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I. Abstract 

Much of the population of the United States resides east of the Rocky Mountains where 

conditions are favorable for tornadoes.  A large proportion of this population is located within 

urban areas which have been growing in size.  This observed growth has increased the frequency 

of tornadoes interacting with urban areas.  This study analyzed hospitals in the Chicago 

metropolitan area to determine if they could meet the demands of a mass casualty urban tornado 

event.  This was accomplished through the construction of a spatial decision support system 

(SDSS).  This involved the creation of a hypothetical tornado path, calculating the affected 

population and total casualties, and analyzing the post-disaster status of the road network and 

hospital facilities.  The results of this project will allow meteorologists and emergency 

professionals to visualize possible scenarios for an urban tornado event.  This will lead to 

collaborations among local emergency planners regarding the efficient allocation of resources.  

This study continues the incorporation of GIS technologies into emergency planning and 

expands the use of SDSS’s in emergency preparedness.  The goal of this project was to prove 

that the Chicago metropolitan medical network could meet the patient demand brought by a mass 

casualty urban tornado event.  
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II. Motivation 

The motivation for this study came from the findings of Wurman et al. (2007) and Hall 

and Ashley (2008).  Both studies examined tornadic interactions within urban areas, specifically 

the Chicago metropolitan area.  Hall and Ashley (2008) concluded that with a growing 

population moving away from urban centers into surrounding suburban regions, the likelihood of 

a tornado striking a major metropolitan area increases.  This was because large populations of 

urban areas were spreading over extensive regions.  Hall and Ashley (2008) also examined the 

possible tolls that a tornado would have on an urban area, including the economic, social, and 

human impacts.  An urban tornado could result in billions of dollars in damage and a great loss 

of life.  Wurman et al. (2007) simulated a tornado moving through the Chicago area, similar to 

Hall and Ashley (2008).  They examined tornadic intensity and the forces that urban structures 

would experience if they interacted with the tornado.  Wurman et al. (2007) estimated that the 

death toll would be 10% of the population that was exposed to high magnitude tornadic winds.  

Using these assumptions, Wurman et al. (2007) derived a death toll estimate of 13,000 to 45,000 

for the Chicago metropolitan area. 

Brooks et al. (2008) questioned the fatality results of Wurman et al. (2007).  They felt 

that the numbers estimated by Wurman et al. (2007) were excessive, and may discourage 

emergency managers from attempting to prepare for such a catastrophic event (Brooks et al. 

2008).  Brooks et al. (2008) explicitly looked at the assumption of Wurman et al. (2007) that 

10% of the population affected by EF4 or greater winds would be killed (Wurman et al. 2007, 

Brooks et al. 2008).   Brooks et al. (2008) examined four urban tornadic events and noted that 

fatality rates per household ranged between 0.3% and 1.9%, which was an order of magnitude 

less than what was proposed by Wurman et al. (2007).  Brooks et al. (2008) also mentioned that 
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should a tornado of this intensity be on the ground, persons affected later in the path would have 

a much longer lead time than persons earlier in the path.   This allows people who reside later in 

the path more time to seek appropriate shelter and thus reduce casualties.  Wurman et al. (2007) 

failed to acknowledge the total casualties during a tornadic event.  If 13,000 to 45,000 people 

were killed, how many would be injured?  Brooks et al. (2008) examined injury numbers using 

data from Halpern et al. (2006) and Brown et al. (2002).  Brooks et al. (2008) estimated that if 

half of the remaining affected population in Wurman et al. (2007) were injured, injury totals 

would be on the order of 55,000 – 285,000 people.  Halpern et al. (2006) stated that there are 

fewer than 660,000 hospital beds in the United States.  Another study estimated 948 fatalities, 

many magnitudes less than Wurman et al. (2007) (Simmons and Sutter 2011).  With such high 

and uncertain casualty projections combined with these hospital capacity statistics, could the 

existing local medical network meet the sudden demands of a mass casualty urban tornado?   

The Chicago metropolitan area was chosen for this study because it was the same area 

examined by Wurman et al. (2007) which was the inspiration for this study.  Chicago is located 

in a part of the country that experiences tornadoes, but rarely observes tornadoes of high 

magnitudes such as those witnessed in the Great Plains.  However, the Chicago area has 

experienced intense tornadoes including an F5 that went through the suburb of Plainfield in 

1990, which struck during mid-afternoon killing 29 and injuring 353.   

This study determined if the hospital network of Chicago and the surrounding region had 

the capacity to meet the demand of a large-scale mass casualty urban tornado event. This was 

accomplished through building a spatial decision support system (SDSS) that could accurately 

model the potential casualty numbers and display routes that resources could take to and from 
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the scene.  The results of this study continue the integration of GIS into emergency management 

and could lead to improved emergency planning models. 
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III. Background and Literature Review 

3.1. Hazards – Natural and Technological 

Hazards and their resulting disasters have affected human populations throughout history. 

The two major divisions of hazards are technological and natural.  Technological hazards are 

human-constructed objects that could fail and cause a disaster (i.e. dam failure, hazardous waste 

spill, structural collapse, etc.).  Natural hazards are the risks brought upon the people of a region 

by the environment in which they reside.  Examples include tornadoes, floods, and landslides 

(Smith 2013).  Technological hazards are far easier to mitigate than natural hazards, as the only 

way to eliminate a natural hazard is to not reside in the potentially affected area.  Both types of 

hazards require advanced forecasting and detection techniques to give warning of a forthcoming 

disaster. 

3.1.1. Tornadoes 

Tornadoes are commonly associated with the climate of the United States.  Climatology 

has shown that the United States has the most tornadoes of any country in the world (Feuerstein 

et al. 2004).  A majority of tornadoes within the U.S. occur east of the Rocky Mountains, where 

a significant portion of the population lives.  Because of this, a majority of urban areas in the 

United States are susceptible to tornadoes (Donner 2007, Wurman et al. 2007). Tornadoes are 

high intensity events with short lead times.  The average lead time for a tornado is 11 minutes 

(Wurman et al. 2007). 

 

 



Pesel 6 
 

3.1.1.1. Urban Tornadoes 

Urban areas are a primary concern for disaster planners because of the large 

concentration of people within a small area. The features that make cities feasible and desirable 

are the same features that put them at risk for mass casualty incidents from many types natural 

and technological disasters, including tornadoes (Godschalk 2003).  The U.S Census Bureau 

defines an urban area as a single or group of census blocks that have a population of greater than 

2,500 people and a population density greater than 500 people per square mile (Bureau of the 

Census 2011).   

Interactions between urban areas and tornadoes have increased over the past twenty years 

because of the rapid expansion of urban areas (Hall and Ashley 2008).  In the past two decades, 

many urban areas have experience significant tornadoes (defined as magnitudes greater than 

EF2).  Some cities include: Atlanta, GA (2008); Springfield, MA (2011); Dallas-Fort Worth, TX 

(2000, 2012); Birmingham, AL (2011); Oklahoma City, OK (1999, 2003, 2013); and Salt Lake 

City, UT (1999).  Analyses of urban tornadoes during the period of 1985 to 2013 showed a 

general increase in the number of total tornadoes affecting urban areas, from 10% (1985) to 19% 

(2013).  However, there was much fluctuation in urban tornado frequency within the 29-year 

record, with a minimum of 8% of tornadoes affecting urban areas in 1995 and a maximum of 

21% in 1998 (Figure 1).  
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Figure 1: The percentage of tornadoes that occurred within urban areas in a given year. 

3.1.1.2. Tornadoes in Illinois 

Though not technically in “Tornado Alley”, Illinois ranks seventh of all states in tornado 

occurrences.  It is fifth in tornado rates (which Simmons and Sutter (2011) described as 

tornadoes per 10,000 square miles) with 6.055 tornadoes per 10,000 square miles.  Simmons and 

Sutter (2011) also noted that Illinois has a relatively small probability of tornadoes (0.0002 

tornadoes per 10,000 square miles).  These values indicated that a majority of Illinois tornadoes 

occurred during outbreak scenarios, in which many tornadoes were observed across the state 

during a single day.  This was concluded because the tornado probabilities for a given area were 

low; however, the tornado rate for that same area was relatively high.  Therefore, on the few days 

when tornadoes occurred (displayed by the low probability numbers), a large area of the state 

was affected (given by the large tornado rate). 

Upon examining Illinois further, a majority of tornadoes have occurred outside of the 

Chicago metropolitan area.  The Storm Prediction Center’s (SPC) 1950-2013 tornado archive 
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contains 57,988 records of tornadoes.  Of these, 1,896 had taken place within Illinois.  

Furthermore, 199 tornadoes had been recorded within the Illinois-Chicago metropolitan area 

(defined as Cook, Lake, Will, Kane, DuPage, and McHenry counties (NWS Chicago 2008)).  

Extrapolating further, 7 tornadoes (0.37% of all tornadoes within Illinois) had been observed 

within Chicago city limits in the 63-year record.  The entire Illinois-Chicago metropolitan area 

encompassed 10.5% of all tornado touchdowns in Illinois. 

