poverty risk class, but they are much less numerous than in north Muncie. A 

majority of the moderate high and high poverty risk block groups are in south Muncie with 

concentrations of high risk block groups directly south of downtown and in the southeast corner 

of the city. The northwest corner also has a concentration of moderate high poverty risk class 

block groups.  
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Figure 4.7 shows the Poverty Index for Muncie, IN. 
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4.2.2: Climate Vulnerability Index: As with the Poverty Index, the CVI also exhibits 

spatial variations, as seen in the CVI map (Fig 4.8). Utilizing the aforementioned variables, and 

the poverty index, the CVI is a culmination of them all. The poverty index has a significant 

effect on the CVI, as three of the six total variables are used in the poverty index. Population 

density, overall, contributes the least to the CVI, where green space and flood plains play a larger 

role because of their higher potential scores. Encompassing Ball State’s campus, the majority of 

the block groups have moderate low and low climate change risks. The southeast corner of the 

city has a high concentration of the moderate low risk block groups as well. The highest 

proportions of moderate high and high risk block groups are found in three places: the northeast 

corner, directly south of downtown, and the southwest corner of the city. The northwest corner of 

the city has majority moderate low and low climate change risks, however, there is one block 

group that is in the moderate high category. The biggest concentration of high climate risk block 

groups is south of the railroad tracks extending towards the southern tip of the city.  
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Figure 4.8 shows the CVI for Muncie, IN 
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4.3: Discussion: 

Based on the CVI, the highest risk areas are concentrated in South Muncie and up 

towards the northeast corner of the city (see Fig 4.8). North Muncie, especially the block groups 

around the campus, is largely in the moderate low and low climate risk class. There is a total of 6 

out of the 69 block groups (73 block groups total but block groups that contained no area were 

removed) that are in the low climate risk class. The majority of the block groups sit in the 

moderate low and moderate high classes. 

Interestingly, the southeast corner, where there was a high risk in the Poverty Index, has a 

concentration of moderate low climate vulnerability class block groups. This shows that this area 

is poverty stricken but has a high amount of green space, low population density, and no 

residential flood plains present. This brings up an interesting point about poverty as it relates to 

climate vulnerability. In rural scenarios, a poor rural family and a middle-class rural family may 

have similar vulnerabilities. Unlike urban populations, rural areas have abundant green space and 

low population densities, although they may still live in a flood plain. However, rural poor 

families and rural middle-class families may only be separated by 1 or 2 points in the CVI 

(within the context of this study, a general, rather subjective difference between urban and rural 

areas was taken). Poverty, as it relates to climate vulnerability, depends on a multitude of factors, 

some of which were not included in this index (see section 4.4).  

Further, demographic shifts and high vulnerabilities are somewhat correlated. Where 

there is a high percentage of black/African American residents, block groups tend to have high 

poverty index and CVI values (see Fig 4.7 and 4.8). In the southwest corner of the city, the 

majority of the block groups have extremely high percentages of white populations, but they also 

have high values for the two indices. This is contrasted with the high percentages of white 
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populations around Ball State’s campus in the northwest corner of the city that have low ratings 

for the poverty index and CVI. It is important to note the differences of racial percentages among 

the block groups. There are significantly more white people in Muncie than there are black or 

African American people. Where the highest percentages of black/African American people live, 

one would see the smallest percentages of white people. This is a good example Muncie’s legacy 

of racial segregation. With such a high percentage of people, white people have a greater chance 

of ranking highly in the poverty index and the CVI, however, even with a much smaller 

population, where black/African American populations are the highest, there is almost always a 

high value in both the poverty and climate vulnerability indices. This is expected, given the 

importance of poverty with respect to environmental justice and climate vulnerability. Although, 

climate and environmental justice issues will need to be addressed at broad scales, city-specific 

issues (i.e. segregation, lack of opportunity, education) need to be addressed internally, by the 

cities. It is imperative that changes to policy and law do not leave vulnerable groups, out of the 

conversation. Some populations and regions of a city will need more attention and focused 

resource allocation efforts. Specifically, for Muncie, the bulk of the attention should go to the 

populations that live in the south and the northeast corner of the city.  

4.4: Limitations: 

 Ideally, with a CVI like this, more variables could be considered. A more comprehensive 

index will better explain conditions of the populations living in the areas that are being studied. 

Comprehensive indices might involve interviewing and surveying the populations, which would 

engage residents in the process. Understanding the actual conditions of households is imperative 

in understanding vulnerabilities. For example, a family may be in poverty right now, but have a 

well-paying job prospect that could lift them out of poverty. Unfortunately, pandemics and the 
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resulting economic downturns can result in many people losing their jobs. This CVI is not able to 

handle changes in status or individual cases; it does not consider people’s access to clean water, 

food (and food prices), job prospects, mental health, and more. The CVI is static, as it 

generalizes neighborhoods and households at one point in time, and their situations could change 

in the future. Gathering such data and information, however, requires investments in both time 

and money and distressed municipalities may have shortages of both. 
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V: CONCLUSIONS AND FUTURE WORK 

5.1: Summary and Conclusions 

 This thesis is a representation of a workable, low-cost means of identifying at-risk 

populations, while also serving to visualize where aid and adaptation/mitigation efforts need to 

be focused. Municipalities could add variables to this framework to better characterize their own 

environments (assuming low-cost or free data is available). Ultimately, anyone with access to 

ArcGIS Pro, a general knowledge of climate, and a working knowledge of statistics could 

recreate this index.  

All data presented was obtained for free and is readily available to anyone. The data for 

female headed households with a child existed within the block group layer already, but most of 

the data needed some cleaning or manipulation so it could be used. Excel and ArcGIS Pro were 

used to calculate percentages and create the maps that are seen throughout the paper. The 

variables were categorized into classes, most of which were geometric interval (median income 

and flood plain were not geometric interval), and individual values were given to each variable. 

Median income, the percentage of female households with a child, and the percentage of voting 

age population without a high school diploma were used to create a poverty index. This index 

helps gives insight to the capacity of block groups to adapt and mitigate climate change 

ramifications. Further, using the poverty index, green space, flood plains, and population density, 

a CVI was created. This represents the total vulnerability for each block group and demonstrates 

the intersection of social, geographical, and economic vulnerabilities.  

 The most vulnerable parts of the city are south Muncie, excluding the southeast corner of 

the city, and the northeast corner. These areas exhibit the highest vulnerability in all facets (i.e. 
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social, economic, and geographical). Because of this, governmental aid and any 

adaptation/mitigation efforts need to be primarily focused in these areas. The populations that 

live in these areas are vulnerable geographically while also being impoverished, meaning they 

are less likely to have the capacity to adapt and mitigate.   

5.2: Future Work: 

 Ideally, this general template will be used by local governments in other cities and 

regions across the United States. There already exists a network of vulnerability indices for large 

cities (see Introduction), but not for small cities. By creating a network of fine-scale CVIs, 

governments can allocate resources and develop climate policies for individual cities based on 

their unique set of vulnerabilities. City specific policies will create a more holistic way of 

assessing climate risks, and a CVI such as the one developed in this thesis, will play a role in 

helping small cities determine where and how best to ensure safer environmental environments 

for all citizens.  
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