Analysis of tornado magnitudes (given by Fujita or Enhanced Fujita scale) showed that 

the strongest tornado experienced within Chicago city limits was an F4 that occurred on April 

21st, 1967.  Of the 7 tornadoes to occur in Chicago, five were classified as F2 (EF2) and one was 

classified as F1 (EF1), along with the F4 stated earlier.  The Chicago metropolitan area 

experienced one of the two F5 tornadoes recorded in Illinois climatology.  On August 28th, 1990 

an F5 tornado went through the suburb of Plainfield, Illinois.  The other F5 tornado occurred on 

December 18, 1957, in Perry County, Illinois, which is in the southern part of the state.  The 

Chicago metropolitan area accounts for a notable portion of significant tornadoes (F2/EF2 +) 

within Illinois, containing 13.1%, 9.8%, and 34.5% of F2 (EF2), F3 (EF3), and F4 (EF4) 

tornadoes respectively.  This can be attributed to the northeastern portions of Illinois being 

highly urbanized when compared with the remaining area of the state; thus containing more 

structures that can be damaged.  This is significant because the Fujita scale, which ranks tornado 

magnitude, is based on damage. 

3.2. Tornado Casualties 

Tornado casualties have decreased steadily even with an overall increase in population 

(Simmons and Sutter 2011).  This decrease has been attributed to advancements in detection, 

warning, and reporting by the National Weather Service, local emergency management offices, 
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and private industry.  As expected, tornado injuries and fatalities spike during peaks in annual 

tornado activity (Simmons and Sutter 2011).   Climatological analysis of all tornadoes showed a 

maximum in casualties during April and May, with the lowest values during the winter season.  

Simmons and Sutter (2011) also looked at spatial correlations with tornadoes and found a higher 

number of casualties within tornado-prone states (most located within Tornado Alley). 

This study built a predictive model for casualties by integrating data from past analyses.  

Examination of the SPC tornado archive yielded an injury rate of 1.8 persons per tornado and a 

fatality rate of 0.11 persons per tornado (Table 1); however, these results were derived from all 

tornadoes.  Most tornadoes were weak and relatively non-life threatening which results in no 

fatalities or injuries.  Analysis of all fatal tornadoes within the SPC tornado archive showed a 

mean fatality rate of four people killed per each fatal tornado.  When only fatal urban tornadoes 

were considered, the mean fatality rate increased slightly to around five people killed per fatal 

urban tornado (0.46 persons killed per all urban tornadoes).  The sharp increase in mean fatality 

rates for urban tornadoes when compared to all tornadoes happened because the urban tornado 

dataset was a much smaller subset of the overall dataset.   

Table 1: Statistics of persons killed and injured per tornado. 

Tornado Type Fatalities (Number/Tornado) Injuries (Number/Tornado) 

All Tornadoes 0.11 1.79 

All Fatal Tornadoes 4.26 13.9 

All Urban Tornadoes 0.46 10.4 

All Fatal Urban Tornadoes 4.9 110.7 

 

Simmons and Sutter (2011) found a fatality and injury rate of 0.32 and 6.4 persons per tornado, 

respectively, within Illinois. These were slightly higher than the national average.  This was most 
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likely due to the higher number of tornadoes within Illinois compared to other states.  As 

expected, there was a positive correlation between tornado intensity and casualties, with more 

casualties happening at higher tornado strengths (Simmons and Sutter 2011).   

People sheltering from a tornado often rely on structures to act as barriers between them 

and the tornadic winds (Figure 2).  Simmons and Sutter (2011) showed that the stronger the 

structure, the greater the likelihood of survival.  Socioeconomic or minority status has not been 

linked to tornado vulnerabilities even though some studies have presented weak correlations 

(Aquirre 1998, Simmons and Sutter 2011).  Simmons and Sutter (2011) concluded that residents 

of mobile homes and non-permanent structures were more susceptible to tornadoes than those of 

permanent structures; however, most of Chicago consists of permanent structures. Simmons and 

Sutter (2011) analyzed the Greensburg, Kansas, tornado of 2007 and found no significant 

relationship in fatalities between tornado magnitude and permanent building type; however, they 

only examined a single event.  Since 1996, more permanent structure fatalities have occurred in 

higher magnitude tornadoes (F4 and F5) than lower magnitudes (Figure 2).  
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Figure 2: Percentage of fatalities in permanent structures based on tornado magnitude (post 

1996).  Source: NCDC Storm Events Database (2014).  Locations of fatalities were not recorded 

before 1996 which meant that data before then could not be used. 

Analysis of casualties compared to tornado magnitude showed that the ratio between injuries and 

fatalities was far greater for tornadoes of lesser magnitude than those of higher magnitude (Table 

2) (Simmons and Sutter 2011, SPC 2013).  However, this could be attributed to the higher 

frequency of low-magnitude tornadoes.  In these low magnitude tornado events, the number of 

fatalities was minimal compared to injuries.  Even though the injury-to-fatality ratio for lower 

magnitude tornadoes was far greater than that of higher intensity tornadoes, a single high-

intensity tornado could cause more fatalities and injuries than many lower intensity tornadoes.  

This conclusion was limited because tornadoes are classified by their highest surveyed intensity 

(i.e. worst damage), so the injury-fatality ratio of specific intensity areas within a strong tornado 

could not be found (SPC 2013). 
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Table 2: Breakdown of tornado injuries and fatalities by tornado magnitude.  Data from all urban 

tornadoes from 1985 to 2013 (SPC 2013). 

Tornado Magnitude Fatalities Injuries Injury Fatality Ratio 

(Injuries/Fatalities) 

Number of Tornadoes 

F0 4 172 43:1 2542 

F1 26 1174 45:1 1592 

F2 74 2807 38:1 481 

F3 312 5451 17:1 187 

F4 331 5945 18:1 71 

F5 395 3415 9:1 9 

Total 1142 18964 17:1 4993 

 

Simmons and Sutter (2011) also examined tornado casualties in relation to the time of 

day.  They found populations were most vulnerable to tornadoes during nocturnal periods.  

However, NWS Chicago’s (2008) climatological analysis showed that 5:00 P.M. was the time 

when most tornadoes occurred in Illinois.  The simulated tornado in this thesis project was set 

during the climatic average time (5:00 P.M.) rather than during the time of most risk (overnight) 

to align with the findings of NWS Chicago (2008).  

3.2.1. Casualty Modeling 

Many studies have simulated the effects of a tornado going through an urban area.  Rae 

and Stefkovich (2000) examined the effects of the 3 May 1999 tornado, which affected Moore, 

Oklahoma, as if it had moved through Dallas, Texas.  They concluded that the number of people 

exposed to the tornado ranged from 44,000 to 149,000 people.  Schneider et al. (2009) found that 

higher population densities were associated with more deadly tornadoes and compared the 

number of people within various tornado forecast areas.  An area outlined with high tornado 

probabilities for the Great Plains encompassed 354,000 people.  When that same area was 
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transposed over the more populated region of eastern Ohio and western Pennsylvania, 10 million 

people were potentially affected, these results showed the importance of population density when 

estimating the societal impacts of tornadic events (Schneider et al. 2009). 

Many studies have modeled fatalities from a large urban tornado; however, few examined 

the possible injuries and subsequent response by emergency personnel. A higher probability for 

casualties could be assumed if more people were exposed to the forces of a tornado.  Even 

though they did not produce explicit casualty estimates, Wurman et al. (2007) attempted to 

estimate the potential population involved and the number of people killed by an urban tornado 

event.  However, they focused on the fatalities from the event and did not look at total casualties.  

Brooks et al. (2008) attempted to use the numbers provided by Wurman et al. (2007) to make an 

injury estimate; however, the approximation made by Brooks et al. (2008) was still questionable.   

Donner (2007) looked at 3,810 tornado events between 1998 and 2000. From those 

events, he concluded that the mean fatality rate from tornadoes was 0.07 people per tornado.  He 

also examined the total injuries from those tornadoes and found a mean injury rate of 1.2 injured 

persons per tornado.  Using these two numbers generated an injury fatality ratio of 17 injuries to 

1 fatality.  This seemed to be an exaggerated number; however, after analyzing the statistics by 

Brown et al. (2002), Schneider et al. (2009), Simmons and Sutter (2011), and SPC (2013), it 

appeared reasonable.  Brown et al. (2002) examined the Oklahoma City tornado and found a 

ratio of 15 injured per fatality.  Schneider et al. (2009) compared a Great Plains tornado 

outbreak, the Super Tuesday Outbreak of 2008, and the 1985 Pennsylvania-Ohio outbreak.  

These events resulted in injury fatality ratios of 23:1, 7:1, and 11:1 respectively (Table 3).  

Therefore, the finding of 17 injuries to 1 fatality calculated from Donner (2007) was realistic.  

However, these findings also showed the variability of the injury/fatality ratio and could lead to a 
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wide range of predictions for the number of injured persons.  Taking the fatality results from 

Wurman et al. (2007) (13,000-45,000) and using the smallest and largest injury-fatality ratios 

(7:1 and 23:1, respectively), injury numbers ranged from 91,000 to 1,035,000 people (Table 4).  

Table 3: Mean injury/fatality ratios drawn from various case studies. 

Case Study Mean Injury/Fatality Ratio 

All Tornadoes 1998 – 2000 (Donner 2007) 17:1 

1999 Oklahoma City (Brown et al. 2002) 15:1 

Great Plains Outbreak (Schneider et al. 2009) 23:1 

2008 Super Tuesday Outbreak (Schneider et al. 2009) 7:1 

1985 PA-OH Outbreak (Schneider et al. 2009) 11:1 

SPC Tornado Archive (1950-2012) 15.6:1 

SPC Tornado Archive – Urban Tornadoes (1985 -2011) 22.5:1 

3.3. Emergency Management 

City services routinely conduct response drills for events such as hurricanes, chemical 

spills, terrorist attacks, etc.  The U.N. Commission of Sustainable Development (2001) stated 

that suitable environmental development could not be achieved if the risks and impacts of natural 

hazards were not reduced.  Societies must be resilient toward existing natural hazards and 

mindful to not increase their exposure to them (U.N. 2001).  Burby et al. (2002) viewed 

resilience to disasters, be they natural or technological, as the key to emergency management. 

Emergency managers are the key liaisons between areas affected by a disaster and the emergency 

resources needed to respond to that disaster.  They are also the first to alert rescuers (police, fire, 

and medical) to a potential disaster and the forefront when it comes to planning, mitigating, and 

responding to events (Baumgart et al. 2008, Doswell et al. 1999). Emergency management 

operates under five main disciplines: mitigation, preparedness, communications, response, and 



Pesel 15 
 

recovery (Haddow et al. 2011).  This project focused on the response discipline of emergency 

management. 

3.3.1. Levels of Emergency Management 

Emergency management primarily works on a reactive paradigm with most of its 

protocols geared toward responding to a disaster (Schneider 2003).  As mentioned in Haddow et 

al. (2011), emergency response starts at the local level and increases as needed.  Local response 

agencies initially respond to the disaster.  If additional assistance is needed, local emergency 

managers request state resources; the state may then ask for federal assistance.  However, local 

response is the most crucial resource in a mass casualty incident (MCI). 

Since an urban tornado necessitates a mass casualty response, a large scale management 

team is needed.  Most likely, an incident command system (ICS) will be put in place.  The ICS is 

commonly used at the emergency operations center during a time of crisis.  It involves the 

appointment of an incident commander who has a team of subordinates to handle important 

administrative areas such as planning, logistics, finance, and communication (Haddow et al. 

2011).  These officers act as the administration for the on-site responders and would be the ones 

most likely to use the Spatial Decision Support System (SDSS), which was the graphical result 

of this project (described later). 

It is likely that an urban tornado event of high magnitude will result in disaster 

declarations by both the state and federal governments which, in turn, would activate FEMA.  

However, a government-centric approach was inadequate to meet the challenges of this type of 

catastrophic incident (Florida 2014).  Most of the roles that the state and federal governments 

play are purely administrative and financial.  This has little influence on the geospatial modeling 

component of this project as local resources were the most critical and accessible (Haddow et al. 
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2011).  A state disaster declaration would activate the state’s or region’s National Guard units, 

allowing for more triage sites.  A federal disaster declaration would allow the influx of 

government financial assistance as well as permit FEMA to create refugee camps and coordinate 

recovery efforts (Haddow et al. 2011). FEMA created the National Response Framework in 2008 

(replacing the National Response Plan created in 2004) which dictates how the federal 

government disperses disaster assistance to state agencies through the Stafford Act and how 

local, state, and federal resources work together in responding to and recovering from a disaster. 

While much of the reported project was concerned with the response discipline of 

emergency management, it also incorporated the recovery discipline, specifically short-term 

recovery efforts.  The National Response Framework (2008) defined short-term recovery as 

actions that help restore and provide essential services to the affected area, such as public health 

and safety.  These include transportation of the injured, sheltering of survivors, and the 

rebuilding of transportation networks.  This project focused on public health and the 

transportation of the injured; more specifically, it examined if there were enough places to 

transport the injured.  It did not examine short-term infrastructure recovery efforts even though it 

was expected for conditions of the area to improve with passing time. 

3.3.2. Emergency Management and Mass Casualty Incidents (MCIs) 

Most urban mass casualty incidents, such as a terrorist bombing or a building collapse, 

occupy a few square blocks.  A tornado moving through an urban area would, at minimum, 

affect the path length of the tornado multiplied by the tornado’s width, which is many square 

miles.  This is a larger area than a majority of urban mass casualty incidents. 

Mass casualty incidents (MCIs) challenge hospitals with large numbers of casualties 

flowing into facilities in short periods of time (Hirshberg et al. 2001).  During an MCI, triage is 
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set up which changes the flow of hospitals from normal operations to procedures typically used 

in combat operations (Hirshberg et al. 2001, Castle 2006).  Many MCIs use a triage system that 

outlines what sort of treatments are needed and prioritizes patients based on severity and type of 

injury.  The use of field triage sites and on-site treatment areas help determine who to send to 

hospitals and who can be treated on-scene.  Reducing the number of people being transported to 

hospitals keeps these institutions from becoming overstressed.  This also allows hospitals to 

focus more on the critically injured and reduces the number of patients needing to be transported 

to hospitals, lowering the demand on the medical transit network (Castle 2006).  Field triage 

units are typically set up in large civic centers such as schools and convention centers.  The 

placement of these field triage sites is dependent on the situation presented and is too complex to 

accurately model for this study.  Only acute care facilities were used for response to this 

simulated disaster.  Typically, facilities such as urgent care clinics, physicians’ offices, nursing 

homes, and other specialized or long term medical facilities are not active during a MCI 

situation. 

Hirshberg et al. (2001) and Florida (2014) indicated that approximately 20% of injured 

patients in an MCI had severe injuries that required immediate hospitalization.  Florida (2014) 

stated that approximately 30% of total injuries were serious enough to warrant transportation to 

the hospital, but their injuries were not as high priority as the critically injured patients.  Table 4 

shows what the injuries numbers would look like if the injury-fatality ratios and triage 

distribution percentages were applied to the numbers from Wurman et al. (2007), Brooks et al. 

(2008), and Simmons and Sutter (2011). 
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Table 4: Estimated range of injury numbers using the injury-fatality ratios described in Table 3. 

 Wurman et 

al. (2007) 

 Brooks et 

al. (2008) 

 Simmons and 

Sutter (2011) 

 

 Min Max Min Max Min Max 

Injuries 91,000 1,035,000 55,000 285,000 6,636 21,804 

Critical 18,200 207,000 11,000 57,000 1,327 4,361 

Serious 27,300 310,500 16,500 85,500 1,991 6,541 

Total Needing 

Hospitalization 

45,500 517,500 27,500 142,500 3,318 10,902 

3.3.3. Hospitals and Medical Facilities 

Hospitals and medical resources are crucial components of MCI response.  Efficient 

allocation of medical resources allows for effective response to an incident, as well as 

minimization of human loss.  Managing major incidents involves systematic approaches that are 

comprised of command, safety, communication, assessment, triage, treatment, and transport 

(Hodgetts and Mackway-Jones 2002).  Mass casualty incidents require an abundance of 

resources to be transported toward the scene, as well as a large number of facilities to house the 

injured.  Therefore, resource management is a crucial element to preparing, analyzing, and 

reacting to a disaster such as an urban tornado. 

3.3.4. Transport of Casualties 

Transporting the injured to hospitals is a crucial component of mass casualty response.  

Being able to get patients to medical facilities quickly and efficiently is imperative not only for 

the health of the patient, but also for the turnaround rates of emergency resources.  Even though 

there are medical professionals riding along with the victim in the ambulance, the victim cannot 

be in the ambulance for extended time periods.  Transit time eventually plays a role in the 
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mortality of a patient.  Castle (2006) outlined the triage levels that are commonly used during 

mass casualty incidents and the transport time that goes with them (Table 8).  Level 1 (Red) 

patients have critical, life-threatening injuries and need treatment within 90 minutes.  Level 2 

(Yellow) patients have serious, but not life threatening, injuries that require treatment (e.g. 

broken bone, surgical intervention for imbedded debris); they need to be seen within 4 hours.  

Level 3 (Green) patients can wait over 4 hours before seeing medical professionals.  The 

transport times for Level 3 patients were not acknowledged in this study because they have no 

time constraint (i.e. could wait more than 4 hours) and could be seen long after the initial rise in 

hospital demand.   

3.4. GIS in Emergency Management and Spatial Decision Support Systems 

The decision-making process during emergency scenarios combines human intelligence 

with infocommunications (Blum et al. 2013).  Real-time management of resources and 

information is crucial in responding to an incident efficiently.  Emergency management, as well 

as many other applications, has critical geographic components.  Research has improved the 

understanding of the complex relationships between event response, decision making, and 

geographic characteristics (Halbich et al. 2011). Spatial Decision Support Systems (SDSS) have 

become critical tools used by architects, city planners, emergency officials, and the general 

public.  Any device that helps make a decision via geographic tools (such as a map) is a SDSS.  

Simply looking up driving directions on Google Maps qualifies as an application of a SDSS 

(Erskine 2013).  Industries and activities that use SDSSs include natural resource planning, urban 

development, and logistics (Erskine 2013, Faber 1998, Halbich et al. 2011). Eighty percent of 

business decisions rely on geographic information (Mennecke 1997); however, Erskine (2013) 
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mentioned that development in SDSSs have lagged behind the development of computer 

hardware and software capabilities. 

Advancements and greater availability of Geographic Information Systems (GIS) have 

allowed for further implementation of them within emergency planning.  The SDSS lets 

emergency personnel know which hospitals are closest and can accept patients relative to the 

location of a mass casualty incident (Amram et al. 2011).  Amram et al. (2011) simulated a 

bombing incident at a train station and built an SDSS that looked at the locations of hospitals, 

transit times to the hospitals, and the specializations of each hospital (e.g. trauma level 

certifications).  Instant access to this information allows for quick and informed decision-making 

by emergency managers, which gets patients to hospitals quickly and efficiently, reducing the 

amount of transit time.  This enables transport resources to quickly transfer patients to hospitals 

and return to the scene.  The reported study used similar processes to Amram et al. (2011), with 

the exception that they used a single point incident (a bombing at a train station) and this study’s 

incident area encompassed many square miles. 

Spatial Decision Support Systems integrate the decision makers’ expert knowledge of the 

crisis with the analytical and graphic capabilities of modern computers and GIS (Binda and 

Sharma 2008).  SDSSs aim to display a map of locations that fulfills all of the requirements 

outlined previous to execution and allows for emergency officials to calculate ideal routes as 

well as alternate routes should the active situation change (Halbich et al. 2011).  SDSSs also 

present a more streamlined response planning process both before the incident and on-site 

afterward (Malczewski 1999).  Modern emergency management departments consist of a 

collection of administrators including the incident commander, their committee 

(communications, logistical, financial, etc.), and the senior officials that are on-site (Haddow et 
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al. 2011).  SDSSs compute an ideal result while attempting to encompass all the contributions of 

each administrator.  SDSSs are also useful for communicating emergency response plans to those 

outside of the department, such as local elected officials or the general public.  Development of 

smaller communication devices (smart phones, tablets, GPS systems, etc.) have made it easier 

for responders on the scene to access geographic information.  SDSSs allow emergency officials 

to draw up plans and send them electronically to units on-scene rapidly.  This helps make 

communication and the movement of resources more efficient (Erskine 2013). 

3.5. Section Summary 

 Past studies have shown an increase in the frequency of tornadoes affecting urban areas.  

This increase has been attributed to the continued spatial expansion of cities.  Previous 

simulations have primarily focused on the number of people killed and the economic impact of 

an urban tornado, and few have simulated injuries.  Injuries are the primary concern for 

emergency responders.  Injured victims must be transported to hospitals and treated by medical 

professionals to lessen the chances of mortality due to their injuries.  The resulting mass casualty 

incident (MCI) from an urban tornado event would challenge hospitals and emergency 

responders.  With such a large affected population, the chance of not having enough hospital 

beds for victims is present.  Advancements in spatial decision support systems (SDSS’s), GIS 

technology, and the continued integration of them into emergency management gives emergency 

planners the resources to strategize for such a large scale event that would have been very 

difficult to conceptualize previously.  The next section details the data and methods used in this 

analysis. 
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IV. Data and Methods 

4.1. Introduction 

This study was conducted to determine if a modern healthcare network would be able to 

adequately handle a mass casualty urban tornado event.  It analyzed the location of emergency 

resources and hospitals with respect to the path of a hypothetical tornado.  Variables examined 

include the number of people affected (killed, seriously injured, or not injured), the location of 

acute healthcare facilities, the estimated number of available hospital beds, the surviving 

transportation network, and the transit times of responders.   

The hypothesis was that with the cooperation of many emergency managers, hospitals, 

and medical resources, the Chicago area hospital network could meet the demands of a large 

scale mass casualty incident that resulted from an urban tornado.  If the number of available beds 

in hospitals remained above the total number of injured persons requiring hospitalization, the 

hypothesis was verified.  If the number of injuries surpassed the number of available hospital 

beds, the hypothesis was rejected and emergency managers would need to develop contingency 

plans for such an event.  This study examined the number of available beds and not the number 

of available transport resources.  It was assumed that there were an adequate number of transport 

resources.  If there were not enough hospitals to transport victims to, then the number of 

transport units was irrelevant.  This study only examined the current status of the healthcare 

network and does not suggest methods to improve it. 

4.2. Data 

The following subsections discuss the data sources and preparation for analysis. 
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4.2.1. Tornado Data 

In order to accurately simulate the possible outcomes from a tornado, it was useful to re-

examine tornadoes that have occurred previously.  This was done to find any correlations and/or 

trends that could be both modeled into the simulation and serve as a means of quality assurance 

to assure that the simulation produced logical results.  Historical tornado data was derived from 

the SPC database of 1950 to 2013 tornadoes.  This database chronicled all major characteristics 

of tornadoes including fatalities, injuries, path length, path width, damage, and locations.  These 

events were placed into the ArcGIS interface and buffered along their path lengths by their 

individual widths.  This produced a general idea of the populations that were affected. 

Urban tornadoes were extracted from the above dataset.  An urban tornado was defined in 

this study as a tornado track that intersected a U.S. Census-defined urban area at any point along 

its path.  This was carried out in ArcGIS by intersecting the tornado paths with the urban area 

layer provided by the U.S. Census Bureau (2015).  Only the years 1985 to 2013 were used to 

analyze urban tornadoes because U.S. Census GIS files only cover census years 1990, 2000, and 

2010.  A five year range was placed around each year to increase the sample size under the 

assumption that landscape and population changes were minimal over that period (Table 5). 

These data were used to analyze the history of urban tornadoes and quantitatively support the 

fatality and injury factors. 

Table 5: How tornado data were assigned to U.S. Census decennial surveys.   

U.S. Census Year Tornado Year Range 

1990 1985 – 1994 

2000 1995 – 2004 

2010 2005 – 2013 
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 In order to accurately analyze the characteristics of each tornado, an affected population 

must be acquired.  This allowed for analysis of the tornado’s impact.  The affected population 

was found by intersecting the tornado path with a layer of census blocks from the U.S. Census 

Bureau.  A partial block was accounted for by estimating the number of persons in the affected 

area.  Partial block populations were calculated by taking the population density of the entire 

block multiplied by the area of the block within the tornado’s path.  This estimation was based 

on the assumption that the population was uniformly distributed across the census block.  This 

assumption may not be true for many places; however, the only other methodology was to 

analyze each individual building which could not be done due to data availability. 

The hypothetical tornado in the reported study was simulated at an EF5 magnitude. Past 

tornado reports show that EF5 tornadoes do not have EF5 magnitude winds or damage for the 

entirety of their track.  The SPC archive and NCDC’s Storm Events database track the number of 

injuries and fatalities, but they do not record what magnitude of wind/damage these statistics 

occurred in.  An EF5 tornado could exhibit conditions of all magnitudes throughout an affected 

area.  This could lead to a majority of fatalities witnessed in an EF5 tornado actually occurring in 

EF2 winds/damage.  Therefore, attempting to determine urban tornado fatalities by magnitude 

was insufficient.  Because this simulation occurred in an urban setting, only urban tornadoes 

were used to determine fatality and injury factors.  The simulated tornado path was not separated 

by individual magnitudes.  A dynamic width was used in this simulation to mimic the effects of a 

tornado intensifying/growing and dissipating much like what would be observed in the field. 

4.2.2. Population Data 

Basic population numbers were acquired from the U.S. Census block data from the 2010 

Decennial Census.  ArcGIS was the main interpreter of these data, as they were the key to where 



Pesel 25 
 

the tornado was placed.  Population and population density acted as the primary influence to the 

tornado’s placement; hospitals were not a factor in where the tornado was placed (i.e. the tornado 

was not forced to take out hospitals).  The base map was constructed using a block layer and a 

states shapefile from the U.S. Census Bureau (2015). 

Ambient populations were important in this scenario because of the large fluctuations in 

geographical population densities with respect to time of day.  Major urban areas experience 

shifts in population density throughout the day as commuters move in and out of the city for 

work.  Cities also have tourist activities attracting people that would not be counted in the census 

population numbers.  Simmons and Sutter (2011) created a methodology to model the number of 

people within a given building by weighting its capacity by time of day to estimate its 

occupancy.  For example, a commercial building that could hold 100 people would see its 

greatest population during business hours whereas residential facilities peak occupancies were 

during nighttime hours.  However, an analysis per building was impractical due to the spatial 

scale of this project.  Individual building data was available for Chicago, but not for many of the 

surrounding communities.  This would result in an incomplete analysis.   

It was found through climatological analysis by the National Weather Service Chicago 

(2008) that the most active time period for tornadoes in the Chicago area was 5:00 P.M. during 

the summer months.  This time period is not much different from the peak time periods for 

tornadoes in the Great Plains and Southeastern United States.  However, with a metropolitan area 

as large as Chicago, a 5:00 P.M. event time posed issues unique to highly urbanized areas 

including rush hour traffic, swells in ambient population in certain locations, and the many 

activities of people during this time (eating, commuting, working, etc.).  Another variable 

contributing to ambient population numbers is the day of the week.  Weekends see fewer 
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travelers on the roads than do weekdays; however, there are more tourists in the downtown area 

during the weekends.  This study simulated the tornado moving through on a weekday simply 

because there are more weekdays than weekend days, thus it is more likely that the event would 

occur on a week day.   

Attempts were made to model the ambient population; however, the data were 

unobtainable and no method could be developed that would have represented the entire region 

accurately.  Efforts to estimate the population on road and transit networks were also 

unsuccessful.  The IDOT array of traffic sensors, though copious on interstate highways, was 

sparse on city streets and many thoroughfares had no data.  The areas that were satisfactorily 

sampled showed a wide range of vehicle counts.  This was caused by vehicles entering and 

exiting a roadway.  Due to the distribution of sensors, the number of vehicles entering and 

exiting could not be obtained.  This disparity in coverage as well as the incapability to produce a 

single representative population for areas of the road network meant that an estimate of the road 

network population could not be confidently determined.     

Ambient population data and traffic data were either unobtainable or unable to be 

modelled effectively at this regional scale.  Instead, it was assumed that the flux of people 

commuting in and out of a geographic area for work or pleasure did not significantly change 

from the U.S. Census population of an area (i.e. block).  In other words, the number of people 

leaving a block was offset by the number of people commuting into or through the block at the 

time of the tornado. 

4.2.3. Hospital and Medical Facility Data 

 Data for hospitals came from the Center for Medicare and Medicaid Services (CMS) 

(2014), the American Hospital Directory (AHD) (2013), and the Centers for Disease Control 
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(CDC) (2012).  These facilities were geocoded by street address to the ESRI Street Maps (2013) 

layer and plotted as point data.  A preliminary analysis was carried out to narrow the study area 

from the continental United States down to states within 4 hours travel time of Illinois.  This 

reduced the number of points that would be routed, saving time and computational resources.   

The CMS and AHD datasets provided the total number of beds, certified beds, operating 

rooms, personnel on staff, and the type of facility that each establishment was.  The medical 

facilities were filtered to those that would be operational during a mass casualty incident.  Only 

places of acute treatment were used in the model.  These included critical-access hospitals and 

short-term treatment facilities.  Children’s hospitals were considered because these facilities 

would be the first destination for pediatric patients, but would only be used for adult patients 

should there be a shortage of beds at adult facilities. Therefore, they were considered in the bed 

count analysis (K. Buchanan 2014, personal communication).  This study did not delineate 

pediatric patients versus adult patients.  Facilities such as nursing homes, hospices, family 

doctors’ offices, mental health centers, long-term hospitals, and physical rehabilitation centers 

were not considered for bed totals because they do not have the acute care systems necessary for 

MCI response and are not part of many MCI response plans.  Veterans Affairs medical centers 

were omitted because most do not have the capabilities to treat acute care patients (K. Buchanan 

2014, personal communication).  Rural health clinics were omitted even though they may be 

used in MCI response because there were no bed count entries for them in the CMS (2012) 

database. 

It could not be assumed that hospitals were empty before the event.  The CDC data gave 

the average occupancy of hospitals (by percentage) (Figure 3).  These data were used to apply an 

estimate of how many people were in the hospital before the incident occurred.  For example, if a 
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hospital contained one hundred beds, about sixty percent would be occupied (CDC 2012) (Figure 

3); therefore, sixty beds were occupied beds with forty open.  Hospitals discharge and transfer 

patients in the event of a MCI; however, the exact turnover rate of beds could not be accurately 

modeled for the large number of hospitals within this analysis. 

Bed availability calculations used the average occupancy estimates from CDC (2012).  

Occasionally, hospitals are at occupancies far above those estimates (approximately 80 – 90%).  

This is highly dependent on the time of year (i.e. flu season, etc.).  This variable could drastically 

change a hospital’s number of available beds and its capabilities to respond.  This simulation 

used the average values for hospital occupancy, any fluctuations from these values could lead to 

different results.  This was significant as having many facilities running near capacity could 

cause hypothesis failure once the influx of new victims was taken into account.   
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Figure 3: Table 106 from the CDC report about hospitals, beds, and occupancy rates, by type of 

ownership and size of hospital (2012). 

4.2.4. Other GIS Data 

 Data used in ArcMap came from a variety of sources.  Most of the data was stored on the 

Ball State University Library GIS servers and included data from the U.S. Census Bureau and 

ESRI.  The U.S. Census data were from 2010 and include block geography, population, and the 

population density figures.  The network analyst module came from ESRI StreetMaps North 

America (2013) and was stored on the Ball State server.  The SPC provided the GIS files used in 

the historical tornado analysis.  ArcMap and its geoprocessing capabilities served as the 

rendering environment where this simulation was conducted.  
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The coordinate system used for this simulation was the North American Datum (NAD) 

1983 National Spatial Reference System (NSRS) 2007 Illinois East State Plane (US Feet).  This 

coordinate system was used because the datum is centered over eastern Illinois.  This enabled 

more precise linear measurements within the ArcMap software.  All data were quality control 

checked to verify accurate placement and alignment. 

4.3. Methods 

4.3.1. Generating a Tornado Path 

A hypothetical tornado path was drawn over the Chicago metropolitan area.  The tornado 

was a custom idealized example purposefully placed to reduce random variables that come with 

the transposition of a historical tornado path.  In past studies that used historical transpositions, 

the researchers tried to place the most intense parts of the tornado over the area that they wanted 

to highlight.  For example, Linkin et al. (2014) transposed the 2013 Moore, Oklahoma, tornado 

over Chicago, with the most intense areas of the storm affecting downtown.  This led to nearly 

33% of the tornado path being over Lake Michigan.  The forcing of tornado intensities at specific 

locations sometimes resulted in unrealistic looking paths.  This can be avoided by the use of a 

custom path. Another advantage of a custom path is that intensity regions can be defined, 

allowing for specific regions to be tested.  This can be seen as a subjective bias; however, 

tornadoes are random events.  Therefore, it is possible that the exact scenario depicted in this 

study could happen.  This simulated tornado exhibited characteristics of a large destructive 

tornado of EF5 magnitude, including 200+ mph winds, a path length between 30 to 40 miles, and 

a maximum width of 1 mile. 
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This work attempted to simulate a worst-case scenario.  Initially the tornado path was 

placed to affect areas of high population.  However, examination of the census blocks revealed 

that it was not the optimal variable to use due to the spatial size of Chicago’s census blocks.  

Instead, population density was used to designate the tornado path.  Census blocks in the 

Chicago area are very small compared to its suburban neighbors.  This led to blocks in the far 

suburbs (e.g. Aurora, Waukegan, Oak Park, etc.) having higher population values than blocks 

within Chicago.  Population density better represented the number of people within the region 

and was used as the factor to influence the simulated tornado’s path.  The path was drawn to 

move realistically through areas of high population density; it did not meander to force its effects 

upon medical centers. 

The tornado path was a free-hand drawn line bounded by the concepts of physics and 

meteorology.  The affected region focused on the north-south population axis just west of 

downtown Chicago paralleling the Lake Michigan shoreline.  The path runs from northwest-to-

southeast along this axis.  It was partly inspired by the events of the Plainfield, IL, tornado of 

August 1990, an F5 tornado 40 miles west of Chicago.  The Plainfield tornado spawned from a 

supercell which nearly paralleled the shore of Lake Michigan, travelling from NNW to SSE.  

The Plainfield tornado showed the feasibility of a northwest-to-southeast track and justified such 

a hypothetical path.  This would most likely be the result of a lake boundary interacting with an 

atmosphere suitable for super cells.  A typical northeast tornado track would be expected, but 

this project was set-up to maximize the population and population density affected.  However, 

climate averages have suggested a southwest-to-northeast track tornado event has the highest 

probability of occurring should a tornadic event happen in the Chicago area. 
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A dynamic width was imposed on the simulated tornado path to reflect the characteristics 

of development from EF0 to EF5 and dissipation from EF5 to EF0 that would be seen in a 

prototypical tornado. The line was split at various points along the path and assigned an EF scale 

rating from 0 to 5.    Each magnitude was buffered from 0.11 miles to 1 mile, and at intervals in 

between, according to the EF-scale width assignments designated in Table 6.  After the 

magnitudes were assigned, the resulting polygon was smoothed to form a path that expanded and 

contracted prototypically to a tornado’s lifespan. 

Table 6: Tornado path widths used at varying EF scales along the simulated path. 

Tornado Magnitude  

(EF Scale) 

Total Path Width 

(Miles) 

0 0.11 

1 0.25 

2 0.25 

3 0.50 

4 0.75 

5 1 

4.3.2. Lead Times and Affected Population 

Brooks et al. (2008) noted that many cities have longer lead times because the tornado 

typically begins in rural areas and then enters the city.  Placement of the tornado’s path 

completely within urban areas attempted to lower this artificial lead time.  However, as 

mentioned in Brooks et al. (2008), people farther down the tornado’s path naturally had a longer 

lead time than those in the beginning, which could reduce the number of injuries and fatalities 

farther down the path.  This was neglected for this study because the activities of people during 

the lead time were unknown and at too random to accurately model. 
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The affected population for the simulation was found using the same methods as the analysis of 

urban tornadoes from the SPC archive.  The simulated tornado path was overlaid on the 2010 

census blocks layer by using the Intersect geoprocessing tool in ArcMap.  To account for partial 

blocks, the population density of the block was multiplied by the area affected by the tornado. 

Again, it was assumed that the census blocks had a uniform population distribution as it was 

impractical to model each individual building for the entire Chicago metropolitan area due to 

computational resources and data availability. The affected blocks were exported to an Excel 

file.  All of the block populations were then added together to obtain the total affected population 

(Equation 1).   

𝐴𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 = ∑(𝐴𝑟𝑒𝑎 𝑜𝑓 𝐵𝑙𝑜𝑐𝑘 𝑖𝑛 𝑇𝑜𝑟𝑛𝑎𝑑𝑜 𝑃𝑎𝑡ℎ ∗ 𝐵𝑙𝑜𝑐𝑘′𝑠 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦) 

Equation 1: Equation used to determine the affected population. 

4.3.3. Modeling Casualties 

The determination of fatality and injury factors were crucial for estimating how many 

potential casualties could result from this simulated event.  The tornado archive from the Storm 

Prediction Center was analyzed to create factors that the simulated affected population could be 

multiplied by to estimate fatalities and injuries.  For both factors, the SPC tornado archive was 

reduced to tornadoes affecting urban areas between 2005 and 2013.  Using data before 2005 

could lead to an inflated result due to recent advancements in detection and protection 

technology that did not exist previously; therefore, it was best to rely on more recent years. 

The dataset was analyzed to determine how many fatalities occurred per affected 

population.  The dataset was not filtered by magnitude because it would have resulted in too few 

samples to conclude reasonable factors.  The SPC and NCDC only record the highest magnitude 

of a tornado; therefore, it is unknown what magnitude a fatality or injury occurred in.  Simmons 
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and Sutter (2011) found that a majority of fatal urban tornadoes were EF2 tornadoes even though 

EF5 tornadoes showed a higher chance of fatalities.  This could be attributed to the greater 

frequency of EF2 tornadoes compared to higher magnitude events.  All fatalities per affected 

population figures for each individual event were averaged together to determine an overall 

fatality factor (Equation 2). This average fatality factor was multiplied by the simulated affected 

population to estimate the number of fatalities.  This number was also cross checked with other 

archives, simulations, and studies to ensure that the result was reasonable. 

𝐹𝑎𝑡𝑎𝑙𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐹𝑎𝑡𝑎𝑙𝑖𝑡𝑖𝑒𝑠

𝐴𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 

Equation 2: Equation for determining the fatality factor.   

The number of injuries was the most crucial variable in this analysis.   In the background 

section, a ratio relationship between fatalities and injuries was derived.  Initially, this 

relationships was used to determine the values for projected injuries (see Table 4).  However, 

after extensive testing, a simple ratio between fatalities and injuries proved insufficient and 

problematic (Figure 4).  The issue was that the injury calculation was based on fatalities.  A 

method of calculating fatalities was created by comparing the number of fatalities versus affected 

population in observed urban tornadoes.  When the injury-fatality ratio was applied to the fatality 

derivations, the injury results were not realistic.  Figure 4 shows this by applying the injury-

fatality ratio to the one of the scenarios presented by Wurman et al. (2007) and concluding more 

injuries than population affected. 
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Figure 4: Example showing the fault of using the injury-fatality ratio to estimate fatalities.  22.5 

was the number of injuries per fatality derived from the SPC database for urban tornadoes. 

𝐼𝑛𝑗𝑢𝑟𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐼𝑛𝑗𝑟𝑢𝑖𝑒𝑠

𝐴𝑓𝑓𝑒𝑐𝑡𝑒𝑑 𝑃𝑜𝑝𝑢𝑙𝑎𝑡𝑖𝑜𝑛
 

Equation 3: Equation used to determine the injury factor. 

 

To rectify the issue, the same methodology used to determine fatalities was applied to injuries 

(Equation 3).  Projected injuries and fatalities were now based on affected population rather than 

injuries being derived from fatalities which were based on affected population.  Being calculated 

from a single and identical variable rather than a chain of variables resulted in reasonable injury 

estimates.   

The derivation of injury and fatality factors generated a simple multiplier that can be 

universally applied to any potential urban tornado event to find the number of fatalities and 

injuries.  From the analysis of 2005 to 2013 fatal urban tornadoes, the average percentage of 

fatalities per affected population was 0.15%.  Fatal tornadoes and tornadoes with injuries were 

analyzed independent of each other because of the greater frequency of urban tornadoes with 

zero fatalities and at least one injury.  This generated an average of 3.78% of an affected 

population being injured. This affected population was multiplied by the injury and fatality 

factors derived from the SPC database to obtain the total number of fatalities and injuries (Table 

7).   
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Table 7: Factors which the affected population were multiplied by to find fatalities and injuries. 

Fatality Factor .002 Fatalities/Person 

Injury Factor .038 Injuries/Person 

 

4.3.4. Hospital Beds and Medical Facilities 

Hospital beds and capacities were the penultimate factor in determining if the hospital 

network could meet the demand brought about by the mass casualty incident (MCI).   It could 

not be assumed that hospitals began empty; therefore, the current occupancy of hospitals were 

considered.  Past data showed that occupancy levels were dependent on the size of the hospital 

(i.e. total bed count).  Low bed count hospitals had average occupancy rates around 30% and 

larger hospitals could be around 70% occupied (CDC 2012) as shown in Figure 3.  With 

ArcGIS’s ability to store this data alongside geographical location, the available bed count could 

be estimated by the model. 

 Following the placement of the tornado and the application of the injury and fatality 

factors, the number of people transported to hospitals, and the locations of hospitals with respect 

to the affected area were identified.  The primary goal was to make sure that there was enough 

bed space in hospitals for all of the injured persons that required treatment.  Most hospitals have 

only a few trauma teams that act during mass casualty events; this limited the capabilities (but 

not necessarily the capacities) of hospitals to meet the sudden demand.  During an MCI, all 

available hospital beds are filled regardless if there are adequate staff (K. Buchanan 2014, 

personal communication).  

Hospitals affected by the tornado were identified by executing a “Select By Location” 

operation.  Should a hospital lay within the damage path of the tornado, it was counted as 

incapacitated and incapable of receiving patients (i.e. destroyed).  These hospitals were selected 
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and exported as a “destroyed facilities” layer.  This layer determined how many beds were lost, 

and how many people were inside these facilities at the time of the event.  Even if a hospital had 

been damaged by a storm, it could remain operational but at significantly reduced capacity and 

substantially fewer resources.  However, a tornado impact is significant enough to necessitate 

evacuation of the current patients to nearby facilities, and it is advised that these affected 

hospitals should not accept patients (K. Buchanan 2014, personal communication).  Therefore, 

these damaged facilities were omitted from the available bed count, and the current number of 

estimated patients was added to the total number needing hospitalization.   The selection was 

then inverted to select all hospitals outside of the tornado path to create a “remaining facilities” 

layer which served as the hospitals which victims could be transported to.  

During MCIs, field triage units are set up to allow for quick injury assessment and for 

medical personnel to decide if a person should be transported to the hospital.  These triage units 

are placed throughout an affected area, usually in large civic buildings such as schools and 

convention centers. These were not examined in this study because placement of triage sites is 

dependent on many factors that could not be accurately modeled at the spatial scope of this 

analysis, but their effects were acknowledged.  Only acute care facilities were considered for 

capacity analysis.  Urgent care clinics, nursing homes, physician practices, and other specialized 

and/or longer term facilities were not considered.  These facilities are not involved in the MCI 

response plans for many municipalities and most likely do not have the capabilities to treat 

patients that need immediate medical attention (K. Buchanan 2014, personal communication). 

Triage centers are designed to reduce the stress of incoming patients on hospitals by 

sorting patients into categories of injury and treating the minor injuries.  This prevents a surge of 

injured persons flooding hospitals.  Not all victims in an MCI require hospitalization.  Table 8 



Pesel 38 
 

shows the categories that field triage site personnel assign patients based on their injuries.  These 

categories are Red, Yellow, and Green with Red being critical and Green being non-life-

threatening.  Hirshberg et al. (2001) and Florida (2014) stated that 10-20% of injured patients 

from an MCI fall into the Red classification.   Yellow patients are those that require 

hospitalization, but could cope with a delay in treatment.  According to Florida (2014), this 

should comprise of approximately 30% of the injuries.  Green patients are those that can wait a 

considerable amount of time before being seen by hospital staff.  These patients were not being 

considered in this analysis because time has little effect on their mortality. 

Table 8: Classification system used by on site triage units as outlined by Castle (2006) and 

Florida (2014).   

Classification Type Description Maximum Wait 

Time Before 

Treatment 

Percent of 

Casualties 

T1 – Red Injured needs 

immediate treatment 

Less than 90 minutes 20% 

T2 – Yellow Patient is stable and 

treatment can wait, but 

needs medical attention 

Less than 4 hours 30% 

T3 – Green Patients whose injuries 

are severe enough for 

hospitalization but can 

wait for treatment 

More than 4 hours 50% 

 

These injury numbers were split into the injury categorizations defined by Castle (2006) 

and Florida (2014) (Table 8). The total number of Red injuries was compared to the number of 

available beds in hospitals that Red patients could be transported to.  The number of Yellow 

injuries was compared to the total number of available beds, since they could go to all facilities 

within the maximum transport range being analyzed.  If the number of total casualties that 

needed to be transported to hospitals was less than the number of available hospital beds within 
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range, the hypothesis was verified.  If the number of hospitalized casualties exceeded the number 

of available beds, the hypothesis was rejected. 

During MCIs, hospitals have plans to operate over stated bed capacity, allowing them to 

house more patients than their certified number of beds.  The State of Illinois requests hospital 

emergency planners to account for a 25% surge in capacity for MCI response (K. Buchanan 

2014, personal communication).  To derive these surge values, the number of certified beds in a 

hospital, given by CDC (2012), was multiplied by 1.25.  This number represented the maximum 

number of beds that a hospital could have.  Both normal and surge capacity numbers were 

subtracted by the occupancy numbers from CDC (2012) to give the number of available beds for 

both scenarios.  The ideal result would be to have beds for all of the injured without needing to 

activate surge operations.  It was assumed that hospital facilities in neighboring states (i.e. 

Wisconsin, Indiana, and Michigan) also followed this 25% surge capacity standard. 

4.3.5. Network Analysis: Transporting the Injured 

Response times to a mass casualty incident are crucial to mitigate further human loss.  

According to Petri et al. (1994) and Newgard et al. (2009), transit time does play a role in the 

possibilities of mortality from injury.  The maximum transport time allowed before transit time 

plays a major role in mortality rates from critical injuries is ninety minutes and for serious 

injuries is four hours.  Maximum transport times for each categorization are shown in Table 9. 

A network analysis was conducted to see the spatial extent of hospitals to which patients 

could be transported to as well as how many beds were potentially be available.  The ArcMap 

Network Analyst module was set up to conduct a closest facility test which plotted the routes that 

ground units could take.  The module was set up to simulate the street network of Chicago at 

5:00 P.M. on a Friday evening and locate as many hospitals that could be reached within the 
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maximum transit time permitted.  5:00 P.M. is the time when the highest traffic volumes are 

observed on Chicago roadways and also coincides with the peak tornado chances for the Chicago 

area (NWS Chicago 2008).   

Two iterations of the module were run.  One was programmed to locate facilities for Red 

patients, and another for Yellow patients.  The ArcMap Network Analyst module examined the 

surviving road network and plotted the most efficient transit routes that emergency personnel 

could take.  It routed from the access points of the affected area (i.e. roads that led into the 

tornado damage path) to medical facilities. Tornado path access points were located by 

intersecting the road map layer with the edges of the tornado path layer.  The tornado path was 

set as a barrier under the assumption that all roads within the area affected by the tornado were 

impassable or highly restricted due to debris.  This meant that medical transport resources could 

not be routed through the affected area.  Even though it was expected for conditions of the 

network to improve post-incident, it was assumed that the level of improvement was not 

significant enough to consider modeling, so the post-disaster environment remained static.   

Since emergency response takes place after an incident occurs, the incident response 

ranges outlined in Castle (2006) were cut in half in order to determine the maximum number of 

hospitals within a reasonable response range (45 minutes and 2 hours respectively).  This 

represented the furthest distance that a unit could respond to the scene and return to its 

originating facility.  In order for a patient to be transported the maximum four hour distance, the 

ambulance would have to be on scene as soon as the injury occurred which is highly unlikely.  

Also, it was illogical to think that a unit arriving at the incident site within minutes of the event 

would then take a patient to a hospital four hours away when there were many closer facilities 

that could provide the same services.  For these reasons, only the transport time from the area 
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affected by the tornado to the hospitals was modeled and the maximum transit times suggested 

by Castle (2006) were cut in half, as seen in Table 9 (K. Buchanan 2014, personal 

communication).  ArcGIS’s Network Analyst tool was used to determine which hospitals were 

located within 45 minutes and 2 hours travel time from the tornado’s path and build a transport 

range buffer accordingly (Table 9). These ranges were based on the transit times presented in 

Castle (2006).  Only the red and yellow triage classifications were considered in this transit 

analysis. 

Table 9: Time impedances used in this analysis for the triage categorizations described by Castle 

(2006). 

Triage Classification Time Impedance 

Red 45 minutes 

Yellow 2 hours 

 

The result of the network analysis produced a geographical representation of the tornado 

path, area affected, hospitals involved, and resultant response paths.  It looked very similar to the 

spatial decision support system (SDSS) suggested by Amram et al. (2011).  The SDSS was used 

to analyze travel times from the tornado path to hospitals.  This gave the maximum spatial 

distance which patients could be transported.  After the network analysis completed, the resulting 

route layers were exported to new line shapefiles.  The hospitals at the end of each route were 

selected and exported to new point layers.  The total number of responding emergency personnel 

was not examined because this study focused on the number of available hospital beds.  It was 

assumed that there were adequate resources to transport patients to hospitals.   

This analysis assumed that ground units were the primary form of transporting the 

injured, which meant that all impedance ranges were based on ground unit transport time.  This 

was reasonable because of the abundance of ground units versus air units.  Should hospitals 
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within the two-hour radius by ground not be able to meet the demand, hospitals accessible by air 

within those same time restrictions were considered.  Facilities only accessible by air were 

included if all beds in facilities accessible by ground filled up and the total demand for hospital 

beds had not been met.  However, if many patients needed to be airlifted to hospitals outside of 

the ground based two hour range; it was considered a hypothesis failure. 

4.4. Section Summary 

 Urban tornado data was extracted from the SPC tornado archive.  These data were 

analyzed to build a record of urban tornadoes.  This record assisted in the creation of fatality and 

injury factors.  These factors were derived to generate a simple multiplier that could be applied 

to an affected population.  The simulated tornado path was plotted and the affected population 

was identified.  The fatality and injury factors were then applied to the affected population to 

estimate the number of fatalities and injuries from this simulated event.  A network analyst was 

conducted on the road network to locate all hospitals within 45 minutes and 2 hours of the 

simulated tornado path.  Once those hospital facilities were found, the number of injuries could 

be compared to the number of available beds.  The results of this model are presented in the next 

section. 
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V. Results 

5.1. Model Results 

 This tornado exhibited EF5 characteristics with a path length of 47 miles and a width 

which ranged from 100 yards to 1 mile wide at its widest point along the track.  The tornado 

began on the northwest side of the Chicago and moved southeast before dissipating in the 

southern suburbs near the Indiana border (Figure 5).  The tornado did not pass through the 

downtown area, but instead affected the high rise residential zones to the immediate west.   

 

Figure 5: Map of the simulated tornado path.   
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Table 10: Results of the population, fatality, and injury analysis.  The distribution of injuries 

across the trauma categories of Castle (2006) and Florida (2014) were included. 

 
 

Table 10 displays the results of the model analysis.  This tornado affected 411,021 

people.  Of those, 636 people were killed.  This number was generated using the fatality factor 

derived from SPC (2013).   As a direct result of the tornado, 15,557 people were injured. These 

injuries were quantified into their respective categories according to the factors used in Florida 

(2014). Of the 15,557 injured persons, 3,115 were Red category patients requiring immediate 

treatment (less than 45 minutes), and 4,673 were Yellow category injuries, which required 

treatment within 2 hours.  As a direct result of the tornado, 7,788 people needed to be transported 

to hospitals within two hours, and 7,769 persons either did not need hospitalization or could be 

seen four or more hours after the tornado.  There were 160 hospitals in range for victims to be 

transported to. 
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Location Number Facility Name Number of Beds Number Displaced 

1 Presence St. Mary and Elizabeth 493 338 

2 Norwegian-American 270 173 

3 Rush University 53 29 

4 John Stroger Jr. 918 670 

5 VA Chicago 505 369 

6 University of Illinois 507 370 

7 Illinois State Pediatric Institute 264 169 

8 Mt. Sinai 431 295 

 

Figure 6: Hospital facilities destroyed by the simulated tornado.  The location number 

corresponds with the numbered point on the map.  Each facility has its estimated occupied beds 

added to the yellow injury totals. 
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The tornado directly affected eight medical facilities (Figure 6).  This removed a 

maximum 2,936 beds that could have been used in the response and added 2,413 people to the 

injury total.  This brought the total number of persons needing hospitalization to 10,201.  Even 

though hospitals have plans to continue operations should they be damaged by a natural disaster, 

hospital officials still look to transfer patients to intact facilities (K. Buchanan, personal 

communication).  Therefore, the number of displaced patients due to damaged medical facilities 

was added to the yellow trauma level. 

Red patients need to be transported to hospitals within 90 minutes.  Accounting for 

maximum response time to the scene, this left 45 minutes of travel time for the patient.  From the 

network analysis of Chicago roadways, 75 hospitals and 13,221 beds would be available with the 

implementation of surge capacity.  Should surge operations not be engaged, 7,499 beds were 

available.  Yellow patients need to be at hospitals within 4 hours.  Accounting for the maximum 

travel time to the scene yielded a 2-hour limit.  This included all 160 hospitals and added a 

maximum of 8,616 beds resulting in 21,387 beds available with surge capacity and 12,229 if 

surge operations were not implemented.  The yellow numbers included the number of beds 

within the red range so a total of 21,387 beds were available at the 160 facilities.  Figure 7 shows 

the possible routes that ground based medical transport resources might take from the incident 

scene to hospitals.  Roads within the tornado path were considered impassable. 
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Figure 7: Routes medical transport resources could take to medical facilities.  The red routes 

were to hospitals within 45 minutes and the yellow routes were to hospitals greater than 45 

minutes but less than 2 hours away. 

5.2. Overview of Results 

This particular scenario showed that there were 160 facilities and a maximum 21,387 

beds available within 2 hours of this hypothetical tornado’s path.  This simulation resulted in 

7,788 new patients in addition to 2,413 displaced patients from affected medical facilities 

totaling to 10,201 persons needing transportation to hospitals.  Table 11 shows a surplus of 

available hospital beds which means that the hypothesis was verified, and the Chicago medical 

network could meet the demand of this event.  It could even do so without activating surge 

capacity (Table 11). 
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Table 11: Comparison of the number of patients needing transport to hospitals versus the number 

of available beds. 

  Number of Injuries 

Needing Transport 

Number of 

Available Beds 

Difference 

(Beds Available – Transported 

Injuries) 

Surge Total 10,201 21,387 11,186 

 Red 3,115 13,221 10,106 

No 

Surge 

Total 10,201 12,229 2,098 

 Red 3,115 7,499 4,384 

 

It was possible that all injuries could be transported to hospitals within a 45 minute travel 

time; however, it could not be achievable without the activation of surge capacity (Table 12).  

The benefit of enacting surge capacity is that victims would not need to be transported as far 

from the incident scene in order to receive treatment and fewer hospitals would be involved in 

the response.  However, surge capacity requires hospitals to run at levels over which they are 

designed and could lead to extra strain being placed upon them.  Likewise, not enacting surge 

capacity alleviates strain on hospital resources; however, it involves more hospitals in the 

response as well as require patients to be transported farther away.  It is the responsibility of the 

incident commander to decide if surge operations should be activated; requiring hospitals to react 

to the increased patient loads or to displace the patient influx by transporting victims to farther 

facilities.   
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Table 12: Surge vs no-surge scenarios if all injured persons were transported to hospitals within 

the red zone. 

 Total Number of 

Transported Injuries 

Number of Beds in 

Red Zone 

Difference 

(Number of Beds – Transported 

Injuries) 

Surge 10,201 13,221 3,020 

No 

Surge 

10,201 7,499 -2,702 

 

The fatality and injury projections were tested to find the minimum affected population 

that would cause a failure of the hypothesis.  This was done by changing the affected population, 

as it is the independent variable of the calculation.  The affected population would have to be 

greater than 649,100 in order to necessitate surge capacity, and upwards of 1 million before the 

hospital network became incapable of housing all the injured (Table 13).  However, this is not 

likely in an isolated tornado event such as the one simulated here.  An outbreak scenario with 

multiple tornadoes concentrated on the Chicago area would have to occur in order to result in 

such a large affected population.  An outbreak scenario also increases the spatial area of the 

disaster, which increases the spatial range of hospitals that can respond; therefore an estimate of 

1 million affected people is not a confident estimate for system failure. 
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Table 13: Affected population needed for hypothesis failure.  The top row is the actual result 

from this analysis.  The bolded numbers are the critical values for surge implementation and 

hypothesis failure. 

Affected 

Population 

Number 

of 

Fatalities 

Number 

of 

Injuries 

Number 

Transported 

to Hospital 

Number 

of 

Available 

Beds - 

Normal 

Difference Number 

of 

Available 

Beds - 

Surge 

Difference 

411,021 636 15,577 10,201 12,299 2,098 21,387 11,186 

500,000 774 18,949 11,887 12,299 412 21,387 9,500 

649,095 1,005 24,599 12,300 12,299 -1 21,387 9,087 

750,000 1,161 28,423 16,625 12,299 -4,326 21,387 4,762 

1,000,000 1,548 37,897 21,362 12,299 -9,063 21,387 25 

1,001,350 1,550 37,949 21,387 12,299 -9,088 21,387 0 

1,100,000 1,703 41,687 23,257 12,299 -10,958 21,387 -1,870 

1,150,000 1,780 43,582 24,204 12,299 -11,905 21,387 -2,817 

1,200,000 1,858 45,477 25,151 12,299 -12,852 21,387 -3,764 

 

Also examined was the occupancy estimates regional hospitals would need to cause 

hypothesis failure.  CDC (2012) split occupancy rates by the number of beds within a hospital.  

This test assumed a flat rate of occupancy and did not delineate based on the number of beds a 

facility has.  When the same scenario was presented, an occupancy rate above 72% at each 

facility required surge operations to be implemented.  Occupancy rates of greater than 97% at 

each facility were necessary in order to fail the hypothesis (Table 14).  Should the tornado not 

affect any medical facilities, yet remain at the same location; 105% occupancy at each facility 

could be experience before hypothesis failure.   
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Table 14: Bed count analysis if hospital occupancies were changed by a flat rate.  The bolded 

numbers represent the critical values for the activation of surge operations and hypothesis failure. 

Hospital 

Occupancy 

Number of 

Injuries 

Total Number of 

Free Beds - 

Normal 

Difference Total Number of 

Free Beds - 

Surge 

Difference 

Study 

CDC (2012) 

10,201 12,299 2,098 21,387 11,186 

72% 10,201 10,179 -22 19,268 9,067 

80% 10,201 7,271 -2,930 16,359 6,158 

90% 10,201 3,635 -6,566 12,724 2,523 

95% 10,201 1,818 -8,383 10,906 705 

97% 10,201 1,091 -9,110 10,179 -22 

99% 10,201 364 -9,837 9,452 -749 

 

Through the use of SDSS’s and the examination of medical texts to learn the techniques 

of response to mass casualty incidents, the ideas of fatality and injury calculations from 

Simmons and Sutter (2011) were applied to a spatial perspective.  The results of this study 

showed that not only could an event of this magnitude be modeled, but through the use of 

SDSS’s and GIS technology, for emergency planners could visualize the extent of the response 

needed.  Emergency planning is heavily reliant on spatial variables (e.g. how far a hospital is 

from the scene) and being able to employ GIS and SDSS’s into emergency management enables 

planners to prepare for regional-scale responses such as the urban tornado simulated here.  
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VI. Implications and Further Research 

6.1. Implications 

Spatial decision support systems (SDSS’s) have become integral tools for emergency 

management and planning.   Brooks et al. (2008) stated that the findings of Wurman et al. (2007) 

could result in emergency managers not making the effort to plan for large scale tornadic 

disasters because it would be assumed that the medical response system would become 

overloaded due to the large number of casualties.  Simmons and Sutter (2011) derived a formula 

that could plausibly estimate fatalities from a tornado moving through a large urban area.  

Although the exact methods of Simmons and Sutter (2011) were not executed in this study, the 

SPC tornado database was examined to build substantial background evidence to support the 

fatality and injury factors that were derived.  The results showed that it was possible for 

emergency managers to project casualties for a large-scale mass casualty event.   It also showed 

that the medical network of the Chicago area could handle a very large mass casualty event 

provided there were no extreme circumstances regarding the current status of the hospitals 

preceding the disaster. 

SDSS’s are important especially when planning for a spatial-based disaster.  Shifting the 

tornado track in this simulation could change the number of people affected as well as the 

number of hospitals capable of responding.  In this example scenario, at least three major 

hospitals within the Chicago metropolitan area were destroyed (Figure 6).  This significantly 

impacted the number of available beds.  The destroyed hospitals could have been available had 

the tornado been transposed slightly to the east or west, but others may have been affected.  The 

ability to spatially represent an affected area as well as the response routes allows emergency 

planners and incident commanders to visually assess the situation instead of trying to construct 
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all scenarios in their heads at the scene.  SDSS’s increase decision-making abilities, shortening 

the time taken to make crucial decisions, and increase the efficiency of the response with faster 

turnaround times (transportation from the incident scene to the hospital and back again). 

 This model was designed for use on a regional scale.  It was designed to be used on 

medium-sized spatial scale disasters such as tornadoes, hurricanes, earthquakes, tsunamis, etc. 

instead of single-point (e.g. a terrorist bombing) or macroscale (e.g. sea level rise) incidents.  It 

projected the number of total casualties, available hospitals and beds, and the routes which units 

could take to get from the scene to the hospital.  The model was built to incorporate large-scale 

medical networks which include multiple jurisdictions, and its results could be presented to a 

regional emergency manager and/or a team of local emergency managers.  Once presented, the 

team of local emergency managers and/or hospital emergency planners would need to refine the 

results to be applicable within their jurisdiction.  This forms cooperative local level plans that, 

when executed together in a situation, can create an efficient regional response. 

6.2. Further Directions 

 The reported results suggested future directions for modeling responses to tornadic events 

in urban areas.  Further research includes a refinement of the hospital estimates.  This is best 

done on the local level, as emergency planners would have more knowledge about the 

fluctuating occupancy statistics of area hospitals.  Local level officials may also have a better 

understanding of their region’s ambient population.  In an urban tornado event, people walking 

on sidewalks and traveling in cars or on public transportation are the most vulnerable.  Being 

able to quantify the ambient population would greatly improve population estimates.  This would 

yield more accurate derivations for affected population, fatalities, and injuries. 
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This model was designed to be open-source (i.e. allow the end user to configure the 

model’s core to suit their needs).  Furthermore, the values for hospital occupancy and affected 

population are changeable.  This allows the researcher to change the values so they can simulate 

above- or below-normal situations.  They would be able to test maximum stress values and be 

able to see the effects that changing one of the variables has on the simulated outcome. 

The results also illuminated ways to adjust for non-tornado disasters.  The core operations 

of the model required reasonable estimates regarding the average number of injuries and 

fatalities as a result of a disaster.  This can be accomplished if there is a substantial case record 

for the disaster in question.  If a researcher wanted to apply this model to hurricanes, s/he would 

have to derive injury and fatality factors for hurricanes, input them into a data spreadsheet, draw 

an affected area, then run the presented processes for that study area.  

 Optimization of the model is necessary for further work toward deploying an operational 

version.  The model used in for this analysis required many user-based interactions and processes 

in order to derive its results.  The ideal state of this software would allow the user to input a 

hospital dataset, tornado track, census data, and network dataset into the program and have it run 

all of the operations in the background.  This will improve the efficiency of the model as well as 

decrease its run time.  Currently, the program is best used for predictive modeling.  It is best to 

run this model as an analysis of the current medical system, and its ability to respond to an event 

before it happens rather than using it to make decisions during the response effort.  It would be 

ideal if the model could be run both as a predictive model and a SDSS used during an active 

situation.  However, in its current state, the runtime was far too long to meet the temporal needs 

during emergency response.   
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In the future, this model could be used as a SDSS during an active situation showing all 

available hospitals in range and transport routes.  This model could be used as a live tracking tool 

for the event.  Using the scenario in this study as an example, the regional emergency 

management office could plot the location of the tornado in a GIS and append information, such 

as its width and damage estimate, to the line segment (this information can be supplied to the 

analyst via storm spotter or TV reports).  Once the event concludes, the model will analyze the 

affected area and print the results.  This means that emergency resources could respond to the 

affected area with a general estimate of how many casualties to expect instead of arriving on 

scene and assessing the situation presented to them.  This would greatly increase the efficiency 

of emergency response by giving emergency managers a preliminary understanding of the 

situation.  A regional incident commander could generate available hospitals and routes, 

construct a response plan, and allocate the necessary resources very quickly.  This increases 

efficiency and lowers response times.   
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Appendix 1.  Model Processes 

This section contains highly detailed flowcharts explaining the processes executed to 

complete this study using ArcMap.  It details the data used, how it was input into the software, 

and some of the settings selected.  This section is for those that wish to recreate the results 

produced by this model.  The flowcharts are presented in the style that would be seen with 

ArcGIS’s Model Builder interface. 
